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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 ditical powers and establish a peak channel
intensity of ~10?2 W/cm?, 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
10° J/cnt.
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[. INTRODUCTION underdense plasm4$4—17 have revealed the existence of
large stable zones of confined propagation. The basis of the
The phenomenon of self-focusing of powerful laser pulsesinding is the existence of an eigenmode that governs the
in nonlinear medid1-4] has been one of the key factors that propagation and confers on it a robust stability sufficiently
(1) historically triggered rapid progress in theoretical nonlin-strong to damp even large levels of azimuthal perturbation
ear optics an@?2) drove the development of high peak power [14]. The physical origin of this stability is the energetics of
laser systems. Following an initial theoretical phase that inthe charge displacement. Accordingly, for the first time, the
cluded detailed numerical assessmgtsg|, the predicted relativistic charge-displacement mechanism brought into al-
self-channeling property of the relativistic/charge- liance two prized attributes in the world of confined plasmas,
displacement mechanism was initially experimentally dem<i) exceptionally high power density-10?° W/cm®) and(ii)
onstrated at an ultraviolet wavelengt?48 nm) in Ref. [9].  a state of propagation exhibiting unconditional stability.
Subsequently, in a second round of experimental studies of Analyses of the stability of the relativistic and pondero-
this high intensity mode of confined propagation, the obsermotive mechanism have distinguishf4—17 three major
vation of relativistic channels with lengths exceeding 100modes of self-channeling action. They &g the uncondi-
Rayleigh ranges was reportgt]. At the present time, more tionally stable mode that leads directly to the formation of a
than a decade after the first experimental observgfiirthe  single stable ultrapowerful channgR) the fully unstable
relativistic and ponderomotive mechanism of self-channelingnode, which is characterized by the uncontrolled develop-
stands as the first rank method for tentrolledpower com-  ment of multiple peripheral filaments each carrying a power
pression of high intensity laser pulses in plasmas. Major apen the order of the critical powd?.,, and(3) the bifurcation
plications associated with these relativistic channels includenode of the self-channeling, an intermediate situation of lim-
(a) the generation of coherent x ray®) particle accelera- ited instability that occurs when the transverse instability
tion, and(c) the fast ignition of fusion targets. leads to the splitting of the beam into two or a relatively
A chief issue facing any mode of power compression insmall number of powerful channels each possessing a power
plasmas is the stability of the compressed configuration. FoP, considerably in excess of a critical powées.g., P,
the relativistic mechanism under consideration, the principad P,).
vulnerability is the potential for transverse instability of the In the high power regimé¢P> P.), the development of
self-channeled propagation, a process that destroys the powstable channels is decisively influenced by the conditions of
compression through the uncontrolled development of mulehannel initiation. For example, whét> P, and the radius
tiple peripheral filaments. This form of transverse instability of the incident beam is considerably larger than the radius of
was first demonstrated both theoreticaflil] and experi- the eigenmode of the relativistic channel, highly unstable
mentally[12,13 in the case of Kerr self-focusing. In contrast filamentation is the dominant mode of propagati@d]. Im-
to the Kerr case, studies of the stability of propagation forportantly, it has been established, both numericlly,16
the relativistic charge-displacement mechanism in uniformand experimentally17], that these unstable modes of propa-
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gation can be transformed into corresponding stable modesindependent modes of propagation identifi8dl4] as the

with proper control of the gradient in the electron densitylowest eigenmodesUsq(p) of the governing nonlinear

during the initial stage of channel formation. The growth of Schrodinger equation. The indexwhich falls in the interval

the instability can bedynamicallyblocked. Specifically, the 0<s<1, is associated with the normalized powgof the

use of a longitudinal variation in the medium restores theeigenmodes. The quantip=rw,o/c represents the normal-

stable flow of energy to the eigenmode by enabling the inciized transverse variable, wherés the transverse spatial co-

dent pulse to be matcheatliabaticallyto the spatial charac- ordinate. The normalized radiug,, of the eigenmodes

ter of the eigenmode. Moreover, the length of the initial zoneUg(p) can be defined as

that possesses the appropriate gradient in the electron density - 12

profile can be relatively short, on the order of the Rayleigh = 2 2

range. Typically, this distance is much shorter than the char- Peo <2fo Ysolp)e dp/US’O(O)> ' @

acteristic length for dissipation of the laser pulse energy in_. . .

cold underdense plasmas. Therefore, the energy losses ardCe the eigenmodes; o(p) represent the normalized trans-

negligible for stable channel formation in the initial launch- Verse field profiles of the relativistic channels, a specific

ing phase of the self-channeling; these losses only affect th@lgeénmode curve, o) identifies the normalized radius of

total length of the channeled propagation. the relat|V|_st|c channel as a function of the normalized power
The computational results discussed below for radiation at? trapped in the channel. Thus, the radius of the chanpel

a wavelength of 248 nm demonstrate that this technique ca$@n be expressed as

be used to optimize the formation and control of stable chan-

nels in underdense plasmas in the multi-PW regime. These Fen=

channels conduct a power exceeding &fitical powers and “p

generate peak channel intensities in th&0*®> W/cn? range.  and

We note that the suppression of the transverse instabilities

for the laser pulses with the peak intensity in the Fen= Pe0y (Ng/Ng) V2. (6)

107 W/cn? range has also been demonstrated numerically 2m

in recent three-dimensional particle-in-c@fIC) simulations

[18] of ion acceleration with ultrapowerful laser pulses pen-

etrating high density plasmasee Ref[19] for a review of

“Peo (5)

Since pg o varies slowly[14] for »>1.5, we conclude that
the radius of the relativistic channel scales approximately as

PIC simulations of the relativistic self-channeling ren~ N2, (7)
Accordingly, from Eqs(4) and(6), the peak laser intensity
Il SELE-CHANNELING MODEL AND ANALYTICAL in the relativistic channell,, can be expressed as
ANALYSIS 47 N
- . L IchzT_ePchA_z, (8)
The stability analysis of the relativistic and ponderomo- Pe,0 Ner

tive mechanism of self-channeling is founded on a basiqn which P
physical model7,8] that involves two chief dimensionless
parameters 7, po). They represent the normalized power

and normalized radiug, of the incident beam and are de-

ch represents the power trapped in the channel.
Again, sincepeo varies slowly[14] for »>1.5, the peak
intensity in relativistic channels scales as

fined b N -
g lon~ - Perh 2 ©
n=Py/P;; and po= rpr,olc- (1) “
. F tant rati N, the simpl li lati
In Eq. (1), Py andr,, respectively, denote the peak power and or a constant ratio dile/Ne, the simple scaling relations
the radius of the incident beam aRg, represents the critical eh~X\ and lgp~ P ™ (10

power [7,8] for relativistic and ponderomotive self- follow from Egs.(6) and(9)

channeling giveri8] by The propagation of ultrapowerfulp=P,/P.,>1) laser

o pulses, under conditions for which the initial radius of the
PC,:(m§’005/e2)J 95(p)p dp(wlwy0)? beamr, is much larger than the radius of the channel
0 (ro>Trcn OF po> pe ), is generally explosively unstable. The

=1.6198X 1010(w/wp,0)2W, (2) canonical outcome is a rapid and uncontrolled formation of

. . . _ o multiple peripheral filaments; the channel disintegrates. In
in which mg,c, and e have their standard identifications, orger to restore channel formation and stable propagation,
9o(p) is the Townes modg2], w is the angular frequency of anq Jikewise optimize the efficiency of the power compres-
the laser radiation, and,, represents the angular plasma sjon, an appropriate spatial match between the radius of the

frequency incident beam and the characteristic radius of the channel has
wp0= (47 Ng /g o) V2. 3) to be attained, namely,
f'o~Teh OF Po~ Peo- (11)

The process of the self-channeling can be described as the
stabilization of the transverse beam profile near one of thsincer.,~N;*? the condition specified by E¢11) can be
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achieveddynamically through the adjustment of the local
electron densityN,, with the provision of a suitable longitu-
dinal gradient in that quantity.

lIl. RESULTS OF NUMERICAL MODELING

A. Multiterawatt regime

The chief physical parameters of the numerical stability
analysis conducted in the present study @nethe incident
peak power(2) the radius of the incident laser bea(8) the X/

level of the azimuthal perturbations of the incident transverse % 44
intensity distribution,(4) the length of the initial stage of
channel formation involving the longitudinal gradient in the 70 13
electron density, an¢b) the level and spatial distribution of 60
the electron density profile in the initial region in which the % 50
channels characteristic of the eigenmode are developed. =
The stability analysis was performed for azimuthally per- 40
turbed Gaussian beams specified by an incident transverse 30
amplitude distribution given by 20
10
Uo(r, ) = 152 expl— 0.5/ ?l(1 +(r/rp)* > &4 cogag)). 4
(12)

The strength of the azimuthal perturbations in EtR) is

characterized by the paramet@y,; defined through ] o )
FIG. 1. Highly unstable relativistic and ponderomotive self-

Bpert=Max |1o(r, by) = lo(r, )|/1o. (13)  channeling of an azimuthally perturbed multi-TW laser pulse in an
. initially uniform underdense plasma. The laser and plasma param-
For 8q=0.01 (q=1—4> in Eq. (12) , 5pert=0-063a and corre- eters are A=248nm, Py=39 TW, r,=10um, lo=1.2
spondingly fore;=0.05(q=1~4) pe=0.393. X 10" W/cn?, and Ngo=3.8x 10?° cm3. The normalized power
In the results presented in the sequence of figures followand beam radius in this case are, respectivetyP,/ P.,=50 and
ing below, the transverse coordinatesy) are normalized py=37. The incident azimuthally perturbed transverse amplitude
by the radius of the incident transverse intensity profje distribution is defined by Eq(12) with £,=0.01 (q=1-4). The
[see Eq(12)] and the longitudinal coordinateis normalized corresponding level of weak azimuthal perturbations is character-
by the Rayleigh lengthLg. In the case of axisymmetric ized by Sper from Eq. (13) , dper=0.063.(a) presents the weakly
Gaussian beams, we hakg= mNé/)\, wherew, is the waist azimuthally perturbed transverse intensity profile of the incident
of the_ incident transverse amp”tude prof“e. Further' Sincéasgr beam(b) illustrates the tranSVerse.StrUCtUre with the multlple
Wo=12r, [see Eq(12)], we haveLR:Zn-r%/)\. peripheral fllamt_ants that have evolved in the process of highly un-
Figure 1 illustrates the classic behavior of a highly un-Stable propagation.
stable mode. A smooth beam profile incident on an initially
uniform plasma results in the catastrophic formation of mul-haveNgo(0)=1.9x 10'° cm3, N g mae 3.8% 1079 cmi3, and
tiple peripheral filaments. The incident transverse intensityz,.,=3.18.r (¢=0.949, wherez,, is the length of the first
distribution is presented in Fig(d). The corresponding level stage and the point at which electron densiyreaches the
of the azimuthal perturbation of the incident transverse inmaximum valueNg o max All Of the parameters associated
tensity profile is d,e=0.063. The chief laser beam, and with the propagation are otherwise the same as those used in
plasma parameters in this case are248 nm,P,=39 TW, the previous case abovysee Fig. 1 Accordingly, the trans-
ro=10 um, Ip=1.2X 10" W/cn?, ,=0.01 (q=1-4), Sex  Vverse incident intensity profile is identical to that presented
=0.063, andN(=3.8X 10?° cm 3. The normalized power in Fig. 1(@). The corresponding development of a stable
and beam radius in this case afg=Py/P,=50 andp, channel that demonstrates the efficacy of the two-step pro-
= 37. Figure 1b) depicts the transverse profile consisting of cess involving the exponential longitudinal electron density
the multiple filaments that evolve in the process of the highlyprofile is shown in Fig. 2. It is evident that the highly un-
unstable propagation. stable structure with multiple filaments given in FigbjLhas
The restoration of both stable propagation of the channdbeen transformed into a single stable 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- We now present results that demonstrate that this mecha-
dient in the electron density profile defined by (2) nism of stable channel formation can be extended to powers
=N o(0O)exp(az). In the specific example considered, we in the multi-PW regime. Figure 3 illustrates the formation of

B. Scaling to the multipetawatt regime
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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 byNgo(2)
=Ngo(0)explaz) With Ngg(0)=1.9X 10 cm3,  Ngg ma=3.8
X 107° cm 3, andzy,,=3.16. («=0.949. All other laser pulse pa-
rameters are the same as in the previous case depicted in Fig. %er pulse parameters are identical to the case illustrated in Fig. 3:
\=248 nm, Po=39 TW, ro=10 um, and 1p=1.2x 10°W/en?.  \ Z5481m b =78 PW,ro=2 um, andl=6.2x 1022 W/cre. The
The incident azimuthally perturbed transverse intensity profile is thEfncident az,imuthally pérturbed tr'ansverse amplitude distribution is

Eame as the (jistribution shown in Fig(al with £,=0.01 (q defined by Eq(12) with £,=0.01(q=1-4) and the corresponding
=1-4 and Ge=0.063[see Eqs(12) and(13)]. The development level of azimuthal perturbation ig,e=0.063[see Eq.(13)]. The

of a s;able chart1_nel IS l;)_resentec:‘ 't?] ‘(bt(ez) plane, wherde_z 'Sj[ the power trapped in the stable relativistic multi-PW laser channel is in
axis of propagation ang is one of the transverse coordinates. the range of 1 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 Eq14) with Ngo(0)=5
X 10" em™3, Ng o may=3-8X 1070 cmi™3, and zeyp, ;= 2.96.¢. The la-

a stable multi-PW relativistic laser channel. A longitudinal trapped in the stable channBl, is comparable tPy; the
gradient in the electron density profile was initially used 1010sses sustained during the formation of the channel are

dynamically guide the system to the corresponding eigeng o Although the longitudinal profile of the electron den-

mode, as shown above in the terawatt example. The principglity utilized had an exponential shape defined Nyy(2)

I_aser and pIa_sma pararneters |r(1)2t2h|s ca:rs]zexaréﬂB nm,Po =N, o(0)exp(az) with «=0.514, additional studies have dem-
:7'8 PW, r0_—2 pm, IO_G'EX L \élvgc s sq=0.0i ( onstrated that, for the laser pulse and plasma parameters cor-
'1?.;2' 58'33”'0'063’ NEO(O)'S'OX 1 ems Ne,o,max= 3.8 responding to Fig. 3, stability of the propagation can be es-
X107 cm™, and Zps,=3.99 . Thg 'T‘!“a' power of Py tapjlished with a range of shapes of the electron density
=7.8 PW corresponds toy=10". Significantly, the power 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,O(Z) = Ne,O(O){Ne,O,malNe,O(O) - [Ne,o,malNe,O(O) -1]
XEXF[— (ZIZexp,z)z]}1 (14)

in which Ng,o(0)=5.0X 10" ¢m™, Ng, ma Ne,o(0)=7.6, and
Zeyp,7=2.96 . 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 “R),.

4 x %o 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*®g is pre-

. B 9 3 _ 0 5 sented in Fig. 5. The chief laser and plasma parameters in
V_Vghge’f&ogo):ﬁ"“"l o™, Nooma=38X1000m™, and zme o exampleg are\=248 nm, Py=9 PW, F|r)0:5 ,unfn), ly=1.1
=3.99r («=0.514. The laser pulse parameters are 248 nm, 5 _ - )

Po=7.8 PW, ro=2 um, and 1,=6.2X 10?2 W/cn?. The incident x10° W/é:mz, 38q=0'01 (q=1-4, 05pert—30-063: Ne,0(0)
azimuthally perturbed transverse amplitude distribution is defined /-6% 10'° e, Ng,o,max=3.8X 10%cm,  and Zmax

by Eq.(12) with s,=0.01(q=1-4) and the corresponding level of =2-37Lr. The longitudinal profile of the electron density at
azimuthal perturbation is,e=0.063 [see Eq.(13)]. The power the initial gtage of the channel formatlon_had an exponential
trapped in the stable relativistic multi-PW laser channel is in theShape defined bi, o(z) =Ng o(0) explaz) with «=1.65. The
range of 10 critical powers. transverse profile of the incident laser beam and transverse

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 kg o(z)=Ng o(0)exp(az)

066406-4



OPTIMIZATION OF POWER COMPRESSION AND.. PHYSICAL REVIEW E 70, 066406(2004)

1.0 1

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 byNgo(2)
=Ngo(0)expaz) with Ngo(0)=1.9x10 cm™3, Ngg ma=3-8
X 107 cmi 3, andzy.,=2.37 (a=1.65. The laser pulse param-
eters are =248 nm, Pyg=9 PW, ro=5um, and ly=1.1
X 1072 W/cn?. The incident azimuthally perturbed transverse
amplitude distribution is defined by E@l2) with £,=0.01 (q
=1-4) and the corresponding level of azimuthal perturbation is
Sper=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 presentedbin
(c) illustrates the dynamics of stable channel formation in the
(x,2) plane, wherez is the axis of propagation andis one of the
transverse coordinates. The traject@glid curve of stable chan-
nel development in théz,pg) 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 eigenmodg, o defined by Eq(4) as a function of
normalized powery. The initial point of the self-channeling tra-
jectory AgapieCorresponds to ther, pg) parameters of the incident
laser beam, and the final point of the traject@y,pe illustrates
the values of the(#,pg) parameters for the evolved stable ul-
trapowerful relativistic channel. The power conducted by the
stable multi-PW channel exceeds*1d¥itical powers. The peak

channel intensity is in the range of 20N/cm?.
ok Strong Filamentation
s (Unstable)
o
So 20F
I
<
10
Main Channel (Stable) B
k table Stable
o o i T —
n=P,/P_

profile of the stably evolved multi-PW channel are presentedntensity in the channel exceeds?3@V/cn? under these

in Figs. 5a) and %b), respectively. Figure(6) illustrates the  conditions.

dynamics of the process of stable channel formation. The These numerical experiments demonstrate that a two-step
trajectory of the dynamical evolution of the stable propagaapproach, which involves an initial phase of propagation
tion, in the plane of dimensionless parameténsp,) [see  through a longitudinal electron density profile, results in
Eqg. (1], is presented in Fig.(8). The initial point of the  stable multi-PW relativistic channel formation, even in the
self-channeling trajectorgape corresponds to thé»n,p,)  case of a severely distorted incident laser beam that pos-
parameters of the incident laser beam and the final point adesses a relatively large initial beam radius. This test of ro-
the trajectoryBgp e illustrates the values of thép,pg) pa-  bustness demonstrates that the development of an unstable
rameters for the evolved stable ultrapowerful relativisticconfiguration can be dynamically entirely eliminated, even
channel. Itis evident from the position of poBg;,,cthat the  under very unfavorable conditions of the incident pulse. Fig-
stable multi-PW relativistic channel depicted in Figbhp ure 6 illustrates a pertinent example supporting this conclu-
contains more than fQcritical powers. Note that the peak sion. The principal laser and plasma parameters in this case
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1.0 1 (@)

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 byNg(2)
=Neo(0)explaz) with Ngo(0)=9.5%10Y cm™3, Ngg ma=3-8
X 107 cmi 3, andzy,,=4.93. (@=1.21). The laser pulse param-
eters are A=248 nm, Py=9 PW, ro=5um, and 1,=1.0
X 10?2 W/cn?. The severely distorted incident transverse ampli-
tude distribution is defined by E¢12) with £,=0.05(q=1-4
and the corresponding level of azimuthal perturbationdjs
=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 iiv). (c) illustrates in the(x,z) plane
the dynamics of the propagation.. The trajectglid curve of
stable channel development in the,py) 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 eigenmqgg defined by Eq.

(4) as a function of normalized powey. The initial point of the
self-channeling trajectomgpeCorresponds to ther, pg) param-
eters of the incident laser beam, and the final point of the trajec-
tory Bgapeillustrates the values of thep, pg) parameters for the
evolved stable ultrapowerful relativistic channel. The power con-

ducted by the channel exceeds® Iitical powers and the peak
channel intensity is in the range of 20N//cm?.
of Strong Filamentation
£ (Unstable)
Eo 20F
]
<
10F
Main Channel (Stable) B
Asm‘u_b AN L
o o oo e om0
n=P,/P_

arex=248 nm,Py=9 PW,ry=5 um, [,=1.0x 10?2 W/cn?,  relatively large initial beam radius. Without the dynamics
£q=0.05 (4=1-4), 8e=0.393, Ne(o(0)=9.5x 10" cm™,  associated with the electron density gradient, this incident
Ne,0,ma= 3-8% 1070 cm™3, andz,,=4.93 . The longitudinal  pulse would have undergone explosive filamentation. The
profile of the electron density at the initial stage of the rela-trajectory of evolution of the stable propagation, in the plane
tivistic and ponderomotive self-channeling had an exponenef dimensionless parametefs,p,) [see Eqg.(1)], is pre-

tial shape defined biNeo(2) =N o(0) explaz) with «=1.21.  sented in Fig. @). It is evident from the position of point
The strongly azimuthally perturbed transverse intensity proBg that the stable multi-PW relativistic channel pictured
file of the incident laser beam is presented in Fi@)6The in Fig. 6b) contains more than fB,,.

transverse profile of the evolved stable multi-PW relativistic

channel is _illustrated in Fig.(B). Figure &c) qlem_onstr_ates IV. DISCUSSION OF FINDINGS

the dynamics of the stable channel formation in this case,

namely, the production of a single channel from a severely The numerical studies performed have demonstrated the
azimuthally aberrated incident multi-PW laser beam with aexceptional robustness of the control of the channel stability
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with the use of an initial buffer zone that involves an appro-tron density, has been previously presented in Rafl. The
priate gradient in the electron density profile. Stable channebbserved bifurcation mode of relativistic self-channeling,
formation and propagation were preserved under circumwhich involved the splitting of the beam into two powerful
stances involving a triplet of extreme physical conditions, allflaments, was experimentally converted into a stable mode
canonically unfavorable to stable behavior. They @ean  of propagation by shifting the incident laser focal plane from
ultrahigh incident power(Po/P.,>10%), (2) a large mis- the central high density region back to the front edge of the
match between the radius Of.the .inCident beam and the radi%S column, a zone characterized by a lower incident elec-
of the eigenmode of the relativistic chaniig)/ren>10), and  tron density and a sharply rising electron density profile. We
(3) a high level of azimuthal perturbation in the incident note additionally that the two-stage method of self-
transverse intensity profilédye,~0.4). It is equally impor-  channeling examined in the present paper, which optimizes
tant to note that the length of the initial stage of channelygih the power compression and the stability, can be applied
formation, in which a single stable ultrapowerful relativistic enerally to mechanisms of self-channeling that possess a
channel develops, can be relatively short, on the order of thg, .\ ation in the nonlinearity.

Rayleigh range. One of the im Do R
o portant applications of the stable relativistic
The total length of the channeled propagation is IIrnItedself-channeling is the efficient generation of ultrabright

only by the incident peak power of the laser pulse and themulti-keV coherent x-ray radiation. Recent experimental ob-

level of energy losses occurring during propagation. The la- . !
ser energy is trapped in the stable channel as long as the pet%?rvatlltonts)[_zoﬁtZE é?aSVIf (\j/emorr]]stratted g_}e unique fe_atqres of
power of the pulse exceeds the critical powey for the € ultrabrig -2 KEV coneren X&) x-ray emission
relativistic and ponderomotive mechanism. Obviously, thefro.m Xe _clusters irradiated in a stable_- relativistic channel.
This multi-keV x-ray source has the brightness necessary to

ability to confine ultrahigh levels of the laser power in stable X ’ e ;
channels clearly offers generously extended distances of coff€ & key component of biological microimaging technology
applicable to high spatial resolution studies of living matter.

fined propagation; power and length scaling travel together:
The results of the numerical simulations presented above
indicate that stable relativistic channels can contain more V. CONCLUSIONS

than 10P,,. In addition to the establishment of stability, the The detailed study of the transverse stability of the

two-stage mechanism, which involves an initial phase Ofyechanism of relativistic and ponderomotive self-channeling
propagation that smoothly controls the transition to the key,a5 gemonstrated that a two-stage process of self-channeling,
conditions given by Eq(11) , namely,ro~ren OF po~peo  with the initial phase involving an appropriate gradient in the
also leads to the minimization of the energy IoSEES as-  gjectron density profile, results in the stable formation of
sociated with the channel formation. Thus, the two-Staggn|tj-pwy relativistic channels in underdense plasmas with a
concept of self-channeling automatically provides both eny,qyer exceeding feritical powers and peak channel inten-
ergy optimization and robust stability. o sity in the 163 W/cn¥ range at 248 nm. A chief implication
The optimization and stqbll|ty control of relativistic and ¢ this combination of high power and control is the ability
pqnderomotwe self-channeling have 'bgen demons‘grateq forg produce a beam technology with an areal energy density
wide range of_parameters charac_te_r_lzmg the gradient in thgs _1® j/cn? that can propagate for distances many orders
electron_ density proﬂle at the initial stage of the_ self- ¢ magnitude greater than a Rayleigh length. We note that
channeling(see Figs. 26 In all cases studied, a single giapje relativistic and ponderomotive self-channeling of in-
stable ultrapowerful relativistic channel containing a sub-gnge vy pulses in underdense plasma, producing channels

stantial fraction of incident power was formed. The p””Cipalexceeding 100 Rayleigh lengths, has been experimentally
feature that distinguishes the cases considered through ”&%monstratecﬂlO].

specific values of the parameters characterizing the electron
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