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Self-sustained plasma waveguide structures produced by ionizing laser radiation in a dense gas
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The propagation of high-power laser radiation producing rapid ionization in a dense gas is analyzed
by using a nonlinear electrodynamical model. It is shown that the interplay between the Kerr-type and
the defocusing ionization nonlinearities may lead to the formation of self-sustained plasma waveguide

filaments.
configurations are considered.

PACS number(s): 52.50.Jm

One of the most striking achievements of laser physics
in recent years is the development of methods for genera-
tion of ultrashort high-power laser pulses. This has
intensified the interest in investigating various aspects of
the interaction of laser radiation with matter. In particu-
lar, the possibility to generate long plasma channels in a
dense gas by means of high-intensity laser radiation, and
the propagation of the laser light through these plasma
channels is a problem that has important implications for
xuv laser developments and laser-driven particle accelera-
tion [1]. It may also play a fundamental role in the pro-
cess of significant frequency spectrum transformation of
intense laser pulses that are focused into dense gases
[1-3].

In this paper, we examine the effect of laser pulse chan-
neling due to the creation of self-sustained plasma-field
structures in the presence of strong ionization of a dense
gas with a Kerr-type atomic nonlinearity. It seems to be
quite paradoxical that the ionization that usually has a
strong defocusing effect on the radiation in the created
plasma region [4,5] may be the origin of
waveguiding. Nevertheless, recent experimental results
[6,20-22], where short-pulse self-channeling has been ob-
served over distances of several Rayleigh lengths, showed
that the presence of a strong ionization does not destroy
the guiding effect. The aim of this paper is to demon-
strate that the interplay between the Kerr-type focusing
nonlinearity and the threshold-type ionization nonlineari-
ty may result in the formation of steady-state plasma-field
structures where the guiding along the created plasma
core is attained owing to the gas ionization.

The combined effect of focusing and defocusing non-
linearities (heating and ionization, Kerr effect, and ion-
ization) has been studied theoretically in [7,8]. However,
the attention in Refs. [7,8] has been paid to the competi-
tion between these nonlinearities rather than to their
coexistence. In particular, Liu and Umstadter [8] have
investigated a multiple-peak field structure that emerged
for the tight focusing of an ionizing terawatt laser pulse
and the refractive role of the ionization limiting the field
amplitude. Here, we shall analyze the opportunity to
create a quasi-steady-state waveguide, aiming at an in-
crease of the laser-plasma interaction length for the
above-mentioned applications.
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Quasi-steady-state laser-plasma structures supported by various electromagnetic field

We start the analysis by first considering ionization
processes that occur in dense gases in the presence of
laser radiation. The evolution of the plasma electron
density N (r,t) is described by the ionization balance
equation

AN /d3t=y(N,N,,,|E|), (1)

where the ionization rate y is, in general, a function of
the electron density, the neutral gas density N,,, and the
amplitude of the electromagnetic field |E|. We have
omitted the dependence of ¥ on the phase of the field,
which may be essential for the energy balance in the case
of linearly polarized radiation [9,10] but which is not im-
portant for the spatial field structure. Our analysis
neglects other mechanisms of electron density change,
e.g., ponderomotive and thermal effects that are usually
investigated in the case of already created fully ionized
plasmas. During a short laser pulse ( <1 ps), these non-
linearities cannot significantly affect the refractive index
in comparison with the rapid ionization that enhances
the electron density by many orders of magnitude. In the
following we will discuss the cases of optical field-induced
ionization and electron-impact ionization separately.
The field-induced ionization plays a dominant role in the
case of rather short electromagnetic pulses when the den-
sity of free electrons does not increase, during the pulse
time, to a level at which the collisional processes become
important. The ionization rate function is characterized
by a sharp dependence on the field intensity, which is ex-
perimentally treated as the existence of an ionization
threshold. Theoretically, the rate of multiphoton or tun-
neling ionization y is usually approximated by a power-
like or an exponentially growing function of |E| [11]. In
order to be able to describe the plasma structure analyti-
cally we will adopt the following simplified model for the
function y:

o , |E|>Eth
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v(N,N,,,|E|)=

where E, is the field threshold value for ionization,
which depends on the sort of gas and on the laser radia-
tion parameters such as carrier frequency and field polar-
ization. The infinite value of the ionization rate in Eq.
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(2) means that, for a field exceeding locally the threshold
value, the electron density immediately becomes high
enough (with respect to the pulse duration) to stop a fur-
ther field growth due to the refraction. We assume also
that the gas pressure is sufficient to provide the required
number of free electrons. Thus, in the model of instan-
taneous threshold-type ionization the electric field turns
out to be self-limited at the threshold value inside the
plasma region. Recent computer experiments with more
sophisticated ionization models [5,12] have demonstrated
similar effects of self-limitation. Thus we conclude that
the simplified ionization model given by Eq. (2) should be
qualitatively correct although the quantitative accuracy
is more uncertain. Formally, Eqgs. (1) and (2) imply that,
in the presence of the laser pulse and under the condition
of self-limitation, a quasisteady state of the plasma can be
described by

N(r) at |E|=E, ,
0, |E|<E, . 3)

This expression is obviously valid for the bulk of the
pulse and does not hold near the front where the plasma
density remains nonzero in the region of evanescent field.
Note that the model for the plasma distribution (3) is
similar to that used in investigations of long-pulse mi-
crowave discharges [13,14] where the electron-impact
ionization is a dominant process and where charged par-
ticle losses have to be taken into account.

If the main loss mechanism is the attachment of free
electrons to electronegative molecules we have

y={vi([ED=v N, @)

where v; is the impact ionization frequency, v, is the at-
tachment frequency, which is usually a very slowly vary-
ing function of |E| as compared to v;(|E|). In steady
state Egs. (1) and (4) yield exactly the expression (3)
where the threshold field E,; is determined by
v,(|E|=Eg)=v,.

The neutral component of the gas is responsible for the
Kerr effect, which arises due to the nonlinear motion of
bound electrons in the upper atomic shells. The bound
electron nonlinear response is local in time (at least for
the available laser pulse durations > 10 fs) and follows
the intensity of the optical field. An atom subjected to
ionization usually does not contribute to the Kerr effect
because of the essential difference between the atomic and
ionic nonlinear polarizations. We consider rather dense
gases where a small ionization degree is sufficient to
prevent the field growth due to the Kerr-effect self-
focusing. Because the bulk of the atoms remain neutral,
the characteristic Kerr nonlinearity field can be taken as
being independent of the free electron density. At the
same time, the contribution of the ionization nonlinearity
to the change of the gas refractive index is significant
even at small ionization degrees due to a strong polariza-
tion response of detached electrons as compared to the
bound ones. Hence, we have two nonlinearities of
different signs and of different dependences on the laser
pulse intensity.

Let us now proceed by deducing the spatial structure
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of the electromagnetic field in the emerging plasma. Our
aim is to demonstrate the guiding effect, keeping in mind
that in the reference frame connected with the propaga-
ting laser pulse the field distribution is quasistationary
and localized in the transverse direction. Note that the
very leading low-intensity part of the pulse, which obeys
the linear diffraction law, cannot be guided and therefore
it is excluded from the consideration. The conditions
that facilitate the implementation of the guiding effect are
a weak radiation focusing and a large beam aperture
geometry. Considering the propagation of an s-polarized
electromagnetic wave, we use the nonlinear Helmholtz
equation to describe the evolution of the slowly varying
amplitude of the electric field E (r)exp(iwt). Thus
V2E +(0?/c?){1—(N/N,)[1+i(v/0)]+BIE[*}E=0,
(5)
where o is the frequency of the laser radiation, v is the
electron-atom collision frequency, Nc=m(a)2+1/2)/477'e2
is the critical electron density, and S is the coefficient of
the Kerr nonlinearity. Since B=4me?N,, /mw?E?, where
o, =I,/#%, m is the electron mass, e is the electron
charge, 7 is Planck’s constant, I, is the ionization poten-
tial of the atom, and E, is the “atomic” electric field, the
self-focusing effect is of importance at large values of the
gas density N,,. When B=0 we note that Egs. (3) and (5)
are equivalent to the model used in microwave discharge
theory to describe stationary plasma structures supported
by external fields [14].

The equation system (3) and (5) describes consistently
the following electromagnetical problem: with a given
source of electromagnetic radiation we have to find an
electron density distribution such that inside the plasma
region, where N(r)7O0, the electric field amplitude is
equal to the threshold value for ionization; outside the
plasma, where N (r)=0, the field amplitude is below the
threshold.

We express the electric field as E= A exp(ip) and
separate the real and imaginary parts of Eq. (5) to obtain

V-(|Al>’Vp)=6n| A|?, (6)

VZA— (V) A+(1—n+B| A2 )A=0, (7
where we have introduced the dimensionless variables
ro/c—r, N/N,=n, and v/o=38. Substituting Eq. (3)
into Egs. (6) and (7) yields the following relations: (i) In-
side the plasma, region where | Al is equal to the con-
stant E;, we have

Vip=6n , (8)

(Vo) *=1—n+BE} . (9)
(ii) Outside the plasma region, where n=0 and |A|<E thy
one obtains

V-(|A]*Vg)=0, (10)

VZA+[1—(Ve)?+B| Al?]A=0. (11)
At the plasma boundary the continuity conditions for the
field amplitude and its derivative must be satisfied.

The equation system (8)—(11) together with the bound-
ary conditions describe all stationary plasma structures
that can be produced by powerful laser radiation in a

dense gas. However, to obtain analytical results that
clearly demonstrate the physical significance of the prob-
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lem we will restrict the analysis by considering only two
specific field configurations. Focusing our attention on a
two-dimensional model in which the light field propa-
gates along the z axis, we look for solutions of Egs.
(8)-(11) in the form A=§A4(x), ¢=—kz+P(x), and
n=n(x), where k is the wave number along the direction
of propagation.

Inside the plasma region Egs. (8) and (9) then reduce to

(d/dx"V/'n, —n =bn , (12)
where n,, =1+BE% —k?. Integrating (12), we obtain
n,sech8v'n,x), |x|<d

=10, Ix|>d,

where d is the plasma transverse dimension, normalized
by c¢/w. Outside the plasma Eq. (10) yields
AXNdd/dx)=J =const; i.e., the transverse power flux
density is nonzero due to the plasma absorption. Substi-
tuting this into Eq. (11), we find

(d*A4/dx)+(1—k2+BA)A—(J?*/4%)=0. (14)
Let us first analyze a simplified but instructive case in
which absorption effects can be neglected, i.e.,
8=v/w=0. Then Eq. (13) yields n(x)=n,, =const for
|x| <d, which describes a homogeneous plasma channel.
In the region outside the plasma, it follows from Egs. (9)
and (10) that J =0 and the localized solution of Eq. (14) is
givenby 4 (x)=[(2/B)(k*—1)]"%sech[(k>—1)""X(x —d)],
|x| >d, where k > 1. Applying the continuity conditions
at x =d, we find that 4(x=d)=E,, which gives
k =(1+BE} /2)"/%. Thus, the self-sustained filament has
the following structure:

(13)

‘%BE%,,, Ix| <d

n(x)= 0 , |x|>d , (15&)
E, , x| <d

A(x)= Eysech[VB/2Ey(x—d)], |x|>d . (15b)

The plasma dimension d is determined by the total in-
cident beam power P = f f: A%dx. It follows from (16b)
that d =(P —P,)/2E%, where Py, =2V2/BE, or in
physical parameters Py, =(mw? /327 %e*0?)\?c*E E,,.
Thus, to create a plasma filament defined by (16) it is of
course necessary to exceed the threshold field for ioniza-
tion by focusing. In addition the beam power has to be
larger than the threshold power value Py, .

In the presence of absorption effects (8+0) a longitudi-
nally unlimited plasma filament supported by a localized
wave field cannot exist. Due to absorption of laser radia-
tion, the waveguide plasma has a limited longitudinal
size, and the supporting field structure will give rise to a
transverse energy flux across the plasma boundary. Since
J#0, Eq. (14) has only periodic solutions. Then, depend-
ing on the normalized wave number value, k, two cases
can be distinguished. If k <1, the value of k can be fixed
and defined by the external conditions of the problem
(unlike the above analysis where k has been determined
by the continuity of the field). A similar problem but
without local nonlinearity (8=0) has been solved in Ref.
[14]. It can be shown that the effect of B#0 does not
change the solutions qualitatively. If k > 1, the local
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nonlinearity plays an important role as it is responsible
for the existence of localized plasma structures. Using
Egs. (9) and (10) we obtain the power flux density J as
J=E%(d®/dx)|,—,=E%[1+BE% —k*—n(d)]'? .(16)
The solution of Eq. (14) is then given by
AXx)=uyHuy—uy)Xen?{(x —d)[(B/2)(u;—u ;)] % s},
where u; (i=1,2,3) are the roots of the equation
Bu?—2(k*—1)u?—4Cu+2J?=0, u; <u,<u,, the con-
stant C is related to u;, s?=(uy;—u,)/(u3—u,), and cn
denotes the Jacobian elliptic function. Thus the function
A?(x) represents a cnoidal wave bounded between u, and
u; and having a period equal to V/(8/8)(u;—u,)K(s?),
where K (s?) is the complete elliptic integral of the second
kind. From the boundary condition at x =d, we find
u;=E%, which determines the wave number k. Note
that, in experiments, the energy flow in the transverse
cross-section supporting the dissipative filament can be
produced by using the axicon lens focusing [15].

Let us now discuss the solutions of Egs. (8)-(11) in cy-
lindrical geometry where the plasma density distribution
is n=n(r). Strictly speaking, the s-polarization wave
model is no longer valid for this symmetry. However, as-
suming that n <<1, which is the case for the experiments
on high-intensity laser-gas interaction, we can use the
well-known scalar field approximation [16]. Considering
the case of a collisionless plasma (§=0) and substituting
A = A(r) and ¢=¢(z), we find from Egs. (8) and (9) that
A =Ey and the density of a homogeneous cylindrical
plasma channel, r <d, is given by n=1—k*+BE?,
where k is the wave number of the guided wave. Such a
filament may be supported by a localized wave field,
which outside the plasma region (» >d) obeys the equa-
tion

ViA+(1—k>+BA*)A=0. (17)
This equation is well known in the theory of optical beam
self-focusing and it has a localized solution, the so-called
Townes mode for 0<r <o and k2>1 [17]. A charac-
teristic feature of the Townes mode is that it may exist
only at a critical beam power P, =2f8° A*rdr=11.8/B.
For the problem considered here, we can construct a
similar localized solution, A4 = A/(r), in the interval
d =r < 0, with the boundary conditions (dA4,/dr),—_,
=0and A4, (r =d)=E,. Similarly to the above analysis,
the latter conditions will determine the value of k and
therefore the density of the plasma channel. Note
that the width of the plasma channel d is defined by
the incident radiation power P =2 f 04 2rdr=d’E?
+2 f ;° Aszr dr, which implies the existence of a critical
power required to create the plasma channel. If the in-
cident power exceeds the critical value, self-focusing of
the laser pulse will take place at the initial stage of the
evolution, and a plasma will be generated when the wave
field amplitude exceeds the threshold for ionization.
Then, the dynamics of the pulse is determined by an in-
terplay between the self-focusing effect that leads to beam
compression and the defocusing effect due to a nonuni-
form generated plasma. The final stage may be complet-
ed by formation of a self-sustained plasma filament that
channels electromagnetic energy along the filament
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without refraction of the laser pulse. It follows from Fig.
1 that the creation of plasma filaments with large diame-
ters requires high levels of incident laser power, essential-
ly exceeding the critical power value. At the same time,
the plasma density in the filaments varies weakly around
the approximate value N~N,BE% =N, (0/w,) Ey/
E,)% In the case when P >>P_ it can be expected that,
at the first stage, the Kerr effect induces a splitting of the
field distribution into a number of secondary beams [18]
having powers close to the threshold value. Then, at the
second stage, each secondary beam will experience self-
focusing with the subsequent plasma-core formation and
guiding. The whole picture will look like a multichannel-
ing of the laser radiation by means of gas ionization.

In conclusion, we estimate experimental conditions at
which the discussed effect may be observed. For dense
gases at pressures p = 10?-10° Torr, the critical power of
Kerr-effect induced self-focusing which sets the lower
limit for guiding, is in the range of 102-10° GW [19].
Therefore, an energy of about 10—100 mJ in several hun-
dreds of femtoseconds is needed, which is typical for
modern high-power facilities based on the near-infrared
laser sources [Nd:YAG (yttrium aluminum garnet),
Ti:Sa, etc.]. As the power requirement is fulfilled, the key
question concerns the plasma-field matching condition.
It can be achieved for a rather weak beam focusing,
which provides a gradual filament formation in space
rather than a sharp refraction from a rapidly ionized
focus region. This condition is not quite typical for the
high-power laser-plasma experiments where the tradi-
tional approach aims at maximum concentration of the
electromagnetic energy in a tight focusing geometry. Ina
very recent experiment with 200 fs and with 20-mJ Ti:Sa
laser radiation focused in air at a length >1 m [20-22],
the matching condition has been fulfilled. This resulted
in a well-pronounced guiding effect over a 20-m distance.
Let us estimate the possible guiding distance, keeping in
mind the above theoretical results and the experimental
parameters of Refs. [20-22]. The length of the filament,
1, is determined by the energy dissipation due to creation
of the plasma. Thus, approximately, we can write
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FIG. 1. The calculated laser power and plasma density as a function
of filament diameter. The plasma density is normalized to the limiting

value at d >>1, namely, N =NCBEt2h /2.

1=W /I,Nd? where W is the pulse energy, I, is the ion-
ization potential, and d is the plasma radius. Using the
expression for the electron density in the filament given
above and taking the ionization threshold E,, /E,=0.1
[23,24], we obtain 1=20 m. This result is consistent with
the experimentally observed guiding distance (20 m),
which unfortunately was limited by the available space of
the experiment. However, the experimental papers clear-
ly identify the Kerr-effect nonlinearity and ionization as
the important physical mechanisms and we conclude that
the theory developed in the present paper properly de-
scribes the effect of plasma-core optical guiding over
many Raleigh lengths of ultrashort optical pulses produc-
ing gas ionization.
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