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We present a comprehensive report on recent experiments [Durfee and Milchberg, Phys. Rev. Lett.
71, 2409 (1993); Durfee, Lynch, and Milchberg, Opt. Lett. 19, 1937 (1994)] in which the channeling of in-
tense laser pulses over distances much greater than a Rayleigh length was demonstrated using a two-
laser-pulse technique. The first pulse creates a breakdown spark in a gas target, and the expansion of the
resulting hot plasma forms a channel which guides a second pulse, injected into the channel after an ap-
propriate delay. Data are presented for channels of 24 Rayleigh lengths (0.7 cm), while pulses have been
channeled up to 70 Rayleigh lengths (2.2 cm), with up to 75% of the energy in the injected pulse focal
spot coupled into the guide. In spite of the high intensities of the channel beam (here up to 10 W/cm?),
the propagation is linear and should remain so at even higher intensities. Single-mode, multimode, and
leaky mode propagation of the channeled beam is observed, with the mode structure depending on the
delay and the gas density. Along with these experimental results, we present a model of the laser-gas in-
teraction and the resulting plasma hydrodynamics and calculate beam propagation and mode structure
in plasma waveguides. A special property of a plasma waveguide is that the mode structure is wave-
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length independent, resulting in a wavelength-independent guiding condition.

PACS number(s): 52.40.Nk, 52.35.Mw, 52.40.Db

I. INTRODUCTION

The guiding of intense optical beams in plasmas has
applications which include extremely high harmonic gen-
eration [1], recombination far UV and soft x-ray lasers
[2], and laser-plasma-based charged particle accelerators
[3,4]. These applications require laser pulses propagating
at high intensity, generally above the ionization threshold
of atoms. Although with current laser technology, such
intensity can be achieved in a tightly focused beam, the
subsequent spreading of the beam due to diffraction im-
poses a severe limitation on the total interaction length.
For a focused Gaussian beam, the interaction length is
approximately a confocal parameter 2z,, where
zo=nmw3 /A is the Rayleigh length, w, is the 1/e? in-
tensity radius of the waist, n is the refractive index of the
medium, and A is the vacuum wavelength. There is a
tradeoff between the interaction length and the intensity
(I~E, /w3, where E, is the pulse energy), since
Izy~E, /A, a constant.

Intense pulses may be guided in plasmas if the effective
refractive index along the optical axis can be increased
sufficiently to balance diffraction. The recent develop-
ment of high peak power (in excess of 10'> W) tabletop
laser systems [5], capable of generating focused intensities
exceeding 10'® W/cm?, has renewed interest in charge-
displacement and relativistic channeling mechanisms
[6,7] for guiding intense pulses. These two mechanisms
[8,9] require extremely high focused laser intensities (in
excess of 10'® W/cm?). Recent calculations show that a
pulse propagating in the charge-displacement and relativ-
istic regimes is subject to erosion: the leading edge is not
focused since forward charge displacement diffracts the
beam, canceling the effect of relativistic focusing [10].
The trailing edge is subject to scattering by Raman insta-
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bilities [11]. Moreover, there are difficulties in propaga-
ting such a powerful pulse to the region of high intensity
needed for the onset of self-focusing, since the beam may
break up due to filamentation [12] or may be defocused
due to the electron density maximum generated along the
optical axis resulting from ionization [13].

These difficulties can be avoided when the laser pulse
to be guided does not create its own channel. The
method described here uses a laser pulse to create a spark
in a background gas in the line focus of an axicon lens
[14]. The spark plasma expands at the local sound speed,
and ion-ion and ion-atom collisions lead to the formation
of a shock wave at the boundary between the hot plasma
and the neutral or weakly ionized gas on the periphery.
The cylindrical expansion of the shock wave results in ra-
dially increasing plasma density, thereby forming a
waveguide into which a second pulse is injected after a
controllable delay. To produce this plasma waveguide,
the intensity should be at or above the threshold for mul-
tiphoton ionization, a much more modest requirement
than for the charge-displacement and relativistic self-
focusing mechanisms. Under these conditions, the pre-
formed channel is stable and reproducible, essential for
any real applications. This two-pulse technique makes
guiding possible in a linear propagation regime closely
resembling that in solid optical fibers, for intensities
below the threshold for additional ionization or pondero-
motive and relativistic self-focusing. The propagating in-
tensity of the pulse (or multiple pulses) may therefore be
varied independently. Unlike other dielectric fibers, the
plasma fiber supports not only high-intensity pulses, but
also wavelengths extending into the soft x-ray region.
Moreover, as the shock wave expands, the curvature of
the density profile relaxes and the size of the lowest-order
guided mode increases. This allows the relative delay of
the two pulses to be adjusted to optimize the matching of
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the input beam size to the lowest-order mode of the chan-
nel, resulting in high input coupling efficiencies. The
channel diameter, and length, the depth of the refractive
index difference, and the central plasma density can be
varied over a wide range. Even glass optical fibers do not
allow such a ready adjustment of parameters.

Previous work has shown that laser-produced sparks
can produce plasma density minima on axis. For exam-
ple, Askar’yan and Tarasova [15] demonstrated reduced
scattering of an electron beam injected into a spark pro-
duced with a 30-J, 30-ns laser pulse, due to the decreased
plasma density in the path of the beam. Johnson and
Chu [16] measured the shock wave profile created during
the interaction of 150-ns CO, laser pulses with 30 Torr of
helium. The observed refraction of the unstable resona-
tor beam was interpreted as evidence of lensing of the
trailing part of the pulse from the plasma density profile
created earlier in the pulse. In other early work, it was
established that a plasma density minimum could refract
a beam. For example, Molen, Kristiansen, and Hagler
[17] created such a plasma with a discharge, and Amherd
and Vlases [18] used a theta pinch. In both experiments
the plasma was probed with large diameter beams (the
Rayleigh length was greater than the plasma length), and
no increase in the propagation distance was shown.

The work presented here is a demonstration of whole
beam guiding of intense optical pulses over distances
much greater than a Rayleigh length [19]. Multiple foci
due to self-focusing of long pulses [20,21] and short
pulses [6,22] have been reported, but in those cases the
beams were not confined to a small transverse size
throughout the interaction length. The data presented
here are for channels approximately a centimeter in
length (~24z,) while somewhat less stable channels as
long as 2.2 cm (~70z,) have also been generated (using
an axicon of shallower angle, see Sec. V A). Thus a very
high product of the intensity and the interaction length is
achieved, opening up a previously inaccessible regime of
laser interaction with plasmas, ions, and atoms.

The remainder of the paper is organized as follows: In
Sec. II, processes that contribute to the formation of the
plasma waveguide are summarized. Section IIT addresses
the issues relating to beam propagating in the waveguide.
Section IV describes initial experiments which showed
that a gas breakdown in a laser focus produces a short
channel with a density profile favorable for lensing a
beam. In Sec. V, the use of an axicon lens to produce a
long plasma channel is described, followed by a descrip-
tion and discussion of the resulting guiding experiments.

II. SEEDED AVALANCHE BREAKDOWN
AND SHOCK WAVE FORMATION

The plasma waveguide is formed through the hydro-
dynamic evolution of a laser-produced plasma in a gas.
The initial plasma is formed through a seeded avalanche
breakdown. The laser intensities used here
(2X1013-5X 10" W/cm?) are sufficient for direct multi-
photon ionization of all or a substantial fraction of the
atoms in the gases used (Xe, Ar, N,). Since the pulse
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duration is longer than the average electron-ion collision
time 7,4~ 1/v, the laser field heats the plasma through
inverse bremsstrahlung (IB), leading to further ionization
through collisions. This collisional ionization occurs ei-
ther during or after the pulse, depending on the electron
temperature, ionization potential, and gas density. Since
N,/N_. ~10"2-1073, parametric heating mechanisms, in
which waves in the plasma are driven by the laser, are
negligible compared with inverse bremsstrahlung absorp-
tion. The IB heating of the plasma aids in the formation
of the waveguide, as it serves to drive the shock expan-
sion in the presence of thermal and hydrodynamic losses.
The time scale for hydrodynamic evolution of the chan-
nel is 74,=wq/c,, where ¢,=({Z)kpT,/m;)"? is the
sound speed in the heated plasma, and (Z ), kp, T,, and
m; are the average ion charge, the Boltzmann constant,
the electron temperature, and the ion mass, respectively.
If the pulse duration is longer than 7, heating occurs
during the plasma expansion, resulting in a profile which
is too broad to act as a waveguide for small low order
modes. A computer code, developed to calculate the
response of a gas to irradiance by intense laser beams,
will first be described. The sections following will sum-
marize the time and length scales characteristic of the ex-
perimental parameter ranges.

A. Computer simulations of laser-gas interactions

For an ideal gas with constant specific heats, the evolu-
tion of a strong shock wave initiated from a point or a
line source can be solved analytically [23]. In a real gas
or plasma, the evolution of the structure of a strong
shock wave is more complicated. To understand in more
detail the dynamics of the interaction of high-intensity
pulses with gases and the resulting shock formation, a
plasma dynamics code was developed [19]. The one-fluid
equations [24] are used for mass, momentum, and energy
conservation since the plasma is charge neutral every-
where except at a thin layer (of thickness of approximate-
ly a Debye length, Ap) at the shock front. Field ioniza-
tion (using tunneling rates calculated by Ammosov,
Delone, and Krainov [25]), inverse bremsstrahlung heat-
ing of the electrons, electron-ion thermal coupling,
collision-based ionization and recombination, and
thermal conduction (both gradient driven and flux-
limited flow) are coupled to the hydrodynamics. Ioniza-
tion and recombination are included in the energy bal-
ance, while radiation is neglected since it contributes
negligibly.

Figure 1(a) shows a calculation of time dependent elec-
tron density profiles for 100 Torr of argon (background
density N,~3.5X10'"® cm™3) subjected to a Gaussian in
space and time pulse (100-ps FWHM, peak intensity
5% 10" W/cm?, spot size w,=10 um), where the devel-
opment of a channel favorable for guiding is seen. Figure
1(b) compares the peak average ionization level ({(Z))
achieved at 30 and 100 Torr. At 30 Torr, ionization dur-
ing the laser pulse is mostly attributable to field ioniza-
tion, while electrons are heated by inverse bremsstrah-
lung. The plasma is strongly out of ionization equilibri-
um: collisional ionization takes place after the laser pulse,
on a time scale of a few nanoseconds. For higher back-
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FIG. 1. Plasma dynamics calculation for a peak intensity
5% 10'* W/cm?, Gaussian (in time and space) laser pulse with
FWHM duration 7, =100 ps (peak at 120 ps and termination at
240 ps), focal spot size wo=10 pm, and A=1.064 um, showing
(a) evolution of the electron density profile for an initial density
of 100 Torr (Ny~3.5X 10" cm™3) argon, and (b) peak average
ionization level (Z ) for argon at 30 and 100 Torr. For (a), the
time interval between dashed lines (laser on) is 50 ps, with 500
ps between solid lines (laser off).

ground densities, avalanche ionization contributes more
significantly to the breakdown, as shown in the collision-
ally enhanced {Z ) profile at 100 Torr.

The calculations illustrate the role of thermal conduc-
tion in the evolution of the plasma density profile. If
there is electron density ahead of the shock wave (due to
diffusion, ionizing radiation from the plasma, or ballistic
transport), thermal conduction heats those electrons,
depleting energy from the plasma column. A thermal
precursor wave [seen in Fig. 1(a)] propagates in advance
of the shock wave, in which the heated electrons further
ionize the gas collisionally.

B. Inverse bremsstrahlung heating

The rate of expansion of the shock wave and the final
ionization level are strongly dependent on the degree of
laser heating of the electrons. The scaling of the average
electron energy change with pulse duration, pulse energy,
and laser wavelength for inverse bremsstrahlung can be
estimated using the Lorentz plasma model. In the ab-
sence of losses, this model gives [26] a heating rate
de/dt =(e’E} /2m,0°)[0* /(0*+V2) v, ~2Upv,,, for
v, <<w (satisfied for the experimental conditions of gase-
ous density plasma), where e and m, are the electron
charge and mass, v, is the collision rate for momentum
transfer, Up=1e’E}/m,0?~9.33X107 I (W/cm? A?
(pm) is the ponderomotive potential, and E, I, and w are
the laser electric field, intensity, and frequency. In this
limit, an electron acquires on average an energy of
Ae=2Uj per collision.

Consider first the case of IB heating resulting from
electron-atom collisions. The interaction is dominated by
the polarization force so the electron-atom cross section
o, varies as 1/v (where v is the relative velocity between
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the electron and atom). The collision rate v, ~N,0 v is
then independent of velocity, and the expression for the
heating rate given by the Lorentz plasma model is accu-
rate. Experimental measurements of the cross section for
noble gases [27] show that over an electron energy range
of 4-40 eV, v,~6.1X107'N, (cm*)s”!. For
Na=1018 cm ™3, the characteristic heating time scale is
t*=1/v,~1.7 ps. The net electron temperature rise
due to electron-atom IB heating for a square pulse of
duration 7, is «kzAT,~3Ae=~($)Upv,7,. Since
Up « szp /T,, where E, is the pulse energy, AT, « EPAZ,
and is independent of the pulse duration.

For electron-ion collisions, the Coulomb collision cross
section is strongly dependent on the electron velocity,
and the collision rate must be modified to include the
effect of the quiver velocity of the electron in a strong
laser field. An effective collision frequency has been cal-
culated [28] in the high-field limit U, >>«5T,, where the
ponderomotive quiver velocity dominates the mean
thermal velocity. Here the conditions may satisfy
Up >>kyT, early in the heating, but the electron thermal
energy may rise enough that Up <<kzT,. The intermedi-
ate range is modeled here by using an effective tempera-
ture T.s=kpT,+ Up, yielding an effective collision fre-
quency vy(T.g)~4m(Z )2N,e*InA,/m}*T3f, where
InA,; is the Coulomb logarithm. The heating process
may then be understood qualitatively by integrating the
equation for de/dt for a square laser pulse of constant in-
tensity, using v,, <<® and assuming that the Coulomb
logarithm InA is slowly varying, giving

kpT,()=Up[(avpt+1)*°—1]. (1)

Here vp=v,(Up) is the high-field collision rate, a= 12,
and it has been assumed that kz7,(t=0)<<Up. A
characteristic heating time t*=1/av, separates two re-
gimes of IB heating. For typical experimental parame-
ters of N,=10" cm ™3, A=1.064 um, Z =1, InA,~= 10,
and I ~10" W/cm?, the heating time is #*~90 fs. This
is much less than the pulse duration in the present experi-
ments (7, =100 ps), which are therefore in the long-pulse
regime (¢ >>t*). By contrast, many high-intensity laser
experiments (7, <1 ps, I 210> W/cm?) are in the short-
pulse regime (¢ <<t*). For example, for the above condi-
tions and I =~ 10'® W/cm?, ¢t * is approximately 90 ps.

The scaling of the temperature rise is very different in
the two regimes. In the short-pulse regime, Eq. (1)
reduces to kp T,(1)=~2Up(t/t*), or AT, < 7,"*/AE,"?, us-
ing vp < Up *? < (E,A*/7,) /2. The plasma is heated to
a lesser degree with larger pulse energies due to the in-
verse velocity dependence of the scattering cross section,
while longer pulses are more effective in heating.
In the long-pulse regime, kpT,(t)=~Up(t/t*)*/° or
AT, OC?\.‘VSEPZ/s, dependent only on pulse energy and in-
dependent of pulse duration. As an indication that
longer pulses can be much more effective in heating the
plasma, consider again the laser and gas conditions used
to calculate t* above. For 7,=100 ps and I= 101
W/cm?® (Up=10 eV), 7,/t*~1000, and AT,~170 eV.
However, a pulse with the same energy but with 7,=1 ps
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(such that I~10" W/cm? and Up=1 keV) gives
7,/t*=~0.01 and AT, =5 eV.

The experiments reported here are in a density range
(>5 Torr) in which electron thermalization occurs over a
time much shorter than the laser pulsewidth (7, =100
ps). The electrons approach a Maxwellian distribution
over a few mean electron-electron collision times 1/v,,.
For N,=10"® cm 2 and T,=50 eV, 1/v,,~4.5 ps. Spa-
tial gradients in the electron temperature in the plasma
column are also quickly reduced due to fast thermal con-
duction resulting from these collisions. For a tempera-
ture gradient scale length L the conduction time scale 7,
can be estimated as 7, ~N,L2/(k/kg)~(L /X)X (1/v¢,),
where k is the thermal conductivity and A, is the
electron-electron mean free path. For N,=10% ¢cm™3
and T,=50 eV, A,.=13 um, and, for L =10 ym, 7, =200
fs. During a laser pulsewidth of 7, =100 ps under these
conditions, heat diffuses over a distance of approximately
L ~Ae(T, V) /?~200 um. Thus, during the 100-ps laser
pulse of the present experiment, the electron temperature
is essentially uniform across the plasma column (which is
usually less than 50 pm in radius during guided pulse in-
jection), and there is an appreciable amount of thermal
conduction along the axis of the column.

Electrostatic confinement of the electrons allows heat
flux only in the plasma column and weakly ionized plas-
ma outside the shock front. The plasma densities of these
experiments are such that the electrons are retained in
the focal region due to electrostatic forces, leading to
charge neutrality except in a thin layer whose thickness is
on the order of a Debye length Ay, =(kp T, /47N,e?)!/? at
the boundary between the ionized plasma column and the
background (weakly ionized) gas. For N,~10'® cm™3
and T,~50 eV, Ap =50 nm. Collisional ionization at the
plasma periphery during or after the laser pulse and
ballistic electron transport serve to extend the heat flow
radially.

C. Seeded avalanche breakdown

The increase in electron temperature due to inverse
bremsstrahlung heating leads to collisional ionization.
The increase in electron density due to collisional ioniza-
tion follows dN, /dt=N,(N,—N,)S(T,), where the col-
lisional ionization rate S is averaged over the electron ve-
locity distribution, and Ny =N (0) is the ion or atom den-
sity at £ =0. For a Maxwellian electron distribution and
U,/kT, <<1, the rate for ionization out of the ground
state of a hydrogenlike atom of ionization potential U,
(more complex atoms or ions can be approximated by us-
ing an effective Z) is approximately [29] S(T,)
=10"%T, /U ?exp(— U, /T,)/[U}"X6.0+ T, /U;)]
cm?/s, with T, and U, in eV. The high energy tail of the
electron distribution function allows for fractional ioniza-
tion of high ion stages. An approximate time for electron
density buildup is 7, ~(NyS(7T,))”!. This does not
account for collisional ionization out of excited states,
which would reduce 7,. For neutral argon (ionization po-
tential U, =15.76 eV) at N;=10"® cm~® and T, =50 eV,
T,~45 ps. If 7,>7,, the electrons are heated without

losing energy to ionization during the pulse, and ioniza-
tion takes place after the pulse. If 7, <7,, ionization
occurs during the pulse, limited mainly by the time re-
quired to heat the electrons to some fraction of U;. The
time taken to reach saturation of a particular stage of
ionization, Ty, may be estimated by setting N,=N,/
2, yielding 7, =7, In[(Ny—N,)/N], where N, is the
initial density of electrons.

For avalanche breakdown of a pure neutral gas with a
high U;, N,y can be very small, and the time to saturation
Teae Can be many times 7,. The resulting breakdown fluc-
tuates with variations in the input pulse energy which
lead to large variations in N,y. If, however, N, is already
large, 7, is of the same order as 7,. An added gas of
lower U; (such as xenon, which has U;=12.1 eV) pro-
vides a stable source of free electrons to seed a stable
avalanche breakdown of the main gas. If the Debye
length for these seed electrons is smaller than the focal
spot size r,, diffuse electron losses from the focal region
are limited by space charge forces. For a plasma column
in a line focus with 7,=2 um and T, =50 eV, this occurs
at a transition electron density N, =«p T, /4me?r}~10'
cm 3, so that in the experiments described in this paper
(N, > 10" cm ™) diffusion is strongly dominated by space
charge.

D. Microscopic picture of shock wave formation

From a fluid perspective, a shock wave forms when a
disturbance propagates at a speed greater than the local
sound speed [30]. Here the heated electrons pull the
cooler ions radially outward, and the plasma expands at
the local ion sound speed ¢, =({Z)kyT,/m;)'’?. The
plasma expansion speed is much greater than the sound
speed ¢ in the surrounding weakly ionized gas, even at
electron temperatures -as low as 1 eV (where ¢, /cy~=35).
The ions in the expanding front collide with both ions
and atoms in the relative cool weakly ionized gas on the
periphery of the plasma column. On a microscopic scale,
these collisions lead to a density buildup at the interface
between the two regions, forming the shock front. The
plasma column periphery (beyond the shock radius) is
partly ionized by prompt UV emission from the heated
plasma, and contains electrons that have reached this re-
gion by diffusion or ballistic transport. Heat conduction
to electrons on the periphery leads to additional collision-
al ionization there, resulting in a thermal ionization pre-
cursor wave. The ion-ion mean free path A; is approxi-
mately the minimum width of the shock (the shock width
will generally be larger than A;; due to thermal diffusion),
while the effective shock growth rate is v;;~c¢; /A;;. For
argon (m;=40 a.u.) at N;=10'® cm™3, T,=50 eV, ex-
panding plasma ion charge (Z,) =35, and a background
plasma ion charge (Z,)=1, ¢, ~2.5X10° cm/s, A;~2.5
pm, and 1/v;=100 ps, and the expansion time scale for
the plasma column is 74, ~ry/c; =0.5 ns for an initial ra-
dius ro=10 um. The ion temperature plays a small role
in the ion-ion impact velocity: it remains low during the
characteristic expansion time 7, since thermal energy is
transferred to the ions through collisions with the elec-



2372

trons at a rate vy =2(m,/m;)v,. For the above condi-
tions, 1/v;~8 ns. Shock evolution is faster for higher
density and lighter ions: for the same temperature {Z, )
and (Z,), but with nitrogen at density N;=10' cm™3,
¢, ~4X10® cm/s, A;;~0.25 um, and 1/v;~6 ps.

Ion-atom collisions also play a role in the formation of
the shock wave, especially when there is little precursor
ionization. The ion-atom collision cross section o, (re-
sulting mainly from the polarization force) depends weak-
ly on the impact energy if it is greater than a few eV. Us-
ing an experimentally measured value [31] of
0,~2.5X10" " cm? for argon, the mean free path for
ion-atom scattering is A,,~1/(N,0;,)~4 um at N,=10"®
em ™3, and 1/v,=A,/c,~270 ps (for c¢,=1.5X10°
cm/s).

At low density, the shock thickness may be larger than
the intended channel spot size. The requirement that
A <wq yields a condition on the minimum density Ny
for the formation of a shock wave on a scale that will al-
low the channeling of a spot size wy:Ngy, <1/wyoy;. For
wo=10 um, T,=50 eV, (Z,) =35, N, is approximately
2.5%107 cm ™.

III. OPTICAL GUIDING IN PLASMAS

A. Guiding condition for the plasma waveguide

For a laser beam to be confined in a dielectric
waveguide at constant size, the wave front at the optical
axis must be retarded more than at the beam periphery to
compensate for the outward curvature of diffraction. A
Gaussian beam passing through a length 6z of a graded
index waveguide with refractive index difference An be-
tween the center and beam radius w, will experience
focusing due to the index profile and defocusing due to
diffraction. The focusing contribution to the beam radius
of curvature is Rp~w3/(2Andz). The diffractive de-
focusing contribution is R, =8z(1+2z3/82%)~z3/8z. A
Gaussian beam will maintain a flat phase front (and thus
a constant beam size) when Rp =R, or

AZ 1

An min — —
27w %n (2) kz,

) (2)

where k =2mn, /A, and n,, is the refractive index at » =0.
Even for small beam sizes, An min s not very large
An™n=~6X10"* for w,=10 pum, A=1.064 um, and
no=1).

In an unmagnetized plasma, the refractive index is
n?=1—N, /N, where N,,=m, w*/4me? is the critical
electron density (N, ~10*' cm ™3 for A=1.064 um). For
the underdense plasma conditions of these experiments,
N,/N,~10"2-1073, so n~1—1N,/N_. The guiding
condition (2) determines the minimum electron density
difference necessary to channel a beam of spot size wy:

1

s
roﬂ'w%

ANPFin= (3)

where 7,~2.82X 10713 cm is the classical electron ra-
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dius. For wy=10 um, AN™"~10'® cm~3. This corre-
sponds to a minimum background pressure requirement
of about 30 Torr of monatomic gas at single ionization.
Condition (3) is exact for a parabolic profile, and is also
quite accurate for other channel profiles [32]. Note that
the density difference determines the spot size that may
be channeled, independent of the wavelength. In fact, it
can be shown that the eigenmodes of a general plasma
waveguide are wavelength independent [33]. Therefore,
if short wavelength light is generated in the channel, it
will be guided along with the optical pump beam if the
two beams are the same size. In the present
configuration, the guided light frequency is well above
the dominant resonance frequencies @, of the ions, so
their contribution to the index profile is small. The re-
fractive index contribution of neutral Xe at N,=10"'®
cm ™3 and A=1 pum is [34] n —1~=2.5X107°. The ions,
with their lower polarizability, contribute even less than
the atoms. By comparison, the electron contribution is
1—n=5x10"%

B. Mode properties of plasma waveguides

The mode properties of the plasma waveguide may be
described in terms of three simple models: the infinite
profile, in which the plasma density increases with radius
to at least the critical density, the finite profile, in which
the plasma density reaches a (subcritical) maximum and
is constant beyond that point; and the real profile, which
resembles those shown in Fig. 1, in which the density in-
creases with radius, reaches a maximum, then falls to
zero beyond the shock front.

For the infinite profile, there are only bound modes.
Consider the special case of a parabolic plasma density
profile N,(r)=N,(0)+N_(r/a)? where a is a curvature
parameter. Applying the guiding condition (3) to this
profile shows that an input beam of radius w, should be
guided at constant size if w,=(aA/m)!"? or a =z, so
that the Rayleigh length of the guided beam is equal to
the curvature parameter of the channel. For this profile,
the channel eigenmodes are Laguerre-Gaussian functions,
similar to the free space modes [35], except that the phase
fronts of the eigenmodes are flat. The propagation con-
stant is

4
5 (

2 12 —17.2,2
ke =k, m =kong |1 2
ofloWo

2p+m+1)|, (@

where p and m are the radial and azimuthal mode in-
dices. Each of these eigenmodes propagates with
a different phase velocity w/k,,,. Aside from the re-
quirement that > w,;, where @ is the input laser fre-
quency, there is a more restrictive mode cutoff
(4/kqw3)(2p +m +1)<kyn,, which means that the
mode must lie within an underdense region. For exam-
ple, the critical density point must lie outside of the 1/e
point of the lowest order (Gaussian) mode. Although the
eigenmode profiles are wavelength independent, this
cutoff condition is wavelength dependent.

In the finite profile, the maximum density difference re-
stricts further the number of bound modes that may
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propagate. A code has been developed to calculate these
eigenmodes numerically [33]. A simple model of the
finite profile is a parabolic core (for r <r,,) and a clad-
ding of constant density [N,(r, ) for r>r,]. Since the
modes away from cutoff are similar to those calculated
for the infinite parabolic channel, the eigenmodes sup-

ported by a  maximum density difference
AN,=N,(r,,)— N, satisfy, using Eq. (4),
2p + 2
AN, (p,m)> 22 Em 17 (5)
romry,

A mode that is just below the cutoff condition is confined,
but with an exponential damping length that extends well
beyond r,. Equation (5) does not account for the
difference between these modes and those calculated for
the infinite case.

As seen in Fig. 1, the real plasma density profiles drop
to zero beyond the shock front. A beam initially in the
channel with an exponential damping length greater than
the shock width will lose energy due to tunneling. The
wave number spectrum of the real channel is not discrete
since the waves are not bound. For waves that are
strongly damped before the shock front, the mode profile
is essentially the same as in an infinite channel, but the ei-
genvalue has an imaginary component that accounts for
the leakage during propagation along the channel. This
quasibound wave form is sometimes called a leaky mode
[36]. These radiating modes, although not bound, do not
diverge as quickly as free space modes. For a waveguide
that can only support a finite number of bound modes,
there is a spatial transient regime in which leakage
occurs, after which only the eigenmodes survive. The
spatial transient regime can be important when the chan-
nel lengths are relatively short, as in the experiments
presented here.

Nonlinear electronic polarizabilities are not expected
to affect the beam propagation significantly. From Eq.
(2), the change in channeled spot size with an incremental
change &n in the refractive index due to nonlinearity is
dwy= —(dn /2An)w,. As an upper limit, consider a
channel that guides a wy,=10-um spot at constant size
(AN, ~10" cm™3) with the nonlinear response of neutral
xenon [34] at density 3X10'® cm™3. For an intensity of
10"  W/cm?, the spot size change is only
Swy=~5X 10" %w,.

Additional ionization occurring during the guided
pulse may also affect the guiding properties, but since the
channel is usually formed by collisional ionization (which
is very efficient compared with multiphoton ionization
[33]), a short pulse must be very intense to change the
electron density profile sufficiently to modify the guided
mode profile. Figure 2 demonstrates the effect of injec-
tion (after 2-ns delay) of a 10!7-W/cm?, 100-fs pulse into a
plasma channel produced in 150 Torr of N, by a
5X10'3-W/cm?, 100-ps pulse. It is seen that the short,
intense pulse has a negligible effect on the electron densi-
ty profile and degree of ionization since the collisionally
ionized plasma resulting from the first pulse is dominated
by He-like ions. At sufficient gas density, collisional ion-
ization is very efficient for long pulses, resulting in a
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FIG. 2. (a) Calculation of the electron density channel in
150-Torr N, after 2-ns delay produced by peak intensity 5X 10"
W/cm?, A=1.064 um, 100-ps pulse just before ( ) and after
(- - - .) injection of a 10'-W/cm?, A=1 um, 100-fs pulse. (b)
Corresponding plots of average ionization level (Z ).

much higher average level of ionization than could be
achieved by field ionization. Alternatively, suppose that
the level of ionization resulting from the first pulse is low.
If the channeled intensity is sufficient to strip the ions to
a tightly bound core such that the additional ionization is
uniform across the beam, the gradients of the channel
profile will be unaffected. For intense pulses that are of
sufficiently long duration that the ponderomotive force
on the electrons causes ion motion during the pulse (not
the case in the present experiments), the mode structure
should be affected, leading to coupling between modes.
Note that linear propagation is not required for guiding,
and channel guiding should also work well at the high in-
tensities of charge displacement and relativistic self-
focusing, and even promote their occurrence.

IV. SHORT CHANNEL EXPERIMENTS

A. Laser system and delay calibration

The objective of the first set of experiments was to
demonstrate that a laser pulse focused in a gas can pro-
duce an index profile appropriate for the guiding of a
second laser pulse. These experiments made use of a
pump-probe technique in which two pulses were focused
through the same lens. The first (pump) pulse was used
to form the plasma; the second (probe) pulse was then fo-
cused with variable delay into the plasma. The laser sys-
tem used for the experiments [37] (see Fig. 3) is a tabletop
high-power Nd:YAG (yttrium aluminum garnet) system
(Ap=1.064 um). A mode-locked oscillator provides 100-
ps seed pulses at a repetition rate of 76 MHz. This beam
is passed through a pulse slicer (PC,) which selects pulses
at 10 Hz for a flashlamp-pumped regenerative amplifier
(RGA) and a double-pass power amplifier (PWA) which
produces up to 250 mJ of energy. The unstable resonator
cavity of the RGA contains an internal spatial filter,
which generates a near-Gaussian output mode and results
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FIG. 3. Nd:YAG regenerative amplifier
(RGA) and power amplifier (PWA) laser sys-
tem. Symbols: half-wave plate (HWP),
quarter-wave plate (QWP), polarizer (P),
Pockels cell (PC), beamsplitter (BS), lens (L),
apodizer (A4), mirror (M), Faraday rotator
(FR), pinhole (PH), and laser rod (R).

in automatic output beam spatial overlap when the RGA
is injected with two input pulses. Depletion of gain in the
RGA (over many passes) and gain saturation the PWA
(on the second pass) results in a low level of shot-to-shot
energy fluctuations (around 3%).

In these experiments, two seed pulses were injected
into the RGA to build up simultaneously, one of which
passed through a computer-controlled delay line (6 ns) to
adjust the relative delay. Ejecting the pulses in the order
opposite to which they were injected allowed for a second
range of delay (5.5-8 ns). A streak camera monitoring
the second harmonic was used to calibrate the delay zero
point. The total energy in the two pulses (E;+E,) was
controlled by adjustment of the pumping level of the
PWA (through adjustment of the flashlamp voltage). The
output energy ratio (E, /E,) was controlled by adjusting
the relative seed pulse energies and monitoring the out-
put with a fast photodiode (500-ps risetime) connected to
a transient digitizer (750-MHz bandwidth). Careful
alignment of the delayed input beam ensured that
throughout the full travel of the delay line a constant
E, /E, was maintained.

The pulse duration (7, =100 ps) used in these experi-
ments is well suited to the time scales discussed above for
plasma formation and shock wave evolution. In the pres-
ence of conduction and ionization losses and energy ex-
pended on hydrodynamic motion, it is necessary to de-
posit sufficient thermal energy in the plasma to drive the
shock wave. Pulses that are short compared to the
characteristic time for heating (7, < t*, see Sec. IIB) do
not effectively heat the plasma after ionization. At the
other extreme, laser pulses longer than the hydrodynamic
time scale (7, > 7, =ry/c;) continue to heat the plasma
as it expands, leading to broad electron density profiles
that are unsuitable for guiding small spot sizes. An op-
timum pulse duration is of order 1/v; (typically
~10-100 ps for the parameters in these experiments),
shorter than or comparable to the shock formation time
scale and well within the long-pulse heating regime
(r,>>t* in Sec. II B).

B. Optical diagnostics

Figure 4 is a schematic of the experimental arrange-
ment and the optical diagnostics. The laser output, con-
taining pump and probe pulses, was first gently expanded
with a diverging lens (L), then focused at f /10 with an
aplanatic lens (L,,f=250 mm) inside a backfilled
chamber filled with xenon (Xe), argon (Ar), or nitrogen
(N,) at pressures of 10—-100 Torr. Side images of recom-
bination emission (fluorescence) and scattered laser light
from the plasma region were collected (at an angle of 52°
to the principal optical axis) to record the changes in
spark length that occurred when the second pulse was in-
jected into the plasma. Lenses L; and L, relayed the
light from the focal region out of the chamber, projecting
an image onto a charge-coupled device camera (CCD,)
synchronized with the 10-Hz laser trigger. Fluorescence
was observed using an IR blocking filter along with color
filters to increase the resolution by limiting the chromatic
aberration. A blue-pass filter discriminated in favor of
light emitted during earlier stages of the plasma recom-
bination, resulting in an image showing sharper features.
To view the much weaker scattered laser light, a 3-nm
bandpass filter centered at A=1.064 um was used to
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FIG. 4. Short channel experiment and diagnostics.
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block plasma self-emission. Another aplanatic lens along
the principal optical axis (Ls) recollimated the beam at
f /3 and was used to monitor the scattering of the probe
pulse from the plasma for different delay positions. For
these observations, the energy of the probe was reduced
to lessen its influence on the plasma. The video output of
both CCD cameras was digitized (at eight-bit resolution)
with a personal computer-based frame-grabber board.
Accumulated images could then be subtracted pixel by
pixel for pump-probe measurements and for subtraction
of background images. Since both pulses were of the
same polarization, polarizers could not be used to observe
the second pulse alone. Instead, CCD, first integrated
the light from both pulses. Subtracted from this double-
pulse image was an image resulting from a single pulse
with pulse energy E,=E,; (see below), which resulted in
an image of the probe pulse alone. Care was taken to en-
sure that the single pulse energy and mode shape as the
pump pulse. The upper limit of the energy ratio was
E,/E, =17, both for maintaining an acceptable signal-to-
noise ratio in the subtraction and to avoid distortion of
the probe pulse that result if the pump pulse saturates the
power amplifier.

C. Results and discussion

Figure 5 shows a sequence of spark fluorescence images
(CCD,) for various delays 7, between the pump and

100 ps delay

750 ps delay

1.5 ns delay

2.0 ns delay

3.0 ns delay

4.5 ns delay

7.0 ns delay

FIG. 5. Spark recombination emission (fluorescence) images
for different delays between pump and probe pulses. The back-
ground pressure is 60-Torr N,, pulse energies E; =E, =70 m]J,
spot size wo =10 um, and 7, =100 ps.
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probe pulses, for N, at 60 Torr, E; =70 mJ, and E, =70
mJ (the pulse peak intensity is 4 X 10'* W/cm?, the spot
size is wy=10 um). As 7, is increased, the spark be-
comes longer in the direction away from the focusing
lens. At still longer delays, a gap forms within the
elongated region, and the separation of an emerging
secondary peak increases with 7,. At a sufficiently long
delay, the second peak disappears (not shown in Fig. 5).
Laser scattering images collected with the 3-nm bandpass
filter (Fig. 6, Xe at 30 Torr) show peak structure similar
to the fluoresecence images. These images are sharper,
since the laser light is promptly scattered from the plas-
ma. The laser scattering, however, was too weak to mea-
sure with this CCD camera for nitrogen and argon at this
pressure. Fluorescence images are more diffuse because
the recombination emission takes place over tens of
nanoseconds. Figure 7 shows lineouts of fluorescence im-
ages at selected delay positions for 30 Torr of N, [Fig.
7(a)], Ar [Fig. 7(b)], and Xe [Fig. 7(c)], respectively, all
for the same laser conditions as in Figs. 5 and 6. Note
that the spark lengthening begins at later delay times 7,4
for the heavier gases: 7,~1.3, 3, and 5 ns for N,, Ar,
and Xe, respectively, consistent with the decrease of
sound speed with ion mass.

The appearance of the second spark can be explained
as an oscillation of the beam size in a short channel. A
simple understanding of this can be obtained by using the
simple infinite parabolic density profile model of the plas-
ma channel introduced earlier. It can be shown analyti-
cally [38] (under the paraxial approximation and for az-
imuthal symmetry, i.e., m =0) that a Gaussian beam in-

a)

b)
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distance on optical axis (mm)

0.0

FIG. 6. Spark images for xenon at 30 Torr, with pulse ener-
gies E,=E,=70 mJ. (a) Scattered laser light image collected
with 3-nm bandpass filter centered at 1.064 um. (b) Fluores-
cence image collected using a blue-pass filter (400—450 nm). (c)
Lineouts of (a) and (b).



2376
(a Nitrogen
200 -
= i
5
S & 1
L
OJ 1 2 3 4 5
distance on optical axis (mm)
®) Argon
300 " T
cw b
[ -
ERS i
s "
(@ Xenon
300
57
E°E
= 3
5o
25 |
o
distance on optical axis (mm)
FIG. 7. Lineouts of fluorescence images collected for

different gases (30 Torr, E; =E, =70 mJ): (a) N,; (b) argon; and
(c) xenon. Laser is incident from the right. The single-pulse fo-
cal position is shifted toward the lens because of slightly
different divergence under single-pulse conditions.

jected into a waveguide with such a profile oscillates in
size if it does not match the fundamental mode. The os-
cillation period is z,=ma, and depends on the channel
curvature parameter a, not on the initial beam size or
divergence. In the experimental conditions described
above, the first pulse creates a plasma of length L cen-
tered on the focal plane of the lens. Thus the second
pulse, focused through the same lens, converges as it
enters the plasma channel. A second focus and a second
spark beyond the channel requires the beam to converge
as it leaves the channel. The maximum peak separation
corresponds to a curvature parameter a such that
L, =z,, in which case the exiting beam converges just as
it entered. This is illustrated in Fig. 8, where w(z) and
the intensity I (z) are plotted using the solution for prop-
agation within the parabolic channel and free propaga-
tion outside the channel. As the curvature relaxes, the
second focus moves away from the first, and finally disap-
pears.

Effective channel curvatures (a) and lengths (L) can
be estimated by varying L and a together (through
L, =ma) to find the values that result in the measured
maximum peak separation z_,, (see Fig. 8). This result is
not strongly dependent on the input spot size w, since
the oscillation period z, is independent of w,. Assuming
the position of the vacuum focus of the beam (wy,=10
um) to be at the center of the channel gives an estimate
for the maximum beam size w,, within the channel
which is a lower limit for the channel width. The density
difference AN, (w,,,,) at this radius is estimated using the
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calculated values of a. Table I lists the measured values
of z,,,, and the spark length L, along with the calculat-
ed values of L, a, wp,,, and AN, (w_,,) for the data
shown in Fig. 7. The values of L are consistent with
the measured single-pulse spark lengths L, for xenon
and argon (measured as the FWHM of the fluorescence
signal). For nitrogen, although L, > L, it can be seen
from Fig. 7(a) that it does lie within the region of fluores-
ence. At pressures higher than 30 Torr (for example, the
60-Torr data of Fig. 5), nitrogen fluoresence shows the
structure of the second spark, while for the two noble
gases the two peaks are not resolved. Thus it appears
that the discrepancy between L, and L, for nitrogen is
explained by reduced plasma emission for N, as com-
pared with Xe or Ar for comparable target gas densities.
A computer code has been developed [33] to calculate
the beam propagation for arbitrary channels numerically,
using the method of Feit and Fleck [39]. Using this code
to simulate the above experiment [37] shows that the
beam still forms a second focus at a position close to that
given by the infinite parabolic channel model, but there is
some leakage or tunneling of the wave energy through
the channel wall, especially when the maximum beam
size within the channel approaches the shock front radius
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FIG. 8. Calculation of the intensity (a) and spot size (b) of a
Gaussian beam propagating through a short channel with an
infinite parabolic plasma density profile. The beam is incident
from the left. The input beam has a vacuum spot size w, =10
pm. The channel length here (L, =1.21 mm) and the curva-
ture (@ =385 um) are chosen to match the peak separation in
nitrogen (Table I).
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TABLE 1. Measured values (z,,, and L, ) and calculated values (L, @, Wy, and AN, ) from the
parabolic density profile model applied to the data of Fig. 7. The parameters are defined in the text.

Ly, (mm)

Zmax (mm) FWHM AN, (W oy )
gas (measured) L, (mm) (measured) a (um) Wiayx (um) (cm™3)
N, 1.38 1.21 0.80 385 26 4.5%x10'8
Ar 1.26 1.12 1.10 357 25 4.9%10'®
Xe 1.72 1.49 1.55 474 31 4.2X10"

(i.e., Wpa=7,). The propagation code also confirms
that if the channel profile is not parabolic, an aberrated
secondary focus occurs. This second focus is most dis-
tinct when the density cutoff allows only low-order modes
to propagate. The calculated position of the secondary
focus was found to be approximately the same as in the
parabolic case if the density difference measured at the
turning point of the beam AN, (w,,,) is the same in both
cases.

On-axis probe pulse far-field patterns (CCD,, 40 shot
averages) at various delays 7, are shown in Fig. 9 for ar-
gon at 30 Torr with E; =70 mJ and E, =10 mJ. Increas-
ing E, to 70 mJ did not qualitatively change the resulting
images. The patterns at early delays indicate the pres-
ence of sharp spatial structure in the focus, consistent
with scattering from a shock wave. A characteristic de-
lay time 7,4, can be identified in these images. At short
delay 7,;<7,, large-angle scattering is present; at
T4/~ T4 the large-angle scattering disappears, while there
is still modulation close to beam center; at long delay,
T4> Tg0 the beam profile modulation disappears. The
times 7,4, are longer for the heavier gases and correspond
to the characteristic times for spark lengthening dis-
cussed above. This correspondence implies that for
T4 <T40, a second focus outside the main spark does not

FIG. 9. Axial scattering images of probe pulse. Gas: 30-Torr
Ar. Pulse energies: E, =70 mJ and E, =10 mJ. Probe pulse
delays: (a) 0.2 ns, (b) 1.1 ns, (c) 2.9 ns, and (d) 5.9 ns.

form since the shock wave is within the focal region of
the probe pulse and most of the pulse energy does not fit
inside the developing channel. Instead, the beam is scat-
tered by the shock wave. At 7,~7,, most of the beam
enters the channel, allowing the formation of the second
focus, but enough of the beam energy is still scattered by
the shock that there is still modulation of the far-field
beam profile. For delay positions 7;> 74, the shock
wave has moved radially out of the focal region, so most
of the pulse energy passes through the radially increasing
central profile and is lensed to cause the second spark.
The beam propagation code can be used to simulate
the effects of the plasma on the transverse profile of the
probe beam. The field is propagated to the end of the
channel, where E =E_,;(r). Since the beam after that
point propagates in free space, a Fourier transform of
E,; (r) gives the resulting field Eg, 5.4(p) in the plane of
observation, where p is the radial position in the far field.
Figure 10(a) shows calculations for a probe beam incident
on a short column of plasma, with a peak in the plasma
density on axis. This simulates probing at early delays of
the plasma column formed by the first laser pulse. The
converging beam is refracted away from the column, with
the greatest refraction occurring near the center of the
beam. If the index gradients are not too large, the result-
ing far-field pattern [Fig. 10(b)] shows an enhancement in
intensity near the center. Now consider later delays,
where a depression in the plasma density has formed
along the optical axis due to formation of the shock wave
[Figs. 10(c) and 10(d)]. For a range of shock radial posi-
tions, the central portion of the beam enters the channel,
while the wings are refracted by the shock, away from the
optical axis. After leaving the plasma region, the chan-
neled and unchanneled portions of the beam interfere,
creating a ring pattern in the far field [Fig. 10(d)]. This
compares qualitatively to the images of Fig. 9. The
greater the phase difference between the channeled and
unchanneled parts of the beam (where this phase
difference is proportional to the average plasma density
difference between the beam center and wings), the small-
er the ring spacing. Sharper refractive index gradients
(i.e., due to the shock) result in a larger angular extent of
the rings. As the shock front moves out of the focus,
more of the beam energy enters the central region and is
refracted without strong distortion of the beam profile.
When the beam undergoes one oscillation in the channel,
it exits the channel as it entered. The second focal spot
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size is then roughly the same as the vacuum spot size,
and the beam size measured at the chamber exit is close
to the unperturbed beam size, as seen in Fig. 9.

These experiments demonstrated that a plasma shock
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FIG. 10. Beam propagation calculation of the field distribu-
tion at the end of the short channel (1.2 mm) and the far-field
distribution for [(a) and (b)] a plasma column which has no cen-
tral minimum, which results in reflection away from the optical
axis, and [(c) and (d)] a plasma column with a central minimum,
which allows the central part of the beam to enter.

wave initiated by an intense laser pulse could create a
channel appropriate for guiding a second beam. It was
clear from these data that longer guiding distances could
be achieved by using longer plasma channels.

V. LONG CHANNEL EXPERIMENTS

A. Axicons

An axicon [14], an optical element that forms a line
focus along its axis of revolution, was used to produce a
longer channel. The axicon is more efficient than a cylin-
drical lens in concentrating light in a line focus, and pro-
duces a circularly symmetric focal region. The form of
axicon used here was a polished glass cone. When a
plane wave enters the planar side and emerges from the
conical surface, it is converted into a conical wave front
converging on the optical axis. For an input ray normal
to the plane face of a conical transmission axicon with
base angle a, the angle of approach y to the optical axis
is found from n sina=sin(a+7y), where a must be less
than sin~!(1/n), the critical angle. The rays at the input
radial position p are related to those converging at the
axial distance z by

(6)

z(p)=pc,=p —tana

tany

where z =0 is at the axicon tip. When the beam does not
fill the axicon aperture, the maximum length of the focal
region is z,, =~c,po Which varies with the input beam
radius p, and the base angle a. For a beam with p,=0.5
cm entering an axicon with a=35°, ¥y =24.8° c,=1.46,
and z,, =0.75 cm.

A standing wave pattern near the optical axis results
from the interference of the conical wave front with itself.
For a collimated input beam E; (p) polarized in the x
direction, a calculation of the field near the optical axis
using the Kirchoff diffraction integral and the method of
stationary phase gives

k siny z 12
E (rz)= |53V 2 | g (2)
2 Cq
1+cosy .
X 5 Jolkr siny)
+—1%LJ2(krsiny) (7)
and
L si 172
E,(rz)= |Z ;“ Ci E,(z)[sinyJ, (kr siny)] ,
a

(8)

where k is the laser wave number, and Eq. (6) is used to
map the input beam profile to the z axis. The small z
component of the field (which vanishes at » =0) origi-
nates from input rays near the x-z plane. These rays de-
velop a small axial component of polarization as they are
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refracted toward the optical axis. The field profile near
the axis results from the interference of rays refracted
from opposite sides of the axicon, and is dominated by
the Jy(kr siny) term in Eq. (7), since y is usually small.
The central spot size is ro=x,/(ksiny), where
Xxo=2.405 is the first zero of Jy(x). Since y is constant,
the interference pattern, and therefore the spot size, is in-
variant for z <z, along the optical axis. For a nonconi-
cal axicon, or a nonparallel input, the angle y and the
spot size depend on z. The intensity profile along z can
therefore be modified by adjusting the input beam diver-
gence [40,41] or the axicon surface of revolution [42].

The variation of the amplitude along the optical axis is
also determined by the input beam profile

. 2
1(z)=—”%"‘l;"‘~zm(p<z))“—ﬁ9§f)— : ©)

where the angular factor at the end results from the pro-
jection of the polarization along the optical axis. A flat
input beam profile would yield an axial intensity profile
that linearly increases until the cutoff at the edge of the
axicon. The peak intensity along the optical axis occurs
at z=£z_,., with § a constant determined by the input
beam profile (§= 1 for a Gaussian input beam). Since the
peak intensity follows I, <&z . P, /p3<P, /Zmues
where P;, is the input power, the intensity is inversely
proportional to the length of the focal region. As an ex-
ample, a 100-mJ, 100-ps pulse, directed to an axicon
(a=35°) in a beam radius of p;=0.8 cm, reaches a peak
intensity equal to the saturation intensity for single ion-
ization of xenon [43] I, ~1.2X 10" W/cm?

As a comparison, consider the use of a cylindrical lens
to form the plasma channel. The focal region of a cylin-
drical lens does not have circular symmetry, with a focal
aspect ratio of 2z, /d, where z is the Rayleigh length of
the focal line of width d. To produce I=~1.2X101
W/cm?, for A=1 um, focal line length D =1 cm, and
d =4 um (aspect ratio ~6), requires P;, =5 GW (0.4 J in
100 ps), four times as much as with the above axicon.

For most of the experiments described here, an axicon
with base angle a=35° was used, producing a spark
about 0.8 cm long. A spark over 2 cm long has been pro-
duced using an axicon with @=20°, but since the focused
intensity was close to the ionization threshold, slight vari-
ations in the pulse energy led to changes in the length of
the spark. For the a=35° axicon, a lineout of a
magnified image of a cross section of the focal region
(recorded with a CCD camera and a 60X microscope ob-
jective) is shown in Fig. 11. The calculated spot size is
2ro~=~2 pm, and the measured FWHM of the spot is 3
pm, limited in part by the camera resolution. For the
xenon-seeded breakdowns used in the current experi-
ments (with a=35°), the energy required for a uniform
breakdown in the axicon focus is roughly 150 mJ per cm
of spark. A mix of A=0.532- and 1.064-um light de-
creases this energy requirement (due to the greater initial
fraction of electrons produced by multiphoton ioniza-
tion). Axicon sparks have been generated previously in
the avalanche breakdown regime at pressures ranging
from 0.02 atm [44] to several atm [45], using long pulses
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FIG. 11. Measurement of the axicon focal spot, using a 60X
microscope objective and a CCD with 30-um pixel spacing. The
HWHM is approximately 1.5 um.

(5—-40 ns) and high pulse energies (up to 100 J). A period-
ic structure in the breakdown spark has been observed to
develop within the first few nanoseconds of the break-
down [46], in which filaments were seen to form along the
direction of the rays approaching the optical axis. The
structure has been attributed to self-focusing in the gas or
plasma [47]. The sparks generated in the present experi-
ments, with 100-ps pulses and lower pressure (30-200
Torr), are free of such structure, most likely because little
radial plasma motion out of the high intensity region
occurs during the pulse.

Due to the difficulty in polishing the conical surface to
the same degree of quality as found routinely in spherical
and planar optical surfaces, it would be expected that im-
perfections in the surface figure would lead to small-scale
variations in the axial intensity profile. Here, however,
the laser pulse duration is sufficiently long that there is
inverse bremsstrahlung heating during the pulse.
Thermal conduction along the length of the spark during
and shortly after the pulse leads to an axial temperature
profile more evenly distributed than the intensity profile.
Subsequent collisional ionization then smooths any initial
nonuniformity in the plasma. Using the thermal conduc-
tivity scaling from above (Sec. II B), the thermal diffusion
lengths on time scales of 1 ps, 100 ps and 1 ns are approx-
imately 20, 200, and 700 um, respectively, at T, =50 eV.
Generation of a uniform spark may be difficult with sub-
picosecond pulses because of insufficient heating and
thermal conduction during the pulse (Sec. II B).

B. Experimental arrangement

The 170-200-mJ output of the Nd:YAG regenerative
amplifier system was split into two paths with a polarizer
(P;), with one beam producing the axicon spark and the
other to be guided by the channel (see Fig. 12). The latter
beam passed through a corner cube mounted on a vari-
able delay line (12-ns range) and a beam expander before
focused with the coupling lens (L, 250-mm focal length)
through the chamber window. A quarter-wave plate
(QWP) was required to relinearize the polarization after
the internal reflections in the corner cube. A half-wave
plate (HWP,) and polarizer (P,) were used for lens beam
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FIG. 12. Long channel experiment.

intensity adjustment, and the final half-wave plate
(HWP;) controlled the polarization of the coupling beam.
Normally S polarization was preferred for side observa-
tions of Thomson scattering. The focal spot size was
measured by imaging the spot with a microscope onto a
CCD camera, and was 10—15 um (1/e? radius), depend-
ing on the input beam size. The coupling adjustment was
made outside the vacuum chamber through three-axis
precision adjusters on the focusing lens. This technique
for moving the focal position slightly affected the angle of
approach to the channel, but careful prealignment of the
beam ensured that the angle was very small (less than 0.2
mrad). An axial hole in the axicon of diameter
2a=0.125 in. allowed transmission of the counterpro-
pagating coupling lens beam. The hole resulted in only a
small reduction in spark length, due to the small radial
weighting factor in the region close to the axicon apex
[see Eq. (9)]. The length of the spark was controlled with
an iris (I, ) near the entrance face of the axicon.
Side-scattered laser light and recombination emission
were imaged onto a cooled CCD camera (CCD;; see Fig.
13) as in the experiment described in Sec. IV. The light

D cep,

FIG. 13. Optical diagnostics for long channel experiments.
D, is a dump for the axicon beam, and D, is a light trap to form
a dark background for observations through lens L,. The size
of the hole in the axicon is exaggerated to show the rays more
clearly.
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scattered or emitted at 90° to the optical axis was collect-
ed and reimaged outside the chamber with lenses L; and
L,. CCD; either collected this image directly or was
placed at the image plane of a microscope objective
(MS,). A polarizer (P) in the imaging path was used to
select either scattered light from the coupling lens beam
or the axicon beam. Note that although the observation
direction was nominally along the polarization direction
of the axicon beam, the small component of the field
along the optical axis [for »0, see Eq. (8)] allowed some
axicon light scattered from the plasma to be observed. A
cooled CCD camera was used for these measurements, al-
lowing integration of the signal over many shots at the
laser repetition rate of 10 Hz. The long integration times
(typically 1500 shots) made it imperative to reduce any
stray light and background signal. Most of the back-
ground signal was subtracted in the computer by block-
ing the coupling lens beam and collecting a reference im-
age. This reference image contained residual scattered
and stray light from the axicon beam, camera dark
current and amplifier offset, as well as any plasma emis-
sion falling within the bandpass of the interference filter.

The intensity distribution of the beam exiting the plas-
ma channel was measured by relaying an image of the
channel exit to camera CCD, (see Fig. 13). A Brewster
window (W) placed before the axicon reflected some of
the S-polarized lens beam, while the P-polarized axicon
beam was transmitted through the window with minimal
losses. Collimation lens L, was placed with the exit of
the channel (nearest the axicon) at its focus. The light
emerging from the channel was imaged by lens L, to a
point outside the chamber. This spot was then magnified
by a microscope objective (MS,) and imaged onto CCD,,.
Two image planes were of interest, those corresponding
to the entrance and exit of the waveguide. MS, and
CCD, were mounted on an adjustable rail so that either
image plane could be viewed. These two planes were dis-
tinct, since the channel lengths were much longer than
the Rayleigh length of the coupling beam focus (always
greater than a factor of 20). These images of the coupling
lens focus and the channel exit were viewed in real time
(at 10 Hz) to very and optimize the coupling into the
channel. For example, when the lens beam did not pass
through the axicon plasma, an undistorted focal image of
the entrance plane of the channel was observed. When
some portion of the beam passed through the axicon plas-
ma, the image became distorted as the light was either
coupled into or scattered by the channel. After centering
this image, the microscope objective was moved back to
find the image plane of the channel exit, where the chan-
neled beam appeared as a small spot.

C. Plasma channel guiding

Images and lineouts of side-scattered laser light are
shown in Fig. 14 for a mix of 30-Torr Xe and 95-Torr N,,
axicon pulse energy E,;=160 mJ (estimated peak line
focus intensity 2X10'> W/cm? and lens pulse energy
E,=15mJ. As discussed in Sec. III B, multiphoton ion-
ization of the xenon provides the seed electrons to pro-
mote avalanche ionization of the nitrogen. Here the full
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length of the long spark region was imaged onto CCD,.
Figure 14(a) shows the light scattered from the axicon
pulse alone. The channeled light alone (with the cube po-
larizer blocking the axicon light) is shown in Fig. 14(b)
for a delay 7, =6 ns (100-shot average). A bright scatter-
ing peak is seen at the entrance to the channel, followed
by weaker scattering from the plasma center, and another
strong scattering peak at the channel exit. Above a
threshold of about 5 mJ, the channel entrance and exit
scattering peaks were observed to increase nonlinearly
with the intensity of the coupling lens pulse. The heights
of the two peaks indicate that the light fluxes incident at
the scattering points were comparable. The mechanism
for the enhanced scattering at the ends will be discussed
in Sec. V G. The second peak disappeared if the coupling
lens focus was detuned to the side by less than 15 um.
Blocking the axicon beam eliminated all but a breakdown
peak at the lens focus. The guiding distance here is 7
mm, 24 times the Rayleigh length of the 10-um focal
spot.

Figure 15(a) is an image of the channeled beam at the
waveguide exit, for a mix of 30-Torr Xe and 170-Torr N,,
E, =100 mJ and E,=25 mJ (30-shot average). The
lineout data from this image (points) and a fit of these
data to a Gaussian profile (solid line, with a 1/e? radius
of 25 pum) are shown in Fig. 15(b). By contrast, the
unguided beam, focused at the channel entrance (dashed
line, taken with the axicon beam blocked), has a 1/e? ra-
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FIG. 14. Images and axial lineouts of scattered laser light
from the axicon focal region. Gas: 30-Torr Xe-95-Torr N,.
Pulse energies: E, =160 mJ and E, =15 mJ. (a) Axicon beam
alone. (b) Channeled beam injected after a 6-ns delay. The
background is subtracted from each.
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dius of about 240 um at the channel exit plane. The
beam exiting the channel was stable in position and inten-
sity over many shots, indicating that the propagation is
not sensitive to small changes in intensity. The stability
of the output beam depends primarily on the stability of
the axicon plasma, which in turn depends on how close
the axicon focal intensity is to the ionization threshold.
If the intensity is very close to the threshold, the effective
length of the channel fluctuates with laser energy. The
2.2-cm spark generated with the @ =20° axicon was seen
to guide a pulse for over 70 Rayleigh lengths, though not
for every shot due to the spark length fluctuations. As a
check on the confinement of the beam, the exit mode was
imaged for different axicon spark lengths. An iris (I,),
placed at the entrance to the axicon, limited the radius of
the input beam, controlling the length of the channel [see
Eq. (9)]. Figure 16(a) shows lineouts of two fluorescence
images for an open iris and an iris set to 14-mm diameter,
which shortened the plasma length by 1.5 mm. The
lineouts of the resulting exit modes [Fig. 16(b)] show that
the beam size is constant to within 15%, demonstrating
that the beam is channeled at a small size throughout the
guide.

The channel widening with delay is verified in Fig. 17,
under the same conditions of Fig. 14. Magnified laser

(@)

(v)
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® channelled
—gaussian fit
- —-no channel

0'0—150-100 -50 0 50 100 150

distance at channel exit (um)

FIG. 15. (a) Mode profile at channel exit. The beam is fo-
cused at the entrance of the channel and couples to low-order
channel mode(s). Gas: 30-Torr Xe—170-Torr N,; pulse energies:
E, =100 mJ and E,=25 mJ; delay: 12 ns. (b) Lineout of this
image, where the least squares fit to a Gaussian gives a FWHM
of 25 um. The dashed line shows the size of the beam at this fo-
cal plane when the axicon spark is not present.
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Axicon spark fluorescence
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FIG. 16. An iris at the entrance to the axicon is used to con-
trol the beam size entering the axicon, thereby controlling the
channel length. Gas: 30-Torr Xe—-170-Torr N,. Pulse energies:
E, =160 mJ and E, =25 mJ. (a) The lineout of the fluorescence
from the spark shows a 1.5-mm spark length reduction, with the
iris closed to a 14-mm diameter. (b) Exit mode lineouts. The
exit mode sizes are comparable: 18 um for the shorter channel
and 16 um for the longer channel.
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FIG. 17. Side images of laser scattering from middle section
of channel. Gas: 30-Torr Xe-95-Torr N,. Pulse energies:
E;=160 mJ and E,=15 mJ. Widths marked with arrows are
(a) 26, (b) 60, and (c) 86 um.

scattering images of the center region of the channel (us-
ing microscope objective MS; and cooled camera CCD,)
are shown for delays of 1, 4, and 12 ns, where the widths
are 26, 60, and 86 um. These widths extend for the full
length of the channel. The signals were integrated over
1500 shots, and the background signal was subtracted as
outlined above.

At lower chamber pressures, the CCD cameras were
not adequately sensitive to measure the Thomson scat-
tered light. Figure 18 shows a sequence of axial lineouts
of fluorescence emission collected with CCD, (30 Torr of
Xe, E;=145 mJ, E, =40 mJ, and 7,=15 ns). These im-
ages were taken with blue-pass and IR-blocking filters.
This figure shows that there is a center position of the
coupling lens that gives the most uniform increase in
spark emission along the whole length and the lowest
emission at the channel entrance. This position also gives
the greatest degree of coupling into the output mode as
measured with CCD,. When the lens was translated by
15 pum to any transverse position, the emission was
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FIG. 18. Images and lineouts of fluorescence from the axicon
focal region as input coupling is detuned. Gas: 30-Torr Xe.
Pulse energies: E; =145 mJ and E, =40 mJ. Delay: 15 ns.
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enhanced at the entrance to the axicon plasma, while the
emission along the length decreased. Translating the
coupling lens by an additional 20 um caused the emission
to decrease to the same level as that due to the axicon
alone. The enhancement in the fluorescence at the spark
tip results from the interaction of the lens beam focus
with the higher density plasma of the expanding shock.
As the delay was increased, so was the transverse dis-
placement of the coupling lens required to maximize the
brightness at the spark entrance. This is consistent with
the presence of a radially expanding shock front.

D. High density multimode propagation

It is clear from Eq. (5) that a larger density difference
and/or channel size allows higher order modes to propa-
gate. For sufficiently high chamber pressures, the total
density difference (to the peak of the shock) can be sub-
stantially higher than the minimum needed to guide a
beam, especially since inverse bremsstrahlung heating
and resulting collisional ionization, both of which in-
crease with density, lead to multiple ionization. In-
creased laser heating also drives the expansion at a
greater rate (since the initial shock speed is approximate-
ly the ion acoustic speed ¢, ), leading to larger channel di-
ameters for a given delay compared to the lower density
case.

If the waveguide supports multiple modes, the propa-
gation of the channeled light depends on the coupling of
the input beam to the modes. The input beam in Fig. 15
was focused near the channel entrance and coupled to a
low-order mode. An input beam of a size comparable to

(a) 8 ns delay (b) 10 ns delay
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the fundamental channel mode size may be coupled to
higher-order modes if it diverges as it enters the channel.
(An input beam smaller than the fundamental mode cou-
ples to higher-order modes even when it is collimated at
the entrance.) When the input beam does not selectively
couple into just a few low-order modes, the exiting beam
is most often a mixture of many modes, without easily
classifiable structure. Figure 19 shows multimode exit
beam profiles for which the input focus was placed about
1 mm before the channel entrance, for several delays. At
8 ns, four lobes in the image indicate the presence of an
m =2 mode, while at 10 and 12 ns an m =1 mode ap-
pears to dominate, and p =2 at longer delays. A slight
angular misalignment between the axicon spark center
line and the direction of the coupling beam results in the
azimuthal orientation of the lobes. At the longer delays,
a well-defined boundary develops within which the modes
are confined. This is the region in the channel wall where
the field is exponentially damped. The radius of this
boundary, r,, increased with the delay of the channeled
beam, moving from r, =40 um to r,=~70 um over a span
of 6 ns, giving an average speed v, =5 X 10° cm/s.

As described earlier in Sec. IV, a Gaussian beam prop-
agating in a quadratic profile waveguide will oscillate in
size if the input beam does not couple to azimuthal
modes and is either uncollimated or a different size from
the fundamental mode. Here conclusive evidence was
not seen for oscillations of the beam diameter within the
channel. For a lowest-order mode spot size w,= 10 um,
the period of oscillation in a parabolic channel is

z,=ma=1 mm and approximately seven oscillations

(c) 12 ns delay

T
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FIG. 19. Exit modes for various delays.
The input beam was focused 1 mm in advance
of the channel entrance, forcing it to couple to
high order modes. Gas: 30-Torr Xe—170-Torr
N,. Pulse energies: E; =160 mJ and E, =25
mJ.
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occur along the length of the channel. The transverse
resolution of the imaging may have limited the capability
to see such variations. However, it can be shown with
the beam propagation code that a beam does not always
oscillate periodically in an arbitrary density profile [37].
The beam profile in a waveguide containing only bound
modes is the result of interference of these modes. For a
parabolic channel, the phase difference between modes is
an integer multiple of the period z, =ma, and the result-
ing mode beating ensures that a Gaussian input will
maintain its Gaussian shape as it oscillates in size. Non-
parabolic channels, such as those predicted by the plasma
dynamics code (see Fig. 1), do not have this relationship
between the mode phases, so the propagation is aperiod-
ic. An initially Gaussian beam that couples to many
waveguide modes quickly loses its Gaussian character as
the relative phases of the modes change.

E. Low density single-mode propagation

At background pressures below approximately 100
Torr, the maximum possible electron density difference is

(a) 1.0 T T Toan T T
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—60 —40 —20 0 20 40 60
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FIG. 20. Lineouts of exit mode profiles for a single-mode
plasma waveguide as the coupling lens position is moved away
from the channel entrance along the optical axis in 0.625-mm
increments. (a) Coupling is strongest for the lens focus at the
channel entrance, and decreases as the focal position is moved
back. (b) Normalized plots of same data show that the mode
shape remains constant. Gas: 30-Torr Xe-—-40-Torr N,.
E;=165mJ and E, =25 mJ. Delay: 12 ns.
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low enough that the beam is channeled only in low-order
modes. The plasma dynamics code shows that at this
pressure, field ionization dominates, followed by inverse
bremmstrahlung heating of the electrons. At low back-
ground pressures, movement of the input beam trans-
versely or axially does not change the exit mode shape, it
only changes the degree of coupling. Figure 20 shows a
sequence of output beam profiles as the coupling lens
focus was moved along the optical axis away from the tip
of the channel by 0.625-mm increments (30-Torr Xe, 40-
Torr N,, E; =160 mJ, E,=15 mJ, and 7,=10 ns). The
coupling decreases [Fig. 20(a)] as expected as the lens is
moved back, but the normalized beam profiles [Fig. 20(b)]
show that the mode shape remains constant, consistent
with single-mode waveguide behavior. The least-squares
fit to a Gaussian is very close to the data, with some small
variation in the wings of the profile. One of the lineouts
of Fig. 20(a), fit to a Gaussian, gives w. =17 um.
Despite the good fit, it would be difficult to infer the de-
tails of the exact density profile from the measured mode
shape, since the lowest order mode is very nearly Gauss-
ian for a range of channel profiles [33]. The mode radius
w,, gives an estimate AN,(w.,)=1/(romw?,) for the
density difference between » =0 and r =w,; for Fig. 20,
AN,(wy,)=4X10" cm™3. This value is only weakly
dependent on the actual density profile. An upper densi-
ty difference limit at » =r,, can be found for a particular
density curvature exponent a by noting that the p =0,
m =1 mode is not bound. For a parabolic profile, Eq. (5)
gives AN,(r,,)<4/(romrk), where AN,(r,,)=AN,(w,)
X(r,, /wg ), leading to 2 <2w?,.

Figure 21 shows the variation of the measured exit
mode radius with delay (30-Torr Xe, E; =165 mJ, and
E,=25 mJ). At first, the mode size decreases with in-
creasing delay. As the curvature of the plasma density
profile relaxes during the plasma expansion, Eq. (3) pre-
dicts an increase in the mode size w,. Under the shor-
test delay conditions, Eq. (3) underestimates the density
difference needed to guide the measured mode because
the mode penetrates through the shock wall of the small
radius channel. Figure 22 illustrates this with calculated
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FIG. 21. Channeled mode spot size vs delay. Gas: 30-Torr
Xe. E;=165mJ and E, =25 m]J.
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FIG. 22. Calculated fundamental mode profile for a quadra-
tic channel with a constant plasma density outside the radius
r,,. Each plot has the same maximum density difference as 7, is
varied.

lowest order modes for channels with a constant electron
density for r > r,,, each with the same AN,(r,, ). For wid-
er channels (such that wy <r,, ), the spot size increases
with 7, as the curvature relaxes, and Eq. (3) predicts the
correct spot size. For small channels (r,, Swg), the
mode size increases with decreasing r,,, extending well
beyond r,, as it approaches cutoff. Additionally, as will
be illustrated in Sec. V F, small channels with decreasing
electron density beyond r,, exhibit radiation tunneling
through the cylindrical plasma shock wave at r,,, which
contributes to the field at radial positions beyond the cen-
tral mode peak.

F. Leaky mode propagation

As discussed in Sec. II C, the finite thickness of the
channel wall can result in the leakage of propagating en-
ergy from the channel. Figure 23 shows a sequence of
laser scattering images vs delay for the full length of the
channel along with axial lineouts (on a log scale) for the
same conditions as Fig. 14. At the shortest delay (1 ns),
the scattered light signal decreases exponentially along
the length of the channel, and there is no enhanced
scattering at the exit. As the delay is increased (2 ns),
enhanced scattering begins to appear at the channel exit,
with the signal still attenuated along the channel. At 6
ns, the scattering is constant, indicating that the intensity
of the channeled beam is approximately constant along
the channel length. The enhanced scattering peaks at the
entrance and exit are roughly equal in magnitude for this
delay position. The lineout of the image taken at the
longest delay (7, =12 ns) shows that the beam comes to a
gradual focus close to the exit of the channel. Here the
scattering at the exit was larger than at the entrance.

Figure 24 shows normalized images of the exit modes
for all four delay positions. The energy throughput (mea-
sured by integrating the images) rises sharply over the de-
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lay range 1-4 ns, then levels off. This strong increase in
throughput over the short delay range is consistent with
the observations above of the decreasing leakage of the
beam from the channel. The ratio of the scattered light
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FIG. 23. Images and axial lineouts of scattered laser light,
showing reduction in leaky mode attenuation at longer delay.
Laser is incident from left. Gas: 30-Torr Xe—95-Torr N,. Pulse
energies: E, =160 mJ and E, =15 m]J.
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FIG. 24. Exit mode images for the data shown in Fig. 23.

Relative throughput: (a) 0.21; (b) 0.33; (c) 0.82; and (d) 1.0.
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intensity near the exit to the intensity near the entrance
(just inside the large scattering peaks) is 0.22 for the 1-ns
delay position and 0.36 for the 2-ns delay. The
throughputs for these two delay positions relative to the
maximum delay position are 0.21 and 0.33, respectively,
demonstrating that the side-scattered light is a good rela-
tive measure of the propagating intensity. The rings in
the exit modes at 1 and 2 ns result from the leaky mode
tunneling rather than from higher-order bound modes.
The rings disappear at longer delays, in distinction to the
behavior of a higher-order mode. The small size of the
output mode at 12-ns delay is further indication of a
secondary focus near the exit, consistent with the obser-
vations above the larger side scattering there. This re-
duced thoughput at short delays is also seen at lower den-
sities. Figure 25 shows the measured throughput versus
74 for a gas mixture of 30-Torr Xe and 60-Torr N,. The
throughput was measured as the fraction of the light in
the lens focal spot that emerged from the channel exit.
The measured peak thoughput under these conditions is
close to 60% (in a spot size of 13 um), giving a channeled
peak intensity of approximately 10 W/cm?.

The attenuation of Figs. 23(a) and 23(b) is not attribut-
able to inverse bremsstrahlung absorption, for which cal-
culations show a bleaching effect as the guided pulse
heats the channel (see Sec. VG below). The attenuation
at the earliest delay positions is caused by strong leakage
from the narrow channel. To illustrate this, Fig. 26
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FIG. 25. Absolute energy throughput vs delay. Gas: 30-Torr
Xe-60-Torr N,. E, =165 mJ and E, =25 mJ. Spot size at the
maximum energy throughput is 13 um.

shows a beam propagation calculation for a channel
profile generated by the plasma dynamics code at early
delays. The input beam (w,=10 pum) is focused at the
entrance of a channel with r,, =8 um and decreasing den-
sity for larger radial positions. A central region of de-
creasing peak field is seen to propagate down the channel
center, with tunneled radiation diverging at a slight angle
to the channel axis, forming radial rings.

G. Coupling and attenuation

The factors which influence the energy throughput of
the channel can be divided into two categories: input cou-
pling efficiency (determined by mode matching and
scattering at the entrance), and attenuation of the chan-
neled beam (from absorption, side scattering or back-
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FIG. 26. Calculation of the beam propagation in a channel
with a small channel radius and an electron density that peaks
radially, then falls to zero, showing leakage or tunneling radia-
tion. The radius to channel peak electron density is 8 pm, and
the input spot size is 10 um at the channel entrance.
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scattering from the plasma channel, or waveguide leakage
or tunneling). The energy throughput was determined by
comparing an integration of the signal in the exit mode
image with the same measurement made of the input fo-
cal spot (after positioning MS, to observe the focal plane
of the coupling lens). This throughput ratio can be quite
high: for example, in the data shown in Fig. 15, the chan-
nel throughput was 75%.

The origin of the enhanced laser scattering at the chan-
nel entrance and exit is Fresnel reflection of the beam
from the axially propagating shock wave interface be-
tween the plasma and the surrounding gas. In previous
work [48] enhanced scattering observed at 90° from a
Nd:glass laser-produced spark in helium (at 1-4 atm) was
attributed to this mechanism. In the limit of small
'=N,/N, (here 1072-1072), the reflectivity for S-
polarized light of a plasma-gas interface (N, =3.5X 108
cm ™) at an angle of incident near 45° is R, ~3X 1075,
for both internal and external reflections. The increase in
electron density at the shock front due to avalanche ion-
ization by the guided pulse may account for the nonlinear
increase in the scattered light signal with input intensity.
A simple geometric model [48] was used to estimate the
fraction of the incident beam reflected into the collection
lens L, in which a collimated Gaussian beam (spot size
w,) is assumed to be incident on a roughly spherical
shock front (radius r,), which defines the plasma-gas in-
terface. The energy scattered to the collection lens from
that area is [37] E ~E,[B% V*']/(4mV2)R4AQ,
where B=r;/w,, E;, is the pulse energy, and AQ is the
solid angle of the collection lens (for the present arrange-
ment, AQ=0.018 Sr). The maximum  value
E.~0.015E;,,AQ occurs for f*=1/V'2. For E;,=10
mJ, the energy scattered to the collection lens is at most
E . ~=0.01 nJ, which is of the same order of magnitude as
that measured. For comparison, the energy directed into
the lens due to Thomson scattering under similar condi-
tions is Eqg~(E;, /mw3)N,(8zmw})r§AQ, where dzmw}
is the scattering volume [49]. Taking 6z=~20 um (the
pixel size), E . /E 15~ 100.

Although large-angle reflections at the entrance and
exit scatter a negligible portion of the input energy (due
to the small absolute value of the index discontinuity), ad-
ditional plasma formation where the lens focus meets the
channel entrance can affect the coupling. The ratio
E;,/E,, was observed to decrease above a threshold in-
tensity associated with the appearance of enhanced laser
scattering at the entrance of the channel (along with in-
creased fluorescence emission there) (see Fig. 27).
Avalanche breakdown at the entrance, seeded by free
electrons from the axicon spark, evidently plays a role in
limiting the amount of light that can be coupled to the
guide. The additional ionization, with its peak on the op-
tical axis, can create a negative plasma lens and scatter
the beam, or at least degrade the mode matching. A
differential pumping arrangement in which the gas densi-
ty in the region in front of the channel entrance is limited
is currently being tested. Other approaches include using
a gas jet or tailoring the channel entrance plasma profile.

Self-focusing at the channel entrance due to the non-

10
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FIG. 27. Relative energy throughput vs input energy (loga-
rithmic scales). Gas: 30-Torr Xe—170-Torr N,. Pulse energies:
E;=80mJ and E, =25 mJ. Delay: 14 ns. The throughput lev-
els off at an input energy (approximately 15 mlJ), which also
shows an enhanced level of large-angle scattering at the input.

linear refractive index of the atoms and ions is another
mechanism that would affect the coupling at high intensi-
ties. The threshold power for self-focusing in Xe is ap-
proximately 0.4 GW, an order of magnitude larger in
peak power than the coupling lens pulse. The nonlinear
polarizability for the ground-state ions of this experiment
should be lower than that of Xe, due to tighter binding of
the electrons. Collisionally excited atoms or ions may
have a value of y'3) higher than that of the ground-state
atoms [20,50]. Such excited atoms and ions may exist at
the coupling lens focus, where there are likely many free
electrons. However, a pulse that is sufficiently intense
rapidly photoionizes these collisionally excited species,
due to the lower ionization potential out of the excited
state.

It was seen above that at short delays, while the plasma
channel is in the initial stages of development, the chan-
neled energy is substantially attenuated due to leaky
mode radiation. At higher densities and longer delays,
when the waveguide supports many modes, the energy
throughput is less sensitive to changes in the channel size.
For example, in the sequence of multimode images of Fig.
18, the energy throughput was constant to within +8%
throughout the range of delay.

Inverse bremsstrahlung absorption is a possible mecha-
nism for beam attenuation in the channel. For high-
intensity pulses, however, inverse bremsstrahlung does
not result in a substantial loss of energy. As energy is ab-
sorbed, the electron temperature increases, which de-
creases the absorption rate. For N,=N,;=3.3X10'®
cm ™3, A=1.064 pum, and T,=10 eV, the linear inverse
bremsstrahlung absorption coefficients is [51] 0.62 cm L.
Over a propagation distance of 0.7 cm, this would result
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in about 53% of the pulse energy being deposited in the
plasma. However, as the pulse energy is absorbed, the
electron temperature increases, which decreases the ab-
sorption rate. For a temperature of 50 eV, the absorption
coefficient is 0.01 cm™!. To raise the electron tempera-
ture 10-50 eV would remove only 200 pJ from the beam
(assuming a focal volume of 20 um in radius by 0.7 cm in
length). For very high-intensity pulses (where the pon-
deromotive potential in the laser field satisfies
U, >>kgT,), this bleaching effect occurs even before sub-
stantial heating occurs, since the quiver energy reduces
the electron-ion scattering rate.

Another attenuation mechanism is stimulated Brillouin
scattering (SBS), in which the laser beam resonantly cou-
ples to ion acoustic waves, causing backscattering. The
channeled intensities in this experiment are above the
threshold for an exponentially growing level of SBS [52],
although an effort to observe stimulated backscattering
did not show a measurable amount. This may be due to
the pulse duration, since the ion wave must build up from
the thermal level of fluctuations during the short pulse.

VI. CONCLUSIONS

The results presented in this paper are a demonstration
of the extended, stable channeling of an intense laser
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beam in plasma. The two-pulse technique demonstrated
here should prove very useful in a wide range of applica-
tions. The method is more flexible than self-channeling
schemes. Since the channel is preformed, the guiding
does not rely on a particular channeled intensity, and
multiple pulses may even be guided. The method offers
more control over the waveguide properties. The delay
before pulse injection, the gas composition, the degree of
initial plasma heating as well as the length of the channel
are all parameters that may be varied. Furthermore, a
special property of the plasma waveguide is the wave-
length independence of the mode structure. Short wave-
length light generated in the channel will also be guided
along with a channeled driving pulse. A differential
pumping arrangement is currently being tested, which
should allow even higher-intensity pulses to be coupled
into the guide and permit the exit of short wavelength
light into vacuum.
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FIG. 14. Images and axial lineouts of scattered laser light
from the axicon focal region. Gas: 30-Torr Xe-95-Torr N,.
Pulse energies: E; =160 mJ and E, =15 ml]. (a) Axicon beam
alone. (b) Channeled beam injected after a 6-ns delay. The
background is subtracted from each.
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FIG. 15. (a) Mode profile at channel exit. The beam is fo-
cused at the entrance of the channel and couples to low-order
channel mode(s). Gas: 30-Torr Xe—170-Torr N,; pulse energies:
E, =100 mJ and E,=25 mJ; delay: 12 ns. (b) Lineout of this
image, where the least squares fit to a Gaussian gives a FWHM
of 25 um. The dashed line shows the size of the beam at this fo-
cal plane when the axicon spark is not present.
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FIG. 18. Images and lineouts of fluorescence from the axicon

focal region as input coupling is detuned. Gas: 30-Torr Xe.
Pulse energies: E, =145 mJ and E, =40 mJ. Delay: 15 ns.

axial distonce (mm)




(o) B ns delay (b) 10 ns delay (c) 12 ns delay

50 -50 0 50 -50 0 50 FIG. 19. Exit modes for various delays.
distance: (um) distance {um] The input beam was focused 1 mm in advance
of the channel entrance, forcing it to couple to
high order modes. Gas: 30-Torr Xe—170-Torr
(d) 14 ns delay (e) 16 ns delay (f) 18 ns delay N,. Pulse energies: E,=160 mJ and E,=25
ml.

T T T T T T T T T

50 o 50 -50 0 50 -50 o 50
distonce (um) distance (um) distance (um)



(o)

Channelled beam: 1 ns delay

i r——

L]
A‘O T T L
>w
B B
€ 3
Sia
=
[S-3 N )
T
29‘ L 1

10
0 2 4

6
distance on optical axis (mm)

(b)

Channeled beam: 2 ns delay

5
%

log{intensity)
(arb units)

L 1
2 4 6
distance on optical axis (mm)

o,

o

© Channeled beam: 6 ns delay

*-—-.;-. e )

o
-

log(intensity)
(arb. units)

10'
2 4 8 8
distance on optical axis (mm)
() Channeled beam: 12 ns delay

3
310 T T Ll
E’E- j
£5
£ .
~ 0
giw
10
2 4 ] 8

distance on optical axis (mm)

FIG. 23. Images and axial lineouts of scattered laser light,
showing reduction in leaky mode attenuation at longer delay.
Laser is incident from left. Gas: 30-Torr Xe-95-Torr N,. Pulse
energies: £, =160 mJ and E, =15 mlJ.
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FIG. 24. Exit mode images for the data shown in Fig. 23.
Relative throughput: (a) 0.21; (b) 0.33; (c) 0.82; and (d) 1.0.



FIG. 9. Axial scattering images of probe pulse. Gas: 30-Torr
Ar. Pulse energies: E;=70 mJ and E, =10 mJ. Probe pulse
delays: (a) 0.2 ns, (b) 1.1 ns, (c) 2.9 ns, and (d) 5.9 ns.



