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Dephasingless laser wakefield acceleration in a plasma waveguide
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Laser wakefield accelerators (LWFAs) provide extremely large accelerating gradients for compact electron
accelerators and photon sources but are limited by dephasing, where trapped electrons outrun the accelerating
phase of the wakefield. Flying-focus pulses can eliminate dephasing by driving a wake at the vacuum speed
of light, but these pulses involve trade-offs, such as varying spot size, long duration, or large plasma volume.

Here, we show that a spatiotemporally structured laser pulse propagating in a plasma waveguide can drive a
wakefield at the vacuum speed of light while maintaining a constant spot size and ultrashort duration. The
pulse is formed by superposing plasma-waveguide modes with appropriately selected frequencies. Compared
with flying-focus approaches, the waveguide substantially reduces the required plasma volume. Scaling laws

and quasi-three-dimensional particle-in-cell simulations show that the single-stage energy gain increases linearly
with the number of modes used to construct the pulse, enabling larger energy gains or shorter stages than standard

LWEFA.

DOI: 10.1103/69yc-j1qh

I. INTRODUCTION

In laser wakefield acceleration (LWFA), a high-intensity
laser pulse drives a large-amplitude plasma wave that traps
and accelerates electrons to high energies [1-8]. The lon-
gitudinal electric field of the plasma wave exceeds that of
conventional radio-frequency accelerators by nearly 3 orders
of magnitude, positioning LWFA as a potential technology
for compact particle colliders and light sources. Despite
this potential, LWFA faces limitations, such as dephasing,
in which trapped electrons outrun the accelerating phase of
the wakefield. This arises from the mismatch between the
subluminal group velocity of the driving laser pulse, which de-
termines the phase velocity of the wake, and the near-luminal
velocity of the high-energy electrons. Dephasing can be over-
come by accelerating electrons through a series of LWFA
stages [9—-13], but this introduces significant technological
challenges, including timing, alignment, and preservation of
electron-beam quality between stages. These challenges mo-
tivate the development of concepts that mitigate dephasing to
reduce the number of stages or eliminate the need for staging
altogether [14-23].
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Flying-focus pulses [17,24-31] circumvent dephasing by
driving a wake at the vacuum speed of light, ensuring that
high-energy electrons remain in the accelerating phase of
the wakefield [17,18,20-23]. These pulses feature an in-
tensity peak that travels at a programmable velocity over
distances far greater than a Rayleigh range while maintaining
a near-constant profile. The “dephasingless” laser wakefield
acceleration (DLWFA) enabled by flying-focus pulses allows
for either larger energy gains in a stage of fixed length or equal
energy gains in a shorter stage when compared to standard
LWFA. Optical techniques for generating flying-focus pulses
control the focal time and location of each frequency, time
slice, subpulse, or annulus of the overall pulse. However, each
technique involves trade-offs in the resulting pulse structure,
such as a longitudinally varying spot size, extended pulse
duration, or constraints on the transverse or temporal profiles.

The ultrashort flying focus [17,18,28], for instance, uses
an axiparabola to focus different annuli to different longi-
tudinal locations [32-34] and a radial echelon [17,27,28] to
control the relative timing of the annuli. While the geometric
aberration of the axiparabola has the benefit of extending the
focal range, it also produces a longitudinally varying spot size
[28,35]. Moreover, achieving the ultrashort intensity peaks
optimal for LWFA necessitates an axiparabola with a rela-
tively small, full-aperture f number (e.g., fz ~ 5). As aresult,
the volume of plasma V needed to avoid plasma refraction
and achieve the desired focal velocity increases rapidly with
the accelerator length L, scaling as V o L3/f7. This is a
critical challenge to realizing ~100-GeV energy gains in a
single, L ~ 1-m stage [36]. Nonetheless, flying-focus-driven
DLWFA has been experimentally demonstrated at shorter

Published by the American Physical Society
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FIG. 1. Schematic of standard and dephasingless laser wakefield acceleration in a plasma waveguide. (a) In standard LWFA, an ultrashort
laser pulse (yellow) with a single characteristic frequency w, and Gaussian transverse profile (red scale) enters a plasma waveguide (gray) and
drives a longitudinal wakefield E,. High-energy electrons (green), initially located in the accelerating phase of the wake (blue), gain energy
until they advance into a decelerating phase (red). At this point, they begin to lose energy before outrunning both the wake and the laser pulse,
after which their energy plateaus, as shown in panel (b). (c) In DLWFA, a laser pulse composed of waveguide modes with distinct frequencies
enters the waveguide, where modal interference produces an ultrashort intensity peak that drives a longitudinal wakefield at the vacuum speed
of light. High-energy electrons remain in the accelerating phase of the wake and gain energy over the entire length of the accelerator, as shown
in panel (d). The yellow structure depicts the overall envelope of the DLWFA pulse, which travels at the subluminal group velocity.

acceleration lengths, L ~ 1 cm, and shows promise for scal-
ing to L ~ 10 cm [22].

Here, we introduce DLWFA driven by a spatiotempo-
rally structured laser pulse in a plasma waveguide (Fig. 1).
The approach combines the velocity control of the flying
focus with the established benefits of plasma waveguides
[37—46] to reduce the required plasma volume. The pulse
is constructed from plasma-waveguide modes with appropri-
ately selected frequencies, producing an intensity peak that
travels at the vacuum speed of light while maintaining a
constant spot size and ultrashort duration. Owing to the nar-
row transverse profile of the plasma waveguide, the required
plasma volume can be substantially smaller than in previ-
ous flying-focus approaches. The electron energy gain and
stage length increase linearly with the number of waveguide
modes used to construct the pulse, enabling either larger
energy gains per stage or shorter stages relative to standard
LWFA. In the single-mode limit, the scalings reduce to those
of standard LWFA, whereas the two-mode limit resembles
beat-wave-driven LWFA [47,48]. For a pulse composed of
ten modes, quasi-three-dimensional (quasi-3D) particle-in-
cell (PIC) simulations demonstrate acceleration through a
stage 11x longer than the dephasing length, yielding a cor-
responding 11x enhancement in the electron energy gain
compared to standard LWFA at the same density.

The remainder of this article is organized as follows.
Section II reviews the theory of arbitrary-velocity laser pulses
in plasma waveguides [46]. Section III describes the design
of a pulse and plasma waveguide for DLWFA. Section IV
presents scaling laws and compares DLWFA in a plasma
waveguide with standard LWFA, highlighting the advantages

and trade-offs. Section V demonstrates DLWFA with quasi-
3D PIC simulations and validates the scaling laws. Section VI
concludes the article with a summary of the results and a
discussion of future prospects.

II. ARBITRARY-VELOCITY LASER
PULSES IN PLASMA WAVEGUIDES

Consider a laser pulse propagating in the positive Z direc-
tion through a preformed, parabolic plasma waveguide. The
electron density of the waveguide n(r) can be expressed in
terms of the squared plasma frequency wp(r) = e*n(r)/meg
and parametrized as

4¢?
208N 2 2
a)p(r) = wy + _w4r ’

ey

where r = (x* +y?)'/? is the radial distance from the z axis,
a)go = ¢2n(0) /meg, and w is the “matched” spot size. The nor-
malized, transverse vector potential of the pulse, a = eA/mc,
can be decomposed into positive- and negative-frequency

components a = %(a + a*), where

a(x,t) = L / e a(x, w)dw, 2)

21

and the integral is taken over positive frequencies. Each spec-
tral component is a superposition of N waveguide modes:

ax, w) = 1 2 a, ()L, E ex _r_z ek@: (3
’ N N a 4 w2 p w2 )
q
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where g is the radial mode number, L, is a Laguerre polyno-
mial, and

1/, 5, 40429\
ky(w) = Z(a) — Wy — — . 4
The coefficients
&y(0) = |a (w)|e' Q)

encode the spectral amplitude |&,(w)| and phase ®,(w) of
each mode.

A laser pulse with an intensity peak that travels at a pre-
scribed velocity is constructed by appropriately tailoring the
spectrum of each radial mode [46]. The appropriate spec-
tra can be derived by analyzing the on-axis vector potential
aw(z,t)=a(r =0,z,1):

1

Aoa(z, 1) = ﬁ Z / &q(w)ei(kq(w)szt)dw. (6)
q

A vector potential whose amplitude travels at a longitudinal
velocity v, while maintaining its spatiotemporal profile satis-
fies

Aoa(Z 4+ VT, 1 +T) = adoa(z, )™, @)

where 7 is an arbitrary time interval, n is a constant, and
the factor ¢™7 accounts for uniform carrier-phase evolution.
Imposing this relation in Eq. (6) yields the constraint @ =
ky(w)v, + 1. Because each radial mode obeys a distinct dis-
persion relation [Eq. (4)], no single broadband spectrum can
satisfy this constraint simultaneously for all g. However, the
constraint can be satisfied if each radial mode has a distinct
frequency given by

wy = wo + (kq(a)q) — Ko)va, (8)

where n = wy — kov, has been chosen so that the frequency
of the lowest-order mode wy serves as a reference frequency
and kg = ko(wo). Geometrically, the allowed (k;, w,) pairs
correspond to the intersections of the dispersion hyperbolae
[Eq. (4)] and the lines w = k,v, + 1 [Eq. (8)]. The constraint
expressed by Eq. (8) requires the spectral amplitudes to be
sharply peaked at w = w,. In the simplest case, as consid-
ered here, all modes share the same sharply peaked profile
|Gy ()] = @(w — wy).

II1. DESIGN OF LASER PULSE AND PLASMA
WAVEGUIDE FOR DLWFA

The energy gain in LWFA is determined by the longitudinal
electric field of the wake E, and the acceleration length L:
Ay =~ e|E.|L/mc?, where y is the Lorentz factor. Tradition-
ally, the acceleration length of a single LWFA stage has been
limited by dephasing, with electrons traveling close to the
vacuum speed of light outrunning the accelerating phase of
the wake after a distance

7T62

Wpo (c —vw)
The dephasing length Ly depends sensitively on the phase
velocity of the wake vy, which is set by the velocity of
the driving intensity peak. For standard laser pulses, this is

approximately their subluminal group velocity, vy ~ v, < c.
The goal here is to design a pulse with an intensity peak that
travels at v, = ¢ and drives a wake with vy, = c. In this limit,
Ly — oo, eliminating dephasing as an upper bound on the
acceleration length.

When v, = ¢, the required frequencies of the radial modes
are given by

4 2
°4 (10)

@q = @0+ (wo — ckg)w?’
For compatibility with the bandwidths of typical laser sys-
tems, the frequencies should satisfy w, —wo < wp. This
condition can be rewritten in terms of the parameters of the
plasma waveguide by substituting ko = ko(wp) into Eq. (10).
In the underdense (wg > w,) regime relevant to LWFA, the

condition becomes

2

(=) >, (an
2c

which states that the matched spot size should be much larger
than the skin depth. With this condition satisfied, it is conve-
nient to define the characteristic frequency spacing

()
Q = 2wy . (12)

WpoW

The required frequencies then simplify to
wy = wo + gx2. (13)

Thus, an intensity peak with v, = ¢ can be achieved by incre-
mentally shifting the frequency of each mode relative to the
reference frequency wy.

The spatiotemporal profile of the pulse is determined by the
modal frequencies and spectral amplitudes &(w — w,). The
temporal structure is most clearly seen in the on-axis (r = 0)
profile

sin® [%NQ(r — Z/C)]
sin? [%Q(l — z/c)] ’

(14)

1
|aoa(z, 1) = alat —z/ve)l?

where v, = c?ko(wo)/wo (see Appendix A for derivation).
This expression separates the temporal envelope o(t — z/vg)
from the interference structure arising from the superposition
of radial modes. The envelope propagates at the group veloc-
ity v,, while the intensity peaks formed by the interference
travel at c. The peaks repeat with a period T = 27 /<2, or
equivalently,

2
Ty = l(M) , (15)
wo \ 2c

and have a full width at half maximum (FWHM) duration

2
T = o (@t , (16)
N [O) 2c
where o is a numerical factor that monotonically decreases
from 1 to 0.88 as N becomes large. This behavior arises be-
cause the FWHM of Eq. (14) depends weakly on N beyond the

dominant 1/N scaling explicit in Eq. (16). Due to the velocity
mismatch between the peaks and the envelope, an individual
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peak traverses the envelope after a distance

2
Lp = ( e )T ~ 2<ﬂ> T, (17)
C— Vg Wpo

where T is the duration of the envelope.

A design for DLWFA driven by a luminal intensity peak
arising from modal interference is guided by two consid-
erations. First, the FWHM duration of the peak should be
chosen to maximize the strength of the wakefield. In the linear
regime (a9 = max |a| < 0.5), this occurs for 7 = 7 /wyg. Sec-
ond, the recurrence period should satisfy 7x ~ T to maximize
the distance that the intensity peak drives the wake before a
preceding peak disrupts the downstream plasma. The first con-
sideration determines the matched spot size through Eq. (16):

5 12 /12
W= _C<ﬂ> <—> . (18)
Wpo \ Wpo (o8

While the matched spot size sets the profile of the waveguide
[Eqg. (1)], the FWHM spot

2¢ [ wo \*/21n(2)\?
wp=—|— (19)
Wpo \ Wpo o
governs the width of the wake and is smaller than w for N > 1

due to the coherent superposition of radial modes. The second
consideration determines the stage length through Eq. (17):

2 N
Lp = 2(&) N 20)
Wpo \ Wpo o

For DLWFA in a plasma waveguide, Eq. (20) replaces the
dephasing length as the upper bound on the stage length. In
principle, Lp can be increased arbitrarily by increasing the
number of modes, albeit at the expense of greater system
complexity and a broader laser bandwidth, Aw ~ (N — 1)Q2.

IV. COMPARISON WITH STANDARD LWFA

An ultrashort intensity peak with T = 7 /wpy and a mildly
relativistic amplitude, ay < 0.5, drives a wake with a maxi-
mum longitudinal electric field

elE;| T 2

= ;. 1)

Through wp o< /g, the on-axis density sets the maximum
field as well as the acceleration lengths for DLWFA (D) and
standard LWFA (S). To compare performance at fixed ag
without requiring equal densities, the on-axis density, plasma
frequency, FWHM spot size, and matched spot size are de-
noted by n;, wp;, wgj, and w;, respectively, with j =D, S.
For DLWFA, the stage length is given by Eq. (20), yielding an
energy gain

2N 2
Ayp = %_<ﬂ> . 22)
0 \ WpD

For standard LWFA, the stage length is instead limited by
the dephasing length [Eq. (9)], Ls = Lq = 2nca)(2) / a)gs, where

vy = Vg ~ (1 — wig/2w5) has been used. The corresponding

— ap=0.25, DLWFA
600 | --- ap=0.25, standard
— ap= 05 DLWEFA
agp = 0.5, standard

400

200

Max energy gain (MeV)

3 -1
1(x103 w )

FIG. 2. Comparison of the maximum energy gain from DLWFA
and standard LWFA in a plasma waveguide. With DLWFA (solid), an
externally injected 100-MeV electron gains approximately 11x the
dephasing-limited energy gain, consistent with the N = 10 modes
of the pulse. With standard LWFA (dashed), the electron reaches
the dephasing-limited energy (dotted vertical line) before advancing
into a decelerating phase and outrunning the wake. At fixed plasma
density, the 11x longer acceleration enabled by DLWFA requires
approximately 11 x more laser-pulse energy. In both cases, the max-
imum energy gains agree with the scalings [Eqs. (22) and (23)] for
ap = 0.25 (blue) and 0.5 (green). Simulation parameters are provided
in Table L.

energy gain is

7T2 wo 2
Ays = —| — ) a?. 23
& 4 (wps> “ @3

In the limit of a single mode (N = 1, 0 = 1) and equal on-
axis density (np = ng), the energy gains are identical: Ayp =
Ays. Thus, the advantage of DLWFA arises from the use of
multiple modes and operation at a different density.

A meaningful comparison of DLWFA and standard LWFA
must also consider the energy required in their respective
drive pulses. Assuming a flattop profile for o with maximum
amplitude ay, the energy in the DLWFA pulse is

U wcN 4
e Y a3, (24)
me?  402rewy \ wpp

where r. is the classical electron radius. For a standard
LWFA pulse with the same normalized FWHM spot size, i.e.,
WpDWFD = WpsWrs, the energy is

Us e wo 3 wo )
Us _ <_> (_) (5)
mc 4orewo \ Wps WpD
As before, the pulse energies are equal in the limit of a single
mode and equal on-axis density: Up = Us.
The relative performance of DLWFA and standard LWFA
depends on whether the comparison is made at fixed density,

stage length, laser-pulse energy, or electron energy gain. At
fixed density (np = ng), the ratio of energy gains is

Ayp N
A)/S_G.

(26)
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TABLE 1. Laser pulse, plasma, and accelerator parameters for
the figures and simulations. The parameters are motivated by
commonly used laser systems and experimentally demonstrated
plasma channels. The vacuum wavelength Ay = 27¢/wy and A =
(Ao/w)K2. In the figures and simulations, time and space are nor-
malized to 1/wy = 7.241s and ¢/wyo = 2.17 um, respectively.

Pulse Standard Dephasingless
Ao 1 um 1 wm

ay 0.25,0.5,0.75 0.25,0.5,0.75
T 23 fs 23 fs

Wr 20 um 20 pm

N 1 10

A - 13 nm
Plasma Standard Dephasingless
n(0) 6 x 108 cm™3 6 x 10¥cm™
w 17 um 54 um
Accelerator Standard Dephasingless
Ly 2.5 mm -

Lp - 2.8 cm

In this case, Up/Us = N/o, consistent with the longer stage
length, Lp = (N/o)Ls. The matched spot sizes satisfy wp =
N'2wg. At fixed stage length (Lp = Ls), the energy-gain ratio
becomes

ﬂ: IX " 27
Ays o '

Here, Up = Us and wp = (6>N)"/®ws. Thus, comparing DL-
WFA and standard LWFA at fixed stage length is equivalent
to comparing them at fixed laser-pulse energy. Finally, at fixed
energy gain (Ayp = Avys), the ratio of stage lengths is

Lo o\ 12
— == . (28)
Ls (N >

Under these conditions, a DLWFA pulse requires less en-
ergy than a standard LWFA pulse: Up/Us = (o /N)'/? with
wp = o '/?ws. For all three comparisons, the pulse-energy
ratio is identical to the stage-length ratio. For the latter two
comparisons, the improved performance of DLWFA results
from operating at higher on-axis density: np = (N/o )*/*ng for
fixed stage length and np = (N/o )ng for fixed energy gain.

V. SIMULATION RESULTS

The analysis above describes the design of DLWFA in
a plasma waveguide and the associated scaling laws. To
demonstrate a representative design and confirm the scaling
behavior, simulations were conducted using the particle-in-
cell code OSIRIS (see Table I for physical parameters and
Appendix B for details). Comparisons with standard LWFA
at equal on-axis density (np = ng) show that N = 10 modes
result in a stage length 11x the dephasing length, with an
energy gain enhancement of 11x.

Figure 2 shows that the maximum energy gain of externally
injected 100-MeV test electrons is more than an order of mag-
nitude greater in DLWFA (solid line) than in standard LWFA

(dashed line). This enhancement is consistent with the num-
ber of modes in the DLWFA pulse and holds for both ay =
0.25 (blue) and 0.5 (green). In DLWFA, the highest-energy
electron gains energy over the entire length Lp, whereas in
standard LWFA the electron gains energy over a dephasing
length (dotted line) before entering a decelerating phase and
eventually outrunning both the wake and the pulse. In both
cases, the maximum energy gains from the simulations agree
closely with the scaling predictions, for example, at ay = 0.5,
mc? Ayp = 660 MeV, and mc? Ays = 58 MeV.

Figure 3 compares the on-axis vector potential |a,| and
longitudinal wakefield E,, highlighting two key features.
First, at lower amplitudes, the laser pulse and accelerating
field in standard LWFA slip backward in a frame moving
at the speed of light, resulting in dephasing. This contrasts
with DLWFA, where the pulse amplitude and accelerating
field remain nearly stationary, thereby eliminating dephas-
ing. Second, at higher amplitudes, DLWFA departs from the
ideal linear regime due to self-guiding, depletion, redshift-
ing, and temporal compression. At ap = 0.5, for example,
a second trailing intensity peak emerges from the primary
peak due to redshifting and mild self-guiding [cf. Figs. 3(c)
and 3(e)]. Following this initial evolution, the pulse reaches
a steady state, stabilizing the wake [Fig. 3(f)]. At ap =
0.75, depletion and redshifting become sufficiently strong
to form a localized intensity burst with a reduced group
velocity that slips backward, disrupting the wake struc-
ture. This process repeats as downstream temporal slices of
the pulse constructively interfere to regenerate the moving
intensity peak.

For larger values of ap (20.75) and fixed density (np =
ng), the longer propagation distance in DLWFA makes the
pulse more susceptible to nonlinear evolution than in standard
LWFA. Despite its larger matched spot size (wp = N'/?ws),
the peak power of the DLWFA pulse is identical to that of the
conventional pulse. This follows directly from the modal in-
terference producing an intensity peak with a smaller FWHM
spot size [Eq. (19)], such that wgp = wgs. As a consequence,
the power-to-critical-power ratios are identical for the two
pulses:

P WD, _ @psWS P
— ) = ay = ag=\|—=—1, (29)
Pu)p 320N 32¢2 P

where P is the critical power [49]. However, because of its
longer propagation distance, the DLWFA pulse accumulates
more nonlinear phase and experiences stronger nonlinear re-
fraction. In addition, as ag — 1, the depletion length Lyg =
wcN wg /a(%a)go [5] decreases toward the stage length Lp. This
depletion leads to redshifting, compression, and the group
velocity reduction observed in Fig. 3 [50].

Figure 4 shows that the DLWFA pulse produces the same
local features as the standard LWFA pulse despite its much
larger matched spot size. Within a transverse region com-
parable to the FWHM spot size, both pulses have similar
spatiotemporal profiles and drive nearly identical longitu-
dinal fields. Outside this region, the transverse intensity
modulation and limited temporal contrast of the DLWFA
pulse are apparent [Fig. 4(d)]. These features arise from
modal interference and are determined by the relative mode
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FIG. 3. On-axis (r = 0) structure and evolution of the driving laser pulse and wakefield in a frame moving at the vacuum speed of light.
(a) A standard pulse with ayp = 0.25 drives the wake shown in panel (b) whose phase fronts slip backward due to the subluminal group
velocity. (c)—(f) The luminal intensity peak of DLWFA pulses with (c) ap = 0.25 and (e) ap = 0.5 drive wakes with near-stationary phase

fronts, eliminating dephasing. The first recurrence of the moving intensity peak appears as the vertical feature originating at  ~ 10* @

pol and

z—ct = 11 c/wy in panels (c) and (e), consistent with Eq. (15). In panel (e), at ap = 0.5, self-focusing and depletion begin to modify the
pulse profile and corresponding wake. (g) At ap = 0.75, self-focusing and depletion significantly distort the trajectory of intensity peak and

the associated wake. Simulation parameters are provided in Table 1.

amplitudes and phases. The transverse intensity modulations
modify the wake structure, producing multiple transverse
periods [Fig. 4(f)]. At high values of ay, the pedestal due to the
limited temporal contrast could excite a wake in advance of
the primary intensity peak, potentially disrupting propagation.
More generally, the temporal and transverse profiles of the
DLWFA pulse can be further engineered using selected trans-
verse modes or by tailoring the mode amplitudes and phases
to improve the temporal contrast and optimize the pulse
structure.

VI. CONCLUSIONS AND PROSPECTS

A laser pulse composed of plasma-waveguide modes with
appropriately chosen frequencies can drive a wakefield at the
vacuum speed of light, enabling electron energy gains beyond
the dephasing limit. The acceleration length of this DLWFA
scheme increases with the number of modes in the pulse and
depends on the electron density. This contrasts with standard
LWFA, where the length depends only on density. The scaling
with the number of modes provides additional flexibility to
optimize either for higher energy gains at fixed stage length
or for identical energy gains in shorter stages. The energy
required in the DLWFA pulse scales proportionally with the
stage length, such that, in principle, the pulse does not incur
an energy penalty relative to standard LWFA.

The parameters for the simulation examples were chosen
to verify the scaling laws while keeping the computational
cost manageable. As a result, despite the 11x increased en-
ergy gain enabled by DLWFA, the absolute energy gain was

660 MeV. The potential impact of DLWFA for high-energy
colliders or radiation sources can be illustrated by comparison
with a 100-GeV standard LWFA design consisting of ten
10-GeV stages. For ap = 0.5 and A9y = 1 um, such a design
requires a density ng = 3.5 x 10'®cm™3 and a stage length
Ls = Lq = 5.7m [Eq. (23)]. Using a ten-mode pulse, DLWFA
could achieve 100 GeV in only five stages operating at np =
2 x 10" cm~3, with a stage length Lp = 4.7 m [Egs. (20) and
(22)]. The higher operating density reduces the total pulse
energy by a factor of 2.4, SUp = (10Us)/2.4, and may also
mitigate beamstrahlung at the interaction point [51]. These
advantages come at the expense of a larger matched spot size:
wp = 690 um compared with wg >~ 160 um. However, this
could also be a benefit by improving tolerances and reducing
sensitivity to misalignment.

In addition to overcoming dephasing, a primary motivation
for DLWFA in a plasma waveguide is to retain the velocity
control afforded by flying-focus pulses while avoiding the
large plasma volumes required to suppress refraction. To pre-
vent refraction from altering the trajectory of an ultrashort
flying focus or reducing energy coupling, the plasma volume
V should approximately fill the full-aperture fx cone of the ax-
iparabola over the acceleration length. This yields the scaling
Vo wL3/(12 f#z). In contrast, a plasma waveguide confines
the interaction to a narrow cylinder with V oc tNw’L =
o(a)po/a)o)3L3 /7 [see Egs. (18) and (20)], where the factor
of N ensures that the waveguide radius (ox v/Nw) is large
enough to confine the N — 1 mode. Because wpy/wy < 1, the
waveguide could substantially reduce the required volume and
ionization energy.
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FIG. 4. Comparison of the spatiotemporal structure of the driv-
ing laser pulse and wakefield in standard LWFA and DLWFA at fixed
density, ns = np. (a), (b) For a standard pulse, both the matched spot
size ws and FWHM spot size wgs are small, leading to a wake of
comparable transverse width as shown in panel (c). (d), (e) For a
DLWFA pulse, the matched spot size is large, wp = N'/?ws, but the
FWHM spot size is small, wgp = wgs. As a result, the DLWFA pulse
drives a wake with nearly the same transverse width as the standard
pulse, as seen in panel (f). In both cases, ap = 0.25. Panels (b) and
(e) show magnified views of |a|? in the region outlined by the white
box in panels (a) and (d). The structure of the modal interference and
its effect on the wake are apparent in panels (d) and (f). Simulation
parameters are provided in Table L.

Realizing the advantages of DLWFA in a plasma waveg-
uide requires generating a highly structured laser pulse. As
discussed in Ref. [46], a pulse composed of multiple spa-
tial modes with distinct frequencies can be assembled using
recently developed techniques for spatiotemporal structur-
ing [52-54]. One approach is to disperse a broadband pulse
into several frequency bands that are independently tai-
lored using metasurface optics or a spatial light modulator
[52-54]. Alternatively, the multiplexed outputs of a high-
power fiber laser [55] could be independently manipulated
before coherent combination. Recent advances in plasma
and gas-phase optics [56] suggest a third route, in which
an appropriately designed diffractive element separates dif-
ferent frequency bands of a high-power pulse into distinct
spatial modes.

As presented, DLWFA in a plasma waveguide operates
in the linear regime of laser wakefield acceleration and
therefore cannot take advantage of self-injection [57] or ion-
ization injection [58,59]. Several injection techniques do,
however, remain viable. These include external injection from
a linac [60] or an all-optical plasma photoinjector [61],
density-down-ramp injection [62], and colliding-pulse in-
jection [63]. Alternatively, the modal interference pattern
or waveguide profile could be tailored to initially reduce
the wake phase velocity, relaxing the requirements for self-
injection. These injection strategies, together with extensions
to the nonlinear regime, will be explored in future work.

A laser pulse with an intensity peak that travels at or near
the vacuum speed of light in a plasma channel can also be
used to overcome dephasing in other LWFA schemes, such
as multipulse LWFA [64,65]. Following the design procedure
described in Sec. III, a configuration in which multiple lu-
minal intensity peaks resonantly excite the wake would be
guided by two considerations: (1) choosing the FWHM dura-
tion to nearly maximize the wake strength, T = 7o /w0, and
(2) setting the recurrence period to Tr = 27 €/wpo, Where £ is
an integer. Together with Eqgs. (15) and (16), these conditions
yield the simple relation N = 2£. The resulting pulse would
combine resonant wakefield enhancement with dephasing-
free acceleration. More generally, the pulses described here
may prove useful in the wide range of plasma-based applica-
tions that benefit from the flying focus.
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APPENDIX A: SPATIOTEMPORAL PROFILE

The spatiotemporal profile of the laser pulse is obtained by
substituting Eq. (10) into Eq. (2) and Taylor expanding k,(w)
about w = wj to first order. This yields

1
la(x, t)]* = yalatt = z/vo)l?

2
N-1

< |20 Lo(3 ) expl—igQs — /e

q=0
(AD)

where a(f) = %f&(w)e’iw("mda} and the phases @, =
g2ty have been chosen to allow for a desired delay #z4. In
the regime considered here [Eq. (8)], the group velocities
of the modes, vy, = cqu(a)q)/wq, are nearly equal, so that
Vg g A Vg0 = V. For simplicity, the sum is taken over con-
secutive modes, although this is not required. On axis (r =
0), Lq(%z)e”'z/ w’ — 1 and the summation reduces to a fi-
nite geometric series. Evaluating the series leads to Eq. (14).
Note that, due to the nonzero frequency spread of &(w), the
shape-invariant property described by Eq. (8) only occurs
within the uniform intensity region of the temporal envelope
a(z — vet).

APPENDIX B: SIMULATION DETAILS

The simulations presented in this work were performed
using OSIRIS [66]. A moving window and quasi-3D geometry
were employed, with the fields of the laser pulse and plasma
decomposed into a truncated expansion of azimuthal modes
[67]. A customized field solver that mitigates errors from
numerical dispersion and the time staggering of the electro-
magnetic fields was used [68]. The domain of the moving
window extended 178 um longitudinally and 323 pum radially,
corresponding to 4980 x 1490 cells in z and r, respectively.
The zeroth- and first-order azimuthal modes were retained,
which was sufficient to capture the salient dynamics for the
linearly polarized laser pulse. The time step was 70.9 as, and
the total simulation time was 109 ps. The electrons were rep-
resented using 16 particles per cell. The longitudinal density
profile of the plasma had an initial 152 wm upramp followed
by a uniform region. The temporal profile of the DLWFA
pulse, «, consisted of a 36-fs rise, a 258-fs flattop, and a 36-fs
fall, resulting in an intensity FWHM of 286 fs. The rise and
fall were sixth-order polynomials with vanishing derivatives
at their end points. To test the scaling laws and generate
Fig. 2, 100 MeV test electrons were initialized uniformly
in z and r behind the laser pulse, and out to a radius of
r = 16 c/wpo. The test electrons had zero energy spread and
no divergence.
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