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We demonstrate a new highly tunable technique for generating meter-scale low density plasma

waveguides. Such guides can enable laser-driven electron acceleration to tens of GeV in a single stage.

Plasma waveguides are imprinted in hydrogen gas by optical field ionization induced by two time-

separated Bessel beam pulses: The first pulse, a J, beam, generates the core of the waveguide, while the

delayed second pulse, here a Jg or J;¢ beam, generates the waveguide cladding, enabling wide control of

the guide’s density, depth, and mode confinement. We demonstrate guiding of intense laser pulses over

hundreds of Rayleigh lengths with on-axis plasma densities as low as N,y ~ 5 x 10'® cm™3,

DOI: 10.1103/PhysRevLett.125.074801

Laser wakefield acceleration (LWFA) of electrons in
plasmas has been widely studied in the last several decades
[1,2]. While compact, high repetition rate LWFA systems can
generate ~10 MeV ultrashort electron bunches [3,4] for
numerous applications, high repetition rate generation of
multi-GeV bunches is needed for future laser-driven accel-
erator modules for compact light sources [5] and high energy
physics [6,7]. In order to achieve such high energy over
relatively short acceleration distances, LWFA requires propa-
gation of high intensity laser pulses over many Rayleigh
lengths; some form of optical waveguiding is needed.

Two types of optical guiding in plasmas have been
demonstrated: relativistic self-guiding and guiding in pre-
formed plasma waveguides. Acceleration to multi-GeV
energies, while avoiding dephasing and depletion [2,8,9],
requires long laser propagation distances at low plasma
densities (< ~ 5 x 10! cm™3), for which self-guiding, in
the highly nonlinear bubble regime, demands at least
petawatt laser powers [10]. For future high repetition rate
accelerators using less laser energy, the use of preformed
plasma waveguides, in the quasilinear acceleration regime,
presents an attractive alternative [2,11]. Preformed guides
may even have advantages for bubble-regime acceleration
[12], including suppression of pulse head erosion.

The first demonstrated plasma waveguide used hydro-
dynamic cylindrical shock expansion of gas target
plasmas driven by inverse bremsstrahlung (IB) plasma
heating by a ~100 ps axicon-generated Bessel beam pulse;
efficient IB heating required a minimum electron density
>~5x10"%cm™3 [13]. Shock expansion established the
required concave radial electron density profile for
optical guiding: an on-axis electron density minimum
N, (the “core”) surrounded by the cylindrical shock
wall (the “cladding”). Later work using laser heating of
atomic cluster plasmas achieved even lower density wave-
guides with N,y ~ 10" cm™ [14]. Most recently, the
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hydrodynamic shock principle was extended to gas targets
driven by optical field ionization (OFI) by ultrashort pulses
focused by lenses [15—17] or axicons [18]. An advantage
of this type of waveguide is that the quasibound mode
structure allows deleterious high order modes to radiate
away [19-21].

Another approach adopted in many experiments is the
electrical discharge capillary waveguide [22,23]. Here, the
guiding channel is determined by the plasma temperature
profile established by the heat flow from the hot center to
the cold wall of the capillary. This scheme offered, as
originally conceived, the advantage of not requiring a laser.
Recently, however, an experiment demonstrating 8 GeV
electron acceleration in a 20 cm long discharge capillary
[24] required auxiliary laser heating to adequately reduce
the waveguide core density. A concern with discharge
capillaries is their increased heat load and material erosion
at high repetition rates [25], limitations that are far less
onerous for laser-generated plasma waveguides.

Laser-driven OFI waveguides relying on hydrodynamic
shock expansion are limited to electron temperatures
comparable to the electron ponderomotive energy in the
laser field at the ionization threshold of the gas [26],
limiting both the height and width of the mode-confining
shock wall. At the hydrogen ionization threshold of
~10" W/cm?, T, < ~10 eV for a A = 1 um laser, result-
ing in weak expansion and shallow walls with weak optical
confinement [18,27]. OFI heating can be enhanced by
using a gas with higher ionization potential such as helium
[35], but for a fixed pulse width, the laser energy must be
increased by >100x compared to hydrogen.

In this Letter, we present a new approach to OFI-
generated waveguides and demonstrate high intensity
optical guiding up to hundreds of Rayleigh ranges.
Our approach decouples the generation of the needed
electron density profile from plasma heating and does
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Experimental setup. The ~200 ps uncompressed pulse from a Ti:Sapphire amplifier is split by a nonpolarizing beam splitter

(BS). The transmitted pulse is converted to a (0, ¢) beam by a segmented g™ order spiral phase plate (SPP). After beam expansion and
relay imaging, phase front correction using a deformable mirror, and recompression, the beam is focused by a reflective axicon in either
backfill hydrogen gas or over a supersonic gas jet. The counterpropagating guided beam is injected into the waveguide through a hole in
the axicon and imaged after guiding. Also shown frequency-doubled (4 = 400 nm, 70 fs) interferometric probe pulse. Left bottom inset:
images of J, and J;4 beams in focus. Right bottom inset: Jy-pulse-induced plasma fluorescence 3.5 mm above the 5 cm

supersonic H, jet.

not exclusively rely on hydrodynamic expansion. It lever-
ages the idea that OFI can effectively imprint prescribed
electron density profiles while minimally heating them.
Importantly, our method enables control over both the
cladding height and thickness, crucial for significantly
reducing guided mode leakage losses; leakage attenuation
lengths are increased to several meters from the centimeter
scale of hydrodynamic OFI waveguides.

As detailed in Fig. 1, an amplified and stretched (to
~200 ps) linearly polarized 4 = 800 nm pulse from a Ti:
Sapphire laser is split at an 80/20 nonpolarizing beam
splitter, with 80% of the energy entering a delay ring
containing a transmissive spiral phase plate to impose either
a16z(q = 8) or 327(g = 16) azimuthal phase screw on the
beam. The recombined output is a (p =0, m =0)
Laguerre super-Gaussian pulse followed, at a delay
7, =1-3 ns, by a (p =0,m = g) pulse, where p and m
are radial and azimuthal mode indices. The beam is then
expanded and relay imaged, phase front corrected, recom-
pressed to 50-100 fs FWHM, and directed to a 50.8 mm
diameter reflective axicon in an experimental chamber. The
4x relay imaging conveys the plane of the spiral phase plate
to the axicon. Phase front correction improves the quality of
the ¢ = 8 or ¢ = 16 beams, employing a deformable mirror
using a phase front retrieval technique developed by our
group [36]. The reflective axicon forms a double-pulsed
Bessel-Gauss beam, identified here using only the Bessel
notation as a J pulse followed 7, = 1-3 ns later by a J,
pulse. The J,, pulse forms the core of the plasma waveguide
by OFI; the J,, pulse forms the cladding. Here we use a H,
backfill target (entire vacuum chamber filled) or an elon-
gated H, gas jet.

In our experiments, the Bessel beam depth of focus, or
line focus length, is L~ (R —ay,)/tany = 15 or 30 cm

where R = 2 cm is the radius of the outer aperture near the
axicon surface, g, is the radius of the axicon central hole,
y = 2a is the Bessel beam ray approach angle to the optical
axis, and @ = 1.5° or 3° is the axicon base angle. The inner
and outer edges at a;, and R set up ~1 mm transitions of
Bessel beam intensity at the extremes of the focal line,
preventing excessive axial taper of the plasma there. In
vacuum, the central peak radius of the J, beam was ry =
2.405/ksiny = 6 or 3 um, where k is the laser vacuum
wave number. The initial J,, pulse fully ionizes the hydro-
gen gas target, creating a long, thin plasma column that
expands cylindrically outward, leaving a region of low
electron density near the optical axis, creating the core of
the plasma waveguide. The delayed J, pulse generates a
long, cylindrical plasma shell [37—39] around the expanded
column: this serves as the lower refractive index cladding.
The intense pulse to be guided is focused through the
axicon central hole and coupled into the waveguide.

An important first requirement is for the J, pulse to fully
ionize the hydrogen gas target to prevent ionization
defocusing of the guided pulse. We found that an optical
axis-averaged peak intensity of ~4 x 10'* W /cm? in the J,
central maximum was sufficient to fully ionize the hydro-
gen gas and clamp the electron temperature along the focal
line sections used in our experiments, despite the axial
variation in the intensity dictated by the mapping of the
beam profile to the focal line I(z) = Iyzexp[—(z/w)"
(z=r/tana, r > a;, n=~06). Figures 2(a) and 2(b) plot
cuts of J, alone and combined J, + J;¢ along the white
dashed plane edges in Fig. 1. These composite images were
obtained by scanning a 10x microscope objective along z.
The profiles remain relatively uniform over tens of centi-
meters, with z variations mostly from radial variations of
the input beam. Figure 2(c) shows Fig. 2(b) azimuthally
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(a) Optical axis scan of J, focal spot profiles with planar cut shown in Fig. 1 inset. (b) Optical axis scan of combined J, and J 4

beam, with planar cut shown in Fig. | inset. (c) Azimuthal average of (b). (d) Combined J, + J;¢, beam profile. y = 3°.

averaged, and Fig. 2(d) shows a transverse cut across z of
the combined beams.

After OFI by the J,, pulse, the electrons thermalize over
the electron-electron collision time z,, < 1 ps, for N, ~
10'® ¢m™ and initial electron temperature 7,, < ~10 eV,
leaving a warm plasma column surrounded by cold, neutral
hydrogen gas. The plasma column rapidly cools as it
expands outward as a cylindrical blast expansion R(z) =
&o(go/p)/*1'/%, where R, is the radial position of the outer
plasma boundary, &y ( « T) is the laser energy deposition
per unit length, p is the initial mass density of the hydrogen
gas, and & is a dimensionless prefactor of order unity [40].
Typical plots of R,(¢) and associated density profiles are
shown in Figs. 3(a) and 4(a), respectively, for peak J,
intensity 10'> W/cm? and backfill hydrogen pressure of
50 torr. The electron temperature 7', is determined from the
ion acoustic speed as dR,/dt ~ ¢, = (y.T,/m;)"/?, where
7. 1s the specific heat ratio and m; is the proton mass. It is
seen that, after a few nanoseconds, the expansion stagnates
as the plasma cools to > 1 eV, with the central plasma
density reduced by ~10x and the column expanded by
~3-5x. Two-color interferometry and integration of the
total phase shift from the plasma column indicate that there
is no recombination on this timescale. The weak (T,)"/*
dependence of the plasma expansion ensures that moderate
axial variations in Bessel beam intensity negligibly affects
the local axial uniformity of the waveguide plasma, as seen
in Fig 3(b).

After the J, pulse has formed the core of the plasma
waveguide, the delayed J, pulse forms the cladding. The
index ¢ of the high order beam and its delay are chosen so
that it propagates through the expanded J, plasma column,

forming a high intensity annulus at its edge, ionizing the
neutrals there. The annular plasma formed by a J;4 pulse
alone is shown in Fig. 3(c), as a function of delay after
generation at ¢ = 0, and in Fig. 3(d) at # = 0 as a function of
J 16 pulse energy. It is seen that the annular plasma cladding
decays over ~0.5 ns, mainly by filling in the central hole,
and that the cladding height saturates at >50 mJ.

The effect of the J,-generated plasma on the propagation
of the J, pulse was calculated using a simulation of ultra-
short pulse Bessel beam propagation including OFI and the
Kerr effect (Supplemental Material [27]). Figure 4(b) shows
the J;¢ pulse-generated electron density profiles with and
without the J,-generated core plasma present. The effect of
the preformed core plasma on the J;4 pulse propagation and
induced OFI profile is seen to be negligible. In general,
unless the core plasma density approaches the effective
critical density N, o = N¢sin?y ~0.5-2x 10" cm™ expe-
rienced by oblique Bessel beam rays, it has a negligible
effect on the J -induced ionization profile.

The two-Bessel-pulse method of plasma waveguide
generation enables very wide tuning of the plasma wave-
guide transverse profile and its guided modes through
control of the hydrogen density, the order ¢ of the second
pulse, the Bessel beam axis approach angle y(= 2a), the
energy and pulse width of the two pulses, and the time
delay between them. The plots in Figs. 4(c)—4(f) illustrate
this flexibility. Here, the delay between the J, and J, pulses
is 7; = 2.4 ns. In general, the desired guided optical mode
dictates the required waveguide profile, with leaky mode or
beam propagation method simulations (Supplemental
Material[27]) providing the best design guidance. A good
design approximation, however, recognizes the steplike
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(a) Radius of blast wave expansion of J, plasma (best fit » = 0.56 £ 0.11) and extracted electron temperature vs time.

Hydrogen backfill 50 torr. (b) Interferometric phase shift images of J, and J,¢ plasmas 10 ps after generation. Hydrogen backfill
100 torr. (c) Time evolution of J¢-generated annular electron density profile. Pulse energy 100 mJ, hydrogen backfill 100 torr. The
plasma pressure gradient mainly drives filling of the central hole. The radial integral of these curves (total charge) is constant to within
~5%. (d) Pulse energy dependence of J4-generated annular electron density profiles, with saturation for >50 mJ. Hydrogen backfill
100 torr. The modulations at larger radius are from ionization by outer rings of the J;4 pulse.

profiles of our two-pulse OFI waveguides: a relatively
flat core and sharply rising cladding, for which the
fundamental channel mode radius is given by [41]
Wen ~ a(0.6484 4+ 1.619V—3/2 42879V +...),  where
a is the core radius and the step index fiber parameter is
V:ka(ngore_”lgladding)]/2 :a(4ﬂreAN€)l/2, where ANe =

laddi . . . .
¢ M Neore - s the classical electron radius, and k is

the laser vacuum wave number. Larger guided modes can
be supported by smaller core-cladding differences AN,,
which require lower hydrogen density N, (since under OFI,
AN, is roughly proportional to N).

This mode scaling is illustrated in Fig. 4, where the H,
density in Fig. 4(c) is chosen to be 5x higher than in
Fig. 4(d). Both experiments use a J ¢ pulse to generate the
waveguide cladding, the approach angle decreasing from
y = 6°in Fig. 4(c) to y = 3°in Fig. 4(d). This has the effect
of widening the initial Jy-generated fully ionized core
plasma and moving the cladding peak from a radial position
of ~30 ym out to ~50 um. In both cases, the core plasma
remains unaffected by the second pulse, as seen by the
merging of the blue and green curves toward the waveguide
axis. In Fig. 4(c), AN, ~1.3x10"® cm™, a~20 um,
and V ~ 4.3, predicting w, ~ 17 pm, while in Fig. 4(d),
AN, ~05x 108 cm™3, a~40 ym, and V ~5.4 give
Wen ~ 32 um. We also plot the fundamental modes and
their 1/e intensity attenuation lengths L, ,, computed using
our leaky mode solver [19,27], showing good agreement

with the step index values. As an example of the control
available for sculpting transverse profiles, Fig. 4(e) shows
use of a Jg pulse at approach angle y = 3°. Here, the peaks
of the first and second Jg rings overlap with ~50% ionized
hydrogen in the expanded plasma from the J, pulse,
generating an inner cladding bump, while the third ring
overlaps neutral hydrogen gas on the plasma periphery
(Supplemental Material[27]), generating a higher outer
cladding bump. Considering this as a step index profile
to the first cladding bump (with AN, ~ 0.5 x 10'® cm™3,
a~15pum, and V ~2.0), gives wg, ~ 19 ym, in good
agreement with the leaky mode solver.

We have presented results thus far for waveguides
generated in H, backfill gas. For LWFA, however, dis-
tortion-free injection and guiding of high intensity pulses
demands that the waveguide entrance and exit be free of
neutral gas. For this purpose, we have developed a
supersonic gas jet producing uniform low pressure flows.
The inset to Fig. 1 shows uniform fluorescence from J,
pulse-induced OFI of a 5 cm long H, gas sheet, 3.5 mm
above the nozzle orifice, where the pressure is ~30 Torr.
The 15 cm long Bessel beam focus overfills the gas sheet.
For jets longer than ~5 cm, the gas nozzle interferes with
J,, formation in the focus; we have recently developed an
optical fix for this limitation [42]. Figure 4(f) shows results
from two-pulse OFI waveguide generation in the gas jet,
where a steplike guide is clearly formed. Applying the step
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FIG. 4. Transverse electron density profiles in backfill and gas jet hydrogen plasmas. Where shown, the magenta dashed lines indicate
maxima of J, rings. (a) J,-generated core electron density profiles vs time delay. (b) J5 pulse propagation simulations of plasma profile
generation with and without J-generated core plasma present. & = 1.5°. (c)—(f) Electron density profiles measured ~10 ps after the J,
pulse (red curves) and 10 ps before and after the J, pulse (green and blue curves). (c) 100 mJ (Jo) +235 mJ (J ), @ = 3°, H, backfill
pressure P = 50 torr. Waveguide length L = 15 cm; (d) 78 mJ (Jy) +250 mJ (J4), a = 1.5°, H, backfill pressure P = 10 torr.
Waveguide length L =30 cm; (¢) 100 mJ (Jy) +235 mJ (Jg), @ = 1.5°, H, backfill pressure P = 50 torr. Waveguide length
L =30 cm; (f) H, gas jet, P~ 30 torr: 87 mJ (Jy) +235 mJ (J4), @ = 1.5°, ¢ = 16. Waveguide length L = 5 cm.

index analysis (using AN, ~0.75x 10" cm™3, a ~ 40 um,
and V ~ 2.0) gives wg, ~ 30 um, in reasonable agreement
with the leaky mode computation.

Guided modes for the L = 5-30 cm waveguides of Fig. 4
are shown in Fig. 5, where the modes of Figs. 5(a)-5(d)
correspond to the conditions of Figs. 4(c)—4(f) [and
Figs. 5(d), 5(e), and 4(f) are for the jet experiment].
For these spot sizes and guide lengths, the number of
Rayleigh lengths of guiding (at A = 800 nm) ranges over
L/zg~25t0 ~260. In all cases, backfill and gas jet, the
guided pulse was injected into the waveguide within ~10 ps
after the cladding-generating J,, pulse. Even though the core

I 100pum
° -

FIG. 5.

expands over ~2 ns and the cladding collapses in ~0.5 ns,
as seen in Figs. 2 and 3, this does not limit the length of fixed-
parameter waveguides produced using our method: any
guided pulse can propagate a couple of nanoseconds behind
the J, pulse and immediately behind the traveling wave
cladding formation by the J, pulse. As can be seen in Fig. 5,
the guided modes are slightly asymmetric, owing to imper-
fectly corrected azimuthal intensity variations in the J,
beam. This leads to slight azimuthal guide variations, as we
have determined using a new quasi-2D Abel inversion
algorithm employing the measured J, beam asymmetry
(Supplemental Material [27]). The guided mode radii wg, in

(a)—(c) Low intensity exit modes from L = 15, 30, and 30 cm long plasma waveguides [number of Rayleigh ranges

L/zy ~ 110, 100, and 260 (for A = 800 nm)] under conditions of Figs. 4(c)—4(e), for injection of ~100 uJ, A = 400 nm pulse. (d) Gas
jet experiment: high intensity exit mode of a 5 cm long waveguide generated in H, gas jet. Injected pulse 40 mJ, 4 = 800 nm, 50 fs
FWHM, with ~50% coupling efficiency, giving guided intensity ~6 x 10'® W/cm? over L/z, ~ 25 Rayleigh ranges. (¢) Guided modes
from 20 successive gas jet shots for conditions of (d). Variations are mainly from injected beam pointing fluctuations.
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the figure are from 2D Gaussian fits to the measured mode
and agree reasonably well with the computed modes, where
the electron density profiles were azimuthally averaged from
the extracted 2D profiles.

The guided mode in the hydrogen jet plasma waveguide
[Fig. 5(d)] has peak intensity ~6 x 10'® W/cm?, based on
~50% coupling efficiency limited by poor mode matching,
owing to injected beam clipping on the axicon hole, and
available laser energy limited to 40 mJ. Simulations show
that nearly 100% coupling efficiency is possible. There was
no evidence of additional ionization by the guided pulse,
consistent with our density profile measurements showing
fully ionized waveguide cores. Exit modes from a sequence
of 20 successive gas jet shots are shown in Fig. 5(e).
Pointing fluctuations of the injected pulse are mainly
responsible for the variation shown.

Based on the results presented here, we can estimate
potential electron acceleration driven by a more powerful
laser than ours. As an example, the waveguide in Fig. 4(d)
has a core electron density of N,y ~5 x 10'® cm™ and
wep, = 35 um. This corresponds to a LWFA dephasing
length Lgepn ~ 1.3 m [2,11], which exceeds L;,, ~ 0.8 m
for this guide. A resonant pulse with ¢y = 1.15 (for which
Laeph ~ Laepietion) and 72 (4,/¢)/(7v/2) ~ 110 fs guided
over L/, would give an energy gain AE,. ~7 GeV [11]
for laser energy 6 J and peak power 55 TW. As seen from
the waveguide examples in Fig. 4, wide control over wg,
and L/, is possible. Improving the mode confinement so
that L1/, > Lgepn would give AE,.; ~ 11 GeV. Increasing
the guided spot size to we, & 4,/2 =75 ym for the
same N,y and extending the corresponding waveguide so
that L/, > Lgepnh ~ 2 m, would yield AE; .. ~ 18 GeV for
laser energy 27 J and peak power 245 TW, with ~5x more
charge accelerated. For this case, the laser energy cost for
the waveguide would be < ~5 J. The ability of these
waveguides to guide small spots can lead to even higher
energy gain for a given laser energy, but smaller values of
k,we (as in the first example above) are on the edge of the
bubble regime [11]; future work will explore whether this is
a useful operating condition.

In conclusion, we have presented a new, highly
tunable technique for generating long, low loss plasma
waveguides for a wide range of plasma densities and
guided optical modes. We have demonstrated guiding in
waveguides up to 30 cm and over 250 Rayleigh lengths,
with a guided intensity limited only by our available laser
energy. This technique is ideal for multi-GeV laser wake-
field acceleration.
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