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Abstract

Optical channeling or refractive guiding processes involving the nonlinear interaction of
intense femtosecond optical pulses with matter in the self-focussing regime has created
exciting opportunities for next-generation laser plasma-based x-ray. sources and directed
energy applications. This fundamentally new form of extended paraxial electromagnetic
propagation in nonlinear dispersive media such as underdense plasma is attributed to the
interplay between normal optical diffraction and intensity-dependent nonlinear focussing and
refraction contributions in the dielectric response. Superposition of these mechanisms on the
intrinsic index profile acts to confine the propagating energy in a dynamic self-guiding
longitudinal waveguide structure which is stable for power transmission and robust
compression. The laser-driven channels are hypothesized to support a degree of solitonic
transport behavior, simultaneously stable in the space and time domains (group velocity
dispersion balances self-phase modulation), and are believed to be self-compensating for
diffraction and dispersion over many Rayleigh lengths in contrast with the defining
characteristics of conventional diffractive imaging and beamforming. By combining
concentrated power deposition with well-ordered spatial localization, this phenomena will
also create new possibilities for production and regulation of physical interactions, including

electron beams, enhanced material coupling, and self-modulated plasma wakefields, over
extended gain distancés with unprecedented energy densities. Harmonious combination of
short-pulse x-ray production with plasma channeling resulting from a relativistic charge
displacement nonlinearity mechanism in the terawatt regime (10'® W/cm?) has been shown
to generate high-field conditions conducive to efficient multi-kilovolt x-ray amplification
and peak spectral brightness. Channeled optical propagation with intense short-pulse lasers is
expected to impact several critical mission areas at Sandia including x-ray backlighting of
pinch implosions, nondestructive radiographic imaging of aging weapons components, high-
power electromagnetic pulse generation, particle acceleration, and remote sensing.

Keywords: relativistic self-focussing, chirped-pulse amplification, nonlinear laser-plasma
interactions, laser filamentation, “hollow atoms,” x-ray backlighting, radiography
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Relativistically Self-Channeled Femtosecond Terawatt Lasers for High-Field
Physics and X-Ray Generation

1. Introduction

The advent of chirped pulse amplification, broadband dispersion control, and adaptive pulse
shaping techniques during the last decade has facilitated the development of laboratory-scale
subpicosecond terawatt lasers with focal irradiances approaching 10 ®W/cm® which can create
novel interaction conditions for the production and regulation of many energetic processes
including hard x-ray generation, initiation of nuclear reactions, fast ignition of fusion targets,
and high-gradient particle acceleration. In this new regime for intense ultrafast laser-matter
interactions, extremely rapid ionization of heavy atoms will occur by field emission during a
fraction of a laser cycle producing free electron densities at least an order of magnitude larger
than in metallic conductors. Because of the short interaction time, hydrodynamic flow and
ionic motion associated with the rarefraction wave from the heated target surface are
negligible (~ 100 A°), and the ions form an immobile overdense neutralizing background for
the perturbed electronic distribution. The disparity of timescales provides a unique
opportunity to study direct coupling of the incident laser field with an vacuum-solid interface
discontinuity over a density gradient scalelength Vn, less than an optical wavelength Aoy
without the complications of coronal preheat or long-range parametric instabilities.
Additionally, the presence of a high-intensity laser distribution will also significantly modify
the basic constituitive properties of the dense plasma from the classical fluid description,
instead producing nonlocal currents and non-Maxwellian internal energy equilibria essentiaily
controlled by the electron quiver velocity v in the external driving laser field. When the
quiver velocity proportional to IA? considerably exceeds the electron thermal velocity v,
efficient light absorption and hot electron production occurs by collisionless collective
mechanisms near the critical surface such as resonance absorption and vacuum heating rather
than by inverse bremsstrahlung as in the case of long scalelength plasma formed by
nanosecond pulses. |

At the intensities available with terawatt-class short-pulsg lasers, the pondermotive energy
becomes comparable to the electron thermal energy (mvo,/2~kT,), so that kinetic effects

can combine with radiation pressure dominated hydrodynamics to form a complex scenario

for extremely nonlinear physics. Under these conditions, the light pressure (typically Gbars)
can exceed the thermal expansion pressure thereby perturbing the plasma density profile
inward to produce strongly-coupled conditions or to initiate pondermotive hole-boring and
profile modification (pondermotive steepening) which have important implications . for
deposition of laser energy at solid density. By using the pondermotive force of the laser to
impart momentum to the critical surface and impede expansion, it is possible to accelerate
surface ions reactively and to snowplow plasma densities to values greater than the original
solid density. Rapid ionization and the strong dependence of the electron-ion collision
frequency on quiver velocity will also contribute to a nonlinear refractive index which allows
enhanced transparency to non-evanescent optical propagation beyond the critical surface.
For a normalized laser field amplitude (a,=YV,s./c) greater than unity (eE/m.0.c >1) with y=
(l+a°2)”2, the cycle-averaged quiver energy of free electrons approaches ~100 keV requiring
relativistic correction to basic plasma parameters. At these relativistic laser intensities, the
transient pulse envelope reaches a substantial fraction of the atomic Coulombic field and the
driving laser field can significantly alter the shape of the binding potential. The relativistic
focussing effect which leads to an increase in electron mass proportional to y will reduce the

effective electron plasma frequency (:)pe=(47meezlme)”2 below the laser frequency modifying
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the dispersion relation kc=(0)pe2/y-0)°2)”2 so that anomalous penetration into the classically

overdense plasma region can occur. This marked deviation from the nonrelativistic (low-
intensity) case results from the increased electron inertia which makes it more difficult to
generate the plasma current responsible for reflecting light.

Realization of power compression of intense short-pulses for high-field physical interactions
and x-ray generation will require self-sustaining plasma guiding structures which are stable in
the presence of strong ionization of dense gases, relativistic self-focussing, and pondermotive
charge displacement. The confluence of high-intensity modes of channeled propagation with
short-pulse x-ray production will establish exceptional laser-matter conditions for a new class
of nonlinear optics experiments. New refractive self-guiding processes involving the
nonlinear relativistic interaction of intense ultrafast optical pulses with matter in the self-
focussing regime can produce vigorous thermonuclear power densities ~10"°W/em?, (1-10
Wi/atom) over controllable interaction lengths exceeding many confocal Rayleigh lengths.
The key to the production of these exceptional conditions is the stable compression and
confinement of the spatial distribution of incident pulses of radiation into a narrow
longitudinal plasma channel or dynamical waveguide which is compensated for diffractive
divergence by virtue of self-induced regularization of the intrinsic refractive index profile.
This fundamentally new form of extended paraxial electromagnetic propagation in a
nonlinear dispersive medium such as underdense plasma is attributed to a complex interactive
mechanism which is triggered by optical pulses whose power exceeds a critical level and
involves the superposition of both relativistic electron quiver motion and radial charge
displacement caused by radiation pressure of the intense (driving) external wave. Specifically,
pondermotive expulsion of electrons and the contrasting inertial confinement of the ions
cooperate to produce the chief characteristics of channel formation: (i) the refractive self-
focusing action of the displaced electrons which confine the propagating radiation; and (ii)
the stability of the channel for robust power transmission due to the immobile electrostatic,
spine formed by stationary ions which establish force balance. As a consequence of the
unprecedented power deposition inherent to the spatio-temporal dynamics of the channel
creation process, a new largely unexplored class of strongly nonequilibrium excited matter
combining concentrated energy density with well-ordered spatial gain structure can be created
which embodies high-field conditions conducive to significant power compression and multi-
keV x-ray amplification.

Harmonious use of this nonlinear phenomenon under optimized conditions is expected to
lead to an advanced generation of extraordinarily bright x-ray sources and backlighters having
a peak spectral brightess >10°' ph s'mrad®(1% bandwidth)'. In addition, spatial
organization interior to the trapped focussing state opens a new strong-coupling regime for
enhanced laser-atom interactions in which field strengths in the 10-50 (e/a,”) range can be
selectively applied to promote long-range ordered multi-electron motion and anomalous
inner-shell excitation of inverted “hollow atom™ electronic configurations for maximum X-
ray radiative transition rates and recombination. Furthermore, these field strengths can be
developed in a very fast risetime (1-3 f5) less than an optical cycle since the channel
formation memory is of order the plasma electron equilibration time 27/@g,. The
combination of peak intensity with short interaction time and abrupt time-development
profile (no prepulse) of the jonizing electric field amplitude will have profound consequences
for material rectification, ionization equilibria, and evolution of the nonsteady-state
dielectric response. Efficient stripping of electrons in the presence of an intense laser field to
form a dense nonequilibrium plasma will result in a brief population inversion which may
facilitate stimulated emission of short-wavelength x-rays.



Whether the target medium placed at focus is gaseous or solid, short-pulse high-intensity
interaction with matter generally involves a number of fundamental physical processes:
ionization, propagation and refraction, generation of plasma waves, and subsequent thermal
and hydrodynamic evolution of target material. These processes sensitively depend upon
operative laser parameters, and the impending escalation of laser technology towards shorter
pulses and higher intensities has shifted contemporary research emphasis from conventional
atomic physics and linear laser-plasma wave interactions to extremely nonlinear collective
phenomena. On the application side, this evolution has meant a shift to harder, brighter x-
ray sources and production of more energetic particles. The overall organization and content
of this report reflects strong advocacy for this technical direction by the authors. In section
II, we first present a brief review of the fundamental physical concepts that play a dominant
role in intense short-pulse laser interactions including absorption mechanisms, thermal
transport, hydrodynamics, relativistic self-focussing, pondermotive channeling, and x-ray
generation. Section III describes recent pertinent experimental results conducted with an
ultraviolet femtosecond terawatt laser system in collaboration with the University of Illinois-
Chicago to characterize relativistic self-channeling and optimize the resulting hard x-ray
production from high-Z targets. A number of potential applications of this technology which
impact critical mission areas at Sandia such as x-ray backlighting/radiography, material
coupling, advanced fusion schemes, recombination lasers, and particle accelerators are
described in section IV with an indication of future research problems to be addressed.
Published references relevant to a comprehensive understanding this work are listed in the
Bibliography section V. Salient features of the new physics regime accessible with ultra-
intense channeled lasers are summarized in table 1.

* pulse duration < 10 fs negligible hydrodynamics/thermal diffusion
(no prepulse) near-solid density (10%cm™)

gradient scalelength Vn, <2,

rapid ionization

- power density~10" W/cm® thermonuclear regime —1-10 W/atom
o ~94% coupling into a 5 m ¢ channel
collective multi-electron coupling Z*c.

« focussable intensity >10"W/cm? electric field >10"* V/m
magnetic field >10% Gauss
light pressure V2E > 10 Gbar
self-foussing/charge displacement

relativistic currents produced
energetic x-rays and hot electrons

« energy density ~10'° J/em® corresponds to 10 keV blackbody

Table 1: Self-focussed femtosecond terawatt lasers will expand laboratory-scaleable parameter
space for studying energetic processes. Adjoining diagram indicates the hierarchy of physical
phenomena in short-pulse laser interaction with (a) solids and (b) gases as a function of
normalized laser intensity IA%. (from Gibbon and Forster)
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II. Technical Approach:

o Short-Pulse Laser Plasma Interactions

Plasmas created by intense subpicosecond optical pulses (I\*=10"*"*W/cm®um®) interacting
with solid targets have received considerable attention as novel sources of x-ray radiation.
Because the laser drive deposits its energy impulsively over a short scalelength (~100
A°<<Ayy) of near solid-density material on a timescale exhibiting negligible hydrodynamics,
the resulting plasma is kinetically cold with highly nonthermal distributions and steep density
gradients. These extreme conditions of temperature and electron density cause the atomic
processes of ionization, recombination, and collisional excitation and deactivation to occur
proportionately faster than hydrodynamic expansion ~100ps. The resulting decoupling of
timescales for the case of thermal emission from rapidly heated solids makes ultrafast laser-
material interactions ideal for the generation of bright x-ray sources. The near solid density
of the emitting plasma provides a large number of emitters for photon output, and fast
duration of the resulting emission pulse gives high brightness and temporal resolution. Small
source size defined by the laser focal region reduces prenumbral blurring for image projection.
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The observed emission includes coherent radiation at high harmonics of the laser frequency,
incoherent K,L,M-shell x-ray thermal emission <20 keV, energetic suprathermal electrons
(T>100 KeV), prompt quasi-monochromatic K, fluorescence, and generation of hard
nonthermal bremsstrahlung x-rays with typical photon energies extending beyond 1 MeV.
Hot electrons are created during nonlinear interation of the laser field with the plasma by a
mixture of tunneling ionization, collisional heating, and resonance absorption to be described

. o e . . |
below and the corresponding radiation pressure can produce large-amplitude transient shocks

without material preheat. At the low-frequency end of the electromagnetic spectrum, strong
broadband emission of coherent far-infrared (FIR) radiation results from the space-charge
fields developed in such plasmas. The correlated occurance of strong X-ray and FIR emis$ion
in the laser focus indicates that the dominant radiative processes are driven by a
pondermotively induced space-charge gradient and electrostatic wave at the critical surface.
Since the laser pulse length is short enough to inertially confine the ions, the resulting current
density fluctuation between ionic and electronic components will result in a powerful
electromagnetic transient or current pulse whose rectified pulseshape is approximately the
derivative of the exciting optical pulse. The space-charge mechanism will also accelerate hot
electrons which can subsequently interact with the solid target to produce energetic x-rays via
a nonthermal bremsstrahlung process. In this case, electron temperature is dominated by the
pondermotive potential of those electrons directed along the laser propagation axis since the
high-density plasmas produced by short-pulse excitation tend to rapidly thermalize the quiver
energy, producing a quasi-Maxwellian plasma with a temperature characterized by the free
electron quiver energy. The contribution to bremsstrahlung emission from energetic electrons

. . . . . . . .o . 2 1/53-112
at the tail end of the velocity distribution for this case is empirically given Tyo ~ (IA7) 7.
An important observation concerning laser plasma x-ray sources is that the production
efficiency of thermal x-ray emission (<15 keV) is dictated by how hot the equilibrated
plasma becomes and therefore the size of the laser driver, while nonthermal x-ray generation
is dictated by the hot electron temperature produced by a nonlinear laser-plasma interaction
and is not directly dependent on plasma heating. Consequently, compact short-pulse lasers
with relatively modest pulse energies (~100 mJ) and focal irradiance (>10 W/em?)
properties can achieve efficient hard x-ray conversion >10 KeV (~10"?) and unprecedented
spectral brightness by creating an energetic non-Maxwellian electron distribution in a dense
overionized cold plasma background. The production of the equivalent x-ray yield using
nanosecond laser pulses would require laser installations in the kilojoule range because of the
lower conversion efficiency (107) available under the constraints of thermalization. Owing to
the presence of steeper electron density gradients in short-pulse laser plasmas, the incident
laser energy is more efficiently coupled near critical, and a larger fraction can be absorbed by
the solid material to produce hard x-rays. Bremsstrahlung emission wil be coherently radiated
if the ions are strongly coupled in the dense plasma.

The evolution of temperature and density spatial structure due to the interplay of electron
diffusion and collisional absorption will sensitively influence absorption fraction. transport
rates, x-ray conversion, and the character of heated particle distribution functions.
Researchers have found that the fraction of energy absorbed by plasma and the resulting
distribution of electron temperature can depend considerably on the steepness of the density
gradient and critical surface coupling. The exact physical picture will depend on whether
there is a substantial region of underdense plasma formed in front of the target or whether a
step-like density profile occurs at the solid-vacuum boundary. The idealized step case is
seldom realized because either the optical pulselength is longer than the thermal expansion
time ~ps or because of the presence of prepulse which ablates material prior to the arrival of
the main pulse and produce a thin plasma layer in the focal spot. When expansion occurs ~
O(M\), the standard Fresnel interface equations are no longer valid and the full Helmholtz
electromagnetic equation must be employed to calculate absorption in the density profile
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which can be subsequently coupled to a set of self-consistent equations for heat flow and
jonization. Lack of hydrodynamic equilibrium can strongly influence hot electron fraction
and temperature scaling since the pressure balance imposed by long pulse (ns) conditions is
unlikely to be achieved for femtosecond pulses. Such a plasma may also exhibit non-
Maxwellian and nonstationary effects (Doppler shift) in the emitted spectrum. The strong
relationship of plasma transport parameters on density scalelength illustrate the importance
of adequate pulse diagnostics and contrast ratios (>1:10%) for meaningful laser-plasma
interaction experiments. The presence of a low-intensity background or pedestal from
amplified spontaneous emission (ASE) in a low-contrast chirped pulse amplification laser
system means that instead of vacuum-solid density, that a preformed plasma with finite

density scalelength, albeit steep, exists in front of the target.

Absorption mechanisms and hot electron production for ultra-intense (I>10""W/cm?) laser
pulses incident on a solid or sharp overdense plasma slab show pronounced deviations from
the well-known results reported for low-intensity and long pulselength (nanosecond) laser-
plasma interactions. The ultrafast laser interaction conditions described in this report,
particularly in the presence of self-channeling which eliminates prepulse, will result in very
different conditions from the traditional adiabatic implosion profiles where collisional effects
are significant and IB absorption strongly competes with pondermotive self-focussing over
long scalelengths in density and temperature[ct, >>Ag, L;>>A,]. In particular, a preformed
plasma with finite scalelength and vy>v, Will show a predominance of distributed inverse
bremsstrahlung absorption originating from electrons that have gained energy from the laser
and subsequently lost it in collisions with ions; i.e., the light wave is damged by the plasma
which heats up. Historically, intense infrared CO, lasers (I\* ~10'® W cm™um?, A=10.6 pm)
with nanosecond pulses were utilized to create large preformed underdense plasmas (r>100
Aopt) Which exhibited considerable distributed absorption into hot suprathermal electrons by
nonlinear inverse bremsstrahlung and various parametric laser-plasma interactions, primarily
stimulated Raman scattering and two-plasmon decay. This regime is very different from our
present case where the normalized amplitude of the electric field of the laser light causes the
onset of relativistic electron quiver motion and hot electrons are produced without preheat
by localized non-collisional processes involving the ocsillatory component of the laser
transverse pondermotive force at or near critical, including resonance absorption and vacuum

heating. Although fast electron generation is undesirable in the ICF context because of fuel
preheat which prevents target compression to necessary densities for gain, the production of
such electrons by intense short-pulse interation is advantageous for generating hard x-rays in
the cold overdense target behind the originating plasma. For extreme intensities at normal
incidence, energy is transferred directly to ions through formation of a collisionless shock
impulse.The ability to both create a dense plasma and interact with it at high density is a
fundamental change in the laser-plasma interaction paradigm. Inclusion of Kinetic effects,
collisionless absorption mechanisms, and multi-dimensional transport will be critical for
modelling heat flow penetration into the target. A Fokker-Planck treatment accounting for
delocalized heat transport arid modifications from classical Spitzer-Harm conductivity and
distribution functions will replace the diffusion equation. Electron nonlocal closure relations
for fully ionized plasmas that are valid for arbitrary collisionality will need to be developed.

X-ray yield will depend on absorption, heating, ionization, transporf, and recombination
processes. Experimental work analyzing the scaling of x-ray source emission in the 20-100
keV range following irradiation of solid targets with varying laser fluences is consistent with a
bremsstrahlung production mechanism. For laser intensities >10""W/cm?, a number of
collisionless nonlinear processes play a major role in laser energy absorption, particularly for
non-normal (oblique incidence angle) p-polarized (E|[Vn) excitation. Under these conditions,
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Figure 1: Schematic picture of characteristic electron density and temperature profiles in
laser-produced plasma formed from an initially solid target, showing location of major
plasma-physics coupling processes and dominant heat transport mechanisms.
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the plasma temperature rises so quickly that collisions become ineffective during the
interaction and in addition the electron quiver velocity is comparable to the thermal velocity
thus further reducing the effective electron-ion collision frequency V.. A complicated
mixture of resonance absorption, vacuum heating (Brumel Effect), sheath inverse
bremsstrahlung, anomalous skin effect, and relativistic JxB mechanisms driven by the
pondermotive force and associated heat flux operating near critical are the alternative to
collisional absorption for producing hot electrons in this instance; partitioning of the
mechanistic contributions will depend on scalelength and irradiance in a manner not
completely understood.When p-polarized light tunnels through the critical surface and
resonantly excites a plasma wave (EPW), the resulting wave grows over several laser periods
and is eventually damped by collisions at low intensity and by particle trapping and wave
breaking at high intensity thereby electrostatically accelerating electrons. These laser-driven
fast electrons exhibit a long mean-free-path which can penetrate into the cold region of the
stopping target beyond the heat front. They are then converted to nonthermal x-rays in the’
form of MeV bremsstrahlung continuum via collisions with ions or produce Ko flouresence
line radiation by the relaxation of an outer shell electron following K-shell ionization.
Particle-in-cell and relativistic Vlasov kinetic simulations for the nonlinear dynamics in the
intense laser field predict that for typical conditions the absorption rate can exceed 50% and
that most of this energy is transferred into the solid by fast nonthermal electrons (25% of
these electrons with energies ~1 MeV). Exceeding large self-generated magnetic fields can be
created and convectively magnified by these electron interactions and these fields will
dramatically impact 2-D lateral transport and pondermotive hole boring. Multi-dimensional
effects associated with rippling of the electron critical surface will improve the efficiency of
resonance absorption even in the case of steep gradients.

Schnurer measured x-ray production in the energy range of 100 keV from picosecond laser-
solid interactions at focussed irradiances approaching 7x10"W/cm? and showed an intensity
scaling of x-ray yield proportional to IA%%. Kmetec showed that the detected yield increases

as ZE? at laser intensities ~10'® W/cm?, where E is the laser energy per pulse and Z denotes
the target atomic number, and measured .3% conversion efficiencies (4.51)/sr) from tantalum
in the 20-300 keV range using a laser energy of 40 mJ. The results were shown to be
physically analogous to an electron-beam driven x-ray tube where the target is the anode and
the cathode-anode voltage scales as a function of the laser intensity. Researchers at Lawrence
Livermore have reported production of suprathermal electrons (5%@25 keV) and efficient
secondary Ko fluoresence (10'5) in the 8-30 keV energy range for solid Zn, Ge, Mo, Sn
targets using a hybrid Ti:S/Nd:glass CPA laser (~400 fs, 700 mJ, A=1.06 pm). Similar
conversion scaling has been observed by Rhodes, et al in solid BaF, (1-2% ~1 keV) and in
xenon cluster jet (Xe(L) ~4-5 keV) for ultraviolet short-pulse laser excitation of comparable
intensity.

High-order harmonic generation at the vacuum interface and cold Ko radiation produced by
hot electrons deposited in the overdense solid offer the shortest x-ray emission durations and
are limited by the laser pulse and the electron thermalization time, respectively. In addition,
both signatures are monochromatic, quasi-monochromaticity being achieved in the Ko case
because the temperature increase due to electron energy deposition (which would produce a
weak wavelength shift) is small. The resulting monochromatic signatures will be useful for
differential absorption imaging and in combination with fast temporal gating will facilitate
high spectral brightness offsetting the reduced conversion efficiencies. Ko photon emssion is
inherently a sensitive diagnostic for detection of hot electrons produced near the critical
surface. Broad bremsstrahlung continuum emission will have utility for opacity and edge-shift
measurements, and the flat unstructured background as function of photon energy will allow
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systematic optimization of contrast for shadowgraphic i imagery in backllohtmclradlooraphy
applications.

Eventually all the energy absorbed by electrons is transferred to ions (some may be radiated)
as the target dissembles. This occurs in a hydrodynamic timescale well after the pulse has
interacted with solid/plasma. At ultrahigh intensities, ion motion can alter the electron

dynamics by changing the density profile (profile steepening) near the critical surface and by
creating conditions for induced transparency. A strong space-charge generated by electron
circulation in the vicinity of the surface can push out an underdense shelf which can
drastically change absorption behavior. Light pressure (pondermotive force) from the laser
can also compete with the thermal expansion force in short-scalelength plasmas to directly
accelerate ions inward with a velocity measurable as a red Doppler shift in the unabsorbed
light reflected from critical. Pondermotive hole-boring several wavelengths deep in overdense
plasma can result from a combination of three requisite effects (1) light pressure which
exceeds the thermal plasma pressure and pushes plasma inward, (2) radial pondermotive force
VI which pushes electrons from the center of the laser beam creating a charge separation
which pushes ions exterior to the interaction zone, and (3) enhanced skin depth where the
laser spatial intensity profile is greater due to the relativistic increase in effective plasma
frequency:

’p =@p/y; V= [1- (Vos/2¢)*]'? [1]

inducing transparency when the laser beam is transmitted through nominally overdesne
plasma without reflection. As the hole is formed, absorption and hot electron temperature
both increase because strong density gradients are formed parallel to the laser electric field.
These gradients will also generate a magnetic field by a dB/dt~ Vn xVT mechanism. If the
leading edge of the laser pulse is sufficiently sharp with respect to the ion response time, a
collisionless ion shock can be produced with an electron temperature in back of the shock
>100 keV and further enhance skin effects at the plasma interface.

* Relativistic Self-Channeling

Short-pulse laser propagation in fully ionized underdenée plasma is affected by a variety of

phenomena including relativistic self-focusing, plasma wave generation, and pondermotive
channeling. In oeneral self focussmcr or refractlve guiding occurs when the plasma index of
refractlon n= [1 (o, /0,)2]"? exhlblts an intensity-driven spatial variation arising from the
nonlinear response of the dielectric. Superposition of two counterbalanced nonlinear
contributions to the effective refractive index profile can create a steady-state channel or
waveguide structure if the rate of self-focussing matches the diffractive divergence and plasma
defocussing due to photoionization. The relativistic mass increase of electrons due to quiver
motion in the laser electric field (a,>1) and the corresponding electron density decrease
(charge displacement) of radial pondermotive expulsion are two such superimposed
mechanisms to the refractive index which can create a suitable variation for stable
confinement of propagating radiation over a range of physical conditions if the critical
power threshold is exceeded. During the dynamic process, the ions are stationary and the
electron density reacts instantaneously to establish force balance between the pondermotive
and electrostatic components Electrons are pushed out of the focal volume by the enhanced
pondermotive force VZE resulting from the relativistic self-focussing action; changes in the
refractive index depend on modifications to both the electron mass (and plasma frequency)
and the channel electron density. Additionally, relativistic electrons traveling with the light
pulse may generate magnetic fields that pinch the radial electron distribution in stable
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magnetohydrodyanmic modes. Pondermotive force associated with the self-focussed laser can
create cavitation (expel electrons) and electron density minima on-axis to produce a radially-
dependent focussing index guide while tunneling and multi-photon ionization in the focal

region has the opposite laser defocussing effect by producing higher electron densities. The
basic envelope equation for the nonlinear current J can be written:

(04012 -c2VH)A= Jy = N AlY [2]
Here, the source term contains both coupling of the laser field to the plasma and self-

focussing. The compensatory balance between refraction in the ionized plasma column and
intensity-dependent self-focussing will produce a robust multi-foci structure as shown in figure

3.

i 2
"rcﬁ(r) =nyF n2l(")‘ ) p( 1)2m 2

Optical Besun Envelope

Propagation Direction
——

Plasma

Figure 3: Repeated multi-foci refractive guiding structure predicted by the balanced interplay
of relativistic self-focussing and charge displacement nonlinearities. Insert NLSE simulation
shows the longitudinal profile of the resulting channel for typical laboratory conditions.
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For laser pulses with peak powers above the theoretical relativistic filamentation threshold
Pc,>l7(030/0)p,)2 GW, three-dimensional PIC codes predict the formation of a longitudinally-
extended narrow propagation channel in high-density plasma with a trapped power of order
10**P,.. The governing (3+1) nonlinear Schrodinger equation (NLSE) defines a self-guiding
solution for the complex field which tesults from the interplay between natural diffraction
and intensity-driven nonlinear focussing and ionization-induced refractive defocussing
contributions in the plasma dielectric response and which is stable over many Rayleigh
lengths. Superposition of these mechanisms on the intrinsic index profile acts to define the
propagating energy in a dynamic self-guiding longitudinal waveguide structure which is stable
for power transmission and compression. The resulting laser-driven channel is hypothesized
to support a degeree.of soliton-like conductance behavior, simultaneously stable in the space
and time domains (group velocity dispersion balances self phase modulation).

The rigorous theoretical formulation combines Maxwell equations with corresponding
expressions for the relativistic hydrodynamics of the electron density of a cold collisionless
underdense plasma. Four phenomena are explicitly included in this formulation of the NLSE:
(1) nonlinearity of the dielectric response owning to relativistic mass shift, (2) variation of
the dielectric response resulting from the motion of electrons driven by the transverse
pondermotive force, (3) diffractive defocussing, and (4) refraction from radiation generated
by (1) and (2), and the inital inhomogeneity of the electron distribution in the plasma
column. The governing envelope equation transformed to the moving coordinate frame can
be written:

da/dz + (2vy)[V,2 +Ne-Ne/yla=0 3]

Ne = Neo + VZ’Y

where a, is the vector potential in the Coulomb gauge, V .2 is the transverse Laplacian, and
N,, is the initial electron density. In this formalism, the inclusion of group velocity
dispersion (GVD) and other longitudinal dispersion effects leading to modulational instabilities
or pulse erosion will require higher-order terms be retained in the wave operator.
Representative plots of normalized radial (z;—z,) and axial intensity I (r,z) distributions with
the corresponding electron density in an evolving self-focussing channel influenced by the
relativistic mass shift and the displacement of the electronic component of the plasma are
shown below. Related basic physical mechanisms operating in the highly nonlinear
interaction, including plasma wave generation in the form of self-modulated wakefields, are

also delineated for completeness of description.

The dynamics of laser channeling will also naturally promote the development of an abrupt
time-front to the propagating pulse, since the focussing action is strongly nonlinear and
requires a critical power to become effective. All weak light at the trailing edges of the
incident optical pulse such as ASE or prepulse which are below the critical power threshold
for self-focussing will diffract away rapidly to insignificant levels and not undergo channeling.
When the laser pulse duration is comparable or longer than the plasma period (T >2m/®,.)
~300 fs and P>P,. ~10"® W/cm?, a self-modulated laser wakefield acceleration (SMLWA)
process can generate relativistic electrons and guide injected electrons by resonant coupling
of the transverse laser field to longitudinal electron plasma waves (A,~100 pm). Laser
wakefield acceleration and channeling can be synergistically integrated as an optimization
strategy for a new generation of x-ray sources utilizing high-intensity ultrafast lasers. By
uniting these two processes, it will be possible to simultaneously control power density on
target and fast electron production. Based on the number of electrons produced in recent
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reported laser wakefield experiments (10" e- with energies .5 -2 MeV, 1.5 ps FWHM) , and
assuming a conservative one-to-one conversion of MeV electrons to x-ray photons in the
100 keV range, we can potentially enhance source brightness by an order of magnitude over
unassisted methods.

» Anomalous Coupling Physics

An analysis of the channeling process involving a relativistic self-focussing charge
displacement mechanism indicates that the propagating electromagnetic pulse can produce
unique excitation conditions which can not be accounted for by a conventional coupling
interaction based on independent single-electron processes. Instead, excited states produced in
this manner by the intense external field exhibit an augmented coupling (>x100) relative to
electron collisional studies obtained from EBIT through induction of spatially-ordered
coherent multi-electron motions within the channel interior. This test can be performed by a
straight forward matching of the radiating ionic states produced by the multi-photon cluster
interaction with equivalent charge-state spectra arising from EBIT excitation. Since the
EBIT process only involves the scattering of individual electrons from isolated atomic
systems, the ions produced are unambiguously generated by conventional single electron-ion
interaction electrons. This definitive comparison was made for data obtained from studies of
multi-photon induced Xe(L) emission from clusters as described below. These new physical
processes enable the dynamic production of so-called “hollow atoms™ with inverted
electronic configurations in which outer electrons of the atomic system are simultaneously
and selectively arranged so that the overall configuration formed exhibits the maximum
radiative rate possible at the emitted wavelength; i.e., dynamical orbital collapse drives super

X-ray emission.

Recent experimental evidence has shown that high-intensity short-pulse ultraviolet multi-
photon production of inner-shell x-rays from rare gas atomic clusters can be combined with
the relativistic channeling mechanism to create the prerequisite local atomic conditions and
extended spatial organization for realizing efficient x-ray amplification ~ 5 keV Xe(L). The
resulting spectroscopy provides direct evidence of an enhanced mode of electromagnetic
coupling correlated the with self-focussing/charge displaceemnt channeled propagation
mechanism in which highly ionized xenon atoms possess a large number of inner-shell
vacancies while retaining several electrons in relatively weakly bound outer orbitals. In this
process, laser-driven photoelectrons ejected along the ionization channel produce copious
core-excited ions with deep vacancies (Auger) that promptly emit energetic x-rays. Delivery
of high local power density over a spatially confined region can produce the necessary
conditions for inner shell ionization and the resulting hollow atom configurations exhibit
improved scaling relationships between excitation power and x-ray gain. In the atoms that
constitute the cluster, the intense laser field induces a forced coherent oscillation of the
weakly bound outer electrons or an oscillating charge cloud (quasi-particle) which undergoes
efficient energy transfer to the inner shell provided certain relationships between irradiance
intensity and cluster size are maintained. Coherent multi-electron motion induced by the
external drive field simulates the behavior of a particle carrying high charge thereby
transforming the fundamental coupling strength for interaction of electrons with matter
from the customary value of the fine structure constant o=1/137 to an enhanced value
approaching N%0. where N is the number of electrons participating in the oscillation. For
high-Z targets such as uranium (Z=92), the coupling strength enhancement can approach a
factor of 10°. The strong coupling means that processes involving multi-electron ejection
from an inner shell can occur with high probability and scale with atomic number favoring
heavy atoms. For the short-lived ordered electron esemble to be produced, the externally
coupled optical field must be large compared to an atomic unit and because the light waves

-20 -



present a time-varying oscillation for the electrons, the acceleration impressed on the
excited electrons must be established in a “turn-on” time in the range of femtoseconds
consistent with dephasing limitations for electron-electron interactions. This suggests that
radiation of long wavelength or period cannot be effective in energizing the ensemble in a
sufficiently compact form for enhanced coupling and corresponding strong x-ray generation.
Conversely, short-wavelength radiation, can be effective in driving the multi-electron
coupling and consequently exhibit strengthened x-ray generation. The dependence of the
strength of interaction, as indicated by x-ray emission charateristics, on the wavelength of
excitation provides a simple test of the envisaged enhanced cooperative many-electron
coupling mechanism. Recent experiments comparing the x-ray spectrum from xenon clusters
irradiated with short-pulse lasers operating in the ultraviolet (248 nm) and near-infrared
(800 nm Ti:S fundamental) regions, show the two classes of predicted limiting behavior. One
observes very significant differences in the spectrally-integrated strengths (total x-ray
emission) with a marked decrease in the peak intensity for the infrared wavelength. With
regard to the comparlson of the spectral structure, the 800 nm-induced SIgnal eXhlbltS only
relatlvely low Xe?" charge states (27,28,29) and no double-vacancy (2p)* emission is
detected; double vacancy states are highly unusual excited states in which two inner shell
electrons are simultaneously absent. These comparative experimental findings lead to the
conclusion that the use of sufficiently intense femotsecond pulses of sufficiently short
wavelength radiation enables one to modify the coupling and deposition of radiation in
matter. This new regime of strengthened physical interaction could serve many important
applications including micromachining, generation of high-brightness x-ray sources, and new
unconventional forms of nuclear energy production.

 Inner-shell Excitation * Bremsstrahlung
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Figure 6: Hypothetical Feynman representation of enhanced coupling physics resulting from
ordered coherent multi-electron motion in the spatially-localized laser-driven channel.

IT1. Experimental Accomplishments

* Laser System

The laser system employed in the present.experimental study is illustrated schematically in
figure 8. A sub-picosecond (~250 fs) KrF excimer/Ti:sapphire hybrid laser operating in the
ultravmlet ~248 nm was focussed by an /3 off-axis parabohc mirror mto a dxfferentlally-
pumped jet gas cell. The focussable intensity approached a maximum of 10"W/cm® and the
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Figure 7: Spatially-resolved (Z-A imaging) Xe(L) emission spectrum showing enhanced x-ray
production in the channel region denoted by (A) on the ordinate; abscissa designates the
wavelength. The color scale is defined by black (zero), red through violet ascending intensity
and white (maximum). Corresponding spectral line-out shows pronounced enhancement of
the coupling strength and evidence- of anomalous (2p)’ transition.
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peak power (~ .7 TW) exceeded the critical power for relativistic self-focussing. The laser
architecture employed a conventional titanium sapphire chirped pulse amplification front-
end (oscillator and regenerative amplifier) which was frequency-tripled and subsequently
amplifed in a 4-pass KrF laser module. The target was hydrodynamically produced by a cooled
high-pressure pulse valve fitted with a circular sonic nozzle.

l Path of Incident

248 nm Pulse

~ 75 0 nm To Spectrometer -T
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Figure 8: High-brightxgess ultraviolet sub-picosecond terawatt laser ( nominally ~250 fs, 300-
500 mJ, > 10*' Wem™ sr’') using frequency-converted Ti:S seed. Also shown is the chamber
geometry for the laser-plasma interaction experiments.

» X-ray Spectra

In collaboration with Professor Charles Rhodes' research group at the University of Illinois-
Chicago, we used a self-focused femtosecond ultraviolet terawatt-class laser with a focal
irradiance exceeding 10" W/cm® to produce L-shell x-ray emission from gold-coated solid
targets. Short-wavelength spectra >10 keV were acquired using an imaging von Hamos crystal
spectrometer operating in 7th-order mica with an aluminized polycarbonate/kapton/titanium
filter set. The single-shot integrated x-ray yield (estimated) near 10-14 keV exceeded our
predicted value of 1 mJ per 27 steradians and the observed spectrum although occuring
generally in the expected spectral region for Ne-like Au transitions with charge state range
(55+), exhibited a predominant asymmetrical (blue-shifted) broadband feature (~700 :¢V)
superimposed on bremsstrahlung continuum and sharp spectral line emission (Lofy). The
appearance of the data is quite similar qualitatively to the case for Xe(L) emission previously
observed from high-intensity short-pulse irradiation of xenon clusters and very different
from Ne-like atomic spectra reported in the literature for conventional excitation
mechanisms. Specifically, the customary L-shell spectrum at low average plasma density
(EBIT case) is dominated by a few sharp lines; in contrast, it is evident that the multiphoton-
produced spectrum is dominantly a single broad feature. The feature is attributable to
nonthermal core-excited d-p transitions in an atom that possesses a large number of n>3
electrons. Because of the presence of outer-shell electron interactions, the allowed transitions
become distributed over a wide spectral band. This characteristic is direct evidence of a
dynamical "hollow-atom” excitation mechanism in which the energetic laser field collectively
drives correlated multi-electron motion to produce anomously strong coupling in the
propagation channel.To our knowledge, this is the first reported measurement of gold L-shell
.23 -



SE/6v

emission from a laser-produced plasma and is the direct result of the unique interaction
conditions which can be obtained with high-intensity short pulse lasers. The radiating source
size was measured from the von Hamos focal width to be < 10 microns.
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Figure 9: X-ray emission (L-shell) from gold targetexcited by short-pulse high-intensity
ultraviolet laser. The laser conditions for the experiment were 240 mJ pulse energy, 250 fs
pulse duration, /3 focussing optic. The imaging crystal spectrometer was of von Hamos type
(7th order mica) with an aluminized polycarbonate/kapton/titanium filter set. Preliminary
spectral assignments are noted but will require further analysis. Note difference with EBIT
spectrum shown for comparison.

We are pursuing ongoing experiments for uranium L-shell (15-17 KeV) emission and other
Ko and K-shell candidates in the 10-50 keV energy range. Most recently, results from
tantalum foils ~25-100 pm thick show new highly favorable properties for hard x-ray
generation versus solid target geometries with estimated conversion efficiencies >5%.
Preliminary spectral evidence shows transmission of a significant component of the resulting
x-rays through 100 um of Fe and 50 pm of Au. indicative of a large source yield above 20
keV. In these experiments, we also observed reproducible hole-drilling through 75 pm of Ta
in a single shot with ~300 mJ of pulse energy. The resulting bore hole was radially symmetric
with a 50-70 pm (aspect ratio of -exit and entrance apertures was 1:1) diameter and exhibited
no evidence of melt, refractive turning, or explosive shock. We conjecture that power
compression in the self-channeling process can create the requisite conditions for electron
bunching (SMLWA) and magnetically-confined pinching (sausage mode) mechanisms which
dramatically increase power deposition (> 10 W/atom) and energy coupling in the solid
material to achieve near-complete vaporization. The interaction physics may be related to
recent photoionization and fragmentation phenomenology observed in laser-driven cluster
microplasmas observed at Imperial College. Clusters are small tightly packed groups of atoms.
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in this case estimated to be on average 20-30 atoms/cluster. These systems are useful to
regard as large molecules whose local atom density ressembles solid matter.
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Figure 10: X-ray yield measurements for Ta thin foil showing the filter transmission curves as
a function of energy. Note that the film sensitivity (Kodak RAR 2492) is decreasingly
sharply at the higher x-ray energies. The corresponding laser parameters are: A= 248 nm;
~350 mJ; ~270 fs; f/3 focussing. Estimated yield above 20 keV is 10 mJ per pulse!

* Diagnosis of Relativistic Channeling

Corroborative measurements of the self-trapping channeling morphology with spatiélly-
resolved Thomson scattering and x-ray pinhole imagery indicated the presence of a stable
longitudinally-extended filament structure exceeding 50 Rayleigh lengths with a <5 pm radial

extent. Direct visualization of the spatial distribution in xenon cluster targets using electron
density and x-ray signatures confirmed the existence of a zone of confined propagation
exhibiting longitudinal and radial extent in excellent agreement with theoretical predictions
for the relativistic self-focussing charge displacement mechanism. In performing these
diagnostics, single-shot Thomson signals scattered transversely to the laser direction were
imaged on a CCD camera for a variety of irradiation and pulse-valve conditions using a relay
magnification system. The spatial resolution of the optical system was verified with ‘a
calibrated test pattern to be 5 pm and a narrow band filter was used to admit the scattering
signal at 248 nm while rejecting interfering component produced by the plasma. It is
important to note that the pattern of scattered radiation is a chord-averaged quantity which
will depend on the intensity and density profile along the observation axis (eg. the line
integral). In the data, the appearance of a thin dark central region is consistent with
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reduction of the electron density in the central core of the high-intensity zome of the
propagating channel- the expected signature of radially-driven pondermotive electron
cavitation. The collapse diameter is currently limited by the spatial resolution of the imaging

system (theoretical prediction 1-2 tm) and the power density in the channel was estimated as
10" W/cm®. X-ray emission from the chanmel region is expected to be a highly specific
signature of the energetic conditions produced in the self-focussing interaction, and filtered
pinhole images showed strong evidence of filamentary structure co-registered with the
Thomson data. Strong electromagnetic transients and coherent far-infrared emission at THz
frequencies were also detected as the result of space-charge fields generated at the focus of the
optical pulse due to the large pondermotive force. Preliminary indirect evidence of hot
electron filaments or streamers generated by a wakefield or current pulse mechanism exiting
the channeling process and causing impact ionization were observed. Future experiments will
look for direct evidence of self-modulated wakefields or e-beams by accumulating electrons in
the forward direction using an electron spectrometer or by measuring self-generated second--
harmonic generation and modulational instabilities (ASD, Raman) in the laser spectrum.
Schlieren interferometry and polarimetric Faraday rotation techniques can be used to probe
associated density perturbations and magnetic fields.

e X-ray calibration

As part of the experimental campaign, we also used the short-pulse x-ray bursts
(recombination time < 5 ps) created by M-shell xenon (~1 KeV) and L-shell barium flouide
(~4-5 KeV) to directly measure the impulse response of vacuum x-ray diode (XRD) and
diamond photoconducting detector (PCD) devices whose electrical output is linearly
dependent on incident x-ray flux. This information is critical to developing a secondary
calibration standard for x-ray diagnostics, particulary in the energy range above 10 keV where
a paucity of instrumentation currently exists. For these mesurements, heliax cabling was used
with a bandwith >5 Ghz. The PCD assembly was biased at -100 volts and connected in single-
ended mode to the transient digitizer to reduce electrical noise. The measured risetime for
both devices, deconvolved for instrument response and Fourier filtered, was found to be
approximately 100 ps which may have important programmatic implications for analysis of
mix and Rayleigh-Taylor contributions in on-going hydrodynamic evolution studies on Z.
Evidence of a strong electromagetic pulse was also detected using a simple induction dipole
antennae loop and verifying absence of a photon path.

» Modelling Efforts

In parallel with experiments, modeling efforts have been ongoing toward spectroscopic
analysis and developing predictive capability and stability criteria for the channeling
mechanism. The theoretical analyis seeks to define stable eignemodes in the nonlinear
Schrodinger equation governing the guiding process and electrostatic force balance in the
channel. By correlating the model results with our experimental data such as x-ray spectra
and spatially resolved images, we have established first-order optimization parameters and
stability maps for effcient x-ray conversion. The basic computational procedure developed in
this work will find general usefulness in a variety of cases involving propagation in saturable
nonlinear media different than plasma, including Kerr self-focussing in atmosphere.

The existence of dynamic stability is essential for the control of high-power density plasmas.
Of particular importance are the physical limitations of stable whole-beam self-channeling
behavior, principally robustness to spatial perturbations of the incident laser intensity and the
onset of filamentation instabilities, and corresponding implications for maximum achievable
power density as a function physical conditions in the plasma. Stable asymptotic forms of the
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UIC Laser Conditions:
248 nm, 270 s, ~ 250 mJ, 173 mirror

Target Geomelry:
Pulsed Valve with Single Wall

Target Gas:

Xe, P =50 psia, T = 20°C
Nozzle diameter = 1.5 mm
Rayleigh Range = 28.5 mm
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Figure 11: Transverse image of Thomson-scallered light at 248 nm [rom a sclf-channcled laser filament as a [unction of pressure in the
xenon cluster gas jet. The direction of laser propagation is noted. Rayleigh range of /3 focussing system was 28.5 pm.



P= 35 psia, T= +10°C

P= 140 psia, T=-35°C -

Rayleigh Range ~28.5 pm Nozzle Diameter= 1.5 mm
Target Gas: Xc¢ Pinhole Camera: d= 50 pin
Target Geomelry: Filter: 0.2 wm of Al on

Pulsed Valve with a Wall | wm of polycarbonate -

Figure 12: Single-cxposure x-ray pinhole camera images of Xe(M) radiation ~I keV from a stable laser channel in gascous (Xe),. T he
pscudo-color images show longitudinal multi-foci filament structure and cvidence of a strong emitlance cone highlighted by
an arrow-shaped region ol jonization in the forward direction exiting the channel. Approximalte location of the focal region
is indicated along with the corresponding Raylcigh range of the focussing system ([/3). Incident 248 nm laser pulse had a

duration of ~250 fs, and cnergy of ~350 mJ. The pinhole camera aperture was 25 jm with M~10 and a thin kapton filter
climinated optical background.
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transverse profiles of the laser intensity and plasma electron density are defined by the lowest
eigenmodes of the governing NLSE while an unstable propagation dynamic such as
filamentation is dominated by the formation of higher-order transverse modes. These stable
and unstable regions characteristic of channel formation are best illustrated in the geography
of the N—p coordinate plane where N=P/P; and p= r,®,/c are dimensionless variables related
to laser power (relative to critical) and transverse extent, respectively. Using this analytical
approach, we can develop a stability map or movie describing the evolution of relativistic
amd charge displacement channeling of a Gaussian beam in initially homogeneous plasma as
shown in figure 14. Starting with the initial normalized intensity distribution 1(x,z)/1,,
trajectories connecting A -By, (stable zone) and Ay-By, (unstable zone) can be evaluated to
yield the longitudinal development profile and transverse cuts of the self-channeling process.
Our solutions confirm that stable axisymmetric modes exist for both the homogeneous
plasma case and and for the case of a static preformed plasma gradient, or equivalently a
azimuthally perturbed pulse.

IV. Applications
* X-Ray Backlighting/Radiography

Short-pulse ultrabright x-ray backlighters will be a necessary complement to conventional
nanosecond approaches when improved on-axis opacity penetration is required for diagnostic
imaging in elevated temperature and density environments exhibiting bright backgrounds
such as z-pinch wire array implosions near stagnation or for fuel capsules with high
compression ratios. Typically, backlighter energies >10 keV are required to achieve
transmission conditions operationally useful for shadowgraphic contrast in these instances.
Imploding NIF capsules for example, will feature pusher densities of 700g/cm” in 100 pm
compressed plasma for a pr of order 1-10; this represents an attenuation factor of ~10%* at 6
KeV but only 107 at 20 KeV (assuming carbon as an absorber and pr~5). A short-pulse x-ray
source when combined with fast temporal gating would provide improved measurement
capability by defeating self-emission of compressed plasma and would enhance image contrast
and dynamic range for nondestructive monitoring applications by separating ballistic photons
from the scattering photons. For x-ray pulse durations shorter than the typical
hydrodynamic timescale, motion is frozen so that increased spatial resolution without
prenumbral blurring can be achieved allowing high-resolution projection imaging for
applications involving detailed structural investigations or rapid dynamical change.

New energetic nonthermal x-ray production mechanisms accessible with laboratory-scale
terawatt lasers will facilitate the development of compact drivers with conversion efficiencies
>1% above 10 keV. This conversion can be further improved using high-intensity modes of
channeled propagation in combination with short-pulse multiphoton production of x-rays as
described previously. Thermal emission from plasmas created by ultrafast lasers and
bremsstrahlung from interaction of fast electrons with solid targets can be combined with
differential absortion monochromatic imaging in a backlighter geometry to obtain high-
contrast and high spatial resolution images of NIF-relevant plasmas, and for radiographic
monitoring of weapons components in the stockpile for age-related wear (eg, cracks), fatigue,
and corrosion. The small inherent spatial scales and fast timescales have unique advantages
for studying radiation-driven shock breakout and the Hugoniot relations for shock
compression of materials, time-resolving opacities and mix instabilities, and for precise
determination of the spatial scalelength of the electron density gradient or progressive heat
flow in an expanding plasma.

The general requirements for an x-ray backlighter are conceptually simple: (1) high spectral
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brightness B= ¢/AAAQ BW relative to emission background; (2) capable of penetrating .the
anticipated opacity conditions with detectable fluence and image contrast; (3) negligible
hydrodynamic motion. Based on these basic operational requirements, we attempted to fit
together a reasonable spectral intensity model for the Z pulsed power machine over the
energy range 100 eV- MeV using the limited PCD and crystal spectrometer data available, and
extrapolating(interpolating) sparse or unknown regions using empirical Planckian ‘and
Boltzmann models consistent with energy balance. Using our measured experimental
conversion efficiency for Au @ 10 keV (~1 %), we then estimated the achievable x-ray
spectral radiance using a femtosecond terawatt laser based on CPA hybridization of an
existing Nd:glass laser deployed on Z. Our results indicate that such a tabletop backlighter
would exceed the requirements.

e Ultrafast probing of atomic structure

Recent developments in laser engineering, short-wavelength optics, and the physics of x-ray
generation have made possible a new class of materials science experiments in which matter
is irradiated with short pulses of laser-driven x-rays synchronized with optical excitation.
Such experiments offer unique scientific oppportunities for evaluating nonlinear x-ray
interaction with bulk matter and surface interfaces, facilitate studies of x-ray stimulated
chemistry and’ electronic desorption, and allow well-established x-ray techmiques such as
diffraction and edge absorption with their inherent atomic-scale spatial resolution to be
performed on a picosecond time resolution relevant to surface dynamics. By spatially
delaying part of the laser pulse that activates the x-rays from that which irradiates the
sample, a "stroboscopic" diffraction pattern image or snapshot can freeze changes in the
transient surface morphology and bond order as a function of time delay. Alternatively, one
could directly observe radiation-driven shocks in solid density materials and measure shock
position as function of time and material compression using transmission of x-rays.

X-ray diffractometry exploits interference effects created by adjacent atomic planes (Bragg
to obtain global structural information about fluid or crystal samples. Since x-ray diffraction
measurements can be directly inverted to obtain atomic position or bond length, it is
conceivable that ultrafast exposure with a pump/probe timing configuration could be used to
diagnose dynamical processes such as chemical reactions or phase transitions. This method
could directly track the melt history of a metal lattice or epitaxial thin film from electron
heating through electron-phonon coupling and subsequent disorder and/or recrystallization.
Surface temperature and bond changes during the process would be apparent in the transient
x-ray diffraction pattern signature. Development of a time-resolved x-ray diffraction system
capable of dynamically resolving structural changes induced by an external optical stimulus
would significantly contribute to our understanding of basic materials science and materials
processing. Applications of this technological approach to flash microradiography and pulsed
ionization/radiation damage effects testing in microelectronics and weapons components are
also expected. The reduced sample exposure time inherent to a pulsed measurement process
offers advantages for biological imaging and x-ray holography of hydrated specimens.
Because x-rays can penetrate harsh processing environments, realtime x-ray diffraction and
spectroscopy are ideal for analysis during vapor phase materials processing.

Extended x-ray absorption fine structure (EXAFS) gleans information regarding the local
neighborhood of a given atom or chemical compound using the K-edge absorption spectrum,
noteably C(277 V), N(391 eV), and O(530 eV). The advantage of spectroscopic techniques
over diffractometry is that the required x-ray photon flux is several orders of magnitude
lower. A major application of short-pulses of bright x-rays in this region will be high contrast
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absorption imaging of the carbon in proteins and cellular structure relative to the oxygen in
water. Harder x-rays near the iodine K-edge ~27 keV will be useful for medical differential
imaging and angiography. Short-pulse ballistic imagng will improve the resulting image
contrast and spatial resolution by eliminating the scattered component. Because of its
inherent short wavelength and significant penetration depth, x-ray microscopy is a versatile
tool to study structural composition (elemental map).
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Figure 16: X-ray optical arrangements for (a) pump-probe diffractometry, and (b) ultrafast
absorption spectroscopy. [From Gibbon and Forster]

» Laser Wakefield Accelerator

Conventional particle accelerator technologies are limited by electrical breakdown to field
gradients of order 100 MeV/m. Recently, there has been a resurgence of interest in collective
acceleration using large-amplitude plasma waves because such devices are already ionized ‘and
can theoretically support a field with x10* larger gradient over a short length. Studies of
electron plasma wave excitation show that it should be possible to obtain 5 GeV energies of
accelerated electrons using a multi-terawatt-class Ti:S laser in combination with channeled
propagation over a distance of 5 cm and a plasma density of ~10'® cm™. In this process, the
laser pondermotive force combined with ion inertia which provides an electrostatic restoring
force can drive a longitudinal electrostatic wakefield or charge density wave at nearly the
speed of light, thereby preferentially accelerating electron bunches trapped in the wave along
the axial direction of laser propagation to GeV/m. The transverse electromagnetic laser
energy is coupled into longitudinal plasma waves (accelerating field E, is proportional to the
epw amplitude) with high phase velocity and effective acceleration length L.:

E,~ m.c@y/e ~ Ne/10'® em?)'2 GV/em
[4]
Von = c{ 1-(@0/@o)*}

Ly =M[2(c-Vpn)]



Maximum energy gain of the accelerated electrons by the plasma wave becones AU=E,L,. As
distinguished from the beat wave mechanism which requires a laser heterodyne beat resonant
wiht the plasma, resonant acceleration of Langmuir waves for this case occurs by the seeded
onset of a modulational instability (P>P%, 1,>7/®,) in the homogeneous plasma which is
provided either by the sharp leading edge of the incident optical pulse or due to steepening of
the pulse longitudinal profile during relativistic self-focussing. Accelerator technology for
laser-guided electron beams and beam steering concepts require improved theoretical scaling
and stability analysis. Beam propagation experiment injecting relativistic e-beams into
refractively guided laser ionization channels formed by self-focussing and space-charge
expulsion are in their infancy although promising with measured outputs of 1 nC of charge
per bunch (MeV) in a low emittance beam (1 mm-mrad). The nonlinear refractive response
of the plasma that leads to spatially modified propagation will also give rise to other
phenomena such as self-phase modulation which will affect pulseshape and parametric
instabilities. New applications such as nonlinear Thomson scattering from SMLWA’s and
coherent x-ray harmonics generated by relativistic currents generated across an abrupt
vacuum-solid interface will likely result from research progress in this direction.

* Optically induced nuclear fusion

The process of nuclear fission can be induced by electromagnetic interactions involving
photons if sufficient energy can be communicated to the nucleus to enable the system to
penetrate the fusion barrier. It has been proposed that driven motions of atomic electrons
arising from intense laser irradiation and nonlinear radiative coupling can transfer excitation
energy to nuclear transitions. For 248 nm radiation at an intensity of 10*'W/em? highly
relativistic currents are produced which can couple to the fission mode of nuclear decay. With
irradiation for a time ~100 femtoseconds, calculations indicate a fission probability of 107
for a U-238 nuclei which is measurable with current generation detectors. Acceleration/
generation of relativistic electrons to sufficient energy to surpass the threshold of the fission
reaction can be achieved in the focal region of such an intense laser pulse both by electron
collision mechanism (electrofission) and by true photofission due to bremsstrahlung produced
colaterally by fast electrons in the target material:

photofission channel: Y+A = £ +h+vn  (Op) [5]
electrofission channel: e- +A — f) +f; +vn +e- (G¢p)

The threshold electron energy for electrofission ~10 MeV which requires channeled TW or
PW-class short-pulse lasers to drive the reaction pathway. Large instantaneous fission rates
generated in nuclear materials may be useful for bright and spatially localized high-flux pulsed
sources of fission fragments, neutrons, and gamma rays >10* fiss frag/em® s.

» Fast Igniter

The concept of fast igniter is intimately connected with the fundamental phenomena of
ultra-intense laser light beam propagation through dense matter and seeks to decouple
compression unifomity from ignition. For traditional inertial confinement fusion, energies
>MJ are needed for significant gain and the implosion symmtery must be controlled better
than 1%. In the fast ignitor concept, an intense external short-pulse laser (~10 ps,
10*°W/cm?) is focussed on a compressed core to produce isochoric hot-spot ignition. The
deuterium-tritium fuel assembly is formed by a conventional ablatively-driven implosion. The
optical sparkplug lowers the ignition requirements for ICF by boring through the coronal
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plasma due to radiation pressure and delivering energy in the form of fast electrons. There
are three actual stages in this scheme (1) first fuel is compressed to a radius ~10 microns, the
equivalent of alpha partlcle range at an areal desnity of .4 g/em’. Next (2) a prepulse several
hundred ps long with tailored intensity profile is used to create an optical channel through the
underdense corona and push the critical surface inward to target center; finally (3) short
intense pulses are sent down the preformed channel to the high-density core where it heats
electrons to MeV energies- these fast electrons penetrate the fuel where they thermalize and
ultimately heat ions to qulon temperature (5-10 KeV). Magnetic fields are expected to play a
significant role in establishing a return current and modlfymo lateral transport, and need to be
evaluated in short-pulse laser channeling experiments.

* Adaptive optics

The brightness and ultimate focussed irradiance achievable with a laser pulse is determined by
both the peak power and the spatial divergence. Adaptive optics compensation with
deformable segmented mirrors and active wavefront sensing technology cam dramatically
increase the useable focal irradiance and Strehl ratio in the presence of aberrations or
distortions. State-of-the-art wavefront control instrumentation can correct for linear and
nonlinear aberrations internal to the laser and in beam transport to a level better than A/10
rms. By properly accounting for B-integral distortions and diffraction in the chirped pulse
amplification process, the spatial intensity distribution can be optimized for channel stability.
Dispersion compensation and phase control can be incorporated concurrently using a
programmable pulse shaping apparatus in the oscillator to tailor the time-domain
charateristics. ~

* Recombination X-ray lasers

The aim of transient recombination x-ray lasers based on field ionization is to achieve a brief
population inversion in a cold overionized plasma background which has favorable scaling for
magnitude of stimulated emission in comparison with the laser excitation power. For
practical implementation to table-top drivers, low electron tenperatures at high density are
required to minimize collisional excitation and maximize recombination without the
accompanying electron heating mechanisms (eg, above threshold ionization, stimulated
Raman scattering, and nonlinear inverse bremsstrahlung). Since the number of e-foldings of
the SRS instability and the IB heating process both increase with pulse duration for a given
intensity, short pulse lasers with short wavelengths are essential to minimize heating. When
such lasers are combined with the creation of self-guiding plasma channels, it is possible to
establish a new mode for concentrated energy delivery and power compression, which by
virtue of creating hollow atoms with core electron vacancies over long refractively-
compensated gain scalelengths, can be exploited for efficient x-ray lasing. Improved coupling
with the gain medium due to ordered multi-electron motion in the channel will further
enhance the lasing process.

¢ Electromagnetic pulses

Self-guided light channeling using focused ultrashort pulses can produce a propagating
electrostatic =~ wakefield as result of pondermotively induced charge displacement
nonlinearities. In this physical description, oscillating electrons along the ionization channel
can be trapped and accelerated in a dynamic space-charge gradient by the wakefield to
produce a moving dipole field which travels with the optical pulse. This mechanism can
produce a wide-bandwidth electromagnetic current pulse analogous to the Compton flux of
recoil electrons. The resulting electromagnetic transient should be highly directional along
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the channel propagation axis and correlated with the production of strong bremsstrahlung x-
ray emission. A multi-megagausss toridal B-field is expected near the edge of the focal spot.

V. Conclusion

This report has reviewed the results of an experimental program to understand self-channeled
laser propagation in ionized underdense plasmas with femtosecond terawatt lasers. Although
extremely promising for the control of hard x-ray production and atomic coupling, more
detailed experiments investigating the complex nonlinear interplay between relativistic self-
focussing interactions and refractive guiding are necessary to assess the viability of this
innovative technology for applications requiring power compression over extended distances
including advanced fusion schemes, x-ray lasers, photofission, and electron acceleration.
Improved knowledge of the parameter space governing the interactions will benefit their
utilization for probing hot-dense matter.
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ABSTRACT Robust stability is a chief characteristic of
relativistic/charge-displacement self-channeling. Theoretical
analysis of the dynamics of this stability (i) reveals a leading
role for the eigenmodes in the development of stable channels,
(i) suggests a technique using a simple longitudinal gradient
in the electron density to extend the zone of stability into the
high electron density/high power density regime, (iif) indi-
cates that a situation approaching unconditional stability can
be achieved, (iv) demonstrates the efficacy of the stable
dynamics in trapping severely perturbed beams in single
uniform channels, and (v) predicts that ~10* critical powers
can be trapped in a single stable channel. The scaling of the
maximum power density with the propagating wavelength A is
shown to be proportional to A~ for a given propagating power
and a fixed ratio of the electron plasma density to the critical
plasma density. An estimate of the maximum power density
that can be achieved in these channels with a power of =2 TW
at a UV (248 nm) wavelength gives a value of ~10*! W/cm?
with a corresponding atomic specific magnitude of =60
W/atom. The characteristic intensity propagating in the chan-
nel under these conditions exceeds 10*! W/cm?,

The development of methods for the compression 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 thermonu-
clear environments, the achievable power density {W/cm?) has
been advanced by approximately a factor of 20 orders of
magnitude (=~10%%). New processes, involving the nonlinear
interaction of intense (=10'¥-10°! W/em®) fs pulses of radia-
tion with matter, currently are being explored to enhance
further the controlled production of these environments to a
new ultrahigh level (=10°-10' W/cm?). a range that can
approach =100 W/atom. These conditions provide new pos-
sibilities for the production and regulation of many highly
energetic physical processes, including hard x-ray generation,
the initiation of nuclear reactions. particle acceleration, and
the fast ignition of fusion targets. The key to the production of
these exceptional conditions is the stable compression of the
spatial distribution of powerful (Py = 1 TW-1 PW) pulses of
radiation into very narrow plasma channels. Specifically, a
complex mechanism, which is triggered by pulses whose power
exceeds a critical value P, and involves both relativistic
electron motions and the relative spatial separation of the
electron and ion densities caused by the radiation pressure of
the intense wave, produces the conditions necessary for chan-
nel formation. In brief (1), the ponderomotive radial displace-
ment of the electrons and the contrasting inertial confinement
of the jons cooperate to produce the two chief characteristics
of the channels. They are (i) the refractive self-focusing action

The publication costs of this article were defraved in part by page charge
payvment, This article must therefore be hereby marked *“advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1998 by The National Academy of Sciences 0027-8424/98/957854-6$2.00/0
PNAS is available online at hup://www.pnas.org.

7854

of the displaced electrons. which confines the propagating
radiation, and (if) the high spatial stability of the channels, the
feature produced by the immobile electrostatic spine formed
by the fixed ions. These narrow channels. which typically have
a diameter of a few microns. represent an example of a new,
largely unexplored class of strongly nonequilibrium excited
matter that combines a very high energy density with a
well-ordered structure.

The existence of dvnamic stability is essential for the contro!
of high power density plasmas. Of particular importance are
the physical limits of stable behavior and the corresponding
implications on the maximum achievable power density. The
overall result of this study is that exceptionally robust stability
is a chief characteristic of the relativistic. charge-displacement
self-channeling mechanism. Specifically. the six key findings
are: (i) the discovery of the leading role plaved by the
eigenmodes in the development of stable channels. (i7) the
evaluation of a simple technique using a longitudinal gradient
in the electron density to extend the zone of stability into the
high electron density/high power density regime. (iii) the
indication that a situation approaching unconditional stability
can be achieved. an outcome reflecting the well-ordered
structure of the excited plasma. (iv') the demonstration of the
efficacy of the dynamics in efficiently trapping severely spa-
tially perturbed beams in single uniform channels. ('} an
estimate showing that an extraordinarv power density (=10
W/em®) can be produced in the chanzels with UV radiation.
and (vi) the prediction that ~10* critical powers (Pc,) can be
trapped in a single stable channel.

Theoretical work (1) has predicted thatr the channeled
propagation can exhibit a large domain of stability. Initial
experimental studies (2-5). conducted close to the threshold

condition of the channeling phenomenon (6-15). have fur-
nished evidence supporting this conclusion. Measurements of
the spatial properties of the propagation. using both x-ray (4)
and Thomson (16, 17) images. have clearly established the
formation of long channels of the form shown in Fig. 1. Fig. 1
illustrates a single-exposure x-ray [Xe(M). =1 keV] image of
the longest channel (>50 Rayleigh ranges) that was experi-
mentally produced in a gaseous target containing (Xe), clus-
ters (18) with a fs (=250 fs) UV (248 nm) pulse (19) having a
peak power of =~1.4 TW. The salient characteristic of the image
is a long. stable. and uniform channel of high power density.
the magnitude (20) of which was estimated to be =2 X 10'°
W/emP. or equivalently =1 W/atom. Other work (17). which
examined the channeled region with images of the Thomson
scattered 248 nm radiation. complemented the data shown in
Fig. 1 and demonstratcd that the channeling mechanism
efficiently compresses the incident power into a single filament
whose diameter does not exceed the resolution of the imaging.
system (5-6 pm), a result consistent with the corresponding
theoretical (2, 4. 12) figure of ~1-2 pm. The principal issues
discussed herein are the determination of the conditions

$To whom reprint requests should be addrassed. e-mail: rhodes@ uic.
edu.
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Laser

Propagation (248 nm / 250 fs / ~350 mJ/ £/3 mirror)

Z (mm)
Rayleigh Range =28.5 pm, L, ../ L. >50

FiG. 1. Single-exposure x-ray image of a stable slender channel
emitting Xe(M) radiation (=1 keV) produced in a gaseous target
containing (Xe), clusters. The incident 248-nm pulse had a duration
of =250 fs and an energy of ~350 mJ, and was focused with /3 off-axis
parabolic mirror. The image was recorded with an x-ray pinhole camera
having an aperture with a diameter of 25 um and a spatial resolution of
~30 pm. Because the Rayleigh length of the focusing system is 28.5 pm,
the observed length of the channel exceeds 50 Rayleigh ranges. Addi-
tional experimental details are reported in ref. 4. The color scale (in
arbitrary units) of the measured x-ray intensity is defined by black, zero;
red through violet, ascending intensity; and white, maximum.

limiting the stability of the confined propagation illustrated in
Fig. 1, and the evaluation of the corresponding upper bound
on the power density.

Following conventional notation (1), we introduce the def-
initions of the coordinates of the n-pg plane given by

Proc. Natl. Acad. Sci. USA 95 (1998) 7855
with Py denoting the incident peak power and with the critical
power (Pc) given by (1, 12)

=

Pcr = (’nZ.OCSIeZ)J g%(P)Pdp(w/wp.O)z

0

= 1.6198 X 10'%w/w,0)*W, [2]

in which meg, ¢, and e have their customary identifications,
go(p) is the Townes mode (21), and , wp0, and ro, are the
angular frequency corresponding to the propagating radiation,
the angular frequency of the unperturbed plasma, and the
radius of the incident intensity profile, respectively. In addi-
tion, lowest eigenmodes (1, 10, 12) exist with the dimensionless
radius

= 172 '
Peo = {2 J Ui.o(p)pdp/Ui.o(O)] , (3]

0

in which Us o(p) represents the eigenmode (1, 10, 12) with index
s. The present analysis was confined to electron densities N.
less than one-quarter of the critical electron density (Ner) to
eliminate resonant plasma wave production, and forward
Raman scattering (22, 23) was not included, because it is
known experimentally that it can be suppressed (24).

Fig. 2 illustrates the geography in the 1-po plane of the stable
and unstable regions characteristic of channel formation in
initially homogeneous plasmas (1). The essential features are
the locus of the eigenmode curve p.o(n) defined by Eq. 3, the

7n = Py/P., po = T'owpo/C, (1l existence of a region of stable propagation that includes the
40 ~ » !
? 015! /!
H Main L/ =z : ‘
| Channel ? ’:“z 0.10 }
30 (Stable) é } 05t |
O - { -
~ Z ; 0.00 / i
I A o 1 2 3 4
S oo & ; o Unstable ZL,
m L . .
e é Strong Filamentation
a B o (Unstable)
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A e Main Channel (Stable)
E " BStable
B B e %
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Fic.2. Stability map in the 1-po plane for relativistic and charge-displacement self-channeling of Gaussian beams in initially homogeneous plasmas.
The dimensionless coordinates po and 7 are defined by Eq. 1. Stable and unstable regions in plane (7, po) and the locus peg(n) for the lowest eigenmodes
are shown. Point AunstabLE (21.1, 20.6) corresponds to the input pulse shown in Fig, 34. Points AstaBLE and BstapLe and the trajectory connecting
them are described in the text. BstapLe corresponds to the intensity distribution given in Fig. 3C. (fnser) The exponential longitudinal (z) electron density
profile [N oz) = Neo(0)exp(ez), Neofz =395 Lr) = 20 N.g(0) = 1/6 N;] between points Astase and Bstapee, and Lr denotes the Rayleigh range.
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s 2 4%

Fi1G. 3. Propagation characteristics of azimuthally perturbed 2 TW
UV (A = 248 nm) pulse with the parameters corresponding to data
presented in Fig. 2. (4) The initial transverse intensity distribution (z =
0) corresponding to point AynstapLe in Fig. 2. The azimuthally perturbed
Gaussian amplitude distribution has the form Uo(r, ¢) = IpW2exp(~0.5(/
r0)®) X (1 + (r/ro)*Zeq cos(qe)). The distribution contains a weak azi-
muthal perturbation characterized by £q = 0.03, ¢ = 1~4, and §ine = max
Ho(r, ¢1) — To(r, ¢2)|/1o = 0.21. The laser pulse and plasma parameters are

Proc. Natl. Acad. Sci. USA 95 (1998)

eigenmode curve, and a large zone of unstable propagation
involving strong filamentation.

To increase the power density (W/cm?) in the channel, both
high electron density (N.) and high radiative intensity (I) must
simultaneously exist. This condition, which can be achieved by
raising both the electron density (N.) and the power (Py)
propagating in the channel, has the direct consequence of a
correlated increase in both py and %, a trend that naturally
displaces the operating point of the system directly toward and
eventually into the unstable zone. Therefore, the attempt to
increase the power density in this straightforward manner is
immediately blocked by the onset of unstable plasma dynam-
ics. However, this limitation is overcome if there exists a
mechanism maintaining the location of the operating point in
the stable zone regardless of the fact that sufficiently high
values of 7 and N normally exhibit unstable behavior. Analysis
described below indicates that the use of an appropriate
longitudinal (z) electron density gradient can achieve this goal,
thereby, simply and effectively providing a large extension of
the zone of stability and a corresponding major increase in the
power density. Moreover, it is found that the electron density
profile can be arranged in such a way that the locus of the
operating point of the system becomes dynamically trapped in
the stable zone by the rapid adjustment of the system to a
neighborhood close to the eigenmode curve. Therefore, if the
initial condition corresponds to stability, the strong dynamical
preference for the eigenmode isolates the system in the stable
region and the trajectory of the operating point is prevented
from entering the unstable zone.

The results shown in Figs. 2-4 both illustrate the details of
the propagation and provide a basis for estimating the corre-
sponding bound on the power density. Fig. 34 presents an
initial (z = 0) transverse intensity distribution that corresponds
to point AunstasLe (1 = 21.1, pp = 20.6) in Fig. 2. Because this
condition falls well within the unstable zone, the beam devel-
ops rapidly (z = 400 um = 3.95 Ly, Lr = Rayleigh range) into
the fragmented multichannel form shown in Fig. 3B.

The use of an appropriate longitudinal electron density
profile, such as that given in the inset of Fig. 2, can be used to
achieve the stable propagation depicted in Fig. 3C at both the
high electron density and incident power associated with point
AyunsrapLe given in Fig. 2. Basically, the use of the longitudinal
electron density profile shown in the inset of Fig. 2 maps the
point AunstasLe to the point Astapre in the stable zone of Fig.
2, thereby enabling the system to evolve to Bstaprx, the point
corresponding to the intensity distribution shown in Fig. 3C.
The profile of the pulse, as it evolves from Astapr £ t0 BSTABLE,
is illustrated in Fig. 3D.

A =248nm, Po=2TW, ro = 2 um, Iy = 1.59 X 10! W/cm?, N.o =
3.0 X 102! cm™3 (Neo/Ne= 1/6), 7(0) = 21.1, p(0) = 20.6. (B)
Multifocal filamentation arising from unstable propagation originat-
ing from point AynstapLe in the case of initially uniform longitudinal
electron density profile (Neo = 3.0 X 102! cm™3 = const) with the
initial transverse intensity distribution illustrated in 4. The corre-
sponding longitudinal position isz = 3.95 Lg = 400 um and Jp = 1.59 X
109 W/cm?. (C) Transverse intensity distribution of the stable channel
corresponding to point Bstapre in Fig. 2. The channel forms from the
initial transverse intensity distribution shown in 4 in an underdense
plasma with the exponential longitudinal electron density profile
depicted in the inset of Fig. 2. The longitudinal position is zg = 3.95
LR = 400 pm and Jp = 1.59 X 10" W/cm? The parameters of the
exponential longitudinal electron density profile are: N o(0) = 1.5 X
10% cm~3 and Neo(zg) = 3.0 X 10% cm™3 = 1/6 N.. The peak
intensity in the channel is Iy, = 1.62 X 102! W/cm?. C illustrates the
transverse profile of the evolved form. (D) Longitudinal development
profile of the stable channel during evolution along the trajectory
connecting Astapre and Bsyapee in Fig. 2. The normalized I(x,2)/Io
laser intensity distribution is shown. Coordinate z represents the
direction of propagation and x is one of the transverse coordinates. A
single high power density channel is formed.
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The remapping of the initial condition fundamentally alters
the dynamics of the propagation. In the comparison of Fig. 3
B and C, the strongly unstable propagation in Fig. 3B is
converted into the formation of a single stable channel that
contains more than 85% of the incident power. This dramatic
shift in the behavior is driven by the dynamics of the stable
region, namely, the strong proclivity of the system to seek the
lowest eigenmode. This characteristic of the dynamics is clearly
fllustrated in the form of the trajectory of the operating point
in Fig. 2, which connects the initial conditions corresponding
to point AstapLe With the final evolved channel denoted by
datum BstapLe- The path of this trajectory demonstrates
emphatically that the system aggressively moves toward the
eigenmode and remains virtually locked in a small neighbor-
hood of the eigenmode curve as the electron density (Ne) and
corresponding value of 7 both rise to the conditions of high
power density. This dynamical behavior contrasts sharply with
other mechanisms of self-focusing (e.g., Kerr and relativistic),
which generally manifest very poor characteristics of stability
(11, 25, 26).

A

1/1,
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The powerful tendency for attraction to the eigenmode,
illustrated by the trajectory pictured in Fig. 2, suggests that the
confined propagation may be highly robust against large spatial
perturbations of the incident intensity profile. To evaluate this
possibility, particularly for high power (=>TW) infrared (A =
1 pm) pulses, the severely azimuthally aberrated intensity
distribution of a 1 PW pulse shown in Fig. 44 was used to
replace the weakly aberrated counterpart presented in Fig. 34.
The corresponding results are presented in Fig. 4 B-D. With
the initial condition given by point Aynstasre in Fig. 4B, the
expected filamentation rapidly develops. However, the remap-
ping of the launching point of the wave from AuynstabLE tO
Astanig with the longitudinal electron density profile depicted
in the inset of Fig. 2 fully restores the stable pattern of
propagation as illustrated in Fig. 4C. The corresponding
trajectory of the operating point arising from the initial
condition Astapy £ is illustrated in Fig. 4B. We note again the
rapid convergence with the eigenmode curve and the efficient
achievement of a single channel with the high power density
corresponding to BstasLs, 4 point representing a stable chan-

B 4
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FiG.4. Propagation characteristics of strongly azimuthally perturbed 1 PW infrared (A = 1 um) pulse. (4) Initial (z = 0) transverse (x,y) intensity
distribution corresponding to point Astapie in B. The azimuthally perturbed Gaussian amplitude distribution has the form Uo(r, ¢) =
Io'Pexp(—0.5(r/ro)?) X (1 + (r/ro)*Seq cos(q¢)). The distribution involves a gross azimuthal perturbation characterized by &g = 0.1,4 = 1-4, and
8ine = max [Jo(r, b1) — Jo(r, $2)|/Io = 1.06. The laser pulse and plasma parameters are Po = 1PW, A = 1 pm, 7o = 7 um, Jo = 6.5 X 102 W/em?,
Neg(0) = 9.23 X 1018 cm~3, 1(0) = 749, p(0) = 4.72. (B) Stability map in the 7-po plane that displays data corresponding to the propagation of
the aberrated 1 PW, A = 1 pzm pulse. See text for details. (C) Transverse (¥, y) intensity distribution corresponding to point BstasLe in B showing
the formation of a stable single channel. The channel forms from the initial transverse intensity distribution is shown in A in underdense plasma
with the exponential longitudinal electron density profile depicted in the inset of Fig. 2. The longitudinal position is zp = 3.95 Lr = 1215.2 pm,
the incident peak intensity is Jo = 6.5 X 102° W/cm2, and the corresponding electron density is Ne.o(zs) = 1.85 X 1020 cm 3, [Neo(zB)/Ner = 1/6],
The maximum intensity in the channel is I, = 2.5 X 102 W/cm2. C illustrates the transverse profile of the evolved form. (D) Longitudinal
development profile of the stable channel during evolution along the trajectory connecting AstasLe and BsrasLe in B. The normalized I(x, z)/Io
laser intensity distribution is shown. Coordinate z represents the direction of propagation and x is one of the transverse coordinates.
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nel containing approximately 10 critical powers. It is signif-
icant that the gross spatial restructuring of the pulse shown in
Fig. 4D occurs with a modest loss of power, in this case, about
30%. The exceptional stability demonstrated by this result
indicates that incident beam profiles deviating greatly from
ideal spatial form can be efficiently converted into high
brightness configurations.

The results discussed above provide the basis for an estimate
of the upper bound of the controlled power density that can be
achieved and the dependence of that limit on the wavelength
(A) of the propagating radiation. For A = 248 nm, N./N =
1/6, and an incident P = 2 TW, it was found (cf. Fig. 3C) that
the peak intensity in the channel is I, = 1.62 X 10%! W/cm?2
To estimate the effective cross section oy, for coupling of the
radiation to the atomic or molecular material in the channel,
we use a previous estimate (27) of the upper bound of oy, valid
in the limit of sufficiently high intensity (>10% W/cm?) and
sufficiently high atomic number (Z). This analysis (27) led to
a universal magnitude given by o,, = 8w %2 in which %, is the
Compton wavelength of the electron. In arriving at this value
for 0wy, appeal was made to a picture involving an extreme
form of ordered driven electronic motion in atoms (28), a
model that bears an analogy to certain atom-atom and ion-
atom collisional processes (29). We note that this value of oy,
also has an experimental basis, because it gives good agree-
ment (20) for power densities (=1 W/atom) derived from
images of Xe x-ray spectra produced in channels (30, 31). If we
further assume that the channel contains uranium atoms at an
average density Ny that experience ionization to the level Z =
70, the state of ionization predicted at an intensity ~1.7 X 10!
W/cm? by the Coulomb suppression model (32), we can write
the corresponding power density (P/V) approximately as

P N, ” -
-175 Nyoy [ = 70’,,.,1 =2.6 X 102 W/cm5, 4

or equivalently ~60 W/atom.

Because the self-channeling causes the transverse intensity
profile of the laser beam to stabilize near a lowest eigenmode
(1, 3, 12), the peak intensity I, in the channel can be expressed
from Egs. 1-3 as (1, 4)

4\ (mioc® [ =
Iy = (——dl) (’ﬁ) f g3(p)pdp, 5]

2
Peo 0

where My = Pen/Per, and Pey, represents the power trapped in
the channel. For the range of 1.4 < 7, < 10, the normalized
radius of the lowest eigenmodes is nearly constant (1, 3), peo
= 1.7, and Eq. 5 reduces to the simple expression

Iy =7 % 10 %W/cm2 (61

with A given in units of micrometers.

The self-channeling of ultra-powerful PW laser pulses in
high density plasmas generally involves a trapped power in the
channel P, that is the order of 103~10% P.,. For this range (103
= my S 4%10%), the normalized radius of the lowest eigen-
modes is peo = 3, and Eq. 5 for this range reads

L,=2X 10 % W/cm? 71

with A given in units of micrometers.
It follows from the definition of N, that I, can be written
in the form

Io= = 3o P A==t P (8]
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Because both peg and P /Pg vary slowly over the range 10 <
nen < 104 (pe.o = const, Pen/Po = const), the peak intensity in
the channel scales as

N, a
I~ N_Po)\ ~, . [9]
(=9

a result, which gives for a constant ratio of N./N the simple
scaling

I~ PoA ™% [10]

From the obvious relation N. = A~2 for N./N. = const,
together with Egs. 4 and 10, we conclude that at a constant
ratio of N./N, the power density P/V is expected to vary as

P/V ~PA~*. (1

Within a margin of =10 percent. the results of our computa-
tions conform to this strong expected scaling favoring the UV.

In conclusion, detailed studies of the stability of relativistic/
charge-displacement self-channeling have revealed two chief
characteristics of this nonlinear mechanism of propagation: a
dominant role for the lowest eigenmode for pulses launched in
the stable zone and an exceptional robustness of the stability
of single channels. As a consequence, strongly azimuthally
perturbed incident intensity profiles can undergo efficient
confinement to stable channeled distributions. The results
demonstrate how a simple gradient in the electron density can
be used to augment the effectiveness of the stable region and
extend the channeling process into a high power-density
regime that unites high propagating intensities with high
plasma densities.
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