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Channeling experiments were performed that demonstrate the transport of high-intensity (>10'8-W/cm?),
multikilojoule laser light through a millimeter-sized, inhomogeneous (~300-um density scale length) laser-
produced plasma up to overcritical density, which is an important step forward for the fast-ignition concept.
The background plasma density and the density depression inside the channel were characterized with a novel
optical probe system. The channel progression velocity was measured for the first time, which agrees well
with theoretical predictions based on large scale particle-in-cell simulations, confirming scaling laws for the
required channeling laser energy and laser pulse duration, which are important parameters for future integrated

fast-ignition channeling experiments.

The propagation of a laser beam at relativistic intensities
(>10'"® W/cm?) through plasma with a large density scale
length is dominated by highly nonlinear interactions includ-
ing ponderomotive expulsion of electrons [1], channeling [2—
4], and the development of hosing and bifurcation instabili-
ties [3, 4]. These effects are important for both fundamen-
tal aspects of relativistic laser—plasma interaction physics and
applications such as fast ignition in inertial confinement fu-
sion [5]. The central idea of the fast-ignition concept is to
first compress a frozen DT-ice capsule with a nanosecond,
megajoule laser to a high areal density and then use an ul-
trapowerful short-pulse laser to subsequently ignite the fuel.
Since laser light at nonrelativistic intensities propagates in the
plasma corona up to only the critical density n. = &3me&y/ e
(@ is the laser angular frequency, m, is the electron mass,
& is the permittivity of free space, and e is the elementary
charge), the idea is to use one high-intensity pulse to form a
channel through the corona and then inject the ignition pulse
into the lower-density plasma column as in an optical waveg-
uide [6] to deposit sufficient energy in the core for ignition. In
contrast to the cone-in-shell concept [7], the channeling con-
cept has the advantage that it uses symmetric implosions and
can be readily applied to cryogenic targets.

Channeling into dense plasmas relies on high laser intensity
to provide sufficient ponderomotive pressure against the out-
flowing plasma and a long-enough laser pulse duration to sus-
tain the channel formation. When the laser reaches densities
> ng, it may continue to push forward through its pondero-
motive pressure (“hole-boring”) and relativistic transparency.
The ponderomotive hole-boring velocity [8, 9] is found by
balancing the light pressure against the pressure arising from
the material stagnating against the head of the channel. For
an increasing laser intensity, a higher hole-boring velocity is
obtained.

Channeling experiments with short [10] and long [11] laser
pulses were performed, and it was demonstrated both in ex-
periments [12] and simulations [4] that channels have a higher
transmission for a trailing pulse compared to unperturbed

plasma. These experimental observations were carried out
using a variety of diagnostics including interferometry [12],
self-emission [13], and x-ray grid image refractometry [14].
The effect of the radiation pressure on plasma at the criti-
cal density surface has been already observed in experiments
with 1-um wavelength, low intensity (~ 3 x 10'* W/cm?)
laser radiation interacting with very short-density-scale-length
(~1—um) plasmas [15] well before the fast-ignition concept
was proposed. These experiments applied a 15-ps, 0.266-um
probe laser and interferometry to measure plasma densities up
to ~1.7 n. of the IR beam. However, the short scale length
and the low intensity render these experiments irrelevant for
fast ignition, which requires the study of plasmas with density
scale lengths of several hundred yum and relativistic laser in-
tensities. Later experiments [14] claimed the observation of
the propagation of a short-pulse, high-intensity laser beyond
nc in inhomogeneous plasma with scale length of ~100 pum.
However, the x-ray laser grid image refractometry technique
[14] suffered from a poor imaging quality, which makes it dif-
ficult to identify the channel. Higher-quality data were ob-
tained in our work that clearly shows the channel formation.

This communication describes the first observation of laser
channeling in millimeter-sized inhomogeneous plasma to
overcritical densities with high energy (~kJ), short (10-ps and
100-ps) infrared (IR) laser pulses with peak intensities be-
tween ~ 1 x 10! and ~ 4 x 10! W/cm?. This experimen-
tal study is the first of its kind with fast-ignition-relevant pa-
rameters including sufficiently long density scale length at n,
comparable to high-compression OMEGA laser implosions,
relativistic laser intensities, ~kJ laser energies, and the appli-
cation of a novel high-quality optical probing technique that
characterizes densities >n. of the IR light. Measurements
of the plasma density in the channel and in the background
plasma are presented. This singularizes our experiment as
the one that is currently the most relevant for the fast-ignition
channeling concept and provides important guiding for future
integrated fast-ignition channeling experiments. In addition,
a comparison of the channeling performance for two different
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FIG. 1. (Color online) Schematic of the experimental setup. A plastic
target is illuminated by two UV drive beams to generate a large ex-
panding plasma plume. Following the UV drive beams, an IR chan-
neling laser beam is injected into the plume along the density gradi-
ent. The interaction is observed by an UV optical probe pulse that
is timed to arrive at a specific delay from the start of the channeling
pulse.

laser pulse durations (10 and 100 ps) is presented, which sheds
light on the scaling laws of the required laser energy and the
progression time of the channel front from the laser focus to
nc. From the comparison of our experimental results to large
scale particle-in-cell (PIC) simulations we identified the main
physical interaction mechanisms as the ponderomotive expul-
sion of plasma material and the density pile-up in front of the
channel head, which causes the slowing down of the chan-
nel progression when the critical density is approached. To
the best of our knowledge, this presents the first experimental
demonstration of the slowing down of the channel propaga-
tion in overdense inhomogeneous plasma.

The experiments were carried out on the OMEGA EP Laser
System [16]. Figure 1 shows a schematic of the interaction
and probing geometries. Two ultraviolet (UV) (Ayy = 0.351
um) laser beams (f = 6.5) smoothed by distributed phase
plates (eighth-order super-Gaussian with 800-um full width
at half maximum) [17] irradiated a 125-pm-thick planar plas-
tic (CH) target to create and heat a blowoff plasma. The UV
irradiation delivered 2 kJ of total energy in a 1-ns square pulse.
The channeling laser pulse was an IR (Ajgr = 1.054-ym) beam
with an energy ranging from 0.75 kJ to 2.6 kJ. An intensity
comparison was performed by using 100-ps and 10-ps pulse
widths, respectively. The wavefront of the channeling beam
was measured and the focal-spot irradiance map was inferred
for each shot [18]. The vacuum focal spot contained 80% of
the laser energy in a 20-um-radius spot with peak intensities
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FIG. 2. (Color online) (a) Measured optical probe image of the un-
perturbed long-scale-length plasma (45 ps prior to the arrival of the
channeling beam). The original target surface is located at y = 0.
Contours of constant refraction angle and the associated electron
densities are also shown. (b) On-axis lineout of the measured val-
ues of the unperturbed electron density (points) versus distance from
the target surface. The solid line is a prediction from a 2-D hydrody-
namics simulation.

of ~ 1 x 10" and ~ 4 x 10'° W/cm? for 2.6-kJ, 100-ps and
1-kJ, 10-ps pulses, respectively. The average laser intensi-
ties in the focal spot are about an order of magnitude lower.
The focal position of the channeling beam was set to 750 um
from the original target surface, and the corresponding elec-
tron plasma density was predicted to be ne = 2.5 x 1020 cm 3,
which is close to ne/4. It has been suggested in Ref. [19]
that focusing the laser beam to n. /4 might provide the most-
favorable condition for relativistically enhanced propagation.
The probe beam [20] was a 10-ps, 0.263-um laser with 10 mJ
of energy. The relative timing between the probe and channel-
ing pulse was measured with an accuracy of better than 20 ps
on each shot.

The observations reported here were made possible by em-
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FIG. 3. (Color online) Optical probe images for 10-ps and 100-ps
channeling laser pulses at various times showing greater penetra-
tion depth for the longer pulse. The red spots in (e)-(h) are caused
by fourth-harmonic generation from the 100-ps, 20-TW channeling
pulse reaching n.. The 10-ps, 125-TW laser pulse [(a)-(d)] never
reaches n. and therefore does not produce fourth-harmonic emission.
Since the detector integrated over a time much longer than the dura-
tion of the probe pulse, the harmonic signal is present even in frames
taken before the channel reaches the critical surface in the probe im-
age. Time zero is defined as the start of the short pulse. The back-
ground plasma was always the same as the one shown in Fig. 2(a).

ploying a short probe wavelength and a sufficiently large solid
angle of the collection optics (f ~ 4). The expanding blowoff
plasma was measured by using a new method of optical prob-
ing, angular filter refractometry (AFR) [21], which visual-
izes gradients in the refractive index n of an unmagnetized,
collisionless plasma, given by n = /1 —ne/n.. Figure 2(a)
shows an example of such a measurement shortly before the
arrival of the channeling beam. The probe light that has passed
through the plasma is collected and filtered in the focal plane
of the collection optics where the spatial location of probing
rays depend on their refraction angle. A bullseye-patterned
filter with alternating transparent and opaque rings provides
isocontours of the refraction angle in the image plane. Us-
ing AFR allows one to measure the angular deviation of probe
rays while preserving the fine structures in the image, which
is a considerable advantage over other methods. AFR, as a re-
fractive method, is capable of probing large plasma volumes,
whereas, e.g., interferometric techniques that rely on fringe-
shift measurements are severely limited by the large phase
shifts accumulated along the path [22]. The reason why in-
terferometry, which was used in Ref. [12] and [13] as the pri-
mary probing technique, cannot be applied in our experiment
is simply because of the large size and the high density of the
plasma. As the UV probe passes through the high-density re-

gions of the plasma, the interference fringes become closer
until they are unresolvable. The accumulated phase is greater
than 1000 rad resulting in more than 160 fringe shifts over a
distance of ~1 mm, therefore giving one fringe shift over ~6
um, which is very close to the instrumental resolution (4 um).
The electron plasma density profile shown in Fig. 2(b) was in-
ferred from the measured angular deviation 6 of probing rays
assuming a hemispherical plasma with a varying refractive in-
dex. The analysis is described in detail in Ref. [21]. The
unperturbed on-axis plasma profile in Fig. 2(b) is in agree-
ment with two-dimensional (2-D) hydrodynamic simulations
with the code DRACO [23]. The simulated electron tempera-
ture is 1.8 keV. The experimentally determined radial density
scale length in the observed region varies from 200 to 320 um
with 250 um being the average. The last contour in the col-
lection system (8 =~ 8.1°) corresponds to light that is refracted
through a peak density above n. (1.4x10?! cm™3). Strong
refractive index gradients in the plasma might affect the data
analysis if the curvatures of the ray paths are not taken into
account. Electron density reconstruction based on inversion
procedures that assume straight paths tend to underestimate
the density in the dense plasma part [24]. The error is small
(less than 12%) for our conditions and therefore the straight
path assumption is a good approximation. This was estimated
based on calculations with an optical ray-trace code that prop-
erly takes the refraction in an articifical plasma object into
account and caluclating a synthetic AFR image that was then
analysed assuming straight optical paths [21]. Together with
an error of 3% in the absolute calibration of the refraction an-
gles, the total error is calculated to be 15%.

Figure 3 shows measured channels at different probing
times for 10-ps and 100-ps laser irradiation. The short pulses
were injected in the plasma 1-ns after the start of the UV-
pulse. The channel is visualized by the perturbations in the
AFR contours. The contours bend as a result of strong den-
sity gradients created by the channeling pulse. The top row in
Fig. 3 shows the results for the 10-ps pulse. The head of the
channel reached at 6 ps to a position 450 um from the original
target surface, corresponding to 0.6 n.. Time zero corresponds
to when the pulse arrives at the normal focus position 750 um
away afrom the target. The channel was observed up to 200 ps
after its creation. Later in time, the tip of the channel retreats
backward with a velocity of ~ 3 x 10’cm/s away from the tar-
get surface. There is a clear difference in the channel depth
between the 10-ps and 100-ps pulses. The 100-ps pulse (bot-
tom row) reaches to the contour closest to the original target
surface, indicating that a density > 1.4 x 102!cm™> has been
reached. The 100-ps pulse shown in Fig. 3(e) reached in only
18 ps to about the same depth as the 10-ps pulse. The 100-ps
pulse continued to bore through the plasma, reaching over-
critical density at 65 ps after the start of the laser beam. The
upper contour bands in the lower-density region are smoothly
shifted in space, while the contours at higher density inside
the channel are highly distorted and obscured. This is likely
caused by sharp density modulations at the channel wall that
are also observed in PIC simulations [3, 25]. Bright fourth-
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FIG. 4. (Color Online) Density profile of a channel created by a
100-ps pulse and probed at ~65 ps into the pulse along the x axis at
y = 0.8 mm. The density on axis is reduced by ~60% with respect
to the density of the unperturbed plasma at the same location (n. =
2% 10?% cm™3). Error bars are calculated from the uncertainty in the
measurement of 6.

harmonic emission of the channeling beam was measured in
the vicinity of the critical surface [Figs. 3(e)-3(h)] with the
100-ps pulse. Harmonics from the critical-density surface
have been observed in experiments with high-intensity laser
beams interacting with solid-density plasmas [26]. No har-
monic emission was observed with the 10-ps pulse, confirm-
ing that it did not reach n.

Figure 4 shows a radial cross section of the measured den-
sity profile in the channel. The density is calculated using an
Abel inversion of the phase, which is inferred from the an-
gular refraction in the AFR image. The density profile in the
channel region takes on a parabolic-like shape bounded on ei-
ther side by walls with a density higher than the background
density. For the specific image shown here, the density in
the channel has been reduced from 2 x 10%° cm ™~ to 8 x 10"
cm—3—a reduction of 60%. This image was taken at 65 ps
into a 100-ps pulse, so the density may be reduced further.
At later times, contours become impossible to identify as the
density gradient at the channel wall steepens.

The intensity distribution in the experimental laser focus
was not diffraction limited and contained some spatial inho-
mogeneity [18], which probably seeded the filamentation in-
stability and self-focusing in the plasma driven by pondero-
motive and relativistic effects. Filamentation was predicted
by a split-step paraxial wave equation calculation taking the
ponderomotive and relativistic effects into account and us-
ing the measured wavefront map of the channeling beam and
the refractive index of the plasma. In addition, simultane-
ous measurements of the strong electrostatic and magnetic
fields inside the plasma with proton radiography [27] also
concluded the existence of filamentated structures at a loca-
tion between 0.5 and 1 mm from the initial target surface.
Three-dimensional (3-D) hydrodynamic simulations includ-
ing relativistic corrections and the effect of charge separation

have demonstrated that aberrated beams do not channel as ef-
fectively as diffraction-limited beams [28]. Filamentation is
sensitive to the power in the laser speckles and therefore is
expected to be more severe for higher-power pulses. When
sufficiently driven, this might cause beam spraying and result
in the breakup of the beam so that it cannot reach a higher
density. The 100-ps channeling beam had ~ 4x less power
than the 10-ps pulse and is expected to be less affected by fil-
amentation, which might be one of the reasons why this beam
propagated deeper into the plasma.

Two- and three-dimensional PIC simulations with large (~
500-pm) plasmas studied the propagation and channeling for
conditions similar to the experiment in a plasma density pro-
file of the shape ne = 0.1ncexp(x/L) with L =430 um [3, 4].
The laser power greatly exceeds the power threshold for rel-
ativistic self-focusing [29, 30] and beam filamentation occurs
in the early stage of the simulation. The local intensity in-
creases in the filaments and the resulting transverse pondero-
motive force pushes most of the electrons out of the filaments.
The resulting space-charge force causes the ions to follow,
creating several microchannels that eventually merge together
and form a single density channel along the laser propagation
axis. The simulations predict that besides laser hosing, chan-
nel bifurcation, and self-correction, the laser front will pile
up material at the channel head that will reach densities > n,
even though the surrounding plasma is underdense. The sim-
ulations predict that after a short initial period (~ps), when
the pulse propagates with a speed close to the linear group ve-
locity, it quickly slows down and, after ~5 ps, approaches the
ponderomotive hole-boring velocity [8, 9]. The plasma den-
sity gradient rapidly steepens in front of the pulse and the laser
light essentially interacts most of the time with steep overcrit-
ical plasma [3, 4].

The channel progression velocity can be obtained from the
experiment. The depth of the channel is found by measur-
ing the distance from the original target surface to the clos-
est point of perturbed contours in the probe image. For early
times [Fig. 3(a) and 3(b)] during the laser interaction, the pro-
gression velocity is between ~50 and ~20 um/ps, but at later
times (65 ps) during the 100-ps pulse interaction, when the
laser propagated deeper into the plasma, the channel progres-
sion velocity slows down to ~3 um/ps. The Mach angle gives
another measure of the velocity of the supersonic advancing
front in the gas. The velocity of the front of the channel is
found by measuring the angle of the wake left behind by the
channel. The Mach angle relates the front Mach number M to
the angle 6, by sin(6y,) = 1/M. At 65 ps the Mach angle is
measured to be ~8° [in Fig. 3(f)], which gives a Mach num-
ber of ~7 and a velocity of 2 um/ps, slightly lower than from
the depth measurement.

The measured channel progression
in agreement with PIC simulations showing that
it approaches the hole-boring velocity, given by

vy = c\/Z(nC /ne)(me/M;)(2—n)I1sA2/5.48  for nor-
mal incidence light [9]. Here c is the speed of light, Z the

velocity s
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FIG. 5. (Color online) Measured channel progression velocity

(squares) as a function of channeling time through the plasma. The
solid and dashed curves are from a 2-D particle-in-cell simulation

[3].

average charge state of the plasma, M; the ion mass, 1, the
laser energy absorption fraction, I3 the laser intensity in
units of 10'8W /cm?, and A, the laser wavelength in units of
um. The hole-boring velocity decreases with 1/,/ne when
the pulse propagates deeper into the plasma, forcing more
material to pile up. The simulations [3] show for propagation
through a background density of ~0.2n; that the pile up is
moderate and reaches ~0.3n. (an increase of ~30%), while
for a background density of ~0.5n. the density is doubled
to ~1n. For an average intensity of / = 10'® W/cm?, fully
ionized plastic, M,=1, and ne/nc. = 1 vy, is estimated with 2.2
um/ps, respectively, which is consistent with the measure-
ment. When propagating through the underdense range with
no significant pile-up, the progression speed is close to the
group velocity. For a background density of, e.g., ne/n. = 0.3
the progression speed approaches according to simulations
[3] ~60 pum/ps, a value between the local group velocity
and the hole-boring velocity. Figure 5 shows the measured
progression velocity as a function of the channeling time and
compares it with the velocity inferred from a 2-D simulation
at laser intensities of 1 x 10'® and 1 x 10" W/em?.

The 3-D simulations [4] provide scalings for the time 7. that
is required for the channel head to reach the position of n. and
the required laser energy E., which are given by T; (ps) = 1.5 X
10%(Ly /430)1 ;%% and Ec(k) = 0.85(L,/430)1%2, where
Ly is the density scale length in gm. The estimated times
and energies are between ~20 ps, 1.1 kJ and ~90 ps, 0.5 kJ
for 10! W/ecm? and 10'® W/cm?, respectively, in rough agree-
ment with the experimental values. This scaling also demon-
strates that the 10-ps pulse is too short to reach .

In conclusion, channeling experiments were performed un-
der fast-ignition—relevant conditions (~300-um density scale

length, channeling pulse energies >1 kJ, and relativistic in-
tensity) in a large inhomogeneous plasma to overcritical den-
sities. The experiments show that 100-ps infrared pulses with
a peak intensity of ~ 1 x 10! W/cm? evacuate a cavity to
plasma densities beyond critical. The cavity in the plasma
forms in less than 100 ps, and advances in dense background
plasma at a velocity of ~2 pm/ps.
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