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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,
(ii) 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, (iii) 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?2.

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?3) has
been advanced by approximately a factor of 20 orders of
magnitude (=~10%°). New processes, involving the nonlinear
interaction of intense (=~10'8-102! W/cm?) 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°-102! 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 ions cooperate to produce the two chief characteristics
of the channels. They are (i) the refractive self-focusing action
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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 dynamic stability is essential for the control
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 played by the
eigenmodes in the development of stable channels, (if) 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, (v) an
estimate showing that an extraordinary power density (=~10?!
W/cm?) can be produced in the channels with UV radiation,
and (vi) the prediction that ~10* critical powers (P.;) can be
trapped in a single stable channel.

Theoretical work (1) has predicted that 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 101?
W/cm?3, 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 demonstrated 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 um), a result consistent with the corresponding
theoretical (2, 4, 12) figure of ~1-2 um. The principal issues
discussed herein are the determination of the conditions
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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 f/3 off-axis
parabolic mirror. The image was recorded with an x-ray pinhole camera
having an aperture with a diameter of 25 wm and a spatial resolution of
~30 um. Because the Rayleigh length of the focusing system is 28.5 um,
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-py plane given by
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with Py denoting the incident peak power and with the critical
power (P) given by (1, 12)

Pcr = (mg,ocs/ez)f gg(P)PdP(w/wp,o)z
0

= 1.6198 X 10"(w/w,0)*W, [2]

in which m, ¢, and e have their customary identifications,
go(p) is the Townes mode (21), and w, wpo, and ry, 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

. 12
Peo = 2f UZ,O(P)PdP/Uf,O(O) 5 [3]
0

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 (N¢) 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 n-pp 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 pe o(n) defined by Eq. 3, the

n = Py/P,,, po = Towp o/c, [1] existence of a region of stable propagation that includes the
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F1G. 2. Stability map in the n-py plane for relativistic and charge-displacement self-channeling of Gaussian beams in initially homogeneous plasmas.
The dimensionless coordinates pp and n are defined by Eq. 1. Stable and unstable regions in plane (n, po) and the locus peo(n) for the lowest eigenmodes
are shown. Point AunstasLe (21.1, 20.6) corresponds to the input pulse shown in Fig. 34. Points AstapLe and BstagLe and the trajectory connecting
them are described in the text. BstapLe corresponds to the intensity distribution given in Fig. 3C. (Inset) The exponential longitudinal (z) electron density
profile [Neo(z) = Neo(0)exp(az), Neo(z = 3.95 Lr) = 20 Neo(0) = 1/6 Nr] between points Astasre and Bstapig, and Lr denotes the Rayleigh range.
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F1G. 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 Uy(r, ¢) = Ip"?exp(—0.5(r/
r0)?) X (1 + (r/ro)*eq cos(qe)). The distribution contains a weak azi-
muthal perturbation characterized by g = 0.03, ¢ = 1-4, and 8, = max
[To(r, d1) — Io(r, $2)|/Io = 0.21. The laser pulse and plasma parameters are
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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 (V) and high radiative intensity (/) must
simultaneously exist. This condition, which can be achieved by
raising both the electron density (N.) and the power (Po)
propagating in the channel, has the direct consequence of a
correlated increase in both py and m, 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 n 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 (m = 21.1, po = 20.6) in Fig. 2. Because this
condition falls well within the unstable zone, the beam devel-
ops rapidly (z = 400 um = 3.95 Lg, 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
AunstasLg 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 AstapLg in the stable zone of Fig.
2, thereby enabling the system to evolve to BsrapLg, the point
corresponding to the intensity distribution shown in Fig. 3C.
The profile of the pulse, as it evolves from AstaBLE tO BSTABLE,
is illustrated in Fig. 3D.

A =248 nm, Py = 2TW, ro = 2 um, Iy = 1.59 X 10 W/cm?, Ney =
3.0 X 102! em™3 (Neo/Nee= 1/6), m(0) = 21.1, p(0) = 20.6. (B)
Multifocal filamentation arising from unstable propagation originat-
ing from point AunstaBLE in the case of initially uniform longitudinal
electron density profile (Nep = 3.0 X 10*! cm™3 = const) with the
initial transverse intensity distribution illustrated in 4. The corre-
sponding longitudinal position isz = 3.95 Lr = 400 um and Iy = 1.59 X
10" W/cm?. (C) Transverse intensity distribution of the stable channel
corresponding to point BstapLg in Fig. 2. The channel forms from the
initial transverse intensity distribution shown in A4 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 um and Iy = 1.59 X 10! W/cm? The parameters of the
exponential longitudinal electron density profile are: N¢o(0) = 1.5 X
102 cm™3 and Neo(zg) = 3.0 X 102! cm™3 = 1/6 N The peak
intensity in the channel is Icn = 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 AstapLe and BstapLe in Fig. 2. 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. 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
illustrated in the form of the trajectory of the operating point
in Fig. 2, which connects the initial conditions corresponding
to point AsraprLe With the final evolved channel denoted by
datum Bsrapie. 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 (N.) and
corresponding value of m 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,
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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 AunsrapLe in Fig. 4B, the
expected filamentation rapidly develops. However, the remap-
ping of the launching point of the wave from AynstasLE tO
AstasLe 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 AsrapLk 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 BstasLE, @ point representing a stable chan-
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F1G.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 AstapLe in B. The azimuthally perturbed Gaussian amplitude distribution has the form Uy(r, ¢) =
Io'2exp(—0.5(r/r0)?) X (1 + (r/ro)*Zeq cos(q¢)). The distribution involves a gross azimuthal perturbation characterized by eq = 0.1, ¢ = 1-4, and
Sint = max |lo(r, 1) — Lo(r, 2)|/Io = 1.06. The laser pulse and plasma parameters are Pp = 1 PW, A = 1 um, ro = 7 pum, Ip = 6.5 X 1020 W /cm?,
Neo(0) = 9.23 X 108 cm ™3, n(0) = 749, p(0) = 4.72. (B) Stability map in the m-py plane that displays data corresponding to the propagation of
the aberrated 1 PW, A = 1 um pulse. See text for details. (C) Transverse (x, y) intensity distribution corresponding to point Bstapie in B showing
the formation of a stable single channel. The channel forms from the initial transverse intensity distribution is shown in 4 in underdense plasma
with the exponential longitudinal electron density profile depicted in the inset of Fig. 2. The longitudinal position is zg = 3.95 Lr = 1215.2 um,
the incident peak intensity is Iy = 6.5 X 102 W/cm?, and the corresponding electron density is N o(zg) = 1.85 X 102 cm™3, [Neo(z)/Ner = 1/6].
The maximum intensity in the channel is I, = 2.5 X 10?2 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 AsraprLe and BstapLe in B. The normalized I(x, z)/Iy
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
(\) of the propagating radiation. For A = 248 nm, N¢/N¢, =
1/6, and an incident Py = 2 TW, it was found (cf. Fig. 3C) that
the peak intensity in the channel is I, = 1.62 X 102! W/cm?.
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 oy, = 87 A2 in which % is the
Compton wavelength of the electron. In arriving at this value
for oy,, 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 102!
W/cm? by the Coulomb suppression model (32), we can write
the corresponding power density (P/}) approximately as

P N,
175 Nyo,,I = ?O'MI =2.6 X 102! W/cm?, [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 /., in the channel can be expressed
from Egs. 1-3 as (1, 4)

4 nen mrzz,ocs *
Iy = (7) (W go(p)pdp, [5]

2
Pe.0 0

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

MNch

Ich =7X 1018 )\2

W/cm? [6]

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
=< nen = 4X10%), the normalized radius of the lowest eigen-
modes is peo = 3, and Eq. 5 for this range reads

en

I, =2x10" 2

W /cm? [7]

with A given in units of micrometers.
It follows from the definition of N, that I, can be written
in the form
_ 47 N, _

dar Pch Ne
ch — Pg,o Ncr ch

B pg,U PO Ncr

P\ 2. [81
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Because both pe g and P.n/Py vary slowly over the range 10 <
Nen = 10% (peop =~ const, Pen/Po =~ const), the peak intensity in
the channel scales as

Ne .,
Ich~N Por™%, 9]

Ccr

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

Iy ~ PoA "2 [10]

From the obvious relation N, ~ A2 for N./N., = const,
together with Egs. 4 and 10, we conclude that at a constant
ratio of N./N,, the power density P/} is expected to vary as

P/V ~PoA~*. [11]

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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