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Observation of Many New Argon Valence Satellites near Threshold
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Photoelectron spectra and zero-volt electron scans were measured following synchrotron-radiation ex-
citation of argon, to elucidate the photon energy range between threshold and the Cooper-minimum re-
gion of the Ar 3s photoline. A number of the "correlation satellite" lines show a dramatic increase of
fractional intensity, yielding a total of about forty observed photolines at threshold. This eAect is inter-
preted as arising from strong interchannel coupling near threshold, yielding high-angular-momentum
ionic states otherwise inaccessible. The distinction between 'intrinsic" correlation eA'ects due to discrete
states and "dynamic" correlations arising through the photoemission process is emphasized.

PACS numbers: 33.60.Cv, 32.80.—t

Satellite transition strengths are directly related to
electron correlation effects associated with the photoion-
ization process. A basic issue is the identification of the
dominant correlation efl'ect(s) contributing to the inten-
sity of a given satellite. ' 5 The energy region near
threshold is particularly suited for differentiating among
the various electron correlation mechanisms, which are
expected to show different threshold behaviors.

It is useful to distinguish between two types of correla-
tions, which are, respectively, nearly independent of, and
strongly dependent on, photon energy. The first type
arises from "intrinsic" electron correlation effects in the
neutral atom or the ionic core; the main corresponding
correlations can be described by configuration interac-
tion in the initial atom and final ion, and they would be
present even in the absence of photoemission. Satellite
intensities originating from these interactions reflect ba-
sically the spatial overlap between different configura-
tions in the initial and ionic final states, ' "modulated
by transition-matrix elements. These intensities tend to
vary slowly with photon energy.

In contrast, "dynamic " correlations exist explicitly
through the dynamics of photoionization, and should
therefore affect satellite intensities most strongly near
threshold. The term "shake process"' is often used to
describe that portion of the satellite intensity that arises
indirectly, through the response of passive electrons,
which fail to relax completely during photoionization. It
is dynamic in the sense that it depends indirectly on the
kinetic energy of the photoelectron tending to decrease
near threshold, where the screening potential changes
more slowly. Other aspects of dynamic correlations have
been elaborated before in the context of continuum-state
configuration interaction. ' The general feasibility of
the separation of correlation eAects by distinct threshold
behavior has been demonstrated recently for diA'erent
rare gases and molecules. We can think of continu-

um-state configuration interaction as a virtual inelastic-
scattering process, in which the photoelectron interacts
with the ion as it leaves, exchanging energy and angular
momentum. This process should grow stronger near
threshold. Inelastic scattering near threshold (continu-
um-state configuration interaction), while predicted for
several cases, ' has been observed only in He, ' where it
is the only possible type of correlation in the final state.
The question arises: Does this continuum interaction,
which is known to affect main-line intensities via the
coupling of different subshells, also play a role for the sa-
tellite structure of atoms larger than helium?

Additional interest in the satellite near-threshold be-
havior has been stimulated by recent measurements of
satellite cross-section effects observed earlier in main
lines, such as autoionizing resonances, shape resonances,
and Cooper minima. 6 Such effects, if occurring in

the threshold region, could be superimposed on the
characteristic satellite intensities, leading to misinterpre-
tations regarding the underlying correlation effects.

The valence subshells of Ar show such phenomena: a
pronounced Cooper minimum, final-state interactions in-

volving the continuum electron, and the beginning of an
orbital collapse. ' The last leads to strong interactions in

the final ionic state, which are assumed to govern the
pronounced satellite structure of the 3s photoline. ' The
most prominent peak of this spectrum at higher photon
energies, 3s 3p 3d( 5), was the subject of recent stud-
ies, ' over a wide energy range. However, none of these
studies covered the energy range between the Cooper
minimum and threshold.

In this Letter we report the first measurements of in-
creasing fractional satellite intensity toward threshold in
an atomic system with a nonhydrogenic final ionic state.
We observed a dramatic increase in the number of Ar
photoelectron satellite lines near threshold, in particu-
lar at zero kinetic energy. Our results for the
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3s 3p 3d( S) satellite show a pronounced Cooper mini-

mum in the cross section of this satellite. The behavior
of this satellite, despite a shifted Cooper minimum in the
satellite channel, appears to be virtually constant down

to threshold, as expected theoretically. "
%e have studied the argon valence satellites in the

photon energy range 32-100 eV, emphasizing the
lower-energy end. The satellite peaks were assigned by
comparison with corresponding optical levels. " For our

study we have selected some well-separated lines and

groups of lines, labeled in order of their binding energies.
The experiments were performed at the Hamburger

Synchrotronstrahlungslabor (HASYLAB) with use of a
toroidal grating monochromator in conjunction with

time-of-flight photoelectron analysis, and at the Stanford
Synchrotron Radiation Laboratory (SSRL) with use of a
spherical grating monochromator for a zero-volt electron
scan. Both systems have already been described in some
detail in earlier publications. ' The time-of-flight sys-

tem was designed for high resolution and high transmis-
sion at low kinetic energies. With small acceleration
voltages, the spectrometer, when optimally aligned, has a
slowly changing transmission down to approximately 0.5
eV; the overall resolution is about 2%. The spectrome-
ter used for the zero-volt electron scan is also based on
time-of-flight detection, with an additional extraction
field added across the interaction region. The resolution
of the zero-volt spectrometer is better than 0. 1 eV.

The main purpose of this investigation was to study
the structure of the argon valence satellites at energies
below the Cooper minimum of the 3s main line, down to
threshold. Figure 1 shows the absolute cross section of
the well-known 3s 3p 3d(2S) "virtual-Auger"-type sa-
tellite versus photon energy, together with the data
points of other authors, which were normalized to our 3s
cross-section curve. The dash-dotted curve in Fig. 1 rep-
resents this 3s cross-section curve, scaled to our satellite
intensity at high kinetic energies (17.2% of 3s at 80 eV).
The satellite cross section shows the same qualitative be-
havior, except in the Cooper-minimum region, in good
agreement with predictions of the many-body perturba-
tion theory. " A simple explanation of this deviation is

that the Cooper minimum in the satellite channel is due
to coupling with the 3s main line, causing a Cooper
minimum near but not exactly at the same photon ener-

gy. The dashed curve represents the same scaled 3s
cross section, shifted by roughly 3 eV to higher photon
energies. This curve fits the satellite cross section unex-

pectedly well, supporting the idea of a "shifted Cooper
minimum" in the satellite channel.

The (satellite)/(3s main line) intensity ratios are
strongly modulated near threshold by Cooper minima.
However, comparison of the satellite and main-line in-

tensities at equal kinetic energies shows an essentially
constant ratio in many cases below the energy of the 3s
Cooper minimum. The Cooper minimum is in these
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cases only an additional effect, which obscures the gen-
eral threshold behavior of a satellite. To visualize this
eflect, we have drawn a rough —and arbitrary —curve
(dotted line) for a hypothetical 3s cross section without a
Cooper minimum. On dividing this curve by the actual
3s cross section, we obtain a ratio which shows the gen-
eral modulating effect of the 3s Cooper minimum on a
(satellite)/(main line) branching ratio.

In order to remove the kinetic-energy effect, Fig. 2
shows three selected (satellite)/(3s main line) ratios tak-
en at equal kinetic energy, together with such a tentative
ratio curve. This curve is scaled to the respective satel-
lite intensities at high kinetic energy, both as a reminder
of the Cooper-minimum effect and as a guide to de-
lineate roughly the unaffected near-threshold region. In
this near-threshold region we have observed basically
two types of behavior. The erst is a constant ratio, as
shown by satellite 3: ('S)4s( S), which we have also
seen in Fig. 1 for satellite 4, [('D)3d( S)l. The second,
largely unexpected, is an increasing fractional intensity
towards threshold, as shown by satellite 2 [( P)3d( D),
( P)4s( P)]. Satellite 1, consisting of two final ionic
states ('D)3d( G) and ( P)4p( P'), shows clear indi-
cations of resonance enhancement due to autoionization

Photon energy (eV)

FIG. 1. Partial cross section of the Ar 3s satellite
3s23p43d( S) (satellite 4) as a function of the photon energy.
The filled symbols (circles, time-of-flight photoelectron spectra;
squares, zero-volt electron scan normalized by the assumption

of o3, =1.5 Mb as an average of different theoretical values)
represent our results. The open circles are measurements of
Adam, Morin, and Wendin (Ref. 2); the lozenges are from
Brion, Bawagon, and Tan (Ref. 3); and the triangles are from
Kossmann et al. (Ref. 4). The dash-dotted curved shows our

3s cross-section data scaled to the satellite intensity at high ki-

netic energy; the dashed curve represents the same cross sec-
tion but shifted by 3.35 eV to higher photon energies. The dot-
ted line is an arbitrarily selected monotonic curve which

matches the 3s cross section above and below the Cooper
mi primum. Its purpose is simply to illustrate the eA'ect of the 3s
Cooper minimum on the satellite branching ratio, in Fig. 2.
The solid line represents a many-body perturbation-theory cal-
culation (Ref. 11).
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FIG. 2. Branching ratios of three selected satellites (satel-
lites 1-3) with respect to the 3s main line at the same kinetic
energy, The filled symbols are our results; the open circles are
data from Adam, Morin, and Wendin (Ref. 2). The dashed
line as explained in the text represents the eA'ect of the 3s
Cooper minimum on the satellite to main-line ratio.
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of discrete states (double excitations to 4p5s states
around' 33.6 eV) into this satellite channel, an effect al-
ready observed for He (Ref. 15) and Ne. However, the
enhancement structure for satellite 2 is different from
discrete excitations. We propose that this threshold
enhancement, which is also shown by other satellites in

the Ar valence satellite spectrum, results from "virtual
inelastic scattering" of the outgoing electron in the final
state.

To support this interpretation of the observed thresh-
old behavior, we show in Fig. 3 a sequence of three
different photoelectron spectra taken in the near-
threshold region, together with a zero-volt electron scan.
These spectra differ dramatically from all previous satel-
lite spectra taken at higher photon energies, both in the
number of resolved lines and in their intensity distribu-
tion. The zero-volt electron scan shows, in particular,
that to almost every optically observed, excited Ar+ level
there corresponds a satellite line. This means that most
of the excited Ar+ configurations interact with the 3s

1
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FIG. 3. (b)-(d) Photoelectron spectra taken in the near-
threshold region of the satellites with lower binding energy to-
gether with (a) a zero-volt electron scan between 29 and 43
eV. The numbers in (a) show the position of those satellites
which are shown in Figs. 1 and 2. Note that the satellite inten-
sities in (c) and (d) are shown on normal scale.
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and 3p hole states which are genuinely associated with
the Ar valence photoionization process. However, most
of these satellite intensities decrease quickly with in-

creasing photon energies.
How can we explain the qualitative difference between

the satellite intensities at threshold and satellite spectra
at higher photon energies? The straightforward designa-
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tion of most of the satellite peaks by optical data' shows
a large number of final ionic states such as G and F,
which cannot be populated directly through photoemis-
sion, by our invoking correlations only in the ground and
final ionic states. To explain the intensities of these sa-
tellite states apart from accidental autoinization at
threshold, final-state interactions must be taken into ac-
count. In the final state the photoelectron may be
thought of as inelastically scattering on its way out,
thereby exciting another electron. In the characteriza-
tion of the energy dependence of these inelastic-
scattering processes, it is useful to consider the excess en-

ergy necessary for the excitation. If we compare Ar on
an excess energy scale with He+(2p), '5 all satellites as-
sociated with a primary Ar 3s hole should lose their in-

tensity over a range of a few electronvolts. This behavior
is shown, for example, by satellite 2, having the main
configuration ('D)3d( G), a result corroborated by very
recent fluorescence measurements. 2o This supports our
interpretation of the threshold behavior of this satellite
as arising through inelastic scattering.

The large overlap between the 3s hole state and the
states with a collapsed 3d orbital, which all belong to the
same manifold with n =3, ' is probably responsible for
the strength of the observed inelastic-scattering process-
es. However, the strong coupling between the Ar 3s and

3p main lines, especially near threshold, partly obscures
the usual distinction between a 3s and a 3p satellite in

this region.
In conclusion, we have shown the importance of

inelastic-scattering processes to the valence satellite
structure of argon by studying the threshold and near-
threshold behavior of individual satellite lines. Our in-

terpretation of the observed intensity enhancement near
threshold is supported by the appearance of many previ-

ously unobserved satellite transitions which are not al-
lowed by interactions in the initial and ionic final states
alone. Clearly, more experimental and theoretical work
is needed to understand these new phenomena.
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