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ABSTRACT

We present results from two new techniques for the generation of meter-scale, low density (�1017 cm�3 on axis) plasma waveguides, the
“two-Bessel” technique, and the “self-waveguiding” technique. Plasma waveguides of this density and length range are needed for demonstra-
tion of a �10GeV laser wakefield accelerator module, key for future staging for a �TeV lepton collider. Both techniques require the use of
high quality ultrashort pulse Bessel beams to efficiently and uniformly ionize hydrogen gas in meter-scale supersonic gas jets via optical field
ionization. We review these two techniques, describe our meter-scale gas jets, and present a new method for correction of optical aberrations
in Bessel beams. Finally, we briefly present results from recent experiments employing one of our techniques, demonstrating quasi-
monoenergetic acceleration of �5GeV electron bunches in 20 cm long, low density plasma waveguides.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0097214

I. INTRODUCTION

Conventional metal cavity-based charged particle accelerators are
limited by RF breakdown to acceleration gradients of 100MeV/m,1 so
the size and cost ofmulti-GeV devices are considerable.2 Laser wakefield
accelerators use ultra-intense laser pulses to drive plasma waves with
accelerating gradients up to�100GeV/m, with several proof-of-princi-
ple experiments demonstrating multi-GeV electron acceleration3–5 and
pointing the way to future practical laser-driven accelerators of greatly
reduced size and cost.6 A key step in this development is the demonstra-
tion of a high repetition rate, �10GeV laser wakefield acceleration
(LWFA) module. For a�1TeV-scale center of mass lepton collider, the
sequential staging7 of dozens of thesemodules is envisioned.6

For a given plasma density, the maximum energy gain through
LWFA is limited by dephasing of electrons and depletion of the drive
laser pulse energy. As an electron gains energy from acceleration in
the plasma wake, after a characteristic distance Ld , its velocity exceeds
the plasma wake phase velocity and it is decelerated. Depletion occurs
as laser energy is coupled into the plasma wave. Accounting for these
effects, the energy gain in a LWFA scales as

DW=mc2 � ar0 Ncr=Ne; (1)

where a0 is the normalized vector potential [a0 � 9
�10�10 I1=2 ðW=cm2ÞkðlmÞ, where I is the peak laser intensity in
W=cm2 and k is the wavelength in lm], r ¼ 2 in the quasilinear
regime (a0 >� 1Þ; and r ¼ 1 in the 3D nonlinear blowout regime
(a0 � 1), Ncr is the critical density, and Ne is the plasma density.1 The
expression for DW=mc2 shows that achieving multi-GeV electron
bunches with LWFA requires both sufficiently low plasma density Ne

and high laser intensity (/ a20) to drive a relativistic plasma wake over
a distance �Ld . This is typically many Rayleigh ranges z0 ¼ pw2

0=k of
the focused laser pulse (w0 is the laser spot size 1=e2 intensity radius
and k is the wavelength), with diffractive transverse spreading nor-
mally decreasing the intensity by many orders of magnitude.

Diffraction can be countered by optical guiding, which can
preserve the pulse intensity and mode quality over distances long
compared to a Rayleigh range. Guiding of high-intensity pulses in
plasma has been achieved through relativistic self-guiding,8,9 a rela-
tivistic nonlinear effect requiring a0 � 1, and in preformed plasma
waveguides generated by lasers10 or capillary discharges,11,12 where
guiding of a0 � 1 through a0 � 1 pulses is possible, with self-
guiding dominating the preformed structure at high a0. The advan-
tages of laser-generated plasma waveguides [especially those
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generated using gas jets (see Sec. III)] over capillary discharge wave-
guides are described in Sec. IV.

Multi-GeV acceleration4,5 has been demonstrated using relativis-
tic self-guiding in the blowout regime, but self-guiding at the low Ne

needed for multi-GeV gain demands a0 � 1 and at least petawatt
(1015 W) laser power. The power required per GeV of acceleration is
significantly reduced using preformed plasma waveguides, where a
laser wakefield accelerator can be operated in the quasilinear regime
(a0 � 1).7 For laser intensity with a0 � 1, an electron energy gain of
10GeV requires Ne � 1017 cm�3. This corresponds to a dephasing
length, Ld <� 1m, which sets the meter-scale length Lguide required
for the plasma waveguide. Plasma waveguides also enable independent
control of the guided laser mode structure and propagation character-
istics, as well as control over dephasing, depletion, and phase matching
in electron acceleration.13–18

Recently, we have developed two new approaches for the opti-
cal generation of meter-scale low density plasma waveguides suit-
able for multi-GeV laser wakefield acceleration in the quasilinear
regime: the two-Bessel method19 and the self-waveguiding20

method. Both methods require generation and wavefront correc-
tion of Bessel beams.21 We have subsequently implemented the
self-waveguiding method in the first demonstration of multi-GeV
laser wakefield acceleration in a fully optically formed plasma wave-
guide, achieving the highest recorded energies for electron bunches
accelerated in an all-optical LWFA.22 In this paper, we will review
the key methods and diagnostics of our two plasma waveguide gen-
eration techniques and review our method for in situ wavefront
correction of Bessel beams, which is crucial for their successful
implementation.

II. BESSEL BEAMS

The use of Bessel beams is central to our generation of long, low
density plasma waveguides. We use the symbol Jq to denote a physical
Bessel beam of order q, whose experimental electric field profile near
the optical axis closely follows the functional form of the qth order
Bessel function, EðrÞ / Jqðk?rÞ. Here, r is the radial distance from the
optical axis and k? ¼ k sin c; where k is the laser wavenumber and c
is the axis approach angle for the rays forming the Bessel beam (see
Fig. 1). While the mathematical Bessel function is of infinite transverse
extent, an experimental Bessel beam is necessarily of finite aperture
and, therefore, of finite axial extent.

Figure 1 shows how our Jq beams are generated. A finite aperture,
parallel input beam of radius Rb propagating along z is incident on an
optical element that imparts a linearly increasing azimuthal phase shift
DUaziðr0;u0Þ ¼ qu0, followed by an element that imposes a radial
phase shift DUrad r0;u0ð Þ ¼ kðRb � r0Þtanc for r0 < Rb. Here,
ðr0;u0; and zÞ are cylindrical coordinates at the location of the phase
plates and ðr;u; zÞ are coordinates in the focal plane of the Bessel
beam. In our experiments, the azimuthal phase shifting element is a
qth order spiral phase plate19 and the radial phase shifting element is
either a reflective axicon19,20 or a transmissive ring grating (or diffrac-
tive axicon)22 [shown in Fig. 3(a)] with a central hole of radius ah (not
shown) to allow injection of a LWFA driver pulse into the waveguide.
The spiral phase plates and ring gratings are designed based on Refs.
23 and 24 and fabricated by us at the University of Maryland using
plasma etching on 0.5mm thick or 1mm thick fused silica wafers (for
ring gratings and spiral phase plates, respectively). The spiral phase
plates are discretized in 8 levels and the ring gratings in four levels. For
generation of J0 beams, the spiral phase plate is removed from the

FIG. 1. Bessel beam formation. (a) Cutaway schematic of Bessel beam formation. A collimated, finite aperture beam passes through a spiral phase plate and ring grating to
form a Jq Bessel beam. The radial phase applied by the ring grating causes each annulus of the incident beam to approach the transmission axis at an angle c, generating the
quasi-uniform, extended Bessel beam focus of length Lfocus � Rb � ahð Þ=tan c, where Rb is the beam radius and ah is the radius of a central driver beam access hole in the
ring grating (not shown). (b) and (c) Measured intensity profiles of J0 and Jq¼16 beams generated by this approach.
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beam path. The Bessel beam forms after the axicon, with the field pro-
file nearly invariant over a distance Lfocus � Rb � ahð Þ=tan c, as shown
by the ray construction in Fig. 1. Here, Lfocus can be considered the
depth of focus of the axicon or the length of the focal line. Generation
of a plasma waveguide of length Lguide in a gas target (see below)
requires that Lfocus > Lguide (see Sec. IV).

In applying Bessel beams to plasma waveguide generation, it
is important that the highest intensity for a given pulse energy be
generated in the central maximum of a J0 beam, or uniformly
around the first ring in a Jq>0 beam. This is equivalent to maximiz-
ing the fidelity of the near-axis portion of the beam to the Bessel
functional form over the full length Lfocus. In our experiments, the
few-centimeter radius incident beam is both high energy and short
pulse, making reflective axicons19,20 and thin, transmissive ring
gratings (diffractive axicons)22 the best choice to avoid nonlinear
phase distortion on the beam or optical damage. However, wave-
front aberrations imparted by these optical elements (as well as
those present in the incident beam) can significantly degrade the
quality of the Bessel beam, with resulting poor fidelity to the Bessel
functional form. While correction of wavefront aberration is a
common procedure in optics, and real-time correction of aberra-
tions in Gaussian beams has been well-studied,25–27 these techni-
ques are not readily applicable to the in situ wavefront correction
of Bessel beams needed for plasma waveguide generation.

To solve this problem, we have developed a new technique to
directly retrieve the complex amplitude of a Bessel beam from inten-
sity measurements only.21 In conjunction with a deformable mirror,
this allows for reliable correction of standard Zernike aberrations27

encountered in our use of axicons or ring gratings. For either of these
elements, the radial phase profile imparted to the incident beam results
in the mapping of each differential annulus of the incident beam to a
point along the Bessel beam focal line. By resolving the measured field
profile at a point along the focal line into a Bessel function basis and
comparing with an ideal Bessel beam, we can find the phase aberra-
tions in the corresponding azimuthal slice of the incident beam. By
using images at different points along the focal line, we are able to gen-
erate a full phase map of the aberrations and correct them with a
deformable mirror. The uncorrected and corrected J0 beam focus
along z is shown in Figs. 2(a)–2(e), and 2(a0)–2(e0). Note that for z >
150mm (farther from the axicon, toward the end of the focal line), the
uncorrected focal intensity profile is substantially deteriorated from
the desired form and would generate a highly asymmetric initial
plasma. Deterioration of the focal profile is even more pronounced for

high order Bessel beams, as shown in Figs. 2(f)–2(j), and 2(f)0–2(j0), for
an uncorrected and corrected J16 beam. This correction technique was
employed in the experiments described in Refs. 19, 20, and 22.

III. METER-SCALE GAS JET TARGETS

A suitable laser-generated plasma waveguide for a high-repetition
rate, �10GeV LWFA module requires a gas profile that is low density
ð� 1017 � 1018 cm�3) and long (up to tens of cm so that Lguide � Ld),
with controllable longitudinal density variation (down to scales �z0)
and accessible for diagnostic measurements of the waveguide and the
LWFA process.28 While some of these criteria are met by gas cells,29

the gas flow through the large-aperture laser access pinholes signifi-
cantly limits the sharpness of the gas density ramps at the entrance and
exit of the waveguide and limits the steady state density of the gas. Gas
cells offer little control over longitudinal density variation, and their
required laser access pinholes are susceptible to damage and widening
by both the waveguide generating pulse (Bessel beam) and the guided
LWFA driver pulse. The structural requirements of a gas cell can also
limit diagnostic access to the waveguide and the LWFA process.

Using a gas jet, however, a free-standing plasma waveguide can
be generated in the gas plume away from the jet nozzle, and the full
length of the waveguide is accessible for diagnostics. When operated in
the steady-state flow regime, the repetition rate is limited only by the
available vacuum pumping speed (assuming a high repetition rate laser
is available to generate the waveguide). The gas density ramps at the
ends of the jet can be significantly sharpened by the supersonic flow,
while the transverse gas density local profile is nearly uniform on the
small transverse scales required for LWFA. We have implemented all
of these features in the jets used in Refs. 19, 20, and 22. Though the
specifics vary in each of these experiments, the general design was the
same: high-pressure gas backs multiple solenoid valves and flows into
a small reservoir beneath a narrow throat. The flow becomes super-
sonic as the gas moves into the wider region above the throat. We
have developed jets up to 50 cm in length. For all of our experiments,
we have used H2 gas because it is fully ionized at the relatively low OFI
threshold of�1014 W=cm2:30

The longitudinal density profile of the extended hydrogen plume
is characterized through a novel fluorescence measurement technique.
An example of this technique applied to the jet used in Ref. 22 is
shown in Figs. 3(a)–3(a0 0). A J0 pulse is focused in the H2 jet, generat-
ing a plasma column via OFI. The recombination fluorescence is
imaged through a 656nm bandpass filter, which restricts the measure-
ment to the H-alpha line [Fig. 3(a)]. The abrupt ends in the

FIG. 2. Examples of corrected Bessel beams applied to plasma waveguide generation by OFI. (a)–(e) and (a0)–(e0) show the uncorrected and corrected intensity profiles for a
J0 Bessel beam formed with a reflective axicon at different points along the focal line. The window size is 59� 59lm2. (f)–(j) and (f0)–(j0) show the same for a J16 beam. The
window size is 168� 168lm2.
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fluorescence image of Fig. 3(a) are determined by the sharp �2mm
falloff in gas density at the ends of the jet. While the fluorescence
intensity is proportional to the z-dependent H2 density at that loca-
tion, an absolute calibration of this measurement is still needed. This is
accomplished by filling the experimental vacuum chamber with vari-
able known pressures of hydrogen and generating OFI plasmas with
the jet nozzle still in place but with the valves closed [see Fig. 3(a0)].
Since the gas now uniformly fills the region around the gas jet, any z-
dependence in fluorescence intensity is caused by longitudinal varia-
tion in the J0 beam profile over the focal length, Lfocus. Therefore, in
regions where the fluorescence above the pulsed jet does not have the
same shape as the backfill fluorescence, the gas density is non-
constant. The gas density at a longitudinal position z is then found by
interpolating the density as a function of backfill fluorescence intensity
at the same z, and calculating the density corresponding to the mea-
sured jet fluorescence [Fig. 3(a00)].

To date, the RMS longitudinal variation in our jets’ density
is< 25%, due to various flaws in jet fabrication. This variation has had
little impact on the waveguide mode structure since the plasma density
difference between waveguide core and cladding is large, but it could
have more significant effects on LWFA electron bunch quality, as dis-
cussed in Ref. 22. The longitudinally averaged transverse H2 density
profile is measured through shearing interferometry of a longitudinal

probe pulse [Fig. 3(b)]. Figures 3(c)–3(c0) shows the jet in situ during
the experiments in Ref. 22. Figure 3(c) shows fluorescence due to
plasma generation by a J0 pulse in the pulse gas sheet above the nozzle,
and Fig. 3(c0) shows the significant additional fluorescence from self-
waveguiding (see Sec. IV) of a�300 TW injected laser pulse.

IV. METER-SCALE, LOW DENSITY PLASMA
WAVEGUIDES

Long plasma waveguides are essential to reach dephasing-limited
acceleration (Lguide > Ld) in laser wakefield accelerators in the quasilin-
ear regime. Both the waveguide’s on-axis plasma density Ne0 and the
1=e2 intensity radius wch of the guided drive laser pulse determine the
acceleration energy gain for a given peak laser power, as determined
using Eq. (1). For multi-GeV gain, Lguide can be hundreds of Raleigh
ranges z0 in extent,

19 where k is the central wavelength of the drive laser.
The first demonstration of a plasma waveguide for high intensity

laser pulses10 used a 100 ps duration J0 Bessel beam to ionize and heat
a gas target to plasma densities �1019 cm�3 and temperatures
�100 eV. The long pulse duration and high density promoted inverse
Bremsstrahlung (IB) plasma heating. The ionization and heating was
primarily driven by the high intensity central maximum of the J0
beam, of radius r ¼ 2:405=k? � 1 lm for the c ¼ 25� refractive glass
axicon used. For a beam of radius Rb incident on the axicon, and

FIG. 3. Long, low density gas jets. (a) Sample fluorescence from optical field ionization of a 20 cm long H2 gas jet by the J0 pulse. (a0) Sample backfill fluorescence measure-
ment with the jet in the same position as in (a) but with the valves off. (a0 0) Extracted longitudinally resolved H2 density profiles of a 20 cm long jet, at various heights above the
jet. (b) Transverse density profile from longitudinal interferometry of the 20 cm jet used in Ref. 22. (c)–(c0) In situ photographs of the jet from the experiments in Ref. 22.
Fluorescence from J0-formed plasma is shown above the nozzle orifice in (c). In (c0), fluorescence is shown from self-waveguiding (see Sec. IV) of a 300 TW LWFA drive
pulse.
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axicon inner hole radius ah (to allow injection of a driver pulse into
the waveguide), the J0 beam focus extended a distance
Lfocus � Rb � ahð Þ=tan c � 1 cm, to form �1 cm long, hot, narrow
plasma column that drove a cylindrical blast wave31 in the surround-
ing gas as it expanded, forming the radially increasing plasma density
profile needed for a plasma waveguide structure. In close analogy to a
traditional graded index optical fiber,32 the radially increasing plasma
density profile corresponds to a radially decreasing refractive index,
owing to the dependence of the plasma refractive index,
n rð Þ � 1� NeðrÞ=2Ncr , on plasma density Ne (Ncr is the critical den-
sity). Extending the analogy to a step-index fiber, the central region of
the plasma acts as the waveguide “core” region and the shock region
performs the function of the “cladding.”

For plasma waveguides in the density range of interest for multi-
GeV acceleration ð� 1017 cm�3), IB heating is orders of magnitude
less efficient, as its rate is proportional to Ne. Optical field ionization
(OFI)30 with femtosecond laser pulses has been explored as a method
for hydrodynamic plasma waveguide formation19,20,29,33–38 due to the
fact that ionization of the working gas depends only on laser intensity
and not on local gas density (Ref. 38 has recently demonstrated �1
GeV electron acceleration using OFI-induced hydrodynamic plasma
waveguides). OFI also significantly reduces the laser energy require-
ment compared to IB to reach fully ionized hydrogen, for example.
The catch is that electron temperature kBTe in the OFI process is lim-
ited to approximately the ponderomotive energy Up in the laser
field at the ionization threshold of the gas, kBTeðeVÞ � Up ¼ 9:3 I
ð1014 W=cm2ÞkðlmÞ2. For hydrogen, the ionization threshold inten-
sity is I � 1014 W=cm2 and k ¼ 0:8lm for the Ti:Sapphire lasers typ-
ically used, giving kBTe � 10 eV, an order of magnitude lower than in
the IB case. This results in an insufficient pressure gradient to drive
the radial shocks needed to form a strongly confining waveguide with
a sufficiently thick cladding.19,20

An alternative approach for generating plasma waveguides, the
capillary discharge,11,12 has been used successfully in LWFA experi-
ments. The plasma is formed by electric discharge and resistive heating
along the axis of a long hydrogen-filled dielectric tube, typically
formed from ceramic or sapphire. In the quasi-steady phase of the dis-
charge under plasma pressure equilibrium, the high temperature on
the capillary axis and the lower temperature at the inner wall forms a
plasma waveguide structure with low plasma density on axis and high
density at the wall. Typical central waveguide densities are
Neo >� 5� 1018 cm�3. To further reduce Neo to the <1018 cm�3

range needed for multi-GeV LWFA, a nanosecond laser IB heater
pulse has recently been injected into a 20 cm long capillary discharge
guide.3,39 Nonetheless, capillary discharge waveguides still present
multiple limitations for the development of high repetition rate
LWFA: (1) discharge-induced capillary erosion and laser damage, (2)
lack of flexible control over the density and the transverse shape and
size of plasma waveguides, limiting control over possible guided
modes and, thereby, the LWFA process, and (3) lack of diagnostic
access to the plasma waveguide structure and to the guiding and accel-
eration processes inside the capillary.

Our two laser-based methods bypass the main limitations of
capillary discharge waveguides: (1) Solid material structures are elimi-
nated from the vicinity of plasma waveguide generation, especially
using our meter-scale supersonic gas jets,19,20,22 eliminating plasma-
and laser-induced damage and enabling high repetition rate operation,

(2) OFI is used to generate the waveguide, a process that is density
independent, and allows multiple laser pulses to separately “imprint”
the waveguide core and cladding, and (3) the free standing waveguide
structure enables unlimited diagnostic beam and imaging access to the
full length of the plasma waveguide.

In both waveguide generation methods, the waveguide core is
generated by a J0 pulse sufficiently intense (>1014 W=cm2 in the cen-
tral peak) to generate a plasma column via OFI. Although an OFI-
generated plasma column is not hot enough to generate a cylindrical
plasma shock of sufficient amplitude to serve as a low loss plasma clad-
ding (which had led to very weak guided laser confinement, with leak-
age attenuation lengths �1 cm19,20,29,35,37), as it expands it drives a
cylindrical shock in the neutral gas at the plasma periphery. As this
expansion proceeds, the on-axis plasma density drops by up to�10�,
with Ne0 decreasing well below the initial hydrogen atom density. We
call this low density plasma core surrounded by a higher-density neu-
tral gas the “prepared index structure.” Our two methods discussed
below differ by how the neutral gas is ionized to form the cladding.
Figure 4(a) plots the evolving plasma and neutral density profiles as a
function of delay after a 75 fs FWHM J0 pulse with mean intensity
�4:9� 1015 W/cm2 in the central maximum. The general form of the
refractive index structure is well predicted by simulations,20 which
show that the shell expands steadily at the local speed of sound,
cs ¼ ðcskBTg=mÞ1=2 � 7� 105 cm=s, where cs ¼ cp=cv is the ratio of
specific heats, Tg is the hydrogen gas temperature (elevated by conduc-
tion from the adjacent few eV plasma), and m is the H2 molecular
mass. The plasma and neutral expansion and electron temperature are
plotted in Fig. 4(b). Delaying the ionization of the outward propagat-
ing shell increases the waveguide core radius while minimally affecting
the difference between core and cladding plasma densities, enabling
control of the guided mode size.

The dashed curves in Fig. 4(a) and sample transverse interferom-
etry in Fig. 4(c) and Fig. 4(c0) show that electron density expands from
a peaked profile to a rather flat profile surrounded by a sharply rising
neutral density shell. Once subsequent ionization of the neutral gas
occurs, the overall plasma structure has a refractive index profile remi-
niscent of a step index optical fiber, as seen in Fig. 5. For a step-index
fiber, the fundamental mode radius is wch � að0:6484þ 1:619V�3=2

þ2:879V�6þ;…; Þ, where a is the core radius, k is the laser wave-
number, and V ¼ kaðn2core � n2claddingÞ

1=2 is the step index fiber
parameter.40 For a plasma waveguide approximated as a step index
fiber, V ¼ að4preDNeÞ1=2, where re is the classical electron radius and
DNe ¼ Ncladding

e � Ncore
e is the difference between the cladding and

core plasma densities.19

A. The two-Bessel method

In the two-Bessel method, the neutral gas outside the plasma
core undergoes OFI by a time-delayed higher order Jq>0 Bessel beam
pulse whose maximum intensity ring overlaps the expanding neutral
shell for a given delay. In effect, the Jq pulse imprints the plasma clad-
ding around the core, producing a fully ionized plasma waveguide in
hydrogen. For a fixed Bessel approach angle c, a larger radius ring
requires increased Bessel order q, or for fixed Bessel order q, a smaller
c will give a larger ring. In general, for small c and q > 1, the radial
position rq; peak of the intensity maximum of a Jq beam is given by
krq; peak sin c � 1:03qþ 1:44:20 Figure 5 shows varying wch obtained
by changing rq; peak. The choice of hydrogen gas density in the jet, the
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values of axis approach angle c and high order Bessel order q, and the
post-J0 delay of the Jq pulse are all “knobs” for controlling the guided
mode size wch and group velocity vg of the LWFA driver pulse.

B. The self-waveguiding method

The self-waveguiding method relies on the drive pulse itself to ion-
ize the neutral shell.20 For a sufficiently intense pulse injected end-on
into the refractive index structure, the radial wings of the pulse’s leading
edge field-ionize the neutral shell, generating the waveguide cladding for
the remainder of the pulse. In effect, the drive pulse generates its own
plasma cladding on the fly, as seen in Fig. 6(a), which shows a snapshot
from a particle-in-cell (PIC) simulation41 of a weakly relativistic pulse
self-waveguiding through a prepared index structure in hydrogen. Here,
the injected 40 fs pulse has peak a0 ¼ 0:3 (peak intensity 1:9� 1017 W/
cm2), and its spot size is chosen to match the lowest order mode size of
the self-waveguiding-generated plasmawaveguide.

In practice, wch can be selected to match w0 by adjusting the
delay between the J0 pulse and the self-waveguiding pulse injected into
the refractive index structure. An example of the effect of w0 6¼ wch on
self-waveguiding is shown in Fig. 6(b), which plots peak intensity vs
propagation distance for three mode sizes with a0 ¼ 0:37 injected into
a waveguide with wch ¼ 20lm. Here, the simulation code used is
YAPPE,20 based on the unidirectional pulse propagation algorithm,42

which gives good physical insight into propagation for a0 < 1, where
there is negligible plasma wave excitation. The intensity oscillations for
the non-matched injected beams are caused by beating of the lowest
order and first order radial modes,13,20 an effect directly measured by
imaging periodic intensity variations in plasma fluorescence after

transmission of the self-waveguiding pulse. Figure 6(e) shows an
example of these oscillations from self-waveguiding of an 88 mJ pulse
over a 10 cm long prepared index structure. In Ref. 20, the measured
frequency of 2.3 cm�1 is shown to agree with the mode-beating fre-
quency predicted in Ref. 13. Under these conditions, the first-order
mode leaks out of the guide, and the oscillations decay as the self-
waveguiding pulse evolves into the fundamental mode of the wave-
guide. For higher intensity pulses, and higher density waveguides, L1=e
for higher order modes can be longer than Lguide, resulting in multi-
mode transmission through the guide (see Sec. V).

In Fig. 6(b), the energy decay is caused by leading edge erosion
due to energy loss at the front of the pulse from diffraction, transverse
leakage, and ionization. This loss is minimal for a high-energy LWFA
drive pulse,20,22 where a0 > 1. For the a0 � 2:5 pulse used in Ref. 22,
the intensity exceeded the 1014 W/cm2 hydrogen ionization threshold
at the neutral shell position r ¼ 30 lm, 100 fs before the peak of the
pulse. The minimal self-waveguiding energy cost for a high-intensity
LWFA drive pulse is illustrated by the YAPPE simulation curve in
Fig. 6(b) for a mode-matched pulse with a0 ¼ 2 and w0 ¼ 20lm,
showing almost 100% transmission, neglecting damping from plasma
wave generation to highlight self-waveguiding erosion alone. In prac-
tice, for the �10 J pulses recently used in multi-GeV LWFA experi-
ments,22 we estimate that the small fraction of �140 mJ was lost in far
leading edge erosion from self-waveguiding. In LWFA experiments,
however, the dominant guided pulse damping effect is plasma wave
excitation; we have measured and simulated up to �90% of the laser
energy directed into this channel.22

Figure 6(c) shows that injection of pulses w0 6¼ wch into the pre-
pared index structure has little effect on the plasma waveguide

FIG. 4. (a) Hydrogen plasma and neutral gas profiles measured by two color interferometry20 as a function of delay after on-axis plasma generation by a 75 fs FWHM 100 mJ
pulse with a mean intensity 4:9� 1015 W/cm2 in the central maximum. The expansion of the neutral shell is nearly constant at vN � 7:7� 105 cm=s. The neutral gas density
profiles at different delays are plotted as solid lines (left axis scale), while the electron density profiles are plotted as dashed lines (right axis scale). (b) J0 -induced rms plasma
column radius (red circles) and neutral shock position (blue diamonds) with rn plasma expansion fit (red dashed line) and constant vN � 7:7� 105 cm=s neutral expansion fit
(blue dashed line). Calculated electron temperature (black line) and shock expansion (green triangles) from hydrodynamic simulation are also shown. (c)–(c0) Sample results
from two-color interferometry of “refractive index structure” induced by J0 pulse. (c) Phase shift profile of neutral hydrogen, showing neutral shock at outside. (c0) Phase shift
profile showing accompanying central plasma column.
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generated once the mode-beating oscillations shown in Fig. 3(b) damp
out. The necessary and sufficient feature of a prepared index structure
to guarantee self-waveguiding are illustrated by Fig. 6(d): an on-axis
neutral density minimum. Remarkably, neither a plasma core nor a
neutral shock wall is necessary.

Measured density profiles of plasma waveguides generated by
self-waveguiding pulses are plotted in Fig. 7. Here, the injected pulse
energy ranges over 11–88 mJ, the initial hydrogen density over
1:3� 2:8� 1018 cm�3, and injection delay Dsinj ¼1–5ns. Figure 7(a)
highlights the effect of varying injected pulse energy on a fixed refractive
index structure. At low injected pulse energy (11 mJ) only part of the
neutral shock region is ionized. As injected energy increases, the plasma
density profile becomes fully ionized and converges to the underlying
ion (proton) density profile. The effect of varying the initial H2 density
is seen in Fig. 7(b), which shows that the radial position of the self-wave-
guiding-generated electron density peak is unchanged owing to the

density independent expansion speed cs ¼ ðcskBTg=mÞ1=2 of the
neutral shell. Figure 7(c) shows that the waveguide structure can be
modified to accommodate different mode sizes wch by varying the delay
between the J0 pulse and the self-waveguiding pulse. This allows for
nearly independent tuning of the on-axis plasma density and guided
mode size. We note that ionization by the wings of a guided pulse has
been observed in a high density, several-millimeter long guide.43 Early
guiding results for OFI-heated plasma waveguides,29,35 which otherwise
would have been quite leaky,19,20 have been more recently explained by
self-waveguiding.44

While both the two-Bessel and self-waveguiding techniques are
attractive for generating highly confining, low density guides with
attenuation lengths extending to several meters and several hundred
Rayleigh ranges,19,20 their different cladding formation mechanisms
result in different laser energy costs per unit length of waveguide.
Detailed comparisons for the two methods suggest that self-
waveguiding may be more efficient for experiments requiring smaller
guided mode sizes, while the two-Bessel method is more efficient for
larger mode sizes.20

For a longitudinally uniform H2 jet density profile and sufficient
pulse energy either in the J0 and Jq beams of the two-Bessel method, or
in the J0 pulse and the self-waveguiding pulse, the resulting plasma
waveguide will be axially uniform. Since full ionization of hydrogen
occurs at a modest OFI intensity threshold >1014 W/cm2, relatively
small energies of 1–2 J/m of waveguide are needed.19,20 The main dif-
ference between two-Bessel- and self-waveguiding-generated guides
are in the details of the transverse density profile, especially for wider
waveguides.20 Because the OFI yield per atom is independent of gas
density, the main factor controlling the longitudinal density profile of
the waveguide is the longitudinal H2 jet density profile, which can be
finely controlled with gas jet design. This is one of the advantages of
gas jets over gas cells37 or capillary discharges.3

V. APPLICATION TO MULTI-GEV ELECTRON
ACCELERATION

Very recently, the self-waveguiding technique has been imple-
mented in the first demonstration of LWFA generation of multi-GeV
electron bunches in a fully optically formed plasma waveguide. These
experiments took place on the ALEPH system at Colorado State
University.45 A drive pulse (k ¼ 800 nm, s ¼ 45 fs, energy <15 J) self-
waveguided over a 20 cm nitrogen doped hydrogen jet (5/95% mix,
waveguide on-axis plasma densities 1:3� 3:2� 1017 cm�3), and accel-
erated electron bunches with quasi-monoenergetic peaks above 5GeV
and �10 pC charge. An in-depth discussion of the experiment and
results can be found in Ref. 22. Figure 8 gives an example of 8 of the high-
est energy spectra out of the hundreds of high energy spectra recorded.

The range of waveguide densities and drive pulse energies also
enabled investigation of the self-waveguiding for pulses with a0 > 1.
Figures 9(a)–9(h) show characteristic waveguide exit modes after
20 cm under varying experimental conditions; Fig. 8(i) shows the
injected mode on a larger scale. The transmission from monomode to
multimode guiding occurs with increases in injected pulse energy,
waveguide density, or Bessel beam energy. The first two quantities lead
to more tightly confining guides: increased drive pulse energy enables
more complete ionization of the neutral shell and surrounding back-
ground neutrals, while increased waveguide density corresponds to a
higher background gas density and a greater difference between core

FIG. 5. Plasma density profiles and guided modes from the two-Bessel method.
(a)–(c) Measured density profiles generated using qth order Bessel beams with
varying position rq;peak of the maximum intensity ring, obtained by varying q and
approach angle c. The solid blue curves plot the density profiles after ionization of
the neutral shell by the Jq pulse. The red and green curves plot the initial plasma
column formed by the J0 pulse and the expanded plasma column immediately
before passage of the Jq. The dashed pink line corresponds to the location of the
first Jq maximum. The dash-dot black curve and wsim

ch represent the calculated fun-
damental mode of the given plasma density profile,13 and L1=e is the calculated
1=e attenuation length of the guided mode. The dotted line denotes the background
atomic density of the neutral gas. The insets in each panel are representative
guided modes measured after propagation in (a) 15, (b) 30, and (c) 30 cm guides
at the given conditions.
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FIG. 6. Self-waveguiding in prepared index structures. (a) Particle-in-cell simulation of the self-waveguiding process in hydrogen using the quasi-cylindrical code FBPIC41 for
pulse width 40 fs, a0 ¼ 0:3. (b)–(d) Propagation simulations (a0 ¼ 0:37) using the code YAPPE,20 illustrating (b) the effects of injection mode mismatch on the on-axis peak
intensity as well as minimal energy loss from the self-waveguiding process for high intensity (a0 ¼ 2) pulses, (c) the minimal effect (at z ¼ 2 cm) of mode mismatch on the
downstream plasma waveguide transverse profiles after self-waveguiding, and (d) the necessary features of the prepared index structure to ensure self-waveguiding. (e)
Imaged fluorescence profile after transmission of 88 mJ self-waveguiding pulse over 10 cm long prepared index structure, showing periodic fluorescence oscillations (column
integration indicated by the white line) due to mode beating of the two lowest order guided modes. The laser is injected from the left and attenuates from self-waveguiding ero-
sion as it propagates to the right.

FIG. 7. Transverse interferometry of plasma profiles generated by self-waveguiding at z¼ 2 cm from entrance generated by self-waveguiding pulses (a) of different energies
injected Dsinj ¼ 2:5 ns after the j0 index-structuring pulse with NH2 ¼ 1:6� 1018 cm�3 initial hydrogen density (b) of 88 mJ injected at Dsinj ¼ 2:5 ns into prepared index
structure with different initial hydrogen densities (c) of 88 mJ injected with varied Dsinj intro a prepared index structure with initial NH2 ¼ 1:6� 1018 cm�3.
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and cladding density. The tighter confinement means that higher
order modes decay over L1=e > Lguide ¼ 20 cm and survive to the
waveguide exit.22 Though the waveguide fundamental mode size wch is
matched to the injected pulse, slight variations in alignment between
the drive pulse and the J0 beam lead to coupling into these higher
order modes. Increasing Bessel beam energy well beyond that required
for OFI in the central maximum leads to ionization in the secondary
rings of the Bessel beam, and a larger initial plasma column. As shown
in Ref. 19, a larger diameter initial plasma column alters the expansion

of the neutral shell, leading to a larger fundamental mode size. This
means that the guide is no longer matched to the injected pulse, result-
ing in significant coupling into higher order modes [see panel (h)].

VI. CONCLUSION

Laser-wakefield acceleration (LWFA) of multi-GeV electron
bunches in the quasilinear regime requires the implementation of
plasma waveguides many times longer than the Rayleigh range of the
drive pulse. Until recently, this had only been achieved with electric

FIG. 8. Angle resolved spectra and lineouts for shots with the highest energy gain in Ref. 22. For all shots, the LWFA drive pulse energy was 11 J. The first two spectra had
on-axis plasma density Ne0 ¼ 1:3� 1017 cm�3 while the others had on-axis plasma density Ne0 ¼ 1:6� 1017 cm�3.

FIG. 9. (a)–(h) Guided modes for varying laser and plasma conditions, showing the transition from monomode to multimode guiding. All images were taken at the exit of a
20 cm waveguide, formed by self-waveguiding in prepared index structures in pure hydrogen. Although the self-waveguiding pulse was intense enough to excite plasma waves
in the guide, there was no electron injection source for these measurements, such as the N2 ionization injection source demonstrated in Ref. 22. All exit modes are plotted on
the same spatial and intensity scales. (i) f=25 focal spot of injected drive pulse.
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discharge capillaries, leaving a need for an all-optical solution tailored
for high repetition applications. We have demonstrated two new tech-
niques for the all-optical generation of meter-scale plasma waveguides.
These techniques independently form the waveguide core and clad-
ding, allowing for the waveguide plasma and optical parameters to be
carefully tuned for the desired LWFA drive pulse.
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