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Multiphoton Ionization of Atoms

The invention of the laser made possi-
ble the experimental study of the nonlin-
ear interaction of radiation with matter.
And, subsequently, over the last two
decades, a considerable field of activity
has developed around that basic prob-
lem, which can be represented generical-
ly by the process

Ny + X — X* )

in which N photons lead to the excitation
of a target atom or molecule X. For
generality, the excited product X* can
denote either bound or continuum mo-
tions of the constituent particles. This
article will deal with certain recent find-
ings concerning multiphoton ionization.
The context of this physical study, how-
ever, relates directly to another problem
of general fundamental significance and
one that has had an important influence
on the direction and purpose of work at
the University of Illinois at Chicago.
That problem concerns the development
of a laser at x-ray wavelengths, a long-
sought goal.

Historically, the initial discussions of
coherent generation in the x-ray range
(1) and nonlinear atomic emission (2) and
absorption (3) all appeared more than 20
years ago in entirely independent cir-
cumstances. Recently, however, these
two areas of inquiry have become
strongly linked, and it now appears that
the achievement of the former may de-
pend, at least in one possible representa-
tion, on certain basic properties of the
latter.

The significance of the x-ray laser goal
is easily stated. A spectrally bright
source of radiation in the x-ray region
would be unsurpassed (¢) in its ability to
microvisualize condensed matter. There
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is little doubt that major areas of applica-
tion would include basic materials re-
search, microelectronics, biology, and,
indeed, any field that requires structural
information of solid matter on an atomic
scale. Since the peak spectral brightness
of an x-ray laser is expected to be on the
order of one trillion times greater than
any alternative means, it would be an
ideal source of radiation for these pur-
poses. At the same time, it is undisputed
that matter, under appropriate condi-
tions, can provide the amplification in
the x-ray range (hw ~ 10° to 10* eV)
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though several alternative approaches
are currently being evaluated, over the
last few years our work has centered on
the use of high-power ultraviolet lasers
to serve as the source of excitation and
nonlinear radiative processes to provide
the needed physical coupling. In order to
evaluate whether this idea could work,
we began our study of multiple quantum
ionization.

A simple representation of the overall
process is illustrated in Fig. 1. Obvious-
ly, if Aw, is in the kilovolt range and if
fho represents an ultraviolet quantum,
processes with values of N exceeding
100 must occur with appreciable proba-
bility in order for this mechanism to be
useful. Therefore, a single fundamental
question emerges: What are the basic
physical principles that establish the lim-
it on N?

When we began to study this question,
no relevant experimental data on this
matter existed. This was particularly
true for radiative field strengths (E) in
the vicinity of an atomic unit, e/a3,

Summary. Studies of multiphoton ionization of atoms have revealed several
unexpected characteristics. The confluence of the experimental evidence leads to the
hypothesis that the basic character of the atomic response involves highly organized,
coherent motions of entire atomic shells. The important regime, for which the radiative
field strength is greater than an atomic unit (e/a3), can be viewed in approximate
correspondence with the physics of fast (approximately 10 MeV per atomic mass unit)
atom-atom scattering. This physical picture provides a basis for the expectation that
stimulated emission in the x-ray range can be produced by direct, highly nonlinear

coupling of ultraviolet radiation to atoms.

that is necessary to construct a coherent
source. However, the achievement of
those suitable conditions has proven to
be a formidable task.

The difficulty in generating amplifica-
tion at a quantum energy of 1 keV is
apparent from the general requirement,
established by basic physical reasoning,
that extraordinarily high specific power
densities, on the order of 10 W/cm? or
greater, be applied in a carefully con-
trolled way (1, 5). How can these neces-
sary conditions best be produced? It is
generally understood (I, 5) that a high
effective brightness source of excitation
and an appropriate physical coupling
mechanism are the key requirements for
the successful creation of the conditions
for amplification in the x-ray range. Al-

where g is the smallest Bohr radius.
Extant theoretical work, however, pre-
dicted ridiculously low rates for high-
order processes and, if believed, would
automatically lead to the conclusion that
any proposal to utilize a mechanism,
such as that shown in Fig. 1, is prepos-
terous. These earlier theories, however,
were based on rather restrictive assump-
tions concerning the basic nature of the
electronic motions governing the nonlin-
ear amplitudes. On the other hand, sev-
eral years ago I found it possible to
construct a class of high-order process-
es, involving certain types of atomic
motions, in which the rates would be
enormously enhanced. Are such motions
possible? I now believe that the method
used to calculate those original estimates
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was in many ways incorrect, although
the conclusion derived may not be. In
any case, the basic question had been
raised and resolution of the issue could
only come from experiment.

Experimental Studies

Basically, there are three categories of
fundamental physical measurement,
founded respectively on the spectros-
copy of (i) ions, (ii) electrons, or (iii)
photons, that can be used to unravel the
nature of the physical processes in-
volved in the nonlinear interactions un-
der study. In our work we have used ion
charge—state spectra, photoelectron en-
ergy spectra, and the properties of scat-
tered radiation. Among these, the mea-
surement of ion charge-state spectra un-
der collision-free conditions provides a
simple, unambiguous experimental test
that gives direct information on the scale
of the energy-transfer rate between the
radiation field and the atom. Therefore,
as a first step, such experiments were
performed. The results of these initial
studies were surprising, for it was from
measurements (6, 7) of this kind that the
first suggestions of an anomalously
strong coupling for high-order processes
(N ~ 100) were obtained.

The general class of physical process-
es studied in those experiments examin-
ing ion charge-state spectra (X4*) was

Ny + X - X" + ge~ ?)

Some of the apparatus used in the work
described below is illustrated in Fig. 2,
which shows the 193-nm ultraviolet laser
system, the time-of-flight ion spectrome-
ter, and the time-of-flight electron ana-
lyzer. Available ultraviolet laser technol-
ogy makes the performance of such stud-
ies convenient, since extraordinarily
high brightness and, therefore, unusually
large focused intensities are possible
with these laser sources. Initially, stud-
ies (6) of the process represented by Eq.
2, a subclass of the general reaction in
Eq. 1, were conducted with 193-nm radi-
ation at an intensity of approximately
10" W/cm?,

Figure 3 illustrates the range of inten-
sity that has been explored over the past
2 years along with a projection of the
experimental regime that should become
available over a comparable period in the
future. Currently, peak intensities in the
range of 10'® to 107 W/cm? can be pro-
duced with pulses having a duration of a
few picoseconds at a wavelength of 193
nm. At this intensity, the electric field E,
is comparable to an atomic unit. Further-
more, as shown in Fig. 3, it is believed
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Fig. 1. Simple representation of an atomic
multiquantum process involving the absorp-
tion of N ultraviolet quanta (w) to produce
an appropriate upper state X* that is inverted
with respect to the population in a lower level
X,. Since a kilovolt energy scale is assumed
for iw,, N > 1 and X* and X; will generally
lie far above the ionization energy of the
neutral atomic ground-state system X.

that technical advances in femtosecond
ultraviolet laser technology should en-
able peak intensities, for coherent ener-
gy, to be produced in the range of 10% to
102! W/cm?. This would represent a radi-
ation field amplitude of about 100 E, and,
in terms of energy density, would be
equivalent to that produced by a black-
body with a temperature close to 10 keV,
which is an environment characteristic
of thermonuclear sources. Although all
the experiments to date have been con-
ducted in the range of E< E,, consid-
erable attention in the discussion below
will be given to this interesting and im-
portant regime for which E > Ej.

A prominent feature of the studies of
the ion-charge spectra was the unusually
strong nonlinear coupling characteristic
of certain heavy materials (6-9), a fea-
ture that was apparent even at intensities
in the vicinity of 10'* W/cm?. These
experiments clearly demonstrated that
standard theoretical techniques were in-
capable, by a discrepancy as great as
several orders of magnitude, of describ-
ing the observed charge-state spectra. A
resemblance was perceived between the
observed ion charge-state spectra and
those known to be characteristic of Au-
ger cascades (7-10). In addition, subse-
quent work by us, as well as other stud-
ies (11, 12) conducted at wavelengths of
1.06 and 0.53 um, confirmed the anoma-
lous nature of the coupling strength.
There was no doubt that the findings of
these experiments were clearly in con-
tradiction to all theoretical treatments, of
which there is a considerable number

(13). This unexpected result, of course,
stimulated further studies.

In experiments to determine the role
of atomic structure on the coupling
mechanism, the ionic spectra of several
elements from He (Z = 2)to U (Z = 92)
were studied (6-9). A typical ionic spec-
trum for Xe, produced by 193-nm radia-
tion at an intensity of about 10'® W/cm?
with pulses of about 5 psec in duration, is
illustrated in Fig. 4. The presence of all
charge states up to Xe®*, the first five of
which have approximately comparable
abundances, is immediately noted. An
overall summary of the ionic species
registered in the survey of the atomic
number dependence is presented in Fig.
S. Here, the maximum observed energy
transfers are on a scale of several hun-
dred electron volts for certain heavy
materials.

One of the salient features of the data
is the apparent influence of atomic shell
structure (6) on the observed ion spectra.
This dependence is manifested promi-
nently in the behavior of the heavier rare
gases. For Ar, Kr, and Xe, the maximum
charge states observed correspond to the
complete removal of certain outer atom-
ic subshells. Indeed, for these materials
they are the 3p, the 4p, and both the Ss
and 5p shells, respectively.

The hint provided by the role of the
shell structure led to the hypothesis that
it was mainly the number of electrons in
the outer subshells that governed the
coupling. A measurement of the re-
sponse of elements in the lanthanide
region, with the use of a method involv-
ing laser-induced evaporation (I/4) to
provide the material, enabled this view
to be checked. From La (Z = 57) to Yb
(Z = 70) in the lanthanide series, aside
from slight rearrangements (15) involv-
ing the 5d shell for Gd (Z = 64), 4f
electrons are being added to interior re-
gions (16) of the atoms. The data illus-
trated in Fig. 5 for Eu (4/76s%) and Yb
(4f™6s%), which differ by seven 4f elec-
trons, indicate 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 was also examined (8, 9). Over
the range of intensities studied (~10" to
107 W/cm?), higher intensity generally
translated into an increased yield of ions
of a particular charge, although not nec-
essarily an increase in the maximum
charge state observed. For example, the
jon Xe®", with closed-shell ground-state
(17) configuration 4d'°, was the greatest
charge state detected at approximately
10'® W/cm? and, although its abundance
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increased at about 10'7 W/cm?, no Xe®*
appeared at the higher intensity. This
observation has led to the interpretation
that the 5p and 5s electrons in Xe are the
ones that govern the direct coupling of
the atom to the ultraviolet radiation field.

It was also possible to obtain informa-
tion on the frequency dependence of the
coupling by comparing the results at 193
nm (8) with studies performed indepen-
dently at 1.06 and 0.52 pm (/2). This
comparison, which was conducted for an
intensity of about 10" W/cm? for both
Kr and Xe, indicated that the energy
transfer rate was reduced at the longer
wavelengths.

Overall, the ion studies showed (i)
anomalously strong nonlinear coupling
for certain heavy materials, (ii) an unmis-
takable signature of atomic shell effects,
and (iii) that energy transfer rates were
generally greater at shorter wavelengths
of irradiation. Moreover, the experimen-
tal evidence strongly suggested, at least
in a first approximation, that the greater
the number of electrons in the outer
shell, as designated solely by the princi-
pal quantum number, the greater the
strength of the nonlinear coupling (6-9).

Since it is expected that the measure-
ment of photoelectron energy distribu-
tions could provide valuable information
on the detailed nature of the electronic
motions occurring in reactions such as
that shown in Eq. 2, experiments of that
type, performed under collision-free
conditions, have been conducted (I8).
This expectation, indeed, appears to be
borne out. For example, substantial dif-
ferences in the electron distributions
produced by Ar and Kr were seen even
though the ion spectra for these materi-
als are similar and show that the outer p
shell is completely stripped in both cases
@, 9).

The most significant results now avail-
able, however, appear in connection
with the behavior of Xe. Indeed, in con-
trast to Ar and Kr, the Xe electron
energy spectrum exhibits a dramatic
change with increasing intensity of the
193-nm radiation in the range of 10" to
10" W/cm?. The first ionization line,
which corresponds to two-photon ab-
sorption with an attendant photoelectron
energy of 0.7 eV, nearly disappears,
while the three-photon process, arising
from continuum-continuum transitions
(19), becomes dominant. Furthermore,
the final-state distribution of the ions
generated for the three-quantum process
has approximately 80 percent in the ex-
cited 5s°5p°® 2P, state, with the remain-
ing 20 percent in the 55%5p° 2P,;; ground-
level state.

In addition to the ladder of continuum-
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continuum lines, new sharp photoelec-
tron features appear in the range from 8
to 22 eV at an intensity of about 10'°
W/cm?. These lines have been assigned
to N4s00 Auger lines after excitation of
the 4d inner shell. The most prominent
lines are those associated with N4s0,0;
transitions, which terminate in the
4d"%55%5p% double-hole state. This identi-
fication is predicated on the observation
that their relative spacing, number, and,
to a somewhat lesser extent, relative
intensities fit well to values previously
reported (20) for such Auger transitions.
Moreover, a total of eight electron lines
is observed, representing a quartet of
pairs of transitions, all of which exhibit
the known (20) 4ds;; to 4ds, splitting in
Xe of approximately 2 eV.

The general trend (21, 22) of the elec-
tron spectrum for Xe as a function of
intensity is illustrated in Fig. 6. The
appearance of a group of lines at an
intensity of about 10" W/cm? is attribut-
ed to Auger decay of 4d vacancies in the
atom. This spectral region (/8), which is
believed to represent N,4s00 Auger pro-

cesses, is shown in higher resolution in
Fig. 7.

Finally, further experimental evidence
bearing on the mechanism of coupling is
present in the characteristics of certain
stimulated emission spectra that have
been observed in Kr (23). In this case,
the states believed to be involved are
those having multiple excitations and
inner-shell excitations (24) in closely
coupled subshells, such as 4s4p®nl and
4s%4p*nin'l'. As discussed below, this
class of levels is of exactly the type
expected to be strongly excited if certain
highly organized atomic motions, which
are consistent with both the ion charge-
state and photoelectron spectra, are
driven by the radiation field.

Mechanism of Coupling

We are now in a position to interpret
the experimental findings in terms of a
specific, although highly speculative,
model for the atomic response. The main
purpose of the description given below is

Fig. 2. Experimental ap-
paratus used in the stud-
ies of multiphoton ioniza-
tion at the University of
Illinois at Chicago. (a)
Output amplifier (left) of
the gigawatt 193-nm pico-
second laser system; (b)
ion time-of-flight spec-
trometer; and (c) electron
time-of-flight spectrome-
ter.
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not to provide an exact definitive analy-
sis, which now obviously is impossible,
but rather to furnish a framework for the
process of physical reasoning that should
reveal the true nature of these very non-
linear mechanisms.

From an analysis of the data now at
hand, which include information on the
dependencies on the atomic number Z
(6-8), the intensity, the frequency, and
the polarization, the following hypothe-
sis has emerged as an approximate de-
scription of the basic character of the
electronic motions involved in these pro-
cesses. Overall, the data strongly indi-
cate that an organized motion of an en-
tire shell, or a major fraction thereof, is
directly involved in the nonlinear cou-
pling. With this picture, the outer atomic
subshells are envisaged as being tran-
siently driven in coherent oscillation by
the intense ultraviolet wave. With this
type of electronic motion, the observed
increase in the multiphoton coupling
strength can be qualitatively related (8)
with the larger magnitude of the effective
charge involved in the interaction. In
quantum mechanical language, an oscil-
lating shell would be represented by a
wave function of a multiply excited con-
figuration. In this way, a multielectron
atom undergoing a nonlinear interaction
responds in a fundamentally different
fashion from that of a single-electron
counterpart. A class of multiply excited

lon current

5+ 4+ & 2+

Time-of-flight

pulse lengths in the 100-fsec
range containing about 1 J of
energy.

10;1

configurations, consisting of doubly ex-
cited states, is known (25) to play an
important role in processes of single-
quantum photoionization. With this in-
terpretation, the results of our studies of
multiquantum ionization simply indicate
a nonlinear analog of this basic electron-
ic mechanism.

In principle, the response of an atom
to a pulsed external field with an ampli-
tude approaching an atomic unit, if cal-
culated with full rigor in the framework
of a time-dependent many-body theory,
would present the possibility of a nearly
unbounded level of complication. There-
fore, in order to advance our understand-
ing of this problem, we must find a
simpler approximate form of analysis.
An appropriately formulated treatment
that correctly represents the basic nature
of electronic motions, however, should
be able to describe qualitatively the prin-
cipal characteristics of the experimental
observations. These include the basic
coupling strength and resulting energy
transfer rate, the shell effects, the origin
of the strong nonlinearity, the frequency
characteristics, and the ability to pro-
duce atomic inner-shell excitation.

In order to achieve that goal, we can
contemplate a relatively simple model (8,
9) that is valid at sufficiently high intensi-
ty. In this case, we imagine an atom
composed of two parts: an outer shell of
electrons (a) driven in coherent oscilla-
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Fig. 4 (left). Collision-free ion time-of-flight spectrum of Xe produced by 193-nm irradiation at
an intensity of about 10'® W/cm? with pulses having a duration of about 5 psec. The distortion of
the charge-state peaks is caused by the naturally occurring isotopic distribution of Xe. The

charge states of the Xe?* species observed are indicated.

Fig. 5 (right). Data concerning the

multiple ionization of atoms produced by irradiation at 193 nm: plot of total ionization energies
of the observed charge states as a function of atomic number Z. The coincidence of an H,O*
background signal prevented the I’* species from being positively identified.

tion by the radiative field, and a remain-
ing atomic core (b) for which direct cou-
pling to the radiation field is neglected
(Fig. 8). In this picture, coupling be-
tween these two systems can occur,
since the outer electrons could, through
inelastic ‘‘collisions,’’ transfer energy to
the core. Simple estimates (9) indicate
that, for intensities corresponding to an
electric field E > e/a3, enormous oscil-
lating atomic current densities j on the
scale of 10 to 10 A/cm? could be
temporarily established in the outer re-
gions of the atom. For ultraviolet radia-
tion under these conditions, the elec-
trons in the outer atomic shell can be
accelerated to mean Kinetic energies
considerably higher than 10 KeV, a val-
ue far above their respective binding
energies (9). Furthermore, in the limit of
high intensity, it is possible to formulate
an estimate of the coupling of the coher-
ently driven outer electrons with the
remaining atomic core by relatively sim-
ple procedures. This is now done at two
levels of approximation, initially with the
neglect of the influence of the coherence
characterizing the motion of the outer
electrons and, subsequently, with its in-
clusion.

An estimate can now be furnished
based simply on the magnitude of the
ambient current density j. Since the elec-
tron kinetic energies are considerably
higher than their corresponding binding
energies, it is possible to use a first-order
Born approximation (26) in a manner
similar to that used to study electron
collisions for K- and L-shell ionization
(27) and shell-specific ionization pro-
cesses in highly charged ions (28). In-
deed, in the case of Xe ions, measured
cross sections for electron impact ioniza-
tion are available (29).

In this elementary classical picture (9),
the transition rate R can be written as

€)

in which e is the electronic charge and
o, is the cross section characterizing the
excitation of the atomic core by inelastic
electron collisions arising from the cur-
rent density j. If j = 10'* A/cm? and
o,=10"" cm? then R =6 x 10
sec”!. Furthermore, if the radiatively
driven current density j is damped by
electron emission in a time T on the order
of about 10~ seconds, which is an
approximate time scale characterizing
autoionization, then the overall transi-
tion probability P = Rt = 6 X 1072, in-
dicating a significant probability of ener-
gy transfer.

The characterization of the outer-shell
motion as a simple current density j,
however, does not take into account the
fact that the electronic motions are gen-

R =0,



erated through interaction with a coher-
ent wave. It is expected that the coher-
ence associated with the motions of the
outer-shell electrons induced by intense
irradiation will have important conse-
quences (30) for the coupling of energy
to atomic inner shells that were ignored
in the simple estimate given above. The
influence of this type of coherent atomic
motion is now described in relation
to certain properties (31) of energetic
(>10 MeV/amu) atom-atom collisions.

The role of coherence in the motion of
the outer electrons in the excitation of
the core is readily described in terms of
energetic atom-atom (A-B) collisions. In
this comparison (30), a correspondence
is established, as shown in Fig. 8, be-
tween the scattering of the coherently
driven outer electrons (a) from the atom-
ic core (b) and the respective interaction
of the electrons in the projectile atom A
with the target atom B. Consider the
process

A + B(0)=2 A + B*(n) O]

in which A is a ground-state neutral atom
with atomic number Z, and B*(n) repre-
sents an electronically excited configura-
tion of the target system with quantum
numbers collectively represented by (n).
In the plane-wave Born approximation
(PWBA), the cross section o,y can be
written in the form presented by Briggs
and Taulbjerg (31) as

8met
Ono = —5—
n v2

J'Kmax
'Kmin

el (K)2 [1Z4 — ;30; < &' |

exp(iK - s4) 1df > 1] % (&)

in which

e&(K) = f drilp(rp)exp(iK - rp)Uop(rs)
©)

In Egs. S and 6, e is the electron charge;
Z,4 is the atomic number of the projectile
atom; v is the relative atom-atom veloci-
ty; ¢:* are orthonormal spin orbitals rep-
resenting the electrons on the projectile
atom with spatial coordinate s4; w; is the
statistical weight of the shell; K is the
momentum transfer in the collision; and
Yiop and . represent the electron wave
functions of the target system as a func-
tion of the spatial variable rg. The sum-
mation over the index j appearing in Eq.
5 extends over all occupied orbitals so
that, in the limit K — 0, the summation
tends to the number of electrons N4
associated with the projectile atom (31).
In the low-momentum transfer limit, in
which complete screening occurs, the
amplitudes of the electrons combine co-
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herently, and the contribution to the
cross section oy, arising from the motion
of the electrons in atom A is increased by
a factor of N over that of a single
electron at the same collision velocity v.
Equivalently, for sufficiently low mo-
mentum transfer such that Kay < #, the
electron cloud acts as a coherent scatter-
ing center with a mass N m., a charge
Nje = Z e, a velocity v, and a kinetic
energy N4(1/2 mev?). Significantly, be-
cause of the coherence, the single-parti-
cle energies (1/2 m¢v?) add so that, in
principle, this value could be below the
magnitude required to produce the exci-
tation of the target atom B.

In sufficiently high field strengths, it
appears that coherently accelerated elec-

Fig. 7. Prominent transitions
observed in.the electron spec-
trum of Xe irradiated at 193
nm and approximately 10
W/cm?. Both continuum-con-
tinuum (4y — Xes», Xei) and
tentatively  assigned Auger
(N4s00) features are apparent.
The splittings between the three
N4Njs pairs, two of which are
shown by horizontal arrows,
have the common value of
about 2 eV, which is the known
4ds;, to 4d,, separation in Xe.
The vertical arrows indicate the
high-energy edges of the ob-
served features that represent
the true energies of the lines.
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trons in outer atomic shells (a) can inter-
act with the remaining atomic core sys-
tem (b) in a manner closely analogous
to the atom-atom scattering described
above. If a PWBA description is used,
the cross section representing energy
transfer can be written by inspection
from Eq. 5 with Z, = 0. The basic physi-
cal concepts are simply represented in
the high field limit (E > e/a3), a regime in
which the driven electronic velocities
correspond approximately to those char-
acteristic of atom-atom collisions at a
collision energy of approximately 10 Me-
V/amu. Therefore, the motion of these
electrons can simulate the electronic col-
lisional environment that would occur in
fast atom-atom encounters but with the
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important absence of the nuclear contri-
bution arising from the Z, term in Eq. 5.

In order to see how this mechanism
would scale with the basic physical pa-
rameters involved, we can now estimate
the contribution of oy, for inner-shell
excitation arising from coherently excit-
ed atomic shells. For this, Eq. 5 is taken
with Z4 = 0 and Kpa, restricted to
=<#/ay to fulfill the condition for com-
plete shielding. Further, Z; can be taken
to denote the number of electrons in the
outer shells and Eq. 6 expanded for
€2)(K) in the customary fashion, so that
only the leading dipole term x, is re-
tained. Finally, for a core excitation en-
ergy AE we put K, = AE/v, which is
the condition that holds for AE much less
than the collision energy. With these
modifications, the full coherent piece a§,
can be written as

8mexd.Z3 (M dk ;

viR? e K ™
a result that, with the exception of the
restriction on K., and the Z7 factor, is
exactly the form of the well-known result
for inelastic scattering of electrons on
atoms developed by Bethe (32). The final
result, valid for

v mec2
« () (KE‘) > 1 ®
is

2 2
¢ 2 €\ 2.2 Y[meC
o = 8ma (v) leo,,ln[OL(C)( AE )]

)]
in which a is the fine-structure constant.
Obviously, all types of possible excit-
ed configurations cannot fully benefit
from this type of coherent motion,
regardless of the field strengths used.
Indeed, the limitation can be estimated
from Eq. 8. At sufficiently high intensity
in the limit v — ¢, the maximum value of
AE .« is given by

AE 0y ~ amec® = 3.73 KeV

C o~
Oon =

(10)

The physical picture presented above
also enables a statement concerning the
frequency of irradiation w to be formulat-
ed. For the excitation of inner-shell
states in the kilovolt range by the quasi-
free coherently driven motion of outer-
shell electrons, two basic assumptions
are involved. The first, as noted above,
concerns the field strength E such that
the condition

E > E, = eld} 11

holds, enabling the electrons to be re-
garded as approximately free. The sec-
ond consideration involves the energy
scale of the motion, €., which in this case
is taken to be sufficiently great to excite
readily the inner-shell states in the de-

Core (b)

Fig. 8. Approximate correspondence between
(top) A-B atom-atom collision at relative ve-
locity v and (bottom) coherent relative motion
of outer-shell electrons (a) with respect to
core (b). For simplicity, the electrons in the
bottom half of the figure are depicted as
undistorted, mutually displaced charge distri-
butions moving with relative velocity v. The
nuclear charges of the projectile and target
systems, Z, and Zy, respectively, are denoted
in the atom-atom collisions.

sired kilovolt range. With the neglect of
relativistic corrections, the electron en-
ergy can be expressed as

€ = 12mev? 12)

with the quantity v. representing the
velocity of induced electronic motion.
For a free electron, the maximum value
of v., commonly known as the quiver
velocity, is given by

eE
Mew

Ve = 13)
for a field with angular frequency o (33).
For stated values of E and e, that fulfill
the assumptions of the model, a frequen-
cy scale generally characteristic of those
physical conditions is now defined by
combination of Egs. 11, 12, and 13. If we
take E = 3E, to satisfy Eq. 11 and
€. ~ 10 eV as reasonable values, then

W = 30a3£

xc (14)

which is a frequency that corresponds to
an ultraviolet wavelength of approxi-
mately 200 nm. With this result, we are
led to the conclusion that ultraviolet
wavelengths naturally match the physi-

 cal conditions characteristic of the co-

herent atomic motions envisaged in this
description. Experimental results are in

agreement with this conclusion because,
as shown by the ion charge-state studies
described above, the observed energy
transfer rates for infrared and visible
radiation were reduced with respect to
those characteristic of the ultraviolet
range.

This simple model can also be used to
estimate the threshold condition for 4d
vacancy production in Xe. Although
these initial results (/8) do not constitute
a proof of the mechanism involved, it is
simply observed that energy transfer
from coherently driven valence-shell
electrons could produce such inner-shell
excitation. Furthermore, with the model
presented above, along with consider-
ation of the known (29) inelastic electron
scattering cross sections for Xe ions, an
estimate can be made of the intensity at
which such Auger lines should appear.
Inelastic scattering studies (29) show
that the 4d excitation in Xe has a thresh-
old at about 67.6 eV that is closely
followed by a broad maximum at about
100 eV. If the motion of the N, outer
electrons in Xe is approximated as that
of free electrons, the maximum electron-
ic kinetic energy €. can be written, in a
form that reexpresses Eq. 12, as

€ = (1.79 x 10727 (15)

with units of electron volts for e,
micrometers for A, and watts per square
centimeter for I. The 4d threshold at
approximately 67.6 eV corresponds to an
intensity I for single-electron motion of
about 10'® W/cm?, a value somewhat
above that used in the actual experimen-
tal studies (I8, 21) for photoelectron pro-
duction. However, if the picture of the
coherent motion is valid, the single-parti-
cle energy can be reduced, for a fixed
threshold requirement, by a factor of Z;,
which is the number of electrons partici-
pating in the coherent outer-shell mo-
tion. For Xe, previous ion studies (6, 8,
9), data from which are shown in Fig. 4,
indicated that Z; = 8 is a reasonable
value, which is the total number of elec-
trons in the n = 5 shell (5s*5p®). This
reduces the threshold intensity for 4d
vacancy production to approximately
1.2 x 10" W/cm?, a value quite close to
that (~10"> W/cm?) corresponding to the
experimental appearance of the electron
lines presumed to arise from Auger de-
cay shown in Figs. 6 and 7.

Conclusions

Basic physical studies of collision-free
nonlinear atomic processes, through an
analysis involving combined measure-
ments of ion charge—state distributions,
photoelectron energy spectra, and pho-



ton spectra arising from intense ultravio-
let irradiation, have produced data that
strongly indicate that multielectron at-
oms respond in a manner fundamentally
different from single-electron counter-
parts. The confluence of the evidence
suggests that, under appropriate circum-
stances, the outer atomic subshells can
be driven in coherent oscillation, and
this ordered electronic motion can, by
direct intra-atomic coupling, lead to the
rapid excitation of atomic inner-shell
states. Quantum mechanically, such
states of motion for the outer-shell elec-
trons would be described by multiply
excited configurations. Two direct con-
sequences of this type of motion are (i)
that the maximum magnitude of the os-
cillating intra-atomic electric field can
approach several atomic units, since the
fields of all the participating outer elec-
trons combine constructively, and (ii)
that the harmonic content of the result-
ing field can, because of the nonlinear
character of the electron-electron 1/
coulombic interaction, become large. A
strong, highly nonlinear intershell cou-
pling results, and enhanced rates of non-
linear absorption are expected.

An elementary atomic model, formu-
lated to take advantage of certain simpli-
fications that appear to be characteristic
of the high-intensity regime (E > e/a3),
has enabled qualitative comparisons to
be made among several of the most
prominent experimentally observed
properties. Although this representation
is only at the hypothetical stage, the five
points of contact are (i) the basic cou-
pling strength, (ii) the shell effects, (iii)
the origin of the strong nonlinearity, (iv)
the frequency characteristics, and (v) the
ability to produce atomic inner-shell ex-
citation. This general, although approxi-
mate, form of analysis has additional
value, since it enables us to estimate the
response of atoms throughout the peri-
odic table and thereby provides a set of
testable hypotheses for comparison with
future experiments. It is important to
add that, since the original preparation of
this article, results obtained by much
more quantitative calculations (34) in-
volving the time-dependent Hartree-
Fock method basically confirm the fun-
damental character of atomic motion
(represented as the analogy with fast
atom-atom collisions) even for field
strengths approaching E, (22, 30) and
provide remarkable quantitative agree-
ment as well. For the latter, the intensity
levels at which 4d Auger electrons
should be observable in Xe correspond,
within a factor of approximately 2, for
both theoretical approaches. These re-
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sults are also in accord with experimen-
tal figures (18) to within the same rather
small level of uncertainty.

An atom in a radiative field whose
amplitude is significantly greater than an
atomic unit experiences a violent pertur-
bation that has important features in
common with certain well-studied colli-
sional phenomena, such as ion-atom col-
lisions, electron-ion collisions, and
beam-foil interactions (35). Indeed, in
the case of beam-foil collisions, a radia-
tive environment at an intensity of
3 x 10'® W/cm? and an ultraviolet wave-
length approximates (22), in several im-
portant respects, the conditions associat-
ed with the passage of an Ar ion through
a carbon foil with a kinetic energy of
about 1 GeV. This similarity leads to the
concept (36) of an ‘‘optical solid,”
which stationary atoms in a sufficiently
intense radiative field will experience an
interaction comparable to that of ener-
getic ions traversing solid matter. The
consequence is an extreme level of exci-
tation on the scale required to establish
the conditions needed to produce stimu-
lated emission in the kilovolt range. In
addition, the coherence of the radiative
environment can act to introduce a mea-
sure of control on the energy transfer
that will enable considerable selectivity
in the energy flow to be achieved. If this
speculative hypothesis survives, a syn-
thesis of many areas of atomic physics
and an unexpected nexus between the
original research concerning coherent x-
ray production and nonlinear processes
may result.
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