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ABSTRACT

Low-density meter-scale plasma waveguides produced in meter-scale supersonic gas jets have paved the way for recent demonstrations of all-
optical multi-gigaelectronvolt laser wakefield acceleration (LWFA). This paper reviews recent advances by the University of Maryland, which
have enabled these results, focusing on the development of elongated supersonic gas jets up to ~ 1 m in length, experimental and simulation
studies of plasma waveguide formation, and a new three-stage model for relativistic pulse propagation dynamics in these waveguides. We also
present results from recent LWFA experiments conducted at the Laboratory for Advanced Lasers and Extreme Photonics at Colorado State
University demonstrating high charge, low divergence electron bunches to ~ 10 GeV, with laser-to-electron beam efficiency of at least ~30%.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0265640

I. INTRODUCTION

Compact, laser-plasma particle accelerators have recently been
employed as drivers for secondary light sources'” and free electron
lasers,” and offer a possible path toward future high-energy colliders."
Laser wakefield acceleration (LWFA)™® harnesses the strong electro-
static fields of laser-driven plasma waves to achieve extremely strong
accelerating gradients ~ 10° times greater than those of rf accelera-
tors, enabling the production of multi-gigaelectronvolt (GeV) elec-
tron bunches over sub-meter distances.” '~ For petawatt-class lasers,
maximizing energy gain in an LWFA requires accelerating electrons
over tens of centimeters—much further than the natural diffraction
scale of an ultra-intense laser pulse focused to <100um spot
size.””'* Thus, some form of optical guiding is required to maintain

sufficient intensity for wake excitation over the full length of the
accelerator.

Relativistic nonlinear self-guiding has generated multi-GeV elec-
tron bunches,'”'"'* but this approach is inefficient, demanding peta-
watt laser powers'”'" for the low ~ 107 cm™ plasma densities
needed to achieve multi-GeV acceleration by mitigating dephasing
between the drive laser and the electron bunch.” Moreover, the reliance
on nonlinearity limits the control of the acceleration process.

Preformed plasma waveguides act as optical fibers for intense
laser pulses,” ”'*'>'”"** maintaining relativistic intensities for long dis-
tances (tens to hundreds of Rayleigh ranges), and offer new degrees of
freedom for controlling this extended relativistic interaction, including
control of optical modes and their group velocities.”'”"" The first
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experimental demonstration of preformed plasma waveguides™””

relied on 100 ps Jp Bessel beam ionization and heating of extended
plasma columns via inverse bremsstrahlung (IB) to drive a blast-wave
expansion, with the reduced on-axis plasma density forming the high
index “core” of the waveguide, and the high electron density cylindrical
shock forming the low-index “cladding.” Waveguides formed through
this process enabled the detailed experimental and theoretical study of
their quasi-bound mode structure”**® and made possible the first
LWFA results in a plasma waveguide.”” However, IB heating efficiency
limited the waveguide plasma density to =10' cm ™3, two orders of
magnitude greater than the desired range for multi-GeV LWFA.
Plasma waveguides formed through an electrical discharge in a narrow
capillary tube of several hundred micrometers diameter”>***" have
also been applied to LWFA, though the fixed relationship between
capillary geometry, waveguide optical properties, and on-axis den-
sity'>7*?"** makes reaching waveguide plasma densities ~ 10" cm™>
extremely challenging. One solution was presented in Refs. 13 and 42,
where the use of auxiliary laser heating of a capillary plasma enabled
plasma density reduction to ~3 x 107 cm™ and electron acceleration
up to 7.8 GeV with 850 TW laser power. In addition, unlike capillary
plasmas, laser-generated plasma waveguides are free-standing and
immune to laser damage.

More recently, plasma waveguides formed by the hydrodynamic
expansion of optical field ionized (OFI) plasmas’ >'>'"1%20-2673243
have enabled direct access to the low-density regime. However, OFI
plasmas, say in hydrogen, have maximum electron temperatures of
~10eV'**" while IB plasmas can have temperatures 10x higher. As a
result, a single Bessel beam pulse is insufficient to generate the plasma
cladding, requiring auxiliary pulses to ionize the high-density region
surrounding the plasma core. For generating plasma cladding over
meter scales, there are two techniques, the “2-Bessel” method®'” and
“self-waveguiding,””' *****

These new optical techniques for meter-scale waveguide forma-
tion,'”'*** along with our development of meter-scale supersonic gas
jets,”*'”!” enable an unprecedent degree of control over waveguide
optical properties at the low plasma densities suitable for multi-GeV
LWFA. The self-waveguiding and 2-Bessel techniques require phase
front correction to produce high-fidelity zero-order and higher-order
Bessel beams™*” focused into the extended gas sheets produced above
the gas jets. The self-waveguiding method in a 20 cm hydrogen plasma
waveguide”* was soon employed in the first all-optical, multi-GeV
LWFA experiment, accelerating electrons to 5GeV using <300 TW.
Since this initial demonstration, there have been rapid improvements
in electron beam quality and energy, with the most recent experiments
discussed in this article producing electron beams with over a nano-
Coulomb of charge above 1 GeV, and electron bunch energies up to
~10GeV.

In this paper, we review the developments leading to these results,
starting with an overview of the University of Maryland’s (UMd)
meter-scale supersonic jet development. This is followed by a discus-
sion of the most comprehensive experimental and simulation work
conducted to date benchmarking meter-scale Bessel beam-generated
OFI plasma waveguides.”” We then introduce a three-stage model for
relativistic pulse propagation in meter-scale low-density waveguides,
highlighting a new universal mode beating effect that arises at high
laser intensities and plays a critical role in laser propagation and ioni-
zation injection.” We present new experimental results, featuring the

ARTICLE pubs.aip.org/aip/pop

consistent and efficient production of multi-GeV LWFA electron
bunches with energies to ~10 GeV, nC-level charge above 1 GeV, and
sub-milliradian divergence. These experiments, conducted with laser
energies of <18] (<400 TW), achieve a laser-to-electron energy con-
version efficiency of at least 30%." Finally, we discuss our recently
developed modular gas jet, in which waveguides extending >1 m can
be generated with customizable density profiles. We present simula-
tions showing improved acceleration using axially stepped waveguides
that can be generated in these jets.

Il. DEVELOPMENT OF METER-SCALE SUPERSONIC
GAS JETS

Multi-GeV LWFA experiments require elongated, low-density
plasmas. While gas cells” "’ and capillary discharges'>'*** have been
used in ~1GeV*" and multi-GeV LWFA experiments, " they lack
accessibility for diagnostics, are highly susceptible to laser or discharge
damage (thus limiting their repetition rates), and, in the case of
capillaries, are wunable to reach densities low enough
(Ny ~ 10"7cm™) to mitigate dephasing.” Gas jets, however, do not
have these limitations.

Gas jets have been developed in the Laboratory for Intense Laser
Matter Interactions at the University of Maryland for many years,
including those for IB-heated plasma waveguide generation,”’ elon-
gated cluster jets for increased heating efficiency, and for generating
axially modulated guides for application to direct laser acceleration”
°” and thin, near-critical density jets for kHz LWFA using few-cycle
millijoule pulses.”® All of these jets were centimeter-scale or shorter.
The first generation of elongated supersonic gas jets designed at
Maryland was used to demonstrate the 2-Bessel method for OFI
plasma waveguide generation.17 This Mach 4 (M = 4) supersonic gas
jet was 5cm long, producing a smooth axial profile with measurable
on-axis plasma waveguide densities as low as Ny ~ 10'® cm~2."” One
hydrogen backed solenoid valve (Parker series 9) fired into a reservoir-
backed de Laval slit nozzle, which directed the gas upward in a sheet.
This jet was re-designed and lengthened to 10 cm (Gen. II), fed by two
similar valves and employed for direct characterization of the self-
waveguiding process.'®

To achieve 5GeV in the first all-optical multi-GeV LWFA,” two
design iterations were required, leading to our 20 cm, M = 4, Gen. IV
jet, backed by 5 solenoid valves. We used a 95% H,/5% N, (by number
density) gas mix, with the waveguide generated by self-waveguiding in
a channel generated 3 mm above the jet orifice by a zeroth order Bessel
beam. The 5% N, dopant was used for ionization injection.””” This
jet also had a ~5 mm dopant injector section at the jet entrance backed
by a sixth valve, although initial ionization injection attempts were
hampered by a large-amplitude pulse deformation from mode beating
at the guide entrance.” This experiment led to further refinements,
including (1) operating at a higher Mach number to enable waveguide
generation even farther from the orifice to avoid obstruction of the
Bessel beam,” and (2) improving the design for the localized injector.
This, with two more iterations, led to our 20cm, M = 5, Gen. VI
jet, backed by 6 solenoid valves, giving waveguide on-axis densities
Ny ~ 1.5 x 107 cm ™ at 1.2 cm above the orifice, and localizing the
N, dopant to a ~2 cm axial region at up to 5 evenly spaced locations
along the 20 cm jet (the injector inlets were just below the nozzle). This
resulted in quasi-monoenergetic <10% (resolution-limited) energy
spread multi-GeV electron bunches.’
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(b) Interior Model of Gen. VI Jet
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FIG. 1. University of Maryland supersonic gas jets. (a) Evolution of UMd gas jets ranging from a 5cm jet designed in 2019 (Gen. I) to a 30 cm jet designed in 2022 (Gen. VI).
(b) The internal structure of the Gen. VI jet, comprised of a reservoir to flatten the final density profile, a throat to determine the Mach number, and an orifice out of which the

gas exits the jet in a longitudinal sheet.

For the 10 GeV result discussed below, the waveguide was formed
in a 30cm version of the M = 5 Gen. VI jet, backed by 9 solenoid
valves (Parker C21). An internal longitudinal section of this jet [used
for 3D fluid simulations' using Ansys Fluent with the shear-stress
transport (SST) k- model®'] is shown on the right side of Fig. 1. As in
all of our jets, the “reservoir” smooths the longitudinal density profile,
which otherwise would have peaks centered near each gas inlet. The 20
and 30 cm Gen. VT jets were used for the LWFA experiments discussed
in this paper. Further details on this jet can be found in Ref. 19.

11l. BENCHMARKING OF HYDRODYNAMIC PLASMA
WAVEGUIDES

Optimizing LWFA in low-density meter-scale plasma waveguides
requires detailed experimental characterization and modeling of the
waveguide formation process. At low densities, the lower temperature
Bessel beam-heated OFI plasma forms the waveguide core, with a
weak or nonexistent plasma cladding. The role of the auxiliary
2-Bessel'” and self-waveguiding'® techniques is to ionize the neutral
gas shock surrounding the plasma core to form a cladding. Thus, time-
resolved measurements of the hydrodynamic evolution of both elec-
tron and neutral density profiles are crucial. Two-color interferometry
measures the contribution of both electrons and neutrals to the refrac-
tive index profile.'**" For sufficient magnification to see waveguide
features on the tens of micrometers scale, the interferometer transverse
field of view is necessarily limited to a few millimeters at most. For
meter-scale waveguides, such measurements are concatenated over
small ranges <1cm by shifting the object field over multiple shots.

However, for practical measurements of meter-scale waveguides, we
conduct transverse interferometry at a single position and then use
longitudinal interferometry and fluorescence measurements (cali-
brated with H, backfill) to determine the average density and axial
density variation.”” The measurement is absolutely calibrated by mea-
suring fluorescence from Bessel beam heating of backfill gas in the
chamber at known pressures.

The hydrodynamically evolving channels in these measurements
were generated with a diffractive axicon to form a J, Bessel beam pulse
(A=2800nm, T = 50 fs FWHM, energy 150 mJ or 300 mJ, R = 2cm
beam radius, and Bessel beam axis approach angle y = 2.3°) with
either linear polarization (LP) or circular polarization (CP). Two-color
interferometry used a spatially filtered, 800nm beam, split pre-
compression from the main beam and compressed separately to <100
fs. This pulse was frequency doubled with a 1 mm thick beta-barium
borate (BBO) crystal to form a two-color (400 and 800 nm) probe
beam, which was then passed through a At =0 — 10ns delay line
before being transversely propagated through the plasma and directed
into separate interferometers. Coincident electron and neutral density
profiles were then extracted from the phase shift images in each
color.'**" Figure 2 plots electron density [Figs. 2(a) and 2(b)] and neu-
tral density [Figs. 2(a’) and 2(b')] profile evolution after ionization of
hydrogen gas by the LP or CP ], beam. Importantly, the interferometry
measurements reveal that the electron density [Figs. 2(a) and 2(b)]
peaks on-axis and then subsides over time, forming the plasma core
but never forming the cladding necessary for a plasma waveguide.
However, ionization of the neutral density shock [Figs. 2(a’) and
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FIG. 2. Density profile temporal evolution of electron [(a) and (b)] and neutral hydrogen [(a’) and (b')] for delays At = 0 — 10 ns for &p.ss; = 150 mJ, beam radius 2 cm, pulse
width 50 fs, and Bessel beam approach angle y = 2.3°. (a) Linear polarization (LP) generated electron density profiles N, (r, At). (b) Circular polarization (CP) generated elec-
tron density profiles Ne(r, At). (a") LP-generated neutral hydrogen density and (b’) CP- generated neutral hydrogen density.

o
=3
delay(ns)

10"

FIG. 3. Results from SPARC hydrodynamic simulation using initial conditions from YAPPE output for (a) LP and (b) CP. (c) LP + Coulomb explosion (CE) (linear polarization

plus initial ion temperature T; = 3 eV from Coulomb explosion).

2(b")], by either the 2-Bessel method or self-waveguiding, forms the
cladding. The LWFA results presented here use self-waveguiding: the
radial wings in the far leading edge of the drive pulse ionizes the inside
shock wall, generating a plasma waveguide cladding for the rest of the
pulse.”"

Accurate simulation of channel evolution is essential to accelera-
tor design. Due to highly disparate timescales, simulations involve
combining the results of two models, a hydrodynamic model for gas
and plasma dynamics (nanosecond timescale) and a self-consistent
femtosecond pulse propagation model to simulate Bessel beam-
induced OFI of the gas and the effects of plasma-induced refractive
distortion. Our recent work™ comprehensively benchmarks OFI-
based plasma waveguide generation and evolution using 2-color

interferometry measurements plus the two models. Our propagation
model [yet another pulse propagation effort (YAPPE)'®*’] generates
electron temperature and density profiles, which are input as initial
conditions to the hydrodynamic code SPARC"” to drive the evolution.

SPARC computes the evolution of the temperature, velocity, and
density profiles of both combined ion/neutral heavy particles and elec-
trons to model the hydrodynamic expansion, using rate equations that
track H, HY, H,", and H, and its first two vibrational states.”"?
Comparison of two-color interferometry measurements with simula-
tions shows an interesting effect. In Figs. 2(a’) and 2(b’), waveguide
expansion resulting from LP is similar to that from CP, even though
CP induces significantly greater plasma heating (~ 40eV vs ~ 10eV
for LP”"). Further investigation suggested that LP pulses favor laser-
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FIG. 4. Modeling of meter-length plasma waveguide using YAPPE and SPARC. (a) Intensity envelope of Bessel beam at z = 4 cm (intensity colormap has been multiplied
x 2). (b) Intensity envelope of Bessel beam at z = 60 cm. (c) Electron density profile at At ~ 0. (d) Electron temperature profile at At ~ 07, indicating a peak of ~11eV.
(e) Plasma waveguide profile temporal evolution to At = 18 ns after OF| by the Bessel beam, calculated as the sum of the electron and neutral shock profiles, including ioniza-
tion by self-waveguiding. (f) Fundamental quasi-bound mode intensity profile evolution, normalized at each delay. The mode’s e intensity radius is indicated by the white line.
Simulation parameters: Temporal grid size 0.12 fs, temporal window size 500 fs, average radial grid size 2 um, radial window size 1.6 cm, Bessel beam axis approach angle
7 = 10 mrad, input beam radius 1 cm, and uniform hydrogen molecular density 1 x 10" cm~2,

induced Coulomb explosion (CE) of the hydrogen molecular ion
HY — H™ + H" + e because LP increases H; bond softening and
ionization of intermediate vibrational states, directly producing pro-
tons with temperature ~3eV.”**" This boost in ion temperature
increases the expansion of the LP-generated channels (as seen in
Fig. 3), accounting for the similar waveguide expansion from LP and
CP beams seen in measurements in Fig. 2.

As an example of the full scope of YAPPE'®*’ and SPARC™
modeling, Fig. 4 shows a Bessel beam-generated 1 m long plasma
waveguide. The dramatic effect of distortion of the Bessel beam by
plasma-induced refraction is seen by comparing the intensity enve-
lopes earlier and later in the propagation. While the envelope is still
relatively undistorted by z = 4 cm [Fig. 4(a)], it is highly distorted by
z=060cm [Fig. 4(b)], where N.(r =0) ~ Nysin*y = Ny, the
effective critical density. Figures 4(c) and 4(d) show the electron den-
sity and temperature profiles at Af = 0" ns, immediately after
Bessel beam passage. The resulting plasma pressure profile triggers
hydrodynamic evolution computed by SPARC over At = 0 — 18 ns,
where electron density profiles (assuming full ionization of the
neutral shock by subsequent self-waveguiding) are shown in Fig. 4(e),
with the corresponding fundamental quasi-bound mode”* plotted in
Fig. 4(P).

IV. RELATIVISTIC PULSE PROPAGATION IN METER-
SCALE, LOW-DENSITY PLASMA WAVEGUIDES

To optimize electron charge and energy gain in multi-GeV
LWEFA, it is essential to understand the propagation of relativistic
pulses (where ay = eAy/mc* = 1) in meter-scale low-density plasma
waveguides. Here, gy is the peak normalized vector potential, Ay is the
vector potential, and e and m are the electron charge and mass. When
relying on ionization injection, pulse evolution dictates the location
and amount of charge injected into the wake. Pulse evolution also
determines the strength of the wake’s accelerating gradient, the

electron beam spectrum, and dephasing between the laser pulse and
the accelerated electron bunch. Our recent work” identifies three char-
acteristic stages of relativistic pulse propagation in extended low-
density plasma waveguides, including a new mode beating effect that
occurs whether or not the pulse is linearly matched to the waveguide.
This appears to be a universal effect in the propagation of high-
intensity pulses in long, low-density plasma waveguides. This beating
generates multi-peaked multi-GeV spectra due to periodic enhance-
ment and suppression of ionization injection.

Figure 5 from Ref. 9 outlines the three-stage model as observed in
3D WarpX®" particle-in-cell simulations with parameters similar to
those in our experiments. Simulated channels were formed from 95%
H,/5% N, gas mix with hydrogen fully ionized and nitrogen ionized to
N>" corresponding to the channel structure shown in Fig. 5(d). The
three stages are identified by labels I, II, and III alongside the blue
curve in Fig. 5(a), which plots the evolution of g, for an initial pulse
Gaussian in space and time (ag; = 2.0, Tpwpy = 41fs, wy = 30 um),
mode-mismatched into a 20cm long waveguide (wg = 20 um,
N, = 2.0 X 107 cm~3). The waveguide transverse profile is plotted
in Fig. 5(d).” Stage I describes large-amplitude oscillations in the early
part of the waveguide from mode beating due to linear mode mis-
match at laser injection. Since higher-order modes in the plasma wave-
guide propagate at a lower group velocity,”** they increasingly lag
behind and separate from the fundamental mode, leading to the decay
of Stage I beating by z ~ 3cm (see study of Ref. 9 for a detailed
discussion).

Stage II is an extended, lower amplitude beating-induced oscilla-
tion that occurs whether or not the pulse is linearly mode matched to
the waveguide, as one can see by comparing the blue and gold curves
of Fig. 5(a). The gold curve plots the evolution of a, for the linearly
mode-matched case. It lacks large stage I beating oscillations, yet it has
axially extended stage II oscillations similar to the blue curve. The ori-
gin of these oscillations is ponderomotive modification of the
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FIG. 5. Particle-in-cell WarpX** simulations of drive pulse evolution in a pre-ionized plasma waveguide. The simulation xyz grid is 256 x 256 x 4096 (256 x 256 x 204.8 um”)
and gas composition is 95% Ha/l5% N,. (a) Peak laser field ay vs propagation distance for: blue curve—mismatched input field ay; = 2.0, wo = 30 um, t4,n, = 41fs,
Neg = 2.0 x 10”cm‘3, purple curve—mismatched in7put field ay = 1.5, wo = 30 um, Thp, = 6515, Ngg = 2.0 x 10" cm~3, and orange curve—mismatched
ap = 0.3, wo = 30 um, Typm = 4175, Neg = 2.0 X 10" cm=3. The blue, purple, and orange curves all propagate in mismatched waveguide formed from the prepared
index structure shown in (d), with wep, = 20 um. Gold curve—matched Gaussian input ag = 2.5, wo = 30 um, s, = 41fs propagating in parabolic channel with

Wen = 30 um, Ngg = 4.0 % 10" em~3. Labels I, I, and Il refer to the three characteristic propagation stages. (b) Electron spectrum vs propagation distance corresponding to

the blue curve of (a). (c) Final integrated spectrum. (d) Prepared index structure measured by 2-color interferometry

waveguide’s plasma density profile by the leading mode. As the pulse
propagates, it continuously redshifts and couples energy into the fun-
damental [(p,m) = (0,0)] and first order radial mode
[(p,m) = (1,0)] of the perturbed channel, where p and m are the
radial and azimuthal mode indices. Stage II oscillations are caused by
beating of the (0,0) and (1,0) modes in the perturbed channel, with
period A = 21/|B1 — Poo| = 7240(Wen/%0)*. The purple and blue
curves in Fig. 5(a) both propagate through the same channel [shown
in Fig. 5(d)], and therefore have the same beat period Apy,e =4.0 mm.
The gold curve from Fig. 5(a) propagates through a matched parabolic
wy = szld = 30 um, which gives Agys = 7.1 mm. As shown in Ref. 9,
this simple beating model gives oscillation periods in quantitative
agreement with those of the blue and gold curves.

Because of this continuous nonlinear energy coupling into the
(0,0) and (1,0) modes, the beating amplitude remains relatively
constant and occurs whether or not the drive pulse is linearly
matched to the waveguide. The process thus appears to be univer-
sal. Only significantly reducing the pulse intensity (and therefore
reducing channel modification) eliminates stage II beating, as
shown by the orange curve in Fig. 5(a) depicting a mode-
mismatched pulse injected with ay; = 0.3, revealing that only stage
I beating remains.” Stage II is followed by stage III, where the pulse
disperses, stretches, redshifts, and gy declines.

The three stages of pulse propagation map directly to the
enhancement and suppression of ionization injection, as seen in
Fig. 5(b), which exhibits the integrated electron spectrum correspond-
ing to the blue curve in Fig. 5(a). The large-amplitude oscillations in
stage I cause wake distortion, only allowing a small amount of charge
to be injected depending on idiosyncratic coupling dynamics. Instead,
most of the charge is injected during stage II.

1820 and fitted to even polynomial x exponential.

To further understand the enhancement and suppression of ioni-
zation injection, Fig. 6 from Ref. 9 compares the location of the
injected charge with respect to (1) the oscillation peaks in ao, (2)
A& vake = Evake — (Ervake) 1 oy the relative position of the back of the

wake (the location where E, =0) in the moving simulation window,

and (3) Ala, peak = Cay,peak — (Ear, peak>1cm7 the relative position of

peak gy in the simulation window. Here, <>1 denotes an average
cm

over 1 cm of propagation. It is clear from Fig. 6(a) that injection occurs
mainly in stage II; stage I beating (z <~ 30 mm) results in large oscil-
lations in A&, that suppress electron injection, trapping, and
acceleration.”

The injection peaks in stage II (marked by vertical dashed lines)
occur at local oscillation minima of ay, as seen in the green curve of
Fig. 6(b). These minima correspond to locations where A, jeqr sud-
denly changes sign [red curve in Fig. 6(b)], showing that jonization
injection is enhanced when stage II beating moves the position of peak
ay closest to the trapping center (location of E, = 0 at the back of the
wake) and suppressed when peak a, is moved furthest from the trap-
ping center.” Note that A&, is an order of magnitude smaller than
Al peak in stage II, suggesting that back-and-forth oscillation of the
wake (or oscillation of the wake velocity) is not the source of periodic
enhancement and suppression of injection as may occur in other
conditions.”**’

The three-stage model agrees well with plasma waveguide-based
LWFA experiments conducted at the Laboratory for Advanced Lasers
and Extreme Photonics™ at Colorado State University. Details of the
experiment can be found in Refs. 7-9 along with diagrams of the
experimental setup. The general configuration is that the drive beam is
focused into the end of the gas jet by an f/25 off-axis paraboloid, with
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FIG. 6. Simulation with FBPIC®® particle tracking, with parameters matching the blue curve of Fig. 5(a). (a) Evolution of the laser envelope (aq) on-axis in the light frame (com-
putation window, & = z — v,t), showing the oscillations of the laser pulse peak and pulse retreat in the light frame. The white curve is a histogram of trapped electron injection
locations with energy >50MeV at z = 10.cm. (b) Lineouts of pulse and wake parameters vs propagation distance (see the text). Green curve: peak ap in moving window.
Purple curve: relative position of the back of the wake, A&, uke = Euake — (Ewake)1cm- RE curve: relative position of peak ay, Aay peak = ay, peak — <cfao,,,mk> - Here,
Otem refers to an average over 1 cm of propagation. Blue curve: replot of the white curve from panel (a).

the beam passing through a hole in a 45° mirror. The distance between
the focal plane of the drive beam and the beginning of the jet was
adjusted by moving the jet axially. A separate beam with a controllable
pre-delay with respect to the drive beam was passed through a diffrac-
tive axicon; the beam was then reflected off the 45° mirror to form a
Bessel beam in the gas jet and ionize it via OFL

One notable demonstration was limiting injection to only one
event by localizing the N, dopant to less than a stage IT oscillation period
at z=10cm or z = 14cm, as shown in Fig. 7(b). The University of
Maryland Gen. VI jet can localize the N, dopant to a ~2.5cm region,
approximately the longitudinal period of stage II beating.

Energy (GeV)

32 31 2.9 26 23 1.9

On-axis Plasma Density (1017 cm-3)

Energy (GeV)

29 26 21
On-axis Plasma Density (1017 cmr3)

Initially, the 20 cm jet was doped along its full length using a 95%
H,/5% N, gas mix. Figure 7(a) shows multi-peaked, multi-GeV spec-
tra, in qualitative agreement with the simulations of Figs. 5 and 6.
Injection of the gas mix was then localized to an ~2.5 cm longitudinal
section centered either at z = 10 cm or z = 14 cm. Figure 7(b) shows
mostly single-peaked multi-GeV spectra, with results for the injector at
z = 10cm to the left of the vertical white dashed line and results for
z=14cm to the right of the vertical dashed line. These quasi-
monoenergetic electron spectra have energy spreads < 10% and are a
direct result of limiting the number of electron injection events from
stage 1T oscillations via dopant gas restriction.”
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FIG. 7. Experimental data from’ exhibiting angle-integrated (a) multi-peaked multi-GeV spectra when a whole 20 cm Gen. VI jet contained 95% H, 5% N, gas mix and (b)
single-peaked multi-GeV spectra when 20 cm Gen. VI jet was globally backed with pure H,, except for a 2.5 cm region backed with 95% H, 5% N, gas mix located at z=10cm
(left of white dashed line) or z= 14 cm (right of white dashed line). Colormaps are normalized to the peak of each individual spectra. (c) Atomic gas density profile showing

2.5 cm localized injection section.
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An additional experiment’ employed a localized pure N, injec-
tion at z = 14 cm. The jet’s longitudinal gas density profile with the
localized N, dopant is plotted in Fig. 7(c). Due to the slower hydrody-
namic expansion of nitrogen plasma channels compared to hydrogen,
this produced a localized region of the waveguide with a smaller funda-
mental mode. Results suggest that the sudden reduction in mode size
increased the guided mode intensity, giving continuous ionization
injection. This suggests that axially localized control of a waveguide
mode structure may be harnessed to control injection into guided
LWFAs.

V. HIGH EFFICIENCY LWFA WITH NANOCOULOMBS
OF CHARGE IN THE 1-10 GeV RANGE

Further increasing the electron bunch energy and charge requires
(1) improved efficiency of injected drive pulse coupling into the
plasma waveguide, (2) injection of electrons earlier in propagation,
and (3) optimized acceleration distance approaching but not surpass-
ing the dephasing length. Results from our recent work benchmarking
plasma waveguides™ enabled us to finely tune the waveguide funda-
mental mode radius wy, to match the drive beam waist radius w
(~30 pum at low power). Rather than using a delay line to adjust wy,
via the timing of the waveguide forming Bessel beam in advance of the
injected drive pulse,”” the delay was fixed, and the Bessel beam energy
was adjusted using a half-waveplate and thin film polarizer, enabling
continuous control of w,,. Here, we used a 4-level diffractive axicon to
generate the Bessel beam, which had a ray axis approach angle of 2.3°.

To increase electron energy gain and extend the dephasing length
to ~30cm, the on-axis plasma density was reduced to
Ny ~ 1.3 x 10”7 cm™>, and the Bessel beam energy was scanned to
mode match the waveguide to the drive pulse, minimizing stage I
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mode beating and wake distortion. To reach lower N, 1% N, dopant
was used rather than 5%. In addition, the drive pulse duration was
adjusted by scanning the compressor grating spacing. These optimiza-
tions (~ 187 pulse with Tpwmnm = 60 fs) enabled injection and trapping
of ~10pC early in propagation and accelerated above 9 GeV with
spectral features extending beyond 10 GeV.

The 50 highest energy electron spectra are displayed in Fig. 8,
plotted on a log colormap to reveal comparatively lower-charge spec-
tral features. The spectra in panel (a) are angle-resolved, and those in
panel (b) are angle-integrated. Note that the log scale exaggerates the
angular width of the spectra in panel (a), which mostly are of sub-
milliradian divergence when plotted on a linear colormap. The highest
energy features/tails contain ~ 10pC above ~9GeV and extend
beyond 10 GeV. FBPIC” simulations suggest that the high-energy fea-
tures are injected during stage I beating and the high charge, multi-
peaked portions of the spectra are injected during stage IL.” Since the
full 30 cm jet was doped with 1% N, stage II mode beating injected
more charge overall, accelerating >1 nC of measured charge (passing
through the electron spectrometer collimating slit) to energies
>1GeV. The directly measured conversion efficiency of laser-to-elec-
tron energy >1GeV was 30%, calculated by integrating the electron
spectra over angular distribution, energy, and charge, and then com-
pared to the on-target drive beam energy. Because the electron beam
generally significantly overfills the slit (see below), the actual conver-
sion efficiency ' is at least 30%.

Drive beam pointing instability’ causes fluctuations in coupling
efficiency, bound mode content, and wakefield dynamics, resulting in
shot-to-shot variation of electron beam spectra (as seen in Fig. 8 and in
Refs. 7 and 9) and beam alignment to the spectrometer entrance slit.
The measured accelerated charge passing through the slit varied from

-
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FIG. 8. (a) Angle-resolved electron bunch spectra plotted on log colormap for 50 high-energy shots; angular range for each spectral strip is 8 mrad. (b) Angle-integrated version
of (a). Charge measurements are for the beam that has passed through the slit. Highest energy features/tails include ~10 pC and extend beyond 10 GeV.
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200 pC to 1.4 nC in the 1-8 GeV range. The collimating slit consisted of
10 cm deep, 0.5 mm spaced tungsten blocks in advance of the magnetic
spectrometer (see details in Ref. 7). Imaging the full electron beam pro-
file on a LANEX screen before the spectrometer slit revealed that, on
average, <50% of the electron beam entered the slit, implying that
quoted charge and energy efficiency is underestimated by up to a factor
of 2. We found that with the slit sampling different sections of the beam
as its pointing varied, all sampled portions had multi-GeV spectra.

Our methods for generating hydrodynamic waveguides by Bessel
beam ionization and heating of meter-scale gas jets are being employed
at other institutions, leading to significant increases in electron beam
efficiency and quality. Recent experiments'” at Lawrence Berkeley
National Laboratory (LBNL) in collaboration with the University of
Maryland employed this approach with a 21.3J drive laser (~500 TW)
and a 30cm gas jet to demonstrate acceleration of 6 pC electron
bunches in an isolated quasi-monoenergetic peak at ~9.2 GeV. In this
case, the dopant was intentionally restricted to the first ~12 cm, increas-
ing gain and limiting the injection during stage II. This result is to be
compared to prior LBNL work'” in which a discharge capillary plasma
waveguide required 800 TW drive pulses to accelerate 5 pC to 7.8 GeV
in a spectral tail. This highlights the reproducibility and efficacy of the
experimental methods we have pioneered.

VI. METER-LENGTH GAS JET DEVELOPMENT FOR
ELECTRON ACCELERATION BEYOND 10 GeV

Pushing high-energy LWFA beyond 10 GeV requires extending
propagation in low-density plasma waveguides to lengths ~ 1 m. For
longer acceleration lengths, a modular jet design is preferable because
it achieves fabrication tolerances more easily over extended lengths,
enables extension to lengths limited only by the increasing gas load in
vacuum systems, and provides axial control of gas density and compo-
sition. One application is a density up-ramp for re-phasing accelerated
electron bunches with the plasma wake, boosting electron energy

S (ii)

-~
| throat

nozzle orifice
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gain.”””" For LWFA acceleration to tens of GeV in meter-scale distan-
ces, density up ramps are required.”” Jets with custom density profiles
can also be used for localized gas dopant to control ionization injec-
tion,”””* down ramp injection, >’ long wavelength infrared genera-
tion,”””" betatron generation,”” and staging.'**’

In a continuation of its gas jet development program, the Intense
Laser Matter Interactions Lab at the University of Maryland recently
developed and characterized the first modular meter-scale supersonic
(Gen. VII) gas jet, well suited to all of these applications.'” The Mach 5
Gen. VII jet is constructed from 11 cm long modules and is extendable
to any length. A diagram of two attached modules is shown in
Fig. 9(a). Each module is divided into three sections, each of which is
fed by a single solenoid valve. The valves have a common gas supply
manifold, which is also modular. Each module has additional gas input
ports for dopant injection, for example, enabling complete control of
gas composition and/or density. To test engineering feasibility, a 1.0 m
long jet was assebled with nine modules (27 sections) and spacers and
backed with pure hydrogen (except for one section backed with N,). A
1 m long Bessel beam-generated plasma was formed over the jet
backed with 6.9 bars (100 psi) of pure hydrogen, shown in Fig. 9(b), an
image of hydrogen recombination fluorescence taken through an H-o
line filter. To our knowledge, this is the longest gas jet laser-plasma yet
generated. The 3.4 cm long section backed with pure N,, therefore,
appears as dark. A more detailed discussion can be found in Ref. 19.

The density of each gas section can be controlled with solenoid
valve timing (transient control) or valve flow rates (steady state control).
We have characterized the jet with transient control, where all valves
share a power supply but have independent trigger delays. This provides
significant flexibility for controlling gas density in each section. Figure
10(a) plots colourmaps of the axially resolved H, gas density 1.2cm
above the jet orifice as a function of delay after valve triggering at ¢ = 0,
measured using our fluorescence technique.”* Earlier than ~3 ms, there
is negligible fluorescence signal, and the signal reaches steady state at

hydrogen

- plasma
/ 'l fluorescence
8
4 ' &

L
@é@
) i
; nitrogen
section

FIG. 9. (a) 3D model of a two-module supersonic gas jet, comprised of manifolds, nozzles, and valves (behind the manifolds). Gas flow directions in the manifold and the noz-
zle are indicated with dashed arrows. (i) Model of the manifold showing valve couplers. (i) Internal flow volume showing orifice and throat positions. (b) A 1 m long hydrogen
plasma florescence generated using modular supersonic gas jet backed with 6.9 bars (100 psi) in use in vacuum. One of the 27 sections is backed with nitrogen. The plasma is
generated with a pulse (800 mJ, ~ 75fs) focused by a diffractive logarithmic axicon®* and fluorescence is captured with an H—x line filter where the nitrogen section is shown

as a gap.
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FIG. 10. (a) Temporal evolution of H, density taken h = 8 mm above single nozzle section. At each delay, the density is averaged over 10 shots. Each valve is driven by a
48VDC, 5 ms square wave pulse, and backed by 5.5 bars (80 psi). (b) Demonstration of control over axial density profile using 2 modules (6 nozzle sections) by altering valve
timing. The fluorescence method”* is used to measure the H, axial density profile. For the green curve, all valves are triggered with a 6 ms delay. For the blue curve, the valve
trigger delays are (from left to right) 3, 3.5, 4, 4.5, 5, and 5 ms (delays are also plotted on the red curve). Each point represents a 10-shot average of the mean density across
the center 1 cm window of each nozzle section. The nozzle section boundaries are marked by dashed lines.

~4.5ms. The transition to steady state takes ~ 1 ms with a nearly linear
temporal ramp. Thus, a custom density profile can be built by appropri-
ately adjusting the trigger time of each valve.

Figure 10(b) plots an example axial gas density profile along with
the accompanying valve trigger delays for a two-module jet (6
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sections), where each point represents a 10-shot average density of the
middle 1 cm region of each section. The baseline profile (green curve)
obtained for the valves triggered at the same delay (6 ms) is compared
to a ramped/flat profile generated by staggered triggering (blue curve).
The red curve plots the valve delays used.
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FIG. 11. Density profiles with resulting electron spectra from channel guided LWFA in (a) uniform channel, (b) measured density profile of the Gen. VI jet, and (c) density up

ramp. (a')—(c’) Final angle-resolved electron spectra corresponding to (a)—(c).
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To explore the capabilities of a 30 cm long modular jet, we ran
FBPIC* simulations with three different density profiles shown in
Fig. 11: (a) flat, (b) measured profile of the Gen VI gas jet, and (c) a
staircase up ramp. Nitrogen dopant for ionization injection (1% by
number density) was located in the interval z = 6.7 — 10 cm. In each
simulation, a laser pulse (tpwum = 55fs, A=2800nm, wy= 30 um
api = 3.2) was mode matched into the waveguide, assumed to have a
parabolic density profile. Angularly resolved accelerated electron
bunch spectra from these axial profiles are shown in Figs. 11(a’)-11
(C). Spectra from the profiles of (a) and (b) are similar in energy and
divergence. The spectrum in Fig. 11(c’) shows a clear boost in electron
beam energy, from ~8.5 to ~11 GeV. The density profile of Fig. 11(c)
is achievable with our modular Gen. VII gas jet and shows clear prom-
ise for future LWFA experiments. Recent simulations’” employing a
312.3] laser pulse (19 = 212fs, ry = 84.9 um) demonstrate produc-
tion of 100 GeV electron bunches in a single, 6 m LWFA stage employ-
ing a linear density up-ramp.

VIl. CONCLUSIONS

The development of long supersonic gas jets and optical techni-
ques for generating meter-scale plasma waveguides' >’ at the
University of Maryland has opened the door to a new generation of
multi-GeV laser wakefield accelerators.” '~ Since these initial experi-
ments, LWFA electron beam quality and energy have rapidly
improved due to our supersonic gas jet development,'” comprehensive
benchmarking of the generation and evolution of OFI plasma wave-
guides,”’ and modeling of relativistic pulse evolution in these wave-
guides.”” Collectively, these developments have facilitated the most
consistent and efficient production of multi-GeV LWFA electron
bunches to date, including ~50 shots with at least nC-level charge
above 1 GeV, sub-milliradian beam divergence, and electron bunches
accelerated to ~10GeV and slightly beyond, achieving laser-to-elec-
tron beam energy efficiency of at least 30%."° Our recent development
of a modular supersonic gas jet'’ enables multi-meter plasma wave-
guides with customizable axial profiles, laying a path toward signifi-
cantly increased acceleration length, bunch energy, and beam quality.
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