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The extreme electric fields created in high-intensity laser-plasma interactions could generate en-
ergetic ions far more compactly than traditional accelerators. Despite this promise, laser-plasma
accelerators have remained stagnant at maximum ion energies of 100 MeV /nucleon for the last
twenty years. The central challenge is the low charge-to-mass ratio of ions, which has precluded
one of the most successful approaches used for electrons: laser wakefield acceleration. Here we
show that a laser pulse with a focal spot that moves transverse to the laser propagation direction
enables wakefield acceleration of ions to GeV energies in underdense plasma. Three-dimensional
particle-in-cell simulations demonstrate that this relativistic-intensity “transverse flying focus” can
trap ions in a comoving electrostatic pocket, producing a monoenergetic collimated ion beam. With
a peak intensity of 10°* W/cm? and an acceleration distance of 0.44 cm, we observe a proton beam
with 23.1 pC charge, 1.6 GeV peak energy, and 3.7% relative energy spread. This approach allows
for compact high-repetition-rate production of high-energy ions, highlighting the capability of more

generalized spatio-temporal pulse shaping to address open problems in plasma physics.

INTRODUCTION

Beams of energetic ions have applications ranging from
particle [1] and nuclear physics [2] to laboratory astro-
physics [3], high-energy-density science [4], and medicine
[5]. The standard approach for producing energetic ion
beams, the radio-frequency accelerator, switches the po-
larity of electric fields in metallic cavities to continu-
ously accelerate the ions. The gradients of these acceler-
ators are fundamentally limited to 100 MeV /m by radio-
frequency breakdown [6], so they must be hundreds of
meters long to produce relativistic ions. This has moti-
vated efforts to build advanced compact ion accelerators
based on laser-driven plasma approaches, where acceler-
ation gradients can be three orders-of-magnitude higher
(>100 GeV/m) [7, 8].

Several distinct mechanisms have been proposed for
ion acceleration in a plasma, the most established of
which is target normal sheath acceleration (TNSA) [9].
In TNSA, a high-intensity laser pulse striking the front
surface of a thin solid-density target drives a stream of
electrons through the target, setting up an electrostatic
ion-accelerating sheath on the rear surface of the tar-
get. At higher laser intensities, other mechanisms can
produce energetic ions from interactions with thin solid
targets, including laser hole boring [10-12], collisionless
shock acceleration [13-15], light sail acceleration [16-19],
breakout afterburner acceleration [20], and magnetic vor-
tex acceleration [21, 22]. In each of these mechanisms a
laser pulse displaces electrons, forming an electrostatic
potential that accelerates ions. Although the electric
fields produced by solid density plasmas are large, a fun-
damental limitation is that the spatial extent of these
intense fields is small, and once an ion overtakes the lo-
calized potential, its energy accumulation terminates. As
a result, maximum ion energies from plasma-based accel-

erators have plateaued at ~100 MeV /nucleon for the last
two decades (Fig. 1) [23-43]. In addition, these schemes
suffer from several practical issues: achieving sufficiently
strong fields requires solid-density targets that are dif-
ficult to scale to high repetition rates, keeping average
doses low, and laser system temporal contrast must be
extremely high to avoid target disruption [44]. Together,
these limitations have prevented the widespread use of
laser-ion accelerators in applications like radiotherapy,
which requires >200 MeV /nucleon [5].

Over the same period, laser wakefield electron accelera-
tors [45, 46], where acceleration is provided by an electro-
static field formed behind a laser pulse travelling through
a plasma, have made remarkable progress, achieving >8
GeV electron energies [47] and energy spreads of one part
in a thousand [48]. The application of laser wakefield
acceleration to ions, however, is challenging. FElectrons
can reach relativistic velocities sufficiently quickly to be
caught in the wakefield as the laser pulse passes, allow-
ing for acceleration over centimeter distances. Ions, on
the other hand, are a thousand times heavier—much too
heavy to gain relativistic energy from the oscillating laser
field [49] or the electrostatic field [50] within the duration
of a laser pulse—and are quickly left behind. Achieving
laser wakefield acceleration of ions requires a bridge be-
tween relativistic laser pulse propagation and the sub-
relativistic speeds of ions as they accelerate from rest to
GeV energies. One could imagine closing this gap with
either plasma-based manipulation of the laser group ve-
locity, e.g., a near-critical-density plasma that drops the
group velocity to a fraction of the speed of light [51], or
by applying laser intensities so high that ions reach rela-
tivistic velocities within the pulse duration [52]. The first
approach requires a carefully tuned plasma density pro-
file, making experiments particularly challenging. The
second would require a laser pulse with peak intensity



>1023 W/cm? and peak power ~300 PW, far beyond cur-
rent capability. An alternative to these two approaches
is to adjust the group velocity of the laser pulse to match
the ion velocity using recently-developed optical tech-
niques for spatiotemporal control, e.g., the flying focus
[53, 54].

A flying focus utilizes chromatic focusing of chirped
pulses [53, 54], spatially dependent pulse delays [55, 56],
or fast adjustment of an optic’s refractive index [57], to
control the trajectory of a focal point over distances far
larger than a Rayleigh range. These features offer enor-
mous advantages for plasma Raman amplification [58],
photon acceleration [59], dephasingless electron accelera-
tion [60, 61], table-top x-ray lasers [62], and strong field
quantum electrodynamics [63]. A key advantage of flying
focus approaches in plasma physics is that the most com-
plicated components are the optics, allowing for simpler
plasma mechanisms. At first glance, velocity control of
the focal spot appears to be an attractive tool for solving
the ion-laser velocity mismatch problem. However, exist-
ing flying focus techniques move the focal spot longitudi-
nally (parallel to the direction of laser propagation). For
subrelativistic flying-focus velocities, the finite Rayleigh
length makes the light field gradients in the longitudinal
direction small [64]. The resulting electrostatic fields in
the direction of the focal spot motion are weak and insuf-
ficient for ion acceleration [see Supplemental Material].

In this article, we describe how the generalization of
the flying focus to include motion of the focal spot per-
pendicular to the direction of laser propagation enables
the wakefield acceleration of ions. Laser wakefield ac-
celeration via a transverse flying focus (LWFA-TFF)
exploits the strong electrostatic fields that are formed
by transverse electron expulsion from a high intensity
laser focal spot. This new type of laser-ion accelerator
combines the advantages of laser wakefield acceleration
with a novel approach for the spatiotemporal control of
laser intensity. As shown by the comparison between
LWFA-TFF and existing laser-plasma ion-acceleration
approaches in Fig. 1, this mechanism uses moderate laser
intensities (102° W /cm?) and extended acceleration dis-
tances (mm-cm) to accelerate ions to up to GeV energies,
far surpassing what other approaches can achieve with
similar laser intensity.

RESULTS

Consider the focal spot of a laser pulse whose envelope
has a velocity perpendicular to the laser propagation di-
rection, as might be created, for example, by a chirped
pulse passing though a grating followed by a lens. Unlike
a stationary focal spot in an underdense plasma, where
the strong transverse electrostatic field created by the
ponderomotive expulsion of electrons accelerates ions to
approximately 10 MeV over microns [65], a moving fo-
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FIG. 1. Ion energy gain versus laser intensity. Ion

energy gain &; versus laser intensity Ip over different accel-
eration lengths lp for different mechanisms. Stars denote
LWFA-TFF. The other markers represent the mechanisms of
target normal sheath acceleration (TNSA) [23-25, 27, 34],
‘light sail’ (LS) [16, 18, 19, 26, 29, 31, 32], magnetic vor-
tex acceleration (MVA) [21, 22], collisionless shock (CS) [13-
15, 30, 35], breakout afterburner in relativistic transparency
(BOA-RT) [20, 33, 41, 42], hole boring (HB) [10, 12, 50, 51],
nonlinear LWFA bubble (Bubble) [52], and hybrid (RPA &
TNSA) [37, 38, 40]. The red dashed line distinguishes the pa-
rameter regimes of LWFA-TFF and conventional laser-driven
ion acceleration mechanisms. For each marker, the grey and
black outlines denote the 2D and 3D simulation results, re-
spectively, while the red outlines correspond to experiment
results.

cal spot can keep ions within the accelerating gradient
over an extended distance. An axisymmetric system with
transverse focal spot motion can be constructed from a
combination of axicon and dispersive optics: e.g., an axi-
con lens, spherical lens, and axicon mirror as drawn in
Fig. 2a. The axicon and spherical lens alone would pro-
duce a ring focus, with the chromatic dispersion of these
two optics creating rings of slightly different radii for each
color. When combined with an axicon mirror, the ring
foci can be made to collapse onto the z axis. Then, if
the lens and mirror parameters are chosen appropriately,
each color can be made to focus at a desired location
along the z-axis. This chromatic approach is easiest to
visualize, but similar focusing geometries can be imple-
mented with flying focus configurations employing ech-
elons or optics with time-dependent refractive indices.
The simulations presented here used boundary conditions
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FIG. 2. Ion acceleration with a transverse flying focus. (a) Schematic of an axisymmetric transverse flying focus, where
the solid lines represent the light ray propagation and colors denote different frequency components. The panel at right shows
the detailed behavior near focus. The PIC simulations are performed within the dashed black box marked in the right panel,
where the inset shows the trajectory z(t) of the flying focus position as predicted by Eq. 1. (b)-(d) 2D PIC simulation results.
Snapshots of the distribution of (b) the accelerating field E, and (c) the focusing field E at time ¢ = 31507p. In (b)(c), the
yellow dots represent the trapped protons with the exerted electric fields shown by the the blue dotted lines. (d) The proton
distribution in energy-angular (&;, 6;) space as a function of time. The solid filled curves depict the proton energy spectrum
dN;/dE;. (e)-(g) show the same results as (b)-(d) but for the 3D PIC simulations.

based on the latter technique (see Methods). This focus-
ing geometry produces strong (TeV/m) electrostatic ac-
celerating fields in the x-direction and ion-focusing fields
in the y-direction, as shown by two-dimensional (2D)
particle-in-cell (PIC) simulations in Fig. 2bcd and three-
dimensional (3D) PIC simulations in Fig. 2efg. If the
focus and resulting field move along an appropriate tra-
jectory, ions can be indefinitely subjected to TeV/m ac-
celeration, allowing for energy accumulation limited only
by the energy of the laser pulse.

For efficient ion energy gain, the location of the maxi-

mum of the accelerating field (zy) as a function of time
(t) should match the trajectory of an ion accelerated by
a constant force to relativistic velocity:

2 Mot 2
xfzrcl—o (70) +1-1 (1)

where Il is the apparent acceleration of the location
of the field maximum and c is the speed of light. The
ions will accelerate based on their mass (m;), charge
(eZ;), and the field strength (F,), so matching the ac-



celeration of the field to the trajectory of the ions re-
quires Il = eZ;E,/m;. As shown by the PIC results
in Fig. 2dg, an ion bunch can be readily accelerated
to more than 200 MeV if the focus follows the time-
dependent trajectory z; given by Eq. 1 (see Fig. 2a).
In these simulations, the laser reached a peak inten-
sity of 1.1 x 10 W/cm? in a hydrogen plasma with
ne = 0.05n,, where n. = wim./(4me), m, is the electron
mass, e ~ 1.6 x 10719 C is the elementary charge, and wy
is the laser frequency. The acceleration of the focus was
IIp =2 % 10’4CT(;1 where Ty ~ 3.3 fs is the laser period
[see Methods for detailed parameters]. In both 2D and
3D simulations, this produced a stable moving E, field
(Fig. 2b,e) and corresponding transverse field E, that
suppressed the protons’ transverse dispersion (Fig. 2¢,f).
The proton distributions in energy-angle space (&;,6;)
shown in Fig. 2dg demonstrate that the acceleration pro-
cess yielded a monoenergetic proton beam with peak en-
ergy Epear ~ 230MeV, where & = (vy; — 1)m;c? is the
ion kinetic energy, ; is the relativistic Lorentz factor,
and 6; is the ion divergence half-angle. The ions were
accelerated over 1 mm, resulting in energy gains that are
almost two orders of magnitude larger than proton ener-
gies achievable in a static transverse field.

The 2D simulations reproduced the key features of the
3D simulations, including the peak energy and field struc-
ture, which confirms the reliability of 2D simulations for
parametric studies. The energy spread and angular di-
vergence were both narrower in 3D, indicating that 2D
simulations will tend to underestimate collimation and
monochromaticity. The generated proton beam in the 2D
simulation had a full-width-at-half-maximum (FWHM)
energy spread 0&;/Epear ~ 19.0% and a FWHM angular
spread 06; ~ 1.88°. In contrast, in the 3D simulation,
the proton beam was collimated with an energy spread
0&;i/Epear. = 3.9% and an angular spread §6;, ~ 0.89°
after an acceleration distance of dx ~ 0.1 cm (Fig. 2g).

Over longer acceleration distances, this mechanism al-
lows ion acceleration to GeV energies. Using the flying
focus geometry illustrated in Fig. 2a, a laser with to-
tal energy 0.8kJ and duration 21 ps focused in a hydro-
gen plasma with electron density n. ~ 5.5 x 10'%cm™3
produced the fields shown in Fig. 3a. The laser power
was 37.5TW and the peak intensity at the focal po-
sition was I ~ 3 x 10 W/cm?, comparable to the
capabilities of contemporary large-scale laser facilities.
The focal position of the pulse satisfied the synchronized
acceleration condition x = zy. After accelerating for
64007y and propagating a distance of 4.4 mm, the pro-
tons attained the angular-energy distribution shown in
Fig. 3b. The proton beam was collimated along the
longitudinal direction with divergence angle 6; ~ 0.61°
and exhibited a quasi-monoenergetic spectrum peaked at
EPF x 1.64GeV with 6&;/EP°*" ~ 3.70% relative en-
ergy spread. The total charge of the proton beam was
Q = 23.1pC. The correlation between the proton en-
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FIG. 3. Acceleration to GeV. (a) The spatial distribution
of the accelerating field E, at t = 6.4 ps, where dots represent
accelerated protons. (b) The proton distribution in angle-
energy (0;,&;) space and the proton energy spectra dN;/dE;.
The colormap indicates time. (c) The dependence of proton
energy & on the acceleration length z for Iy = 4 x 1074,
2x107%, and 10™*cTy 1 where the circles show the simulation
results and the dashed lines mark the analytic prediction.

ergy &; and the acceleration distance x for different val-
ues of Iy in Fig. 3c demonstrates that the protons were
synchronously accelerated by the charge-separation field
produced by the flying-focus laser pulse.

To explain and generalize these results, an analytic
theory was developed to describe the acceleration pro-
cess based on a conserved Hamiltonian H that charac-
terizes the ion dynamics in the co-moving frame of the
flying focus. Ions can be efficiently accelerated to rel-
ativistic energy if they are trapped inside the separa-
trix of the Hamiltonian in (£,€) space (Fig. 4a), where
§ = z — xy is the coordinate in the co-moving frame
and the overdot denotes a time derivative [see Methods].
From this Hamiltonian, the criterion for ion trapping is
Iy < II, = eZ;Emnax/mi, which sets a relationship be-
tween the acceleration Iy and the maximum strength of
the accelerating electric field Ei,.x. The trapping cri-
terion corresponds to the appearance of a local mini-
mum in the profile of the ion’s total potential energy
U = eZ;® + Uym;€ (Fig. 4a), which is the sum of the
electric energy eZ;® and the inertial energy resulting
from the co-moving frame ITym;§. The upper and lower
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FIG. 4. Hamiltonian analyses of ion dynamics. (a) The electric potential eZ;® combined with either a large or small
inertial potential Tlom;& produces total potentials ¥ = eZ;® + [Tom;& and Hamiltonians H (&, 5) associated with sliding (upper
panels, larger acceleration Ilp) or trapping (lower panels, smaller acceleration IIp). The dashed red lines in the trapped
Hamiltonian plot mark the separatrix which divides the phase space into trapping and sliding regimes. The solid lines show
the ion evolution in (&, §) space with different initial position . Particle tracks from 2D PIC simulations are shown in (b)-(e),
where the orange (blue) line represents the typical trapped (sliding-away) protons. The black dotted lines in (b)(d) show
the analytically predicted trajectories and in (c)(e) render the contours of H. The results in (b)(c) and (d)(e) correspond to
IIp = 1.2 x 1073cT0_1 and Ilp =4 x 1074CTO_1, respectively. (f) The time evolution of the trapped proton trajectory shown in
(e) with respect to the accelerating field E, (at the slice y = 0) in the co-moving frame, where the red shadow displays the
instantaneous acceleration gradient.

panels of Fig. 4a show relatively large and small inertial
potentials, respectively. A potential valley appears for
the total potential ¥ that satisfies the trapping criterion;
ions within this valley oscillate longitudinally in &, which
is equivalent to rotating within the separatrix. The left

regimes. The ions initialized with &; < {|i=0 < &, at
f = 0 are trapped and efficiently accelerated while the
ones with &li=o < &1 or &|i=0 > &, slide away from
the electric field. For increased Ily, the potential valley
shrinks. At the critical condition where &, ; = &¢ = & 1,

and right boundaries of the potential valley (§5,; and s ;)
have equivalent points on the separatrix at f = 0. The
local minimum potential at { = &, where the electric
field and the fictitious inertial force are balanced, cor-
responds to the fixed point (£7,0) in (&,&) phase space
where the ion is static in the comoving frame. The sepa-
ratrix divides (¢, E ) phase space into trapping and sliding

the separatrix vanishes and no ions can be accelerated by
the flying focus.

Particle trajectories found in 2D PIC simulations
match this Hamiltonian analysis, as shown in Fig. 4b-
e, where Fig. 4bc and Fig. 4de correspond to Il =
1.2 x 1073c¢Ty ' > T, and Ty = 4 x 10~ 4T, < 10,
respectively. Here the threshold for separatrix disap-
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FIG. 5. Ion trapping thresholds. 2D PIC simulation re-
sults showing accelerated proton energies as a function of the
laser intensity Io, flying focus acceleration Ilp, plasma density
ne, and ion mass m;. In (a,b) the intensity and acceleration
are varied for spot sizes of (a) 0o =4 pm and (b) oo = 2 pm.
In (c) the plasma density is varied and in (d) the ion mass
is varied. For all panels, unspecified parameters are ap = 9,
oo = 4 um, m; = my, and ne = 0.05n.. The black dashed
lines mark the analytically predicted threshold for ion trap-
ping IIp = II.. The grey region corresponds to the sliding
regime with IIp > Il.. The symbol colors show the maximum
achieved proton energies, with circles indicating that trapping
occurred and triangles indicating that no trapping occurred.

pearance is II, ~ 6.8 x 10’4CT0_1, so only sliding proton
dynamics exist in the case of higher acceleration. Pro-
tons were trapped and accelerated in the lower accel-
eration case, as shown by the momentum accumulation
(Fig. 4d) and the separatrix in phase space (Fig. 4e).
Figure 4f shows the time evolution of a trapped proton
trajectory in the co-moving frame. The average acceler-
ation gradient d&;/dx ~ 4.0GeV/cm agrees well with
the acceleration provided by the drifting electric field
Iym; ~ 4.1 GeV/cm. Microscopically, the proton under-
goes multiple cycles of nonuniform acceleration within
the field, corresponding to oscillations in the separatrix
shown in Fig. 4e.

An explicit formula for the trapping criterion II, can
be found by calculating the self-generated electrostatic
field E, at the laser-driven plasma channel edge. The
field was estimated by balancing the average pondero-
motive force of the laser pulse in the z-direction Fj, ;,
calculated as F,, = 0200 Fy2dx/(200) ~ agm.c?/(2y00),
with the electrostatic force eE, exerted on plasma elec-
trons. Here ag is the normalized vector potential and

oo is the laser focal spot size. Utilizing eE, ~ F,,
the electric field is E, ~ aimec?/(eyog). Given the
relation of v ~ ag(ne/n.)~ /% obtained from fitting of
simulation results, the electric field can be written as
E, ~ ag(ne/ne)%mec?/(eop). Then, the threshold for

ion trapping by the accelerating field is:

Zimec?ag(ne/ne) '/

} (2)
m;oo

This trapping threshold (IL.) was validated with 2D PIC
simulations across different laser intensities, focal spot
sizes (0g), plasma electron densities (n.), and accelera-
tions IIp. The analytic threshold shown in Fig. 5 (dashed
lines) agrees well with the simulations whether the ions
are trapped and accelerated (circles) or slip without ac-
celeration (triangles). In Fig. 5ab, the threshold II, in-
creases with rising laser intensity because the plasma self-
generated electric field E, is proportional to ag. Results
for 0p = 4 pm (Fig. 5a) and o¢g = 2 um (Fig. 5b) show
that the larger spot size produces a smaller threshold
II, because the accelerating field E, is inversely propor-
tional to 0. As the accelerating field E, is positively
related to the plasma electron density n., the trapping
threshold II, rises with increasing n. (Fig. 5¢). Heavier
ions are more difficult to accelerate, resulting in a smaller
trapping threshold II, for larger ion masses (Fig. 5d). As
shown in each of these subfigures, accelerations close to,
but below, the threshold produce the highest ion ener-
gies.

If the desired ion energies are on the order of 200 MeV,
the axisymmetric geometry can be replaced by a simpler
focusing geometry based on a chirped laser pulse trav-
eling through a grating and then a lens (Fig. 6a). In
Fig. 6, the focal spot moves in the z direction accord-
ing to Eq. 1 with I1y = O.OOO8cT0717 over a distance of
160 um, producing a proton beam with an average en-
ergy of & ~ 100 MeV. Figure 6bcd shows the motion of
the ions (circles) with respect to the position of the elec-
trostatic field, and Fig. 6e plots the evolution of sampled
proton energies in position-energy (x,&;) space with re-
spect to the co-moving accelerating field E,. The proton
energy spectra in Fig. 6(f) shows a quasi-monoenergetic
proton beam with a peak energy of Epcqar ~ 95MeV
and a FWHM relative spread of 0£/Epcar = 19.6% at
t = 7007, ~ 2.3 ps.

In this configuration, the total energy that can be ac-
cumulated with even an ideal driver is limited by the
finite transit time of light across the focal region. As the
velocity of the focal spot vy = daxy/dt becomes compa-
rable to ¢, the accelerating field tilts with respect to the
y-axis (Fig. 6d). From the beam geometry, the tilt an-
gle can be calculated as 6, = arctan(v;/c) ~ 29°. As
shown in Fig. 6g, the resulting y-component of the ac-
celerating field F leads to a deflection of the accelerated
protons (6; ~ 17.0°) in agreement with the analytic pre-
diction 0; ~ arctan(vy/2c) ~ 15.6°, where vy /2 is the av-

Iy < II, ~
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FIG. 6. Asymmetric ion acceleration with a transverse flying focus. (a) Schematic of a single-beam transverse flying
focus, where in the plasma (grey) the laser pulse propagates along the y-direction while its focus position moves along the
positive z-axis. (b)-(g) 2D PIC simulation results. (b)(c)(d) Three snapshots of the spatial distribution of the plasma ion
density n;, the electric field E,, and representative energetic protons with energy &;, where the green contours display the laser
field. (e) The evolution of protons in the (z,&;) space and the accelerating field E, displayed by blue dotted lines. (f) The
proton energy spectra dN;/dE; vs &;. (g) The proton distribution in the angle-energy space (6;, &;) and the angular distribution
of proton number dN;/df;. The rainbow colorcode in (e)-(g) indicates time.

eraged transverse velocity. At this energy, the ion beam
is still collimated (FWHM divergence angle 66; ~ 2.6°),
and the average acceleration direction is simply displaced
from the z-axis. Moderate improvements to the maxi-
mum energy could be made by moving the focal spot in
the ion propagation direction rather than purely trans-
versely, but continued acceleration is disrupted by the
motion of the ions away from the focus in the y-direction,
eventually causing them to leave the region of substantial
electrostatic field. The ion trapping threshold of Eq. 2 is
also valid for predicting the regimes of this asymmetric
ion acceleration, which is confirmed by the PIC simula-
tions of parameter scans in the Supplemental Material.
Although further acceleration requires a more axisym-
metric driver geometry, this simplified scheme offers an
alternative for moderate energy (~ 200 MeV) ion accel-
eration.

DISCUSSION

The application of a transverse flying focus to ion
acceleration offers a potential path towards >100 MeV
quasi-monoenergetic ions from laser-driven sources. Ac-
celerating ions in an underdense plasma removes several
limitations of TNSA and other ion-acceleration mecha-
nisms that require overdense targets, including deforma-

tion due to the laser prepulse [44], difficulty accelerating
heavy ions in the presence of protons [40, 43], and com-
plex and low-repetition rate targetry [37, 38, 42]. The
use of lower laser intensities and plasma densities may
also mitigate kinetic instabilities [66, 67], avoid laser en-
ergy dissipation at ultrarelativistic intensities [68, 69],
and relax requirements on the laser facility. In con-
trast to existing mechanisms, where experimental re-
sults remain at the 100 MeV/nucleon level and sim-
ulations have found that laser intensities greater than
1022 W /cm? are required for GeV proton beams, the
scheme proposed here combines a GeV/cm gradient and
centimeter-scale acceleration distances with laser intensi-
ties less than 102°W/cm?® to reach GeV /nucleon ion en-
ergies with a picosecond-duration < 100 TW laser pulse.
Like wakefield acceleration of electrons, LWFA-TFF pro-
duces quasi-monoenergetic, collimated, and high-energy
particle beams. Furthermore, the lack of complex solid-
density targets make the mechanism more suitable for
high-repetition-rate operation, which is a requirement
for high-dose applications. The ion energy, ion energy
spread, and beam divergence are comparable to those
required for applications of energetic ion beams. For ex-
ample, ion energies in the 0.1 to 1 GeV/nucleon range
are important for medical applications and relativistic
energies—the upper end of this range—would be neces-
sary for seeding a traditional wakefield accelerator with



ions.

The transverse flying focus that we introduce and its
implementation in a ring focusing geometry offer new
ways to control and apply high-strength electromagnetic
fields that may have applications beyond ion accelera-
tion. In particular, the complete decoupling of focal
spot motion from the direction of light propagation may
also allow improvements to electron acceleration, pho-
ton acceleration, or terahertz radiation generation. Here,
it enables the efficient and stable acceleration genera-
tion of monoenergetic ion beams in the critical 0.1 - 1
GeV/nucleon energy range with laser parameters that
are accessible today, while avoiding complex targets,
exquisitely tuned plasma parameters, and extreme inten-
sities, creating a potential new route to the widespread
application of compact laser-based ion sources.

METHODS

Particle-in-Cell Simulations: The relativistic PIC
code EPOCH [70] was used to conduct two and three di-
mensional simulations of the ion acceleration mechanism.
Two distinct simulation geometries were considered: (1)
a laser pulse focused through an axicon lens, spherical
lens, and axicon mirror, providing a transversely moving
ring focus (Fig. 2), and (2) a laser pulse focused through
a transversely chromatic lens, resulting in transverse mo-
tion of the focal spot (Fig. 6). Key parameters for the
simulations are outlined below; complete details are avail-
able in the Supplemental Material.

For two-dimensional simulations of configuration (1),
presented in Figs. 2bcd, 4 and 5, the 2D domain (100Ag X
50A0) was discretized with Az = Ay = X¢/50, where
Ao = 1um is the laser wavelength. All PIC simulations
used a computational time step At = 0.95Az/c. The
simulation used a moving window following the pulse
and accelerated ions. The ring-focused laser pulse was
approximated in 2D as two laser pulses incident from
the upper and lower boundaries at 6;, = 80° with re-
spect to the z-axis. The two laser pulses were focused
to 09 = 2 um (1/e? radius) with peak normalized field
amplitude ag = eEy/(mecwy) = 9, corresponding to a
peak intensity of Iy ~ 1.1 x 10?° W/cm?. To realize a
flying focus, the transverse profiles of the pulses at the
boundary were set by E, = Eyexp[—(z — zs(t))*/02],
where o, = oo[l + (y/2r)*]*/2, 2r = mo2/Ao is the
Rayleigh range, and y = 25)p/ cosf;, is the distance
from the boundary to the focal position. The pulses had
a trapezoidal temporal profile with duration of 26.6 ps
and 520fs linear up and down ramps. The laser fo-
cal spot position moved with y = 0 and = = x(t)

with z; = (c2/IIy) [ (Tot/c)2 +1— 1} and Il = 2 x

10~% or 4 x 1074CT071. This laser setup is equivalent to
the schematic shown in Fig. 2(a) using a time-dependent

refractive index rather than chromatic dispersion to fo-
cus different temporal components of the pulse to the
specified longitudinal positions. As in the configuration
above, a fully ionized hydrogen plasma with n, = 0.05n,
and 50 particles per cell of each species were used. The
density was uniform for |y| < 20 pm, with linear gradi-
ents at 20 pm < |y| < 22 pm.

For configuration (2), presented in Fig. 6, the 2D
moving-window simulation domain was 80\g x 60\ with
grid resolution Az = Ay = A\g/50. In the presented simu-
lation, the laser had a spot size 0o = 2 um, peak intensity
1.1x10%° W/cm?, and propagated from the lower bound-
ary along the positive y-axis. The transverse profile of
the pulse was set to E, = Egexp|—(z —xzy(t))?/o7], with
oy = 4.4)¢ at the boundary. The pulse had a trapezoidal
temporal profile with duration 2.33 ps and 46 fs linear up
and down ramps. The apparent acceleration was set to
Iy = 8 x 107 4Ty 1A uniform hydrogen plasma with
electron number density n, = 0.05n. ~ 5.5 x 101%cm=3
was created for y > 0. 50 macroparticles per cell were
used for both the electrons and ions.

The three-dimensional simulations (Fig. 2efg, 3) had
a computational domain 40\g x 30\ x 30\g with spa-
tial resolution Ax = Ay = Ao/15. The simulation used
a moving window following the the flying focus position.
The laser pulse had a symmetric intensity distribution in-
cident from the lateral boundaries, where the local phase,
intensity, and polarization were found from a calculation
of pulse propagation through the drawn optical system
(see Supplemental Material). The flying-focus was imple-
mented by changing the focal spot wavelength and po-
sition in time based on the desired acceleration profile.
The average laser propagation direction with respect to
the x axis was 6;, = 80°. The pulses had a trapezoidal
temporal profile with duration 21.1 ps and 420 fs ramps,
and produced a focus with oy ~ 2 pum and peak inten-
sity Ip ~ 3 x 102° W/cm?. The focal position was set at
y=0and z = zy with Il = 2 x 107% or 4 x 10’40T0_1.
The hydrogen plasma was uniform with n, = 0.05n. over
(y2+z2)1/2 < 12 pm. 5 macroparticles per cell were used
for both the electrons and ions.

In all PIC simulations, the electrostatic fields F,
and E, were calculated by averaging the instantaneous
electric fields (E, and E,) over two laser periods.

Hamiltonian Analysis: In the one-dimensional ap-
proximation, an ion comoving with a translating electric
field is described by:

p = Ilgmyt, (3)
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where the tilde denotes values for an ion that is ‘static’
with respect to the drifting field, meaning that the drift-
ing field has the same trajectory as the ion; in other
words, ¢ = & and vy = 0 = p/(m;7). The acceleration
of the drifting electric field is Il = eZiE/mi. The ion
dynamics relative to the static ion evolve according to
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where £ = x — I is the relative coordinate and 4 ~
is used. Utilizing the electric potential ® = — [ E(£)d¢,
one can find the conserved Hamiltonian H (¢, €)
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where 7 is assumed to change slowly. The criterion for
the ion being trapped by the drifting electric field is that

OH/OE = —dE/dt = 0 has two solutions [see &, and &,
in Fig. 4(a)], which is equivalent to E < Fyax(§), i.e.,

My < I, = ——immaxis) (9)

If the electric field exerted on the ion is approximated
as F(§) = —kgf, which is in agreement with PIC simu-
lations, the time derivative of £ can be formulated as

£+ WHE£:_$~ (10)

Assuming that the variation of 4 is slow, the ion motion
is given by:

€ = Cp + (& — Cop) cos Qet, (11)

where Cy = —m;Ily/(kgeZ;) is determined by the ini-
tial condition &y. The oscillation frequency within the
potential valley Q¢ = \/eZ;kg/(m;73) indicates the ion
oscillation in (€, 5) phase space becomes slower with in-
creasing energy, which is confirmed by the particle track-
ing result of PIC simulations shown in Fig. 4(f).
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