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The nonlinear coupling of 193-nm radiation to a range of atomic and molecular materials has
been experimentally explored up to a maximum intensity on the order of ~10'7 W/cm?. Studies of
collision-free ion production clearly exhibit anomalous behavior which strongly implies that the
atomic shell structure is the principal determinant in the observed response. On the basis of the ob-
served coupling strength and the measured atomic-number (Z) dependence, the experimental evi-
dence points to a coherent atomic motion involving several electrons, possibly an entire shell, as the
main physical mechanism enabling the scale of energy transfers seen. Therefore, states representing
multiple excitations appear to play a central role in the coupling, a consideration that fundamentally
distinguishes the nonlinear interaction of a multielectron atom from that of a single-electron system.
Comparison of the experimental findings with standard theoretical treatments, of either a perturba-
tive or nonperturbative nature, does not produce satisfactory agreement. Conversely, the formula-
tion of a simple classical estimate qualitatively conforms to several features of the observed behavior
including the shell character of the interaction, the maximum energy transfer, the dependence of the
average energy transfer on the intensity of irradiation, the frequency dependence of the observed en-
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ergy transfer, and the weak influence of polarization.

I. INTRODUCTION

The initial studies’? of the Z dependence of collision-
free multiphoton ionization of atoms at 193 nm clearly
exhibited anomalous behavior in terms of the gross rate of
energy transfer. The general class of physical processes
studied was

Ny+X—X?% 4ge™ . (1)

A prominent feature of these studies was the unusually
strong nonlinear coupling found characteristic of certain
heavy materials such as Xe and U. In the case of U, the
maximum observed values of N and g were found to be 99

and 10, respectively. By comparison with theoretical ap--

proaches based on perturbation theory,>~> these experi-
ments clearly demonstrated that standard theoretical tech-
niques were incapable, by a discrepancy as great as several
orders of magnitude, of describing the observed results.
Subsequent work,® conducted at a wavelength of 1.06 um,
has confirmed the anomalous nature of the coupling
strength.

II. EXPERIMENTAL CONSIDERATIONS

For the studies of multiple ionization conducted since
the earlier studies’? were completed, the 193-nm ArF*
laser used for irradiation’ (~5 psec, ~3 GW) was
focused by an appropriate lens to generate intensities in
the range of 10"°—10" W/cm? in the experimental
volume. In order to produce the highest intensities used,
an f /2 aspheric focusing element was necessary. The ions
are created in a vacuum vessel which is evacuated to a
background pressure of ~10~° Torr.

In contrast to the earlier work,"? the ion analyzer had a
greatly extended time-of-flight drift region which permit-
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ted significantly superior mass and charge discrimina-
tion.® In this case, the isotopic signature of heavy atoms
was readily distinguished.” This aspect provided a clear
identification of the signal and enabled unambiguous
separation of the desired ion current from any spurious
signals originating from the background gas.

Figure 1 illustrates the characteristic isotopic pattern
observed for Xe’t. Note the close correspondence of the
individual isotopic peaks to the strengths expected on the
basis of the isotopic natural abundance.!® Under typical
experimental conditions, the ions formed in the focal re-
gion were collected by the analyzer with an extraction
field in the range of 100—5000 V/cm, and a microchannel
plate located at the exit of the time-of-flight region served
as the ion detector. In addition, a laser-evaporation tech-
nique has been incorporated!! into the apparatus to enable
the study of elements, such as the lanthanides, which are
not conveniently available in gaseous form, and prelimi-
nary experiments involving Eu and Yb have been conduct-
ed.

III. EXPERIMENT RESULTS ON ION PRODUCTION

The basic information obtained by observation of the
ion spectra pertains to the scale of the energy transfer, for
both average and peak values, communicated to the target
atom X by the radiation field. An examination of the Z
dependence of the average energy transfer is informative.
Figure 2 illustrates the dependence observed at 193 nm for
an intensity of irradiation in the range of 10°—10!°
W/cm?. The comparison in the average energy absorbed
for the adjacent elements, I (Z =53) and Xe (Z =54), is
remarkable. This difference, which is approximately a
factor of 4, cannot reasonably be attributed to experimen-
tal error, since only the strong, easily registered ion-signal
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ISOTOPIC SPECTRA OF Xe CHARGE STATES OBSERVED FOR Xe 5*and xe 8*
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FIG. 1. Isotopic spectra of s4Xe’* and 5,Xe®* are shown, and their relative abundance is compared with the natural abundance.

components figure appreciably in the calculation of the
average energy. Furthermore, since the two elements are
close in atomic mass, the ion velocities of the two materi-
als, for a given charge state, are nearly identical, rendering
corrections in the sensitivity of the channel-plate detector
due to differences in velocities negligible. We conclude
that some factor involving the basic atomic structure of
the materials must account for the observed differences in
energy transfer and that this factor can vary rapidly in
atomic number.
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FIG. 2. . Average energy absorbed per atom under collision-
free conditions for irradiation at 193 nm with an intensity in the
range of 10"°—10'® W/cm?.

The ion production in several elements has been studied
for a range in atomic number spanning He (Z =2) to U
(Z =92) at intensity levels above those used in the initial
work."2 A typical ionic spectrum for xenon is illustrated
in Fig. 3. In this case, there is the clear presence of eight
charge states, the first five of which are seen to have ap-
proximately comparable abundances. An overall sum-
mary of the species observed is presented in Fig. 4. As
represented in this figure, the maximum observed energy
transfers are on a scale of several hundred electron volts

Xenon 193 nm ~ 1016 Wrem 2
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FIG. 3. Time-of-flight ion spectrum of xenon irradiated at
~10'* W/cm? at 193 nm.
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FIG. 4. Data concerning the multiple ionization of atoms for irradiation at 193 nm. Plot of total ionization energies of the ob-
served charge states as a function of atomic number (Z). s3I’ was not positively identified because it coincides with an H,O* back-

ground signal.

for the heavy materials. In the earlier experiments! con-
ducted at ~ 10 W/cm?, an examination of the ionization
energies'>!? of the species involved failed to suggest any
consistent picture for the understanding of the stages of
ionization produced. Furthermore, the subsequent work
reported herein shows that this situation continues to exist
at intensity levels as high as the 10'°—10'7 W/cm? range.
For example, the ionization of the second electron from
He, which is not detected, requires an energy of ~54.4
eV, a value less than that necessary to remove the fifth
electron from Xe, a process which is clearly seen. We are
led to the conclusion that some factor other than the mag-
nitude of the ionization potentials corresponding to the
different species, or equivalently, the order of the non-
linear process, governs the strength of the coupling.
Clearly, this strong variation in coupling strength cannot
be explained by standard perturbative and unperturbative
theories.

Another clear characteristic of these data is the shell
dependence manifested in the behavior of the heavier rare
gases. For Ar, Kr, and Xe, the maximum charge states
observed would correspond to the complete removal of
atomic subshells. For these materials they are the 3p, the
4p and both the 5s and 5p shells, respectively. Similarly,
if the I’T signal is present under the H,O" peak, then
that also implies complete removal of the 5s and 5p
shells.

The hint provided by the role of the shell structure
described above led to the hypothesis that it was mainly

the number of electrons in the outer subshells that
governed the coupling. A measurement of the response of
elements in the lanthanide region, with the use of a
method involving laser-induced evaporation to provide the
material, enabled this view to be checked. As one moves
from La (Z =57) to Yb (Z=70) in the lanthanide se-
quence, aside from slight rearrangements involving the 5d
shell for Gd (Z =64), 4f electrons are being added to in-
terior regions of the atoms. The data illustrated in Fig. 4
for ;Eu (4f76s2) and ;0Yb (4f'%6s2), which differ by
seven 4f electrons, indicated that these inner electrons
play a small role in the direct radiative coupling, a fact
that is in rapport with the observed dependence on the
outer-shell structure.

The intensity dependence of these ion spectra, corrected
for the relative sensitivity of different charge states,'* has
also been examined, and Fig. 5 illustrates the nature of
this response for xenon. Over the range of intensities
studied (~10'—10'7 W/cm?), higher intensity translates
generally into an increased yield of ions of a particular
charge, although not necessarily an increase in the max-
imum charge state observed. For example, the ion
s4Xe8T, with ground-state!> configuration 4d'°, is the
greatest charge state detected at ~10'* W/cm?, and al-
though its abundance increases at ~10'7 W/cm?, no

" 54Xe’t appears at the higher intensity. The average ener-

gy communicated to the atom also increases at the higher
intensities, although clearly not as rapidly as the intensity.
In the case of xenon, as shown in Fig. 5, the average ener-
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FIG. 5. Relative abundance of charge-state distributions ob-
served in the ion spectra of xenon in the intensity range
10"°—10" W/cm? at 193 nm. :

gy increased by only approximately a factor of 7 when the
intensity was increased 100-fold. It is important, howev-
er, to be aware of the experimental uncertainty involved in
the intensity dependence, since low-charge states can be
disproportionately produced in the outer regions of the fo-
cal volume. This particular effect is expected to be some-
what more significant for materials, such as gEu and
70Yb, which can be ionized by a single 193-nm photon.
Nevertheless, the data illustrated in Fig. 5 clearly show a
relatively weak intensity scaling for the high-order (N)
process that produces the higher-charge-state species ob-
served. ‘ '
Several existing types of nonperturbative calculations
predict a variety of different laws governing the intensity
(I) scaling of the transition probabilities. For a field
strength comparable to or greater than the binding field
E, of the electrons, Pert!® and Mittleman!” derived
I7'2In(I/1,) and a I,/N* relationships, respectively,
in which I, represents the intensity corresponding to the
value of the electronic-binding field E,. Moreover, under
conditions for which the radiative-field strength is small
compared to the electronic-binding field E,, Keldysh'®
obtained a I'/* scaling. Furthermore, for the experiments
under consideration, it is not apparent that the analyses of
Pert'® and Mittleman!’ can be validly applied to the pro-
duction of the higher observed charge states, since the in-
tensity I is much less than the corresponding I, for those
species. Finally, we note that, in the weak-field limit cor-

responding to applicability of the Keldysh'® approach, the
model predicts a substantial abundance of He?*, a con-
clusion that stands in contrast to the experimentally ob-
served absence of this charge state.

The frequency dependence of the coupling has also been
examined by comparison of our results at 193 nm with
other studies performed!®?° at 1.06 um and 0.53 um. The
comparison, conducted at an intensity of ~ 10" W/cm?
for both krypton and xenon, indicates that the average en-
ergy absorbed is reduced at the longer wavelengths. Fig-
ures 6 and 7 illustrate these comparative differences for
krypton and xenon, respectively. '

The influence of laser polarization has been studied for
xenon. With the use of a quarter-wave plate, the linearly
polarized radiation normally produced by the 193-nm
source’ can be conveniently transformed into circularly
polarized radiation. The ion spectra observed for xenon
were found to be negligibly modified by the change from
linear to circular polarization. This result is in contrast to
that expected on the basis of perturbation theory analysis®
in the single-electron picture of the interaction. In that
case, for high-order processes, the much greater abun-
dance of available channels for linear polarization pro-
duces a substantially greater ionization rate in comparison
to that characteristic of circular polarization. Nonpertur-
bative treatments?! also indicate that greater ionization
rates are commonly associated with linear polarization.
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FIG. 6. Comparison of charge-state spectra observed for
krypton at an intensity of ~ 10" W/cm? at 1.06 um and 193
nm. The data shown for 1.06 um irradiation is taken from Ref.
19.
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FIG. 7. Comparison of charge-state spectra observed for xe-
non at an intensity of ~10' W/cm? at 0.53 um and 193 nm.
The data shown for 0.53 um irradiation is taken from Ref. 20.

We comment further that, at sufficiently high-
electromagnetic fields, all angular momentum states be-
“come accessible,? a fact that will certainly alter the polar-
ization dependence.'’

IV. DISCUSSION OF RESULTS

A. Ion production

In broad terms, we now discuss and interpret these ex-
perimental findings. In the data represented in Figs. 2, 4,
and 5, two salient characteristics exhibited by the experi-
ments involving ion production are (i) the large coupling
strength for heavy materials and (ii) the sharp variations
present in the average energy transfer as a function of Z,
such as that illustrated by the comparison of iodine and
xenon in Fig. 2.

Qualitatively, several aspects of the basic interaction
emerge clearly. With reference to xenon, for example, a
100-fold increase in 193-nm intensity from ~ 10'°>—10'7
W/cm? does not drastically increase either the maximum
charge state observed or the average energy transferred.
Over this range of intensity, the charge state ¢ advances
from g =6 to 8, and the average energy transferred in the
interaction increases by approximately a factor of 7.
Within the experimental uncertainty over this range of in-
tensity, the average energy appears to grow approximately
linearly to the magnitude of the radiative electric field, a

fact we comment on further below. Furthermore, since
the charge state does not increase beyond the apparent re-

“moval of the full 5p and 5s subshells, tentatively we can

conclude that the n =5 shell is an important agent cou-
pling the xenon atom to the 193-nm radiation field. It is
also known, however, particularly from photoionization
studies involving multiple-electron ejection,?*?* that the
5p, 5s, and 4d shells exhibit substantial intershell cou-
pling and behave in a collective fashion in a manner
resembling a single supershell.?> In this connection it is
also known that the spatial dependence of the self-
consistent field*® experienced by the atom is expected to
contribute to the Z dependence of the atomic response.

In this picture, the increase in multiphoton coupling
strength results directly from the larger magnitude of the
effective charge involved in the interaction. In this way, a
multielectron atom undergoing a nonlinear interaction
responds in a fundamentally different fashion from that of
a single-electron atom.!®2”2® This interpretation involv-
ing a collective atomic response with several coupled
atomic shells is exhibited most prominently for Xe, but is
also apparent in the nature of the Ar and Kr spectra.

We now briefly consider the magnitude of the coupling
strength. A strong implication of the studies reported ini-
tially! and noted above, and which is reinforced by the ad-
ditional data illustrated in Figs. 2 and 4, is that the
atomic-shell structure is a principal determinant in the
atomic response. Indeed, all the conspicuous characteris-
tics of the experimental findings can be consolidated by
this single principle. Surprisingly, the order N of the non-
linear process appeared as relatively unimportant. Furth-
ermore, the data strongly indicated that a collective
response of an entire shell, or a major fraction thereof,
was directly involved in the nonlinear coupling. Collec-
tive responses of atomic shells, as noted above, have been
discussed in relation to the mechanism of single-photon
photoionization. The present studies simply point to a
nonlinear analog of this basic electronic mechanism.
With this picture, the outer atomic subshells are envisaged
as being driven in coherent oscillation by the intense ultra-
violet wave. Of course, such a model can only be valid if
the damping rate, presumably by electron emission, is suf-
ficiently low. Consequently, that assumption is naturally
implied in this description. We note that an oscillating
atomic shell, quantum mechanically, would be represented
by a multiply excited configuration. The simplest exam-
ples are doubly excited levels of the type commonly ob-
served in the extreme ultraviolet spectra of the rare gases
such as argon.?’ Naturally, higher stages of multiple exci-
tation can be considered such as those discussed in the
context of planetary atoms.°. ‘Therefore, if this type of
description is a valid representation of the radiative cou-
pling, then it would follow that multiply excited configu-
rations would be prodigiously generated and, therefore, be
prominent features in any excited-state populations pro-
duced. We shall see below that additional evidence sup-
ports this interpretation in the case of xenon and krypton.

Within the framework of the above picture, it is possi-
ble to make a simple estimate of the energy absorbed by
an atom and the corresponding scaling law describing the
intensity dependence. For this we imagine an atom com-
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posed of two parts: (i) an outershell of n electrons driven
by the radiative field at frequency v and (ii) an atomic
core. The outer electrons could, through “inelastic col-
lisions” at frequency v., transfer energy to the core. As-
suming a mean free path 8 for the electrons between two
collisions, and for large collision frequencies (v, > v), the
work done by the radiative field between two collisions is
neEd. The total energy transferred to the core during the
lifetime 7 of the highly excited atomic configuration
represented by the coherently driven outer shell is then
given by

neE 8v, r=%w, . (2)

Here, this energy is written in the form of a quantum with
magnitude #iw,. Using 8v, =v and estimating the average
velocity v by equating the kinetic energy of an electron
with the potential energy lost between two collisions

%mv2=eE8 s (3)

one obtains for the optical electric field

2/3

E=1
e

m/2 (4)

As an example, if we take fiw, =1 keV, n =6 representing

a closed p shell, 6=0.1 A and 7=10""° sec, then

E 2.0x10° V/cm, corresponding to an intensity
=10'" W/cm?

The value taken for the mean free path 8 requires some
discussion. It is predicted on the mean free path associat-
ed with the scattering of an electron, having an energy
considerably above the Fermi energy, interacting through
a screened Coulomb potential in an electron gas. The
cross section o for this process, estimated, for example,
in the case of sodium,?' by Pines,> to have a value
0o~ 17ma}, in combination with the electron density p,
characteristic of the xenon n =35 shell, yields a scale
length 8§ ~(p,00) "' ~107° cm. Interestingly, if we exam-
ine the data for xenon in Figs. 4 and 5, we observe that
the maximum charge state Xe®*, which corresponds to
~450 eV total energy,!® was seen for an intensity in the
range of 10'—10'7 W/cm?, figures not far from those
represented by Eq. (4). Finally, since Eq. (4) is indepen-
dent of the frequency v, a weak dependence on frequency
is expected. As shown in Figs. 6 and 7 frequency does not
appear to exert a strong influence on the average energy
transfer. Certainly, no quantitative accuracy can be
claimed for the estimate made above; its only significance
is that the general nature of the atomic response and the
qualitative scales of the physical quantities, for what ap-
pear to be reasonable choices of atomic parameters, are
roughly that observed in actual experiments.

It is informative to consider the case representing the
high—intensity limit.'”?2 At an intensity of ~10"
W/cm?, which we anticipate will be available soon with
the use of subpicosecond rare-gas halogen lasers, the peak
ultraviolet electric field is more than tenfold e /a2 0, SO that
loosely bound outer electrons can be approximately
modeled as free particles. In this case, the problem
reduces to that of the acceleration of electrons in focused
laser fields,? an issue that, incidentally, is related to the

acceleration of cosmic rays by rotating neutron stars.’*
Simple estimates indicate that for intensities of that mag-
nitude, the outer electrons would approach relativistic ve-
locities (~50—80 keV) and that oscillating atomic-current
densities on the order of 10'“—10!°> amps/cm? could be es-
tablished as a result. Actually, in this high-intensity limit
it appears to be possible to estimate the coupling of the
coherently driven outer electrons with the remaining
atomic core by a relatively simple procedure. Since the
electron-kinetic energies are considerably above their cor-
responding binding energy, it appears possible to use a
first-order Born approximation® in a manner similar to
that used to the study of electron collisions for K- and L-
shell ionization®¢ and shell specific ionization processes in
highly charged ions.*”* Indeed, in the case of xenon
ions, cross sections: for electron-impact ionization are
available.’® It also seems possible to account for the tran-
sition from adiabatic to sudden excitation of core elec-
trons with a rather simple procedure.*’

The results illustrated in Fig. 2 indicate a complex and
rapidly varying Z dependence for heavy materials. It has
not been possible to formulate a reasonable explanation of
this behavior solely on the basis of the systematics of
valence-shell properties.">° These results again point to
the significance of intershell couplings. Such couplings
are manifested in an obvious way, for example, in Coster-
Kroning processes.*! Indeed, if we consider, as specific
cases, giant Coster-Kronig (GCK) processes of the type

ns—npind,ed (5)
and super Coster-Kronig (SCK) processes like

np—mf,ef , (6)

it is well established that strong perturbations** are

present and that the single-electron picture seriously
breaks down.** These processes are sensitive to systemat-
ics of the shell-energy levels and, therefore, can exhibit
sharp variation in their dependence on atomic number. In
particular, many-electron effects are prominent when
there is a degeneracy between single- and double-vacancy
states that are strongly coupled. These requirements are
commonly fulfilled and strong collective behavior arises,
for example, in single-photon photoionization.?>#4> Sig-
nificantly, in comparison with the results illustrated in
Figs. 2 and 4 these effects are known to be of impor-
tance*»*® over certain regions of the atomic number from
argon to the heavier part of the Periodic Table. A partic-
ular case involves double photoionization of Ga in the en-
ergy region near the 3d ionization threshold.*’

The degeneracies of single- and double-hole states occur
at particular values of the atomic number Figure 8,
which was derived from calculations*® of neutral-atomic
binding energies performed with a relaxed-orbital relativ-
istic Hartree-Fock-Slater analysis, illustrates the region
from ,0Cu to 4Zr. Near degeneracies in the n =3 shell
are indicated for ;,Ge, 36Kr, and ;;Rb. Moreover, since
the 3p and 3d orbitals both have their maximum charge
densities at nearly identical radii,* strong coupling be-
tween these subshells is expected to occur. Indeed, such
couplings are known®® to produce discontinuous behavior
in the L, and Lg, satellite fractions as well as in the
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FIG. 8. Atomic, relativistic ASCF single- and double-hole
levels for ,oCu to 40Zr. The energies were obtained from Ref. 48
and the figure has been adapted from Fig. 17 of Ref. 43 appear-
ing on p. 28. The arrows indicate the locations of near degen-
eracies between single- and double- vacancy states. Figure re-
printed by permission.

Lg4/L, and Lg /L, intensity ratios as a function of
atomic number Z. The data illustrated in Fig. 9 convey
this effect for the L, features for atomic number in the
vicinity of Z =50. In this case, the observation®™ is con-
sistent with a critical atomic number of Z~50 for the
L-Li;M,5 Coster-Kronig transition. The dashed line ap-
pearing in Fig. 9 is a theoretical curve related to the calcu-
lation of Krause er al.’! The discontinuous behavior in Z
characteristic of the data shown in Fig. 9 has a striking
similarity to that exhibited in Fig. 2. Similarly sharp
variations in atomic number have been calculated in the
Auger width associated with a 2s vacancy.’? Interesting-
ly, it has been predicted®® that plasma-shielding effects
can have a strong influence on autoionizing widths by
causing an energetic closing of the channel for Coster-
Kronig transitions, although no such behavior has ever
been actually observed. For a 2s vacancy with an argon-
like configuration, a sharp change in the 2s width is es-
timated for Z =22 at an electron density of ~5x10%°
cm ™3, It should be possible to achieve such a plasma den-
sity, under controlled conditions, with the use of a subpi-
cosecond rare-gas halogen source. We note that several
informative accounts of vacancy distributions®® and the
behavior of autoionizing widths are available.>*>’
Normally, relaxation mechanisms involving intershell
coupling, such as Coster-Kronig and Auger processes, are
experimentally observed by initially producing an inner-
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FIG. 9. La satellite (La)® to diagram (La)? line ratio as a
function of atomic number Z. The data are taken from Ref. 50.
The dashed curve corresponds to a theoretical treatment adapt-
ed from a calculation performed in Ref. 51. Figure reprinted by
permission.

shell vacancy which subsequently relaxes, generally pro-
ducing multiple vacancies and excitation in outer shells.
In principle, the initial vacancy can be produced with ra-
diative excitation,”®*’ electron collisions,’®*® beam-foil
methods,®® ion collisions,®! and nuclear-decay processes
such as K capture.62’63 To these alternatives, the results
of these experiments suggest that multiquantum processes
may now conceivably be added. Furthermore, the nature
of Coster-Kronig processes provides a hint at the mecha-
nism that could make this possible. In simple terms, this
can be viewed as a reverse Coster-Kronig process* in
which multiple excitations in outer shells generate excita-
tions in more tightly bound shells. In this fashion we use
the term “excitation” in a broad sense to include both
bound excited levels and continuum states (vacancies).
For double and single excitations or vacancies, this mech-
anism is basically represented by the reverse reactions of
processes (5) and (6), namely,

ns<np?nd,ed , (5"

np<nd*mf,ef . (6)

Indeed, since these intershell couplings are sensitive to the
systematics of the shell binding energies, resonance ef-
fects*>% are expected in certain regions of atomic number
Z for the reasons stated above. In summary, the similari-
ty of the discontinuous character of the data represented
in Figs. 2 and 9 mentioned above plainly, although tenta-
tively, suggest a common origin for this general type of
behavior, nameély, the possibility that the electrons in-
volved in the nonradiative relaxation of an atom in the
forward reaction (5) could, in the reverse process (5'), if
driven by coupling to a sufficiently intense radiation field,
generate a corresponding transfer of energy into an atom.
Finally, we comment on some aspects of this general
line of inquiry which deserve exploration. It is of natural
and fundamental interest to further examine the proper-
ties of the ionization process (i) with different ultraviolet



32 COLLISION-FREE MULTIPLE PHOTON IONIZATION OF . . .

frequencies, specifically 248 nm, since it is readily avail-
able at high intensities, (ii) over a greater variation in Z,
particularly in regions for which the intershell couplings
are believed to be large, and (iii) at intensities above 107
W/cm?. Studies of this nature, therefore, are obviously an
important element of our current activity. Examples of
specific materials which appear as promising candidates
for study are Ba, on account of the known®—* sensitivity
of the 4f orbital to the state of ionization; the lanthanides,
on account of the unusual systematics associated with the
filling of the 4f shell and the effects of configuration in-
teraction®®® prominent for certain members of that se-
quence; and ¢oTh and 4,U, the heaviest materials’® avail-
able for practical study. Finally, since molecular binding
is known to have an influence on the behavior of inner-
shell transitions, sometimes with rather dramatic effects,
such as that known for the 5d-f absorption of uranium,”!
a comparison of the ionization properties of certain
molecular and atomic species is planned.

221

B. Radiative properties

Measurements of emission produced by the highly ex-
cited states provide important information on the nature
of the coupling mechanism involved. Specifically, if the
interpretation discussed above in Sec. IV involving a col-
lective atomic response with coupled atomic shells has
any validity, detectable emission at short wavelengths or
energetic electrons would be expected.

Indeed, in a recent, although preliminary, experiment
examining the properties of the xenon ions produced in
the ion studies discussed in Secs. III and IV A which was
designed to detect extreme ultraviolet radiation, signifi-
cant levels of spontaneous radiation and/or energetic elec-
trons have been observed.”” The spectral width observed
in the radiation channel was determined by the 1500-A
aluminum filter (10—80 eV) used. The schematic of the
apparatus employed in these studies and the signal ob-
served are shown in Fig. 10. The signal occurs precisely
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FIG. 10. (a) Experimental arrangement used to detect xuv radiation from highly excited atoms excited by 193-nm radiation at an
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at the time of irradiation of the gas with the 5-psec 193-
nm radiation, vanishes if the xenon flow is terminated,
and is not observed if the xenon is replaced by other ma-
terials, such as krypton or hydrogen. In order to elim-
inate the influence of electrons that could be produced by
photoemission from the surface of the aluminum filter
facing the microchannel plate from reaching the detector,
a dc electrical bias of 200 V was applied to retard the
motion of electrons moving in that direction. Some evi-
dence of an electron-induced signal was observed if no
negative-bias potential was used. Judging from the spec-
tral transmission and the electron stopping power of the
1500-A Al filter, we conclude that only xuv photons in
the region of 10—100 eV and energetic electrons exceeding
a few hundred electron volts could possibly contribute to
the observed signal. This observation is consistent with
the excitation of an inner-shell electron state, presumably
the 4d level in xenon, by atomic processes of the nature
described above. Significantly, recent experiments’
measuring the photoelectron spectra under identical ex-
perimental conditions have ruled out the presence of elec-
trons with sufficient energy to produce the observed sig-
nal. In addition, the photoelectron measurements’ reveal
the presence of several lines in the xenon spectrum which
closely match the pattern expected from N4 s-OO Auger
transitions, a finding which strongly reinforces the inter-
pretation given above. Naturally, further experiments are
being prepared to determine the electron and photon spec-
tra of the observed emission more accurately.

Another class of experiments, intended to observe
stimulated emission from highly excited states, has also
been performed.”*~"7 In the experiment designed to ob-
serve amplification in Kr in the extreme ultraviolet range,
intense stimulated emission was detected on five transi-
tions spanning the range from 91.6—100.3 nm. An exam-
ination of the linewidths and tuning behavior of these
transitions led to a possible identification of the upper lev-
els as autoionizing neutral levels involving both singly ex-
cited inner-shell excitations” and doubly excited configu-
rations.”*’®77 This is the first indication of stimulated
emission arising from such electronically unstable states.
Finally, if we reason that the anomalous increase in this
coupling is connected with the presence of multiply excit-
ed configurations and if we recall that coherently excited
shells, in quantum-mechanical language, are described in
terms of multiple excitations,’®’® then the results of the
ion-production experiments and the observation of stimu-
lated emission in krypton can be viewed in a unified
manner. ‘

V. CONCLUSIONS

The nonlinear coupling of 193-nm radiation to a range
of atomic systems has been studied up to a maximum in-

tensity on the order of ~ 107 W/cm?. Studies of ion pro-
duction, under collision-free  conditions, exhibit
anomalous behavior which implicate the atomic-shell
structure as the principal determinant in the observed
response. On the basis of the coupling strength observed
and the measured Z dependence, the experimental evi-
dence points to a collective coherent atomic motion in-
volving several electrons, possibly an entire shell, as the

‘main physical mechanism enabling the scale of the energy

transfers seen. In quantum-mechanical language, states
representing multiple excitations appear to play a central
role in the coupling, a consideration that fundamentally
distinguishes the nonlinear interaction of a multielectron
atom from that of a single-electron system.

Comparison with standard theoretical treatments of
nonlinear processes, of either perturbative or nonperturba-
tive nature, does not produce agreement with the experi-
mental findings. Conversely, the formulation of a simple
classical estimate qualitatively conforms to several
features of the observed behavior. They are, with particu-
lar reference to xenon, the shell character of the interac-,
tion, the maximum energy transfer, the dependence of the
average energy transfér on the intensity of irradiation, the
frequency dependence of the energy transfer, and the
weak influence of polarization. Furthermore, it is postu-
lated that the sharp variations in Z noted for the heavy
materials is due to a reverse Coster-Kronig mechanism in
which inner-shell excitations are produced by interaction
with multiply excited outer shells. These points naturally
imply the existence of a systematic trend in nonlinear
properties which extends throughout the Periodic Table.
This would then constitute a principle of classification
which appears to bear some analogy to that developed ear-
lier for electron potentials, binding energies, and electron
scattering phase shifts.%
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