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The controlled formation in an underdense plasma of stable multi-PW relativistic micrometer-scale channels,
which conduct a confined power at 248 nm exceeding 104 critical powers and establish a peak channel
intensity of,1023 W/cm2, can be achieved with the use of an appropriate gradient in the electron density in
the initial launching phase of the confined propagation. This mode of channel formation optimizes both the
power compression and the stability by smoothing the transition from the incident spatial profile to that
associated with the lowest channel eigenmode, the dynamically robust structure that governs the confined
propagation. A chief outcome is the ability to stably conduct coherent energy at fluences greater than
109 J/cm2.
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I. INTRODUCTION

The phenomenon of self-focusing of powerful laser pulses
in nonlinear media[1–4] has been one of the key factors that
(1) historically triggered rapid progress in theoretical nonlin-
ear optics and(2) drove the development of high peak power
laser systems. Following an initial theoretical phase that in-
cluded detailed numerical assessments[5–8], the predicted
self-channeling property of the relativistic/charge-
displacement mechanism was initially experimentally dem-
onstrated at an ultraviolet wavelengths248 nmd in Ref. [9].
Subsequently, in a second round of experimental studies of
this high intensity mode of confined propagation, the obser-
vation of relativistic channels with lengths exceeding 100
Rayleigh ranges was reported[10]. At the present time, more
than a decade after the first experimental observation[9], the
relativistic and ponderomotive mechanism of self-channeling
stands as the first rank method for thecontrolledpower com-
pression of high intensity laser pulses in plasmas. Major ap-
plications associated with these relativistic channels include
(a) the generation of coherent x rays,(b) particle accelera-
tion, and(c) the fast ignition of fusion targets.

A chief issue facing any mode of power compression in
plasmas is the stability of the compressed configuration. For
the relativistic mechanism under consideration, the principal
vulnerability is the potential for transverse instability of the
self-channeled propagation, a process that destroys the power
compression through the uncontrolled development of mul-
tiple peripheral filaments. This form of transverse instability
was first demonstrated both theoretically[11] and experi-
mentally[12,13] in the case of Kerr self-focusing. In contrast
to the Kerr case, studies of the stability of propagation for
the relativistic charge-displacement mechanism in uniform

underdense plasmas[14–17] have revealed the existence of
large stable zones of confined propagation. The basis of the
finding is the existence of an eigenmode that governs the
propagation and confers on it a robust stability sufficiently
strong to damp even large levels of azimuthal perturbation
[14]. The physical origin of this stability is the energetics of
the charge displacement. Accordingly, for the first time, the
relativistic charge-displacement mechanism brought into al-
liance two prized attributes in the world of confined plasmas,
(i) exceptionally high power densitys,1020 W/cm3d and(ii )
a state of propagation exhibiting unconditional stability.

Analyses of the stability of the relativistic and pondero-
motive mechanism have distinguished[14–17] three major
modes of self-channeling action. They are(1) the uncondi-
tionally stable mode that leads directly to the formation of a
single stable ultrapowerful channel,(2) the fully unstable
mode, which is characterized by the uncontrolled develop-
ment of multiple peripheral filaments each carrying a power
on the order of the critical powerPcr, and(3) the bifurcation
mode of the self-channeling, an intermediate situation of lim-
ited instability that occurs when the transverse instability
leads to the splitting of the beam into two or a relatively
small number of powerful channels each possessing a power
Pch considerably in excess of a critical power(e.g., Pch
@ Pcr).

In the high power regimesP@ Pcrd, the development of
stable channels is decisively influenced by the conditions of
channel initiation. For example, whenP@ Pcr and the radius
of the incident beam is considerably larger than the radius of
the eigenmode of the relativistic channel, highly unstable
filamentation is the dominant mode of propagation[14]. Im-
portantly, it has been established, both numerically[15,16]
and experimentally[17], that these unstable modes of propa-
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gation can be transformed into corresponding stable modes
with proper control of the gradient in the electron density
during the initial stage of channel formation. The growth of
the instability can bedynamicallyblocked. Specifically, the
use of a longitudinal variation in the medium restores the
stable flow of energy to the eigenmode by enabling the inci-
dent pulse to be matchedadiabatically to the spatial charac-
ter of the eigenmode. Moreover, the length of the initial zone
that possesses the appropriate gradient in the electron density
profile can be relatively short, on the order of the Rayleigh
range. Typically, this distance is much shorter than the char-
acteristic length for dissipation of the laser pulse energy in
cold underdense plasmas. Therefore, the energy losses are
negligible for stable channel formation in the initial launch-
ing phase of the self-channeling; these losses only affect the
total length of the channeled propagation.

The computational results discussed below for radiation at
a wavelength of 248 nm demonstrate that this technique can
be used to optimize the formation and control of stable chan-
nels in underdense plasmas in the multi-PW regime. These
channels conduct a power exceeding 104 critical powers and
generate peak channel intensities in the,1023 W/cm2 range.
We note that the suppression of the transverse instabilities
for the laser pulses with the peak intensity in the
1023 W/cm2 range has also been demonstrated numerically
in recent three-dimensional particle-in-cell(PIC) simulations
[18] of ion acceleration with ultrapowerful laser pulses pen-
etrating high density plasmas(see Ref.[19] for a review of
PIC simulations of the relativistic self-channeling).

II. SELF-CHANNELING MODEL AND ANALYTICAL
ANALYSIS

The stability analysis of the relativistic and ponderomo-
tive mechanism of self-channeling is founded on a basic
physical model[7,8] that involves two chief dimensionless
parameterssh ,r0d. They represent the normalized powerh
and normalized radiusr0 of the incident beam and are de-
fined by

h = P0/Pcr and r0 = r0vp,0/c. s1d

In Eq. (1), P0 andr0, respectively, denote the peak power and
the radius of the incident beam andPcr represents the critical
power [7,8] for relativistic and ponderomotive self-
channeling given[8] by

Pcr = sme,0
2 c5/e2dE

0

`

g0
2srdr drsv/vp,0d2

= 1.61983 1010sv/vp,0d2W, s2d

in which me,0,c, and e have their standard identifications,
g0srd is the Townes mode[2], v is the angular frequency of
the laser radiation, andvp,0 represents the angular plasma
frequency

vp,0 = s4pe2 Ne,0/me,0d1/2. s3d

The process of the self-channeling can be described as the
stabilization of the transverse beam profile near one of the

z-independent modes of propagation identified[8,14] as the
lowest eigenmodesUs,0srd of the governing nonlinear
Schrödinger equation. The indexs, which falls in the interval
0,s,1, is associated with the normalized powerh of the
eigenmodes. The quantityr=rvp,0/c represents the normal-
ized transverse variable, wherer is the transverse spatial co-
ordinate. The normalized radiusre,0 of the eigenmodes
Us,0srd can be defined as

re,0 ; S2E
0

`

Us,0
2 srdr dr/Us,0

2 s0dD1/2

. s4d

Since the eigenmodesUs,0srd represent the normalized trans-
verse field profiles of the relativistic channels, a specific
eigenmode curvere,0shd identifies the normalized radius of
the relativistic channel as a function of the normalized power
h trapped in the channel. Thus, the radius of the channelrch
can be expressed as

rch =
cre,0

vp
s5d

and

rch =
re,0

2p
l sNe/Ncrd−1/2. s6d

Sincere,0 varies slowly[14] for h.1.5, we conclude that
the radius of the relativistic channel scales approximately as

rch , Ne
−1/2. s7d

Accordingly, from Eqs.(4) and (6), the peak laser intensity
in the relativistic channelIch can be expressed as

Ich =
4p

re,0
2

Ne

Ncr
Pchl

−2, s8d

in which Pch represents the power trapped in the channel.
Again, sincere,0 varies slowly [14] for h.1.5, the peak
intensity in relativistic channels scales as

Ich ,
Ne

Ncr
Pchl

−2. s9d

For a constant ratio ofNe/Ncr, the simple scaling relations

rch , l and Ich , Pchl
−2 s10d

follow from Eqs.(6) and (9).
The propagation of ultrapowerfulsh=P0/Pcr@1d laser

pulses, under conditions for which the initial radius of the
beam r0 is much larger than the radius of the channel
(r0@ rch, or r0@re,0), is generally explosively unstable. The
canonical outcome is a rapid and uncontrolled formation of
multiple peripheral filaments; the channel disintegrates. In
order to restore channel formation and stable propagation,
and likewise optimize the efficiency of the power compres-
sion, an appropriate spatial match between the radius of the
incident beam and the characteristic radius of the channel has
to be attained, namely,

r0 , rch or r0 , re,0. s11d

Sincerch,Nc
−1/2, the condition specified by Eq.(11) can be
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achieveddynamically through the adjustment of the local
electron densityNe, with the provision of a suitable longitu-
dinal gradient in that quantity.

III. RESULTS OF NUMERICAL MODELING

A. Multiterawatt regime

The chief physical parameters of the numerical stability
analysis conducted in the present study are(1) the incident
peak power,(2) the radius of the incident laser beam,(3) the
level of the azimuthal perturbations of the incident transverse
intensity distribution,(4) the length of the initial stage of
channel formation involving the longitudinal gradient in the
electron density, and(5) the level and spatial distribution of
the electron density profile in the initial region in which the
channels characteristic of the eigenmode are developed.

The stability analysis was performed for azimuthally per-
turbed Gaussian beams specified by an incident transverse
amplitude distribution given by

U0sr,fd = I0
1/2 expf− 0.5sr/r0d2gs1 + sr/r0d4 o «q cossqfdd .

s12d

The strength of the azimuthal perturbations in Eq.(12) is
characterized by the parameterdpert defined through

dpert= max uI0sr,f1d − I0sr,f2du/I0. s13d

For «q=0.01 sq=1–4d in Eq. (12) , dpert=0.063, and corre-
spondingly for«q=0.05 sq=1–4d dpert=0.393.

In the results presented in the sequence of figures follow-
ing below, the transverse coordinatessx,yd are normalized
by the radius of the incident transverse intensity profiler0
[see Eq.(12)] and the longitudinal coordinatez is normalized
by the Rayleigh lengthLR. In the case of axisymmetric
Gaussian beams, we haveLR=pw0

2/l, wherew0 is the waist
of the incident transverse amplitude profile. Further, since
w0=Î2r0 [see Eq.(12)], we haveLR=2pr0

2/l.
Figure 1 illustrates the classic behavior of a highly un-

stable mode. A smooth beam profile incident on an initially
uniform plasma results in the catastrophic formation of mul-
tiple peripheral filaments. The incident transverse intensity
distribution is presented in Fig. 1(a). The corresponding level
of the azimuthal perturbation of the incident transverse in-
tensity profile is dpert=0.063. The chief laser beam, and
plasma parameters in this case arel=248 nm,P0=39 TW,
r0=10 mm, I0=1.231019 W/cm2, «q;0.01 sq=1–4d, dpert

=0.063, andNe,0=3.831020 cm−3. The normalized power
and beam radius in this case areh=P0/Pcr>50 and r0
>37. Figure 1(b) depicts the transverse profile consisting of
the multiple filaments that evolve in the process of the highly
unstable propagation.

The restoration of both stable propagation of the channel
and efficient power compression can be achieved through the
use of the two-step self-channeling mechanism introduced
above(see Fig. 2). The first stage, which initiates the stable
channel formation, involves an exponential longitudinal gra-
dient in the electron density profile defined byNe,0szd
=Ne,0s0dexpsazd. In the specific example considered, we

haveNe,0s0d=1.931019 cm−3, Ne,0,max=3.831020 cm−3, and
zmax=3.16LR sa=0.949d, wherezmax is the length of the first
stage and the point at which electron densityNe reaches the
maximum valueNe,0,max. All of the parameters associated
with the propagation are otherwise the same as those used in
the previous case above(see Fig. 1). Accordingly, the trans-
verse incident intensity profile is identical to that presented
in Fig. 1(a). The corresponding development of a stable
channel that demonstrates the efficacy of the two-step pro-
cess involving the exponential longitudinal electron density
profile is shown in Fig. 2. It is evident that the highly un-
stable structure with multiple filaments given in Fig. 1(b) has
been transformed into a single stable channel.

B. Scaling to the multipetawatt regime

We now present results that demonstrate that this mecha-
nism of stable channel formation can be extended to powers
in the multi-PW regime. Figure 3 illustrates the formation of

FIG. 1. Highly unstable relativistic and ponderomotive self-
channeling of an azimuthally perturbed multi-TW laser pulse in an
initially uniform underdense plasma. The laser and plasma param-
eters are l=248 nm, P0=39 TW, r0=10 mm, I0=1.2
31019 W/cm2, and Ne,0=3.831020 cm−3. The normalized power
and beam radius in this case are, respectively,h=P0/Pcr>50 and
r0>37. The incident azimuthally perturbed transverse amplitude
distribution is defined by Eq.(12) with «q=0.01 sq=1–4d. The
corresponding level of weak azimuthal perturbations is character-
ized by dpert from Eq. (13) , dpert=0.063. (a) presents the weakly
azimuthally perturbed transverse intensity profile of the incident
laser beam.(b) illustrates the transverse structure with the multiple
peripheral filaments that have evolved in the process of highly un-
stable propagation.
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a stable multi-PW relativistic laser channel. A longitudinal
gradient in the electron density profile was initially used to
dynamically guide the system to the corresponding eigen-
mode, as shown above in the terawatt example. The principal
laser and plasma parameters in this case arel=248 nm,P0
=7.8 PW, r0=2 mm, I0=6.231022 W/cm2, «q;0.01 sq
=1–4d, dpert=0.063, Ne,0s0d=5.031019 cm−3, Ne,0,max=3.8
31020 cm−3, and zmax=3.95LR. The initial power of P0
=7.8 PW corresponds toh=104. Significantly, the power

trapped in the stable channelPch is comparable toP0; the
losses sustained during the formation of the channel are
small. Although the longitudinal profile of the electron den-
sity utilized had an exponential shape defined byNe,0szd
=Ne,0s0dexpsazd with a=0.514, additional studies have dem-
onstrated that, for the laser pulse and plasma parameters cor-
responding to Fig. 3, stability of the propagation can be es-
tablished with a range of shapes of the electron density
profile. Insensitivity to the specific form of the electron den-
sity is demonstrated by the results presented in Fig. 4 which
shows the development of stable channeled propagation with
an electron density profile defined by

Ne,0szd = Ne,0s0dhNe,0,max/Ne,0s0d − fNe,0,max/Ne,0s0d − 1g

3expf− sz/zexp,2d2gj, s14d

in which Ne,0s0d=5.031019 cm−3, Ne,0,max/Ne,0s0d=7.6, and
zexp,2=2.96LR. Otherwise, the remaining laser and plasma pa-
rameters are identical to those presented in Fig. 3. The stable
multi-PW relativistic laser channels presented in Figs. 3 and
4 contain a power on the order of 104Pcr.

The calculations also indicate that the result shown in Fig.
4 does not represent a physical limit for the conduction of
power. The successful establishment of a stable multi-PW
relativistic channel with a power exceeding 104Pcr is pre-
sented in Fig. 5. The chief laser and plasma parameters in
this example arel=248 nm, P0=9 PW, r0=5 mm, I0=1.1
31022 W/cm2, «q;0.01 sq=1–4d, dpert=0.063, Ne,0s0d
=7.631018 cm−3, Ne,0,max=3.831020 cm−3, and zmax
=2.37LR. The longitudinal profile of the electron density at
the initial stage of the channel formation had an exponential
shape defined byNe,0szd=Ne,0s0d expsazd with a=1.65. The
transverse profile of the incident laser beam and transverse

FIG. 2. Dynamics of stable multi-TW channel formation in the
initial stage of the propagation with the use of an exponential lon-
gitudinal electron density profile defined byNe,0szd
=Ne,0s0dexpsazd with Ne,0s0d=1.931019 cm−3, Ne,0,max=3.8
31020 cm−3, andzmax=3.16LR sa=0.949d. All other laser pulse pa-
rameters are the same as in the previous case depicted in Fig. 1:
l=248 nm, P0=39 TW, r0=10 mm, and I0=1.231019 W/cm2.
The incident azimuthally perturbed transverse intensity profile is the
same as the distribution shown in Fig. 1(a) with «q;0.01 sq
=1–4d anddpert=0.063[see Eqs.(12) and (13)]. The development
of a stable channel is presented in thesx,zd plane, wherez is the
axis of propagation andx is one of the transverse coordinates.

FIG. 3. Dynamics of stable multi-PW channel formation in the
initial stage of propagation with the use of an exponential longitu-
dinal electron density profile defined byNe,0szd=Ne,0s0dexpsazd
with Ne,0s0d=531019 cm−3, Ne,0,max=3.831020 cm−3, and zmax

=3.95LR sa=0.514d. The laser pulse parameters arel=248 nm,
P0=7.8 PW, r0=2 mm, and I0=6.231022 W/cm2. The incident
azimuthally perturbed transverse amplitude distribution is defined
by Eq. (12) with «q;0.01 sq=1–4d and the corresponding level of
azimuthal perturbation isdpert=0.063 [see Eq.(13)]. The power
trapped in the stable relativistic multi-PW laser channel is in the
range of 104 critical powers.

FIG. 4. Dynamics of stable multi-PW relativistic channel forma-
tion in the initial stage of propagation with the use of a longitudinal
electron density profile defined by Eq.(14) with Ne,0s0d=5
31019 cm−3, Ne,0,max=3.831020 cm−3, andzexp,2=2.96LR. The la-
ser pulse parameters are identical to the case illustrated in Fig. 3:
l=248 nm,P0=7.8 PW,r0=2 mm, andI0=6.231022 W/cm2. The
incident azimuthally perturbed transverse amplitude distribution is
defined by Eq.(12) with «q;0.01 sq=1–4d and the corresponding
level of azimuthal perturbation isdpert=0.063 [see Eq.(13)]. The
power trapped in the stable relativistic multi-PW laser channel is in
the range of 104 critical powers.
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profile of the stably evolved multi-PW channel are presented
in Figs. 5(a) and 5(b), respectively. Figure 5(c) illustrates the
dynamics of the process of stable channel formation. The
trajectory of the dynamical evolution of the stable propaga-
tion, in the plane of dimensionless parameterssh ,r0d [see
Eq. (1)], is presented in Fig. 5(d). The initial point of the
self-channeling trajectoryAstable corresponds to thesh ,r0d
parameters of the incident laser beam and the final point of
the trajectoryBstable illustrates the values of thesh ,r0d pa-
rameters for the evolved stable ultrapowerful relativistic
channel. It is evident from the position of pointBstablethat the
stable multi-PW relativistic channel depicted in Fig. 5(b)
contains more than 104 critical powers. Note that the peak

intensity in the channel exceeds 1023 W/cm2 under these
conditions.

These numerical experiments demonstrate that a two-step
approach, which involves an initial phase of propagation
through a longitudinal electron density profile, results in
stable multi-PW relativistic channel formation, even in the
case of a severely distorted incident laser beam that pos-
sesses a relatively large initial beam radius. This test of ro-
bustness demonstrates that the development of an unstable
configuration can be dynamically entirely eliminated, even
under very unfavorable conditions of the incident pulse. Fig-
ure 6 illustrates a pertinent example supporting this conclu-
sion. The principal laser and plasma parameters in this case

FIG. 5. Stable multi-PW relativistic channel formation in the
initial stage of propagation with the use of an exponential longi-
tudinal electron density profile defined byNe,0szd
=Ne,0s0dexpsazd with Ne,0s0d=1.931019 cm−3, Ne,0,max=3.8
31020 cm−3, andzmax=2.37LR sa=1.65d. The laser pulse param-
eters are l=248 nm, P0=9 PW, r0=5 mm, and I0=1.1
31022 W/cm2. The incident azimuthally perturbed transverse
amplitude distribution is defined by Eq.(12) with «q;0.01 sq
=1–4d and the corresponding level of azimuthal perturbation is
dpert=0.063[see Eq.(13)]. (a) shows the incident azimuthally per-
turbed transverse intensity profile. The transverse profile of the
evolved stable multi-PW relativistic channel is presented in(b).
(c) illustrates the dynamics of stable channel formation in the
sx,zd plane, wherez is the axis of propagation andx is one of the
transverse coordinates. The trajectory(solid curve) of stable chan-
nel development in thesh ,r0d plane[see Eq.(1)] is depicted in
(d). The dotted lines represent the boundary between the zone of
stable relativistic and ponderomotive self-channeling resulting in
the formation of the main powerful channel and the zone of highly
unstable self-channeling, which leads to strong filamentation of
the laser beam. The dashed curve illustrates the normalized radius
of the channel eigenmodere,0 defined by Eq.(4) as a function of
normalized powerh. The initial point of the self-channeling tra-
jectoryAstablecorresponds to thesh ,r0d parameters of the incident
laser beam, and the final point of the trajectoryBstable illustrates
the values of thesh ,r0d parameters for the evolved stable ul-
trapowerful relativistic channel. The power conducted by the
stable multi-PW channel exceeds 104 critical powers. The peak
channel intensity is in the range of 1023 W/cm2.
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arel=248 nm,P0=9 PW,r0=5 mm, I0=1.031022 W/cm2,
«q;0.05 sq=1–4d, dpert=0.393, Ne,0s0d=9.531017 cm−3,
Ne,0,max=3.831020 cm−3, andzmax=4.93LR. The longitudinal
profile of the electron density at the initial stage of the rela-
tivistic and ponderomotive self-channeling had an exponen-
tial shape defined byNe,0szd=Ne,0s0d expsazd with a=1.21.
The strongly azimuthally perturbed transverse intensity pro-
file of the incident laser beam is presented in Fig. 6(a). The
transverse profile of the evolved stable multi-PW relativistic
channel is illustrated in Fig. 6(b). Figure 6(c) demonstrates
the dynamics of the stable channel formation in this case,
namely, the production of a single channel from a severely
azimuthally aberrated incident multi-PW laser beam with a

relatively large initial beam radius. Without the dynamics
associated with the electron density gradient, this incident
pulse would have undergone explosive filamentation. The
trajectory of evolution of the stable propagation, in the plane
of dimensionless parameterssh ,r0d [see Eq.(1)], is pre-
sented in Fig. 6(d). It is evident from the position of point
Bstable that the stable multi-PW relativistic channel pictured
in Fig. 6(b) contains more than 104Pcr.

IV. DISCUSSION OF FINDINGS

The numerical studies performed have demonstrated the
exceptional robustness of the control of the channel stability

FIG. 6. Stable relativistic channel formation in the case of a
severely azimuthally aberrated incident multi-PW laser beam hav-
ing a relatively large initial beam radius. The exponential longitu-
dinal electron density profile is defined byNe,0szd
=Ne,0s0dexpsazd with Ne,0s0d=9.531017 cm−3, Ne,0,max=3.8
31020 cm−3, andzmax=4.93LR sa=1.21d. The laser pulse param-
eters are l=248 nm, P0=9 PW, r0=5 mm, and I0=1.0
31022 W/cm2. The severely distorted incident transverse ampli-
tude distribution is defined by Eq.(12) with «q;0.05 sq=1–4d
and the corresponding level of azimuthal perturbation isdpert

=0.393[see Eq.(13)]. The strongly azimuthally perturbed trans-
verse intensity profile of the incident laser beam is presented in
(a). The transverse profile of the evolved stable multi-PW relativ-
istic channel is presented in(b). (c) illustrates in thesx,zd plane
the dynamics of the propagation.. The trajectory(solid curve) of
stable channel development in thesh ,r0d plane [see Eq.(1)] is
depicted in(d). The dotted lines represent the boundary between
the zone of stable relativistic and ponderomotive self-channeling
resulting in the formation of the main powerful channel and the
zone of highly unstable self-channeling, which leads to strong
filamentation of the laser beam. The dashed curve illustrates the
normalized radius of the channel eigenmodere,0 defined by Eq.
(4) as a function of normalized powerh. The initial point of the
self-channeling trajectoryAstablecorresponds to thesh ,r0d param-
eters of the incident laser beam, and the final point of the trajec-
tory Bstable illustrates the values of thesh ,r0d parameters for the
evolved stable ultrapowerful relativistic channel. The power con-
ducted by the channel exceeds 104 critical powers and the peak
channel intensity is in the range of 1023 W/cm2.

DAVIS, BORISOV, AND RHODES PHYSICAL REVIEW E70, 066406(2004)

066406-6



with the use of an initial buffer zone that involves an appro-
priate gradient in the electron density profile. Stable channel
formation and propagation were preserved under circum-
stances involving a triplet of extreme physical conditions, all
canonically unfavorable to stable behavior. They are(1) an
ultrahigh incident powersP0/Pcr.104d, (2) a large mis-
match between the radius of the incident beam and the radius
of the eigenmode of the relativistic channelsr0/ rch.10d, and
(3) a high level of azimuthal perturbation in the incident
transverse intensity profilesdpert,0.4d. It is equally impor-
tant to note that the length of the initial stage of channel
formation, in which a single stable ultrapowerful relativistic
channel develops, can be relatively short, on the order of the
Rayleigh range.

The total length of the channeled propagation is limited
only by the incident peak power of the laser pulse and the
level of energy losses occurring during propagation. The la-
ser energy is trapped in the stable channel as long as the peak
power of the pulse exceeds the critical powerPcr for the
relativistic and ponderomotive mechanism. Obviously, the
ability to confine ultrahigh levels of the laser power in stable
channels clearly offers generously extended distances of con-
fined propagation; power and length scaling travel together.

The results of the numerical simulations presented above
indicate that stable relativistic channels can contain more
than 104Pcr. In addition to the establishment of stability, the
two-stage mechanism, which involves an initial phase of
propagation that smoothly controls the transition to the key
conditions given by Eq.(11) , namely,r0, rch or r0,re,0,
also leads to the minimization of the energy losses[16] as-
sociated with the channel formation. Thus, the two-stage
concept of self-channeling automatically provides both en-
ergy optimization and robust stability.

The optimization and stability control of relativistic and
ponderomotive self-channeling have been demonstrated for a
wide range of parameters characterizing the gradient in the
electron density profile at the initial stage of the self-
channeling(see Figs. 2–6). In all cases studied, a single
stable ultrapowerful relativistic channel containing a sub-
stantial fraction of incident power was formed. The principal
feature that distinguishes the cases considered through the
specific values of the parameters characterizing the electron
density gradient is the stabilization length. We define this
parameter as the distance in thez direction at which the beam
transverse intensity profile stabilizes near one of
z-independent eigenmode distributions. The typical charac-
teristics of the behavior of this adjustment in the transverse
profile of the beam are presented in Figs. 1(a) and 1(b), in the
case of unstable self-channeling, and in Figs. 5(a), 5(b), 6(a),
and 6(b), under conditions for which a stable ultrapowerful
relativistic channel is formed.

Experimental verification of the control of channel stabil-
ity, using the initial buffer zone with a gradient in the elec-

tron density, has been previously presented in Ref.[17]. The
observed bifurcation mode of relativistic self-channeling,
which involved the splitting of the beam into two powerful
filaments, was experimentally converted into a stable mode
of propagation by shifting the incident laser focal plane from
the central high density region back to the front edge of the
gas column, a zone characterized by a lower incident elec-
tron density and a sharply rising electron density profile. We
note additionally that the two-stage method of self-
channeling examined in the present paper, which optimizes
both the power compression and the stability, can be applied
generally to mechanisms of self-channeling that possess a
saturation in the nonlinearity.

One of the important applications of the stable relativistic
self-channeling is the efficient generation of ultrabright
multi-keV coherent x-ray radiation. Recent experimental ob-
servations[20,21] have demonstrated the unique features of
the ultrabright ,4.5 keV coherent XesLd x-ray emission
from Xe clusters irradiated in a stable relativistic channel.
This multi-keV x-ray source has the brightness necessary to
be a key component of biological microimaging technology
applicable to high spatial resolution studies of living matter.

V. CONCLUSIONS

The detailed study of the transverse stability of the
mechanism of relativistic and ponderomotive self-channeling
has demonstrated that a two-stage process of self-channeling,
with the initial phase involving an appropriate gradient in the
electron density profile, results in the stable formation of
multi-PW relativistic channels in underdense plasmas with a
power exceeding 104 critical powers and peak channel inten-
sity in the 1023 W/cm2 range at 248 nm. A chief implication
of this combination of high power and control is the ability
to produce a beam technology with an areal energy density
of ,109 J/cm2 that can propagate for distances many orders
of magnitude greater than a Rayleigh length. We note that
stable relativistic and ponderomotive self-channeling of in-
tense uv pulses in underdense plasma, producing channels
exceeding 100 Rayleigh lengths, has been experimentally
demonstrated[10].
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