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Abstract. The fundamental problem of the interaction of ra-
diation with matter is considered for light intensities consider-
ably larger than an atomic unit. By using intense femtosecond
pulses in the UV spectral range, the coupling of radiation to
matter is substantially modified. The usual weak coupling be-
havior characterized by the fine-structure constantα= 1/137
has to be replaced byZ2α, whereZ is the number of coop-
eratively acting electrons, which leads to anomalously strong
coupling between radiation and matter.

PACS: 42.60.By; 42.60.Da; 52.40.Nk

The development of technologies for the delivery and com-
pression of power in materials is one of the oldest endeavors
of mankind with an origin that predates the stone age. From
the use of a wooden club to the contemporary production
of vigorous thermonuclear environments, the achievable spa-
tial power density (W/cm3) has been advanced by approxi-
mately twenty orders of magnitude thanks to the availability
of high-intensity light sources such as UV femtosecond laser
systems [1] delivering intensities exceeding1019 W/cm2.

An extremely general method of communicating power to
matter involves the coupling of an externally generated field
to the motion of electrons existing in the material. Common
examples involve (i) the flow of a current of conduction-band
electrons in a metal induced by an external electric potential
and (ii) the excitation of valence-band electrons to continuum
states in a semiconductor by the absorption of radiation hav-
ing a quantum energy(hω) exceeding the band gap energy
(Eg).

Normally, the magnitude of the external field causing the
excitation is very small compared with the naturally existing
ambient field characteristic of the system, which typically has
a value in the range of an atomic unit.

1a.u.≡ e

a2
0

≈ 5×109 V/cm,

with e the charge of the electron anda0 denoting Bohrs´s
radius. In terms of an external light intensity such a field

strength corresponds to6×1016 W/cm2 [2]. In addition the
excited electrons respond as individual uncorrelated particles.
Consequently, the behavior of the system is determined by
a sum of interactions arising from weakly excited indepen-
dent motions of individual electrons whose basic electromag-
netic coupling strength is governed by the magnitude of the
chargee of a single electron. This leads to a description of
the strength of the interaction for these processes which is
fundamentally based on the fine-structure constantα, a di-
mensionless physical parameter whose numerical magnitude
is small compared to unity.

α≡ e2

hc
≈ 1

137

In the definition ofα, c represents the speed of light andh
denotes Planck´s constant, a basic parameter associated with
the quantum theory of matter. It follows as a direct implica-
tion of the smallness ofα that the ability of induced electronic
motions to communicate power density to materials is subject
to a limiting upper boundary whose magnitude is correspond-
ingly small.

This basic limitation in the effective coupling strength,
and the corresponding boundary on the power density, can be
greatly surpassed if the independent uncorrelated electronic
motions are replaced by induced motions of a sufficiently or-
dered form. This means that controlled power densities in
materials can be advanced to a new, far higher and previously
unreachable, level through the use of ensembles of electrons
whose motions are well organized. The key factor is the coop-
erative additive action of the electrons comprising the ordered
ensemble, an effect which vanishes in the case of independent
uncorrelated interactions.

The use of the ordered electronic motions in appropri-
ate materials can lead to an enormous and controllable en-
hancement in the effective strength of the interaction. Simple
estimates [3–5] based on an analogy with atom–atom col-
lisions [6] show that an ordered ensemble [7] comprised of
Z electrons, which represents a system with a total charge
of Ze, results in a modified coupling strength given byZ2α.
Therefore, the effect of the ordered motion leads to the re-
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placement of the customary coupling constantα by the larger
value Z2α. Since there is preliminary evidence [3] that the
number of participating electronsZ can fall in a range as
high as 25–50, there is both the possibility that greatly in-
creased effective coupling can be achieved(Z2 ∼ 103) and
that a regime of anomalously strong coupling(Z2α� 1) can
be dynamically produced [5] – a situation that is qualitatively
different from the normal weak coupling condition(α� 1).
Therefore, an entirely new regime of strengthened physical
interaction arises.

An electromagnetic coupling with this augmented char-
acteristic strength(Z2α) could serve many highly important
applications. Potential areas of use include new simple meth-
ods for the accurate micromachining of solid state surfaces,
the production of practical high-brightness X-ray sources for
advanced modalities of biological microimaging [8], and new
unconventional forms of nuclear energy production. Appar-
ently the use of the ordered electronic ensembles dramati-
cally changes the rules governing the coupling of radiation to
matter. This change is produced by a modification of the ef-
fective coupling strength governing the interaction fromα to
Z2α for an ensemble consisting ofZ electrons. Furthermore,
since the use of appropriate materials would makeZ2 ∼ 103

possible, a huge enhancement can be obtained. In order to
realize this strengthened coupling in practice, two questions
are paramount. Specifically, what are the physical conditions
necessary to produce the sufficiently ordered motions of the
electronic ensembles and is there any existing experimen-
tal evidence indicating that these conditions can actually be
achieved? As discussed below, recent experimental data fur-
nish the answers to both. The necessary physical conditions
are experimentally established and practical methods for their
production do exist.

We now discuss in simple terms the nature of the ordered
motion undergone by the electronic ensembles. Electrons
bound to normal unexcited atoms and molecules represent
compact distributions of charge. Their localization occurs in
two forms. The wavefunction – the mathematical function
that gives the quantum-mechanical description of the elec-
trons – describes an electronic distribution which is compact
in both coordinate space and in momentum space, the latter
being the product of the velocity and the mass of the electron.
The spatial distribution of outer weakly bound electrons in all
materials is confined to a size in the order of a typical atomic
dimension, the basic magnitude of which is known as the
Bohr radius,a0. However, since there exists a minimum quan-
tum of actionh (Planck´s constant) which, although small,
is not zero, confinement in space requires through Heisen-
berg´s uncertainty principle a finite distribution in momentum
space whose corresponding scale is given by∼ h/a0. There-
fore, viewed in a phase space of two dimensions,x (space)
andpx (momentum), the initial state of such outer electrons in
atoms and molecules generally takes the form shown as zone
A in Fig. 1. We will designate this original unexcited state of
the electrons as “state A”.

An excited state can be produced from state A by inter-
action with an electromagnetic field. In particular, a strong
and rapid acceleration ofZ electrons in state A induced by
the field changes the distribution function in phase space
(state) in two ways. It is displaced in both space(x) and
in momentum(px), hence, state A goes to the new location
in Fig. 1 denoted as “zone B”. Note that state B is drawn

Fig. 1. Simple diagram of two-dimensional phase space(x, px) together
with definition of zones A and B. Zone A characterizes the original, unex-
cited state of the electron, zone B a short-lived excited state. Further details
in the text

with the compactness preserved, that is, the electrons still oc-
cupy only a small region of the available phase space (x−
px plane). However, this unusual condition certainly cannot
exist for an indefinite time, since the electrons, now separated
from the mutually attracting force of the positively charged
atomic nucleus, which remains located at its original pos-
ition corresponding to the center of state A, repel each other.
Consequently, through this mutually repulsive interaction, the
electrons will, in a sufficiently long time, disperse themselves
throughout a much larger zone in the(x− px) phase space.
Therefore, the compact distribution given by zone B (state B)
represents a short-lived, highly excited multi-electron state
of the system. We will designate the lifetime of this unusual
many-electron well-ordered excited state asτB. This means
that if the picture given in Fig. 1 is valid, the acceleration im-
pressed on theZ electrons in state A must be strong enough
and applied sufficiently rapidly to cause the transition from
state A to state B to occur in a time comparable to or less
thanτB. Since acceleration and force are proportional as de-
scribed by Newton´s laws, a statement that also holds in
quantum theory, we see immediately from the morphology
of Fig. 1 that the externally applied field(Eex) must be large
compared to the normal atomic ambient field (∼ 1 a.u.) that
binds the electrons to the atom. This conclusion follows di-
rectly from the form of Fig. 1, namely thatpx(B)� h/a0, and
the proportionality of force and acceleration stated by New-
ton´s Laws. Therefore, we conclude that effective excitation
of the electron ensembles requires that the applied external
radiative field must be considerably larger than an atomic
unit. It follows that the corresponding intensity of irradiation
needed to generate the ordered motion of the ensembles is
∼ 1018 W/cm2, a value which is a factor of1019 higher than
the intensity of the sunlight at the earth´s surface at noon
(0.13 W/cm2).



477

Estimates ofτB and Eex have been made in connection
with experimental knowledge of phenomena that can be re-
lated to the conditions and processes described above. The
physics of atom–atom and ion–atom collisions provides a ba-
sis for an estimate ofEex which can be compared to the
approximate range derived above. In particular, an analogy
can be made with these collisional mechanisms [9] that gives
the direct information on the competition between single-
electron and multi-electron processes. Specifically, the ob-
served properties of collisions betweenU32+ ions andNe
atoms indicate that multi-electron motions can dominate the
interaction during the collisional encounter. This situation
corresponds to the desired condition illustrated in Fig. 1 by
the transition from state A to state B. The characteristics of
this collisional process can in turn be interpreted in terms
of the magnitude of the characteristic field needed to gen-
erate the multi-electron process. It is found from this an-
alysis [9] that a value ofEex for Xe atoms of∼ 10 a.u. –
hence> 1017 W/cm2 – is a reasonable magnitude for the de-
velopment of the appropriate many-electron motions in that
system. This value is in good agreement with both the discus-
sion of Fig. 1 above and experimental data recently obtained
on X-ray production inXe [9].

Two approaches have been used to provide estimates of
the characteristic timeτB based on available experimental
data. They involve the Auger effect, a process in which an
excited atom releases its energy by ejecting a fast electron,
and the scattering of electron motions in a semiconductor
(GaAs). Both of these processes occur through the direct nat-
urally repulsive interaction of the electrons, the same mech-
anism that gives the decay of state B in Fig. 1. Information
from the Auger process [7] putsτB in the 1–10 fs range
(1 fs≡ 10−15 s). The experiments [10] concerning the semi-
conductor indicate a value of1 fs≤ τB ≤ 2 fs, a magnitude in
agreement with the low end of the estimate derived from the
Auger mechanism.

The establishment of the timeτB in the range of a few
fs has an important implication concerning the production of

Fig. 2. ComparativeXe(L) spectra observed by
irradiation of Xe clusters with wavelengths of
248 nmand800-nm. The positions of the identi-
fied Xeq+ charge states are indicated. The ordi-
nate of the800 nmdata is increased by a factor
of 650 in order to enhance the visibility of the
spectrum. The location of previously observed
[3, 10, 12] double 2p vacancy species(2p)2 is
shown on the248-nm data

the ordered ensembles. Since a light wave presents a time-
varying oscillating force on electrons, this suggests that ra-
diation of a sufficiently long wavelength(λ1) and, therefore,
a sufficiently long periodT1 such thatT1 > τB, cannot be ef-
fective in energizing the ensembles in a sufficiently compact
form. Therefore, sufficiently long wavelength radiation will
not exhibit the enhanced coupling and corresponding strong
X-ray generation. Conversely, radiation with a sufficiently
short wavelength(λ2), so that the opposite conditionT2 < τB
holds, can be effective in driving the ordered electronic en-
sembles and, consequently, will exhibit an enhanced coupling
and correspondingly strengthened X-ray generation.

This dependence of the strength of the interaction on the
wavelength of excitation provides a simple test for the exis-
tence of the envisaged enhanced cooperative many-electron
coupling. Specifically, as the wavelength of the light is
changed, it should be possible to pass through a transition
zone which divides the two regimes of coupling; the short
wavelength region should show strongly enhanced X-ray
emission with respect to the long-wavelength zone. This is
possible, since the X-ray emission serves as a good indica-
tor of the strength of the coupling. Furthermore, the estimated
values ofτB given above suggest that the familiar ultraviolet
(UV) and infrared (IR) regions of the spectrum may corres-
pond to the two zones representing the two classes of limiting
behavior.

Recently conducted experiments [11, 12] give confirming
data directly supporting the picture presented above for the
generation of an enhanced coupling arising from the produc-
tion of energetic ensembles of electrons. The key experiments
were conducted onXe clusters with the use of powerful light
sources in the UV (248 nm) and IR (800 nm) ranges. Clusters
are small tightly packed groups of atoms, in this case esti-
mated to be on average 20–30 atoms/cluster. It is useful to
regard these systems as large molecules whose local atomic
density resembles that of solid matter.

Xenon clusters are known to produce X-ray emission co-
piously in thekeV range – corresponding to wavelengths as
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short as≈ 2–3 Å and≈ 10–12Å – under suitable irradiation
by UV light [13]. This strong X-ray emission was viewed
as evidence of the electronic ensembles [3, 5], but this inter-
pretation lacked corroboration by corresponding data taken at
other wavelengths. New data [11, 12] produced with800-nm
radiation provided the additional information needed, as de-
scribed below.

In connection with the description of the ensembles given
above, a good example of the relevant experimental findings
is given by results concerning the generation ofXe(L) X-ray
emission which occurs in the2–3 Å region. The compara-
tive Xe(L) spectra arising from irradiation at the two wave-
lengths used (248 nmand 800 nm) are illustrated in Fig. 2.
The comparison of the twoXe(L) spectra reveals that both
are very large in spectral width and there exists a consid-
erable decrease in the peak intensity of the emission with
the use of the infrared (800 nm) wavelength. In addition one
observes very significant differences in the spectral character-
istics of the two emissions. The spectrally integrated strengths
(total X-ray emissions) differ by a factor of approximately
104. With regard to the comparison of the spectral structure,
the800-nm-induced signal exhibits only relatively lowXeq+
charge states (q= 27, 28, 29) and no double-vacancy(2p)2

emission is detected. Double-vacancy(2p)2 states are highly
unusual excited states in which two inner-shell electrons are
simultaneously absent. Previous studies [3, 5, 9] have indi-
cated that the production of these exceptional double-hole
species(2p)2 is a characteristic signature of the presence of
a mechanism of enhanced coupling. These two comparative
findings, involving both the spectral strength and the spe-
cific structural differences in the spectra, are the expected
characteristics of a greatly diminished amplitude for the mul-
tiphoton coupling with800-nm radiation. Furthermore, both
of these observations correspond exactly to the behavior pre-
dicted by the ensemble picture. Finally, within the framework
of this model, the experimental findings [11, 12] at the two
wavelengths used indicate an effective dephasing time for
Xe clusters of≈ 1–2 fs. Importantly, this range is consis-
tent with the value expected from independent knowledge of
electron–electron interactions. Specifically, the effective de-
phasing time found is in agreement with both the measured
k-space scattering dynamics [10] of carriers inGaAsand the
estimate based on the Auger process [7].

These experimental findings lead to the conclusion that
the use of sufficiently intense femtosecond pulses of suf-
ficiently short wavelength radiation enables one to modify
substantially the coupling of radiation to matter, the strength
of which is normally regarded as both constant and rela-
tively weak. This new form of control arises from the use of
energetic ensembles ofZ electrons, systems which are com-
pact in phase space and give an enhancement of the coupling
by a factor of Z2. Furthermore, since the factorZ can be
varied by the choice of the material over the approximate
range 1≤ Z ≤ 50, an enormous and variable enhancement
can be obtained. Consequently, these results point the way to
a new more powerful and controllable method for the coup-
ling (transmission and deposition) of radiation to all forms of
matter. This new optically induced physical phenomenon is
expected to lead to many new effects and applications based
on the ability to increase controllably a basic physical param-
eter that was heretofore fixed at a small value.
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