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Collider-quality electron bunches from an all-optical plasma photoinjector
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We present an approach for generating collider-quality electron bunches using a plasma photoinjector. The
approach leverages recently developed techniques for the spatiotemporal control of laser pulses to produce a
moving ionization front in a nonlinear plasma wave. The moving ionization front generates an electron bunch
with a current profile that balances the longitudinal electric field of an electron beam-driven plasma wave,
creating a uniform accelerating field across the bunch. Particle-in-cell (PIC) simulations of the ionization stage
show the formation of an electron bunch with 220 pC charge and low emittance (εx = 171 nm rad, εy = 76
nm rad). Quasistatic PIC simulations of the acceleration stage show that the bunch is efficiently accelerated
to 24 GeV over 2 m with a final energy spread of less than 1% and emittances of εx = 189 nm rad and
εy = 80 nm rad. This high-quality electron bunch meets the requirements outlined by the Snowmass process for
intermediate-energy colliders and compares favorably to the beam quality of proposed and existing accelerator
facilities. The results establish the feasibility of plasma photoinjectors for future collider applications making a
significant step toward the realization of high-luminosity, compact accelerators for particle physics research.
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I. INTRODUCTION

Two decades ago, the so-called “dream-beam” papers re-
ported the first demonstration of monoenergetic relativistic
electron bunches from the interaction of ultrashort laser pulses
with plasma [1–3]. In the years since, the plasma accelerator
community has made great strides toward generating bunches
with potential application to a collider, which would fulfill
the original dream of replacing the MV/m fields of radio
frequency cavities with the GV/m fields of nonlinear plasma
waves. As part of the Snowmass process, where the high-
energy physics community outlines their priorities for the
field, the plasma accelerator community laid out a vision for
plasma-based colliders at TeV-scale energies [4] as well as
an intermediate demonstration facility at ∼10–50 GeV [5].
Realizing the vision of a plasma-based collider requires elec-
tron bunches with hundreds of pC of charge at a normalized
emittance below 100 nm [4,5]. In addition, the energy spread
must be less than 1% for compatibility with the final focusing
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section of a particle collider and to maximize the cross sec-
tion of collisions. While the plasma accelerator community
has explored innovative ideas for producing such bunches [6],
simultaneous achievement of all three requirements—high
charge, low emittance, and low energy spread—has proved
elusive [7].

In this paper, we demonstrate how emerging techniques
for controlling the spatiotemporal properties of a laser pulse
enable an all-optical “plasma photoinjector” that generates an
electron bunch satisfying all requirements for plasma collider
applications. The approach, illustrated in Fig. 1, is based on
applying the flying focus scheme [8] to the two-color ioniza-
tion injection method [9–11] in a laser wakefield accelerator
(LWFA). Earlier applications of the flying focus to LWFA
aimed to extend the LWFA interaction without the need for
external guiding structures [12]. Here, we present the first
use of the flying focus for injection. The consequence is a
dramatic enhancement in injected-beam luminosity—by more
than an order of magnitude—over previous approaches. While
this method is described in the context of a beam with 200 pC
of charge to satisfy collider requirements [5], the framework
developed in this paper for systematically adjusting the beam
charge, emittance, and profile enables the production of elec-
tron bunches with charges exceeding 1 nC or emittances as
low as 10 nm. This makes the approach versatile, with the
potential to impact a wide range of applications in advanced
accelerator research, from particle colliders to compact light
sources.
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FIG. 1. Production of collider-quality electron beams with a fly-
ing focus photoinjector. (a) A long-wave infrared laser pulse partially
ionizes a gas and drives a nonlinear plasma wave. A trailing, shorter-
wavelength flying focus pulse further ionizes the gas within the
plasma wave, creating a moving ionization front. The electrons freed
by the moving ionization front form a bunch with a trapezoidal
current profile. (b) The trapezoidal bunch is further accelerated in
a plasma wakefield accelerator. The trapezoidal shape of the bunch
flattens the accelerating field of the plasma wave, ensuring uniform
acceleration across the bunch. For the simulated parameters (Tables I
and II), the bunch is accelerated to 20 GeV over 2 m and has an
energy spread of less than 1%, which meets the quality requirements
for a collider.

The flying focus injector pulse naturally produces a trape-
zoidal current profile (Fig. 1). This distinctive shape, first
proposed by Tzoufras et al. in 2008 [13], balances the ac-
celerating field across the entire bunch ensuring low energy
spreads. As a result, the flying focus injector provides the first
technique capable of directly shaping the bunch into this op-
timal form, making collider-quality beam generation feasible.
To illustrate this, the bunch generated by the photoinjector is
accelerated in a plasma wakefield accelerator to 24 GeV with
subpercent energy spread that does not grow due to the unique
shape of the current profile. The concurrent realization of high
charge, low emittance, and low energy spread, demonstrated
in this work, represents a major advance toward the realization
of a plasma-based collider.

In the next section, we introduce the two-color ioniza-
tion injection scheme, which forms the foundation of this
work. Section III presents the underlying physics that enable
control of the injected beam properties using a flying-focus
laser. Finally, Sec. IV discusses the resulting beam quality,
demonstrating collider-relevant performance with hundreds of
picocoulombs of charge, sub-200 nm emittance, and subper-
cent energy spread at energies reaching tens of GeV.

II. TWO-COLOR IONIZATION INJECTION

In two-color ionization injection, a long-wavelength laser
pulse serves as the “driver” of a plasma wave, and a second,
shorter-wavelength laser pulse acts as the “injector.” An in-
jector pulse focused by an ideal lens, as was used in previous
work [9–11,14], copropagates with the plasma wave, but re-
mains a fixed distance behind it, which constrains properties

TABLE I. Simulation parameters for the injection stage. The
laser parameters are motivated by the available facilities and near-
term upgrade plans of the Accelerator Test Facility at Brookhaven
National Laboratory. The plasma is initialized as Kr8+ with an elec-
tron density n0 = 2 × 1016 cm−3.

Parameter Value Units

Driver—CO2 laser pulse

Normalized amplitude, a0 2.7
Wavelength 9.2 µm
Spot size (1/e of field) 105 µm
Duration (FWHM) 250 fs
Energy 5.3 J

Injector pulse

Normalized amplitude, a0 0.17
Wavelength 0.4 µm
Spot size (1/e of field) 8.6 µm
Transform limited duration (FWHM) 20 fs
Initial delay between injector and driver 0.4 ps

Conventional pulse

Energy 6.2 mJ

Flying focus pulse

Energy 36 mJ
Focal range, L 3.8 mm
Focal velocity, vF 1.01

of the injected bunch. Here, a “flying focus” injector pulse is
used instead. The flying focus pulse features a dynamic focal
point, which allows the peak intensity to move with respect to
the plasma wave.

Figure 2 illustrates the underlying physics of two-color
ionization injection and contrasts a typical conventional lens
configuration with the flying focus configuration introduced
here (see end matter for simulation details). Both configura-
tions use the same CO2 laser pulse as the driver (see Table I
for parameters). The CO2 pulse propagates through and ion-
izes a gas, freeing the outer shell electrons and forming a
plasma. The ponderomotive force of the pulse then pushes the
plasma electrons away from the propagation axis. The ions,
which remain stationary over the timescale of the interaction,
pull the displaced electrons back toward the axis, creating
a region of positive charge density surrounded by a sheath
of electrons. The accelerating field within this nonlinear

TABLE II. Simulation parameters for the acceleration stage.

Parameter Value Units

Drive beam electron energy 20 GeV
Drive beam charge 0.7 nC
Drive beam dimensions, σx , σy, σz 10, 10, 20 µm
Driver beam emittances, εx , εy 50, 5 µm rad
Injected bunch energy 10 MeV
Injected bunch charge 220 pC
Initial injected bunch emittances, εx , εy 171, 76 nm rad
Background electron density 5 × 1016 cm−3
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FIG. 2. Comparison of ionization injection using a conventional or flying focus laser pulse. A CO2 laser pulse (driver) partially ionizes
the background gas and drives a nonlinear plasma wave [panels (a)–(c) and (e)–(g)]. An optical laser pulse (injector) trailing the CO2 pulse
further ionizes the gas within the plasma wave. The electrons freed by the injector are accelerated longitudinally as they move backward in the
moving frame coordinate ξ = ct − z from a higher potential ψi to a lower potential ψ f . At which point, they become trapped in the wave. The
accumulation of these electrons over time t forms a bunch with a charge per unit length � [panels (d) and (h)]. The conventional laser pulse
[panels (a)–(d)] frees electrons at a fixed ξ (red dashed line), leading to a narrowly peaked, triangular current profile [panel (d)]. The flying
focus pulse [panels (e)–(h)] creates a moving ionization front (red dashed line), leading to a trapezoidal current profile [panel (h)] that is ideal
for beam loading in a subsequent acceleration stage. The contours illustrate the electric field amplitudes of the pulses EL and electron density
ne. The conventional and flying focus pulses have the same peak intensity, focused spot size, and transform-limited pulse duration. See Table I
for the parameters.

plasma wave, commonly referred to as the plasma bubble [15],
exceeds 10 GV/m, which is hundreds of times larger than the
conventional accelerators currently in operation.

A long-wave infrared laser pulse such as a CO2 pulse
with a wavelength λ = 9.2 µm is an ideal driver for two-color
ionization injection. This is because the magnitude of the
accelerating field increases with the normalized vector po-
tential of the pulse, a0 = 0.86 × 10−9

√
I [W cm−2](λ [µm])2,

where I is the intensity. A strongly nonlinear plasma wave is
expected when a0 > 2 (The CO2 laser pulse in Fig. 2 has an
a0 = 2.7). The Iλ2 scaling allows the CO2 pulse to reach these
values of a0 at an intensity that is a hundred times smaller than
would be required with a near-infrared pulse, such as pro-
duced by typically used Ti:Sapphire lasers. The longer laser

wavelength also allows for easily attaining larger focal spot
sizes. In the simulations shown in Fig. 2, the resulting plasma
wakefield has a diameter of nearly 200 µm, a scale that sig-
nificantly relaxes synchronization and alignment requirements
between the driver and injector in practical implementation.

The intensity of the CO2 pulse is high enough to free
the outer shell electrons of a background gas, e.g., the first
eight levels of krypton, producing Kr8+ (see Appendix A). To
initiate ionization injection, a short-wavelength injector pulse
(λ = 0.4 µm) is focused behind the driver to a peak a0 of 0.17,
which is selected so that the intensity exceeds the ionization
threshold of Kr8+. Note that although a0 of the injector pulse
is much smaller than that of the CO2 pulse, it has a much
higher intensity due to its shorter wavelength. The injector
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pulse frees the outer Kr8+ electrons in the accelerating phase
of the plasma wave. These electrons are then accelerated to
relativistic energies and trapped in the wave.

This configuration, in which a driver partially ionizes a gas
and excites a large-amplitude plasma wave while an injector
triggers additional ionization within the wave, is fundamental
to two-color ionization injection. The driver and injector, how-
ever, are fungible—that is, they can be replaced with suitable
alternatives. For instance, the CO2 pulse can be substituted
for a dense electron beam, provided that the parameters are
chosen so that the driver excites a large-amplitude plasma
wave without fully ionizing the gas, leaving it to be further
ionized by the injector.

III. SHAPING THE INJECTED BUNCH
WITH A FLYING FOCUS

The electron bunch formed by the ionization, acceleration,
and trapping depends on the dynamics of the injector. The
peak intensity of a conventional pulse and location at which
it ionizes move at approximately the group velocity vg ∼ c
(inside the nonlinear plasma bubble, where the local elec-
tron density is nearly zero, the refractive index approaches
unity). As a result, the location of ionization is nearly fixed
in the moving frame coordinate ξ = ct − z [red dashed line
in Figs. 2(a)–2(c)], which provides almost no flexibility to
structure the injected bunch. In contrast, the peak intensity
of the flying focus injector travels at a specified velocity vF ,
producing an ionization front that moves in ξ [red dashed
line in Figs. 2(e)–2(g)]. The ability to control the velocity of
the moving ionization front provides the flexibility needed to
structure the longitudinal profile of the injected bunch.

The flying focus pulse required for such an ionization
front can be produced using recently developed techniques for
spatiotemporal control of laser pulses. While several methods
have been demonstrated and proposed [12,16–24], all share
the property that the focal point, and thus the peak intensity,
can be made to move at a velocity vF that is decoupled from
the group velocity vg over a distance L that is much longer
than the Rayleigh length. Crucially, when vF �= c, the motion
of the peak intensity in the coordinate z is accompanied by
motion in the moving frame coordinate ξ :

dξ

dz
= 1

vF
− 1, (1)

where normalized units have been adopted (see Appendix A).
Thus, the flexibility to specify vF provides control over the
motion of the peak intensity and ionization front in ξ .

The motion of the ionization front determines the longitu-
dinal profile of the injected bunch. The profile can be derived
from the location of ionization ξi using the normalized wake
potential, ψ ≡ (φ − Az ), where φ and A are the scalar and
vector potentials of the plasma wave, respectively. The freed
electrons will be trapped in the plasma wave if ψ f − ψi ≈ −1,
where ψi is the initial wake potential experienced by an elec-
tron when it is freed and ψ f is the minimum wake potential
experienced [25–27]. Near the propagation axis (r ≈ 0), ψ =
ψmax − χ

4 ξ 2, where 0 < χ � 1 depends on the strength of the
plasma wave [13,15,28]. Thus, the trapping condition pro-
vides a direct connection between the location of ionization ξi

and the location of injection ξ f , where the electron reaches the
same velocity as plasma wave: ξ 2

f = 4/χ + ξ 2
i [points marked

in Fig. 2(a)].
The charge per unit length of the injected bunch is given by

�(ξ f ) = 1

2π

dQ

dξ f
= 1

2π

dQ

dz

dz

dξi

dξi

dξ f
. (2)

The first term on the right-hand side is the charge per unit
length of electrons freed by the injector pulse along its prop-
agation path: dQ

dz = −πw2
i ni, where wi is the spot size at the

instant of ionization and ni is the background ion density. The
second term describes the motion of the ionization point in
the comoving coordinate. The third term dξ f

dξi
is a compression

factor, which describes the spatial compression of the injected
electrons as they are trapped. For a conventional injector
pulse, the location of ionization moves only slightly due to
diffraction and dξi

dz ≈ 0. As a result, the injected electrons
coalesce into a narrowly peaked, triangular profile [Fig. 2(d)].
For a flying focus injector, dξ

dz = v−1
F − 1 [Eq. (1)], such that

�(ξ f ) = −1

2
w2

i

vF

1 − vF

ξ f

(ξ 2
f − 4/χ )1/2

, (3)

which is nearly trapezoidal in ξ f [dashed line in Fig. 2(h)].

IV. COLLIDER-QUALITY BUNCH GENERATION

The formation of a charge per unit length �(ξ ) with trape-
zoidal profile is critical for achieving a low energy spread
in a subsequent plasma or laser wakefield acceleration stage.
Such a profile flattens the longitudinal electric field in the
region occupied by the bunch [13] so that all of the electrons
gain approximately the same energy. The flying focus injector
produces a near-ideal trapezoidal bunch with 220 pC of charge
and transverse emittances of εx = 171 nm rad and εy = 76
nm rad. These values meet the collider requirements l aid out
in the Snowmass parameter set [5]. The conventional injec-
tor pulse, on the other hand, results in a triangularly shaped
bunch with 17 pC of charge and a normalized emittance of
140 nm [Fig. 2(d)]. This triangular profile would be ineffective
in flattening the longitudinal field, leading to a suboptimal
energy spread in the acceleration stage. Moreover, while the
emittance meets the requirements for collider applications,
the charge is far too low. Thus, the triangular bunch is inade-
quate for collider applications.

The total injected charge is given by Qtot = −πw2
i niLi,

where Li is the distance over which the injector pulses ion-
ize. For a flying focus, this distance is the focal range L,
which is independent of the spot size and much greater than
the Rayleigh range ZR = πw2

i /λ. For a conventional pulse,
Li ≈ ZR. Thus, with the same spot size, a flying focus can
inject more charge than a conventional pulse by ionizing over
a much longer distance (L � ZR). While the charge injected
by a conventional pulse can be increased by using a larger
spot size (Rayleigh range), this has the detrimental effect of
increasing the emittance. As an example, simulations (see
Appendix C) indicate that a conventional pulse can achieve
236 pC of charge with a spot size of 15 µm, but the resulting
emittance εx = 1.3 µm rad and εy = 0.69 µm rad is too large
to meet the Snowmass requirements.
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FIG. 3. Comparison of the beam quality afforded by the flying
focus photoinjector to existing and planned facilities. (a) Increas-
ing the spot size of the flying focus pulse results in more injected
charge (blue) at the cost of higher emittances (black and red). The
particle-in-cell (PIC) simulations (points) are in excellent agreement
with the theoretical predictions (dashed lines). The red box high-
lights the electron bunch from Figs. 2(e)–2(h), which has 220 pC
of charge, εx = 171 nm rad, and εy = 76 nm rad, and meets the
requirements of the Snowmass parameter set [5]. (b) The electron
contribution to the luminosity Ne/

√
εxεy for the simulation results in

panel (a) alongside planned and existing collider facilities, including
Adli and co-workers [29], ILC [29], Snowmass [4], FCC-WW and
FCC-Z [30], and LCLS [31]. The red dashed arrow indicates the
improved luminosity achieved by replacing a conventional pulse with
a flying focus pulse for the bunches shown in Fig. 2.

The properties of the injected electron bunch can be opti-
mized by adjusting the parameters of the flying focus pulse.
For instance, Fig. 3(a) shows that the charge can be scaled
to over 1 nC by increasing the spot size of the flying focus.
While the increase in charge comes at the cost of higher
emittances, each of the simulated spot sizes (points) resulted
in an electron bunch with a near-ideal trapezoidal profile (see
Appendix C for the results of the 1 nC bunch). The simulation
results are in excellent agreement with the theory (dashed
lines) for the total charge Qtot = −πw2

i niLi and emittance
(see Appendix B) [11,32]. The agreement suggests that the
flying focus photoinjector could produce electron bunches

with charges exceeding 1 nC or emittances as low as 10 nm.
This tunability can be used to generate electron beams with
properties that are tailored to a particular application.

Figure 3(b) demonstrates that the flying focus photoin-
jector produces bunches with quality comparable to those
of proposed conventional colliders and plasma-based collid-
ers. In a collider, the beam quality is measured using the
luminosity, i.e., the event rate per unit time per unit area,
given by L = HDN1N2 f γ /(4πσxσy). Here, N1 and N2 are the
number of particles in the colliding beams, f is the collision
frequency, γ is the particle energy, σxσy ∝ √

εxεy is the cross
section of the beam, and HD is an ∼O(1) geometry-dependent
factor. The flying focus injector results in an electron con-
tribution to the luminosity L ∝ Ne/

√
εxεy that satisfies the

criteria for plasma-based colliders, as outlined by Adli and
co-workers [29] and the Snowmass report [4] (blue circles
compared to yellow squares). The red dashed arrow highlights
the improved luminosity of the flying focus pulse over the
conventional pulse for the case presented in Fig. 2.

For collider applications, the bunch produced by the flying
focus photoinjector must be accelerated to high energy with
a narrow energy spread. Achieving a narrow energy spread in
a subsequent beam or laser-driven plasma acceleration stage
requires placing the bunch in a region of the plasma wave
where it can flatten, or “load,” the longitudinal electric field
Ez. This ensures that all electrons within the bunch experi-
ence the same longitudinal acceleration. The formalism for
calculating the �(ξ ) needed to flatten Ez was developed in
Ref. [13] for the case of a large plasma bubble Rb � 1, where
Rb is the bubble radius. In this formalism, the injected bunch
flattens the field from an initially unloaded profile Ez = − 1

2ξ

to a constant loaded field Et . However, the electron beams
available at existing facilities typically drive slightly weaker
plasma waves with an Rb between one and three, such that
Ez = − 1

2χξ with 0 < χ < 1. In this more general case, the
charge per unit length needed to flatten the longitudinal field
is given by

�(ξ ) = 1

4

√
16

E4
t

χ4
+ R4

b − Et

χ
(ξ − ξt ). (4)

This equation describes a trapezoid starting at ξ = ξt , where
the first term is the maximum value and Et/χ in the second
term is the slope. To ensure that the injected bunch flattens
Ez to a desired value of Et , the acceleration stage must be
designed so that Rb and χ produce an approximate equality
between Eqs. (3) and (4).

The electron beam-driven acceleration stage demonstrated
here is designed to have a loaded field of approximately
10 GV/m for the trapezoidal bunch with 220 pC of charge,
εx = 171 nm rad, and εy = 76 nm rad [Figs. 2(e)–2(h)].
The triangular bunch [Fig. 2(d)] is not considered because
(1) it has a much lower charge and (2) its spatial profile
does not flatten the accelerating field, which would lead
to a higher energy spread. Both of these make the trian-
gular bunch unsuitable for collider applications. To match
the slope and maximum value of the trapezoidal profile, the
plasma wave in the second stage must have Et/χ = 0.58
[determined by the slope of � in Fig. 2(h)], leading to
Rb = 1.4 as prescribed by Eq. (4). Given Rb and an elec-
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FIG. 4. Acceleration of the trapezoidal electron bunch from the injection stage in an electron-beam driven plasma wave. (a) A drive electron
beam expels background electrons, which are then pulled back to the axis by the ions, forming an electron density “bubble.” The trapezoidal
electron bunch sits behind the drive beam in the bubble. (b) The longitudinal field of the trapezoidal bunch partially cancels the unloaded
field of the bubble (black curve), producing a loaded field that is flattened in the region occupied by the bunch (red curve). (c) After 2 m of
acceleration, the bunch reaches an average energy of 21 GeV (left axis). The trapezoidal profile and low slice emittances are maintained during
the acceleration (right axis). (d) The energy gain (left axis) is nearly linear over the length of the accelerator, and the energy spread (right axis)
drops precipitously to well below 1%.

tron beam size σz, the charge of the drive beam eNb can
be found from the matched condition Rb = 2σr (nb/n0)1/2 =
(2/π3)1/4[Nbe2/(c2meε0σz )]1/2 [33]. Using the loaded field
of 10 GV/m and Et/χ = 0.58, the background electron
density can be written as n0 = 109ε0/(mec2E2

t ) = 3.2 ×
1016/χ2 cm−3. The density is selected to ensure that the
length of the accelerating structure exceeds the length of the
injected bunch. Here, the accelerating structure is set to three
times the bunch length, resulting in a background electron
density of n0 = 5 × 1016 cm−3. The drive beam parameters
utilized in this stage are based on the Facility for Advanced
Accelerator Experimental Tests (FACET) facility [34,35].
These and the remaining parameters for the simulations of the
acceleration stage are provided in Table II.

As shown in Figs. 4(a) and 4(b), the electron beam drives
a nonlinear plasma wave with a longitudinal field that is
flattened by the trailing bunch. The trapezoidal profile of
the bunch and flattened field are preserved over the entire
2 m length of the accelerator [Fig. 4(c)]. The electron bunch
reaches an average energy of 24 GeV with a spread of well
less than 1% [Fig. 4(d)]. The final slice emittances are nearly
uniform across the bunch, and the average emittances, εx =
189 nm rad and εy = 80 nm rad, are only slightly larger than
their initial values. The accelerator efficiency, i.e., the ratio of
energy gained by the bunch to the energy lost by the drive
beam, is 43%. The 24 GeV average energy of the bunch
compares favorably to the 28 GeV maximum that could be
obtained from the drive beam. These results demonstrate that
the flying focus photoinjector can provide the bunch needed
for an intermediate energy collider as defined by the Snow-
mass parameter set [5].

V. CONCLUSIONS AND OUTLOOK

The laser system suggested for the plasma photoinjec-
tor introduced in this paper is consistent with the near-term
upgrades planned for the Accelerator Test Facility (ATF) at
Brookhaven National Laboratory. Currently, ATF is the only
facility worldwide operating a long-wave infrared laser sys-
tem capable of generating multiterawatt peak power in clean
picosecond pulses. The laser currently produces 2 ps pulses
with up to 5 TW of peak power. An active R&D effort is
underway to increase the power to >20 TW while reducing
the pulse duration to <500 fs. This will be achieved by up-
grading the laser seed in the front end and through methods
for temporal compression, such as self-phase modulation in a
nonlinear medium. This particular method was recently used
to generate a CO2 pulse as short as 675 fs [36], demonstrating
a key technology for achieving subpicosecond CO2 pulses.

A plasma photoinjector that leverages the dynamic focal
point of a flying focus pulse can produce electron bunches
with the charge, emittance, and luminosity required for col-
lider applications. The moving ionization front driven by the
flying focus allows for the injection and formation of an elec-
tron bunch with a trapezoidal profile that is nearly ideal for
flattening the longitudinal field of a nonlinear plasma wave. In
simulation that demonstrated the creation of such a bunch and
its subsequent acceleration in an electron beam-driven plasma
wave, the bunch achieved a final energy spread of less than 1%
while extracting energy from the driver at >40% efficiency.
The simulated parameters were targeted toward a midscale
20 GeV electron beam based on the requirements of recent
Snowmass studies. By adjusting the spot size of the flying
focus, the injected trapezoidal bunch can be tailored to have
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>1 nC of charge or <10 nm of emittance. This is the first
application of spatiotemporal pulse shaping to the creation
of structured electron bunches for plasma-based acceleration.
Beyond collider applications, the high-quality bunches pro-
duced by the flying focus photoinjector also satisfy many
of the requirements for advanced radiation sources, such as
free-electron lasers.

Finally, while the parameters presented here utilize the
unique capabilities of a long-wavelength driver, the underly-
ing physics of the flying focus injection scheme is broadly
applicable. The CO2 laser platform offers distinct advan-
tages, specifically the ability to generate large plasma bubbles
and access the blowout regime at lower plasma densities,
which relaxes experimental tolerances such as timing jitter.
However, with the increasing availability of petawatt-class
near-infrared (NIR) laser facilities, similar “macroscopic”
wakefield regimes are becoming accessible at shorter wave-
lengths. Consequently, this injection method is not limited to
a specific facility; it can be optimally designed for NIR drivers
and implemented across various configurations, including
single-stage LWFA, Plasma wakefield accelerators (PWFA),
or multistage architectures, to achieve collider-quality beams.
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APPENDIX A: METHODOLOGY

1. Injection stage simulations

The simulations of the injection stage were performed
using the PIC code OSIRIS [37], which solves the fully
relativistic equations of motion for particles and employs a
finite-difference time-domain solver for the electromagnetic
fields. The simulations were discretized in the quasi-three-
dimensional (3D) geometry, which represents quantities as
a truncated expansion in azimuthal modes [38]. For systems
with a high degree of cylindrical symmetry, this significantly
reduces the computational resources required, while retain-
ing important 3D effects. The customized solver introduced
in Ref. [39] was used to ensure accurate dispersion of the
electromagnetic waves (e.g., the injector and drive pulses).
The simulations used a moving window propagating at the
vacuum speed of light with a size of 400 µm × 225 µm
(20000 × 2000 cells) in z and r, respectively. Two azimuthal
modes (m = 0, 1) were sufficient to model the laser pulse and

TABLE III. Threshold amplitude (a0) for fully ionizing a par-
ticular state of Krypton according to ADK the tunneling ionization
model [40].

Ionization levels of Kr a0 (λ = 9.2 µm) a0 (λ = 0.4 µm)

Kr7+ → Kr8+ 1.87 0.06
Kr8+ → Kr9+ 3.10 0.16
Kr9+ → Kr10+ 3.78 0.20
Kr10+ → Kr11+ 4.51 0.23

plasma geometry. The initial (z, r, θ ) particle arrangement in
each cell was (2, 2, 8) for a total of 32 particles per cell.

The initial plasma was preionized Kr8+, and the injector
pulses further ionized the plasma from Kr8+ to Kr9+. The
ionization rates were calculated using the ADK ionization
model [40]. The treshold values of a0 for some of the relevant
ionization states are displayed in Table III. The a0 of the CO2

laser pulse was chosen to be between the thresholds of the
eighth and the ninth ionization states.

2. Acceleration stage simulations

For the acceleration stage, the injected electron bunches
resulting from OSIRIS were imported into QPAD. QPAD is
a quasistatic PIC code that employs azimuthal decomposition
[41]. QPAD was used for the acceleration stage because run-
ning OSIRIS for a 2 m long plasma would be computationally
expensive and yield nearly identical results. The simulations
used a moving window propagating at the vacuum speed of
light with a size of 261 µm × 95 µm (2000 × 1200 cells) in
ξ and r, respectively. A single azimuthal mode (m = 0) was
sufficient for the electron beam, injected bunch, and plasma
configuration. The equations of motion for the relativistic
electron beam and bunch were evolved with a time step of
dt = 160 fs.

Unless units are explicitly written or otherwise stated, time
and length are normalized to ω−1

p and k−1
p = c/ωp, respec-

tively, velocity to the vacuum speed of light c, density to
the electron density n0, charge to the fundamental charge e,
potentials to mec2/e, linear charge density to mec2ε0/e, and
fields to mecωp/e. Here, ωp = (n0e2/meε0)1/2 is the plasma
frequency and me is the electron mass. Note that n0 is different
in the injection and acceleration stages.

3. Modeling flying focus laser pulses in PIC simulations

The framework of arbitrarily structured laser (ASTRL)
pulses [42] was used to initialize the flying focus pulse in
the injection stage simulations. The transverse electric field
of the pulse was initialized as a carrier wave modulating an
envelope: E⊥(x, t ) = 1

2 A(x, t ) exp(ik0ξ )ε̂ + c.c., where k0 =
2π/λ is the carrier wavenumber, ε̂ is the polarization vector,
and A(x, t ) is the envelope. A vacuum paraxial solution was
used for the envelope

A(x, t ) =
(

k0

kp

)
a0(ξ )eiβξ 2

[
ZR

qz(ξ )

]
exp

[
− ik(ξ )x2

⊥
2qz(ξ )

]
, (A1)

where a0(ξ ) is the normalized vector potential, β quantifies
the amount of chirp, k(ξ ) = k0 + 2βξ is the local frequency,
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ZR = 1
2 k0w

2
0 is Rayleigh range, w0 is the focused spot size,

qz(ξ ) = z − f0(ξ ) + iZR is the complex beam parameter, and
f0(ξ ) is the ξ -dependent focal length. Equation (A1) captures
the essential features of a chromatic flying focus [16,17],
including the extended focal region, controllable velocity,
and chirp. The intensity peak of the pulse can be programed
to move at a constant velocity vF in vacuum by choosing
f0(ξ ) = [vF /(vF − 1)]ξ . This produces an extended focal re-
gion of length L = |vF /(vF − 1)|τ , where τ is the duration
of the pulse set by a0(ξ ). The full-width-at-half-maximum
duration of the moving intensity peak within the focal region
is τF = 2|1 − 1/vF |ZR. Note that Eq. (A1) is an ASTRL pulse
because it is the result of evaluating Eq. (7) in Ref. [42] when
Bη(ξ ) is a Dirac delta function and Cη(x⊥, s) is a Gaussian
beam. A special case of this form was used to model a flying
focus in Ref. [43].

APPENDIX B: TRANSVERSE EMITTANCES

According to Refs. [11,28,44], ionization injection with a
laser pulse polarized in the x direction results in the saturated
transverse emittances

εx = σ 2
x0√
6

+
√

2σ 2
px0√

3
, εy = σ 2

x0√
6
, (B1)

where

σx0 = w0

2
√

2
,

σpx0 =
(

3πre

α4λ

)1/2(UH

Ui

)3/4√
2a3/2

T , (B2)

aT is the threshold amplitude for fully ionizing Kr8+ → Kr9+,
Ui = 230 eV is the ionization potential for Kr8+ → Kr9+,
UH = 13.6 eV, re is the classical electron radius, and α is the
fine structure constant.

APPENDIX C: EXTENDED SIMULATION
RESULTS AND TECHNICAL DETAILS

1. High-charge injection using conventional pulse

The conventional injector pulse produces a triangular-
shaped electron bunch with 236 pC of charge using a 15 µm
spot size (Fig. 5). However, the resulting emittance (εx = 1.3
µm rad, εy = 0.69 µm rad) is too large to meet the Snowmass
requirements, making it unsuitable for collider applications.
Additionally, this triangular profile fails to flatten the longi-
tudinal field, leading to a suboptimal energy spread in the
acceleration stage. In contrast, the flying focus pulse injects
the similar charge with trapezoidal current profile (Fig. 2)
using a significantly smaller 8.6 µm spot size, demonstrating
improved beam quality. The reduced emittance and optimized
charge distribution in the flying focus scheme ensure com-
patibility with collider requirements, making it a superior
alternative to conventional injection methods.

2. Acceleration of nano-Coulomb bunch

Operating laser-plasma accelerators in the high-current
regime underscores their potential as drivers for next-
generation compact light sources [45]. The flying focus

FIG. 5. Ionization injection using a conventional laser pulse.
Simulations of ionization injection into a CO2 laser-driven wake are
shown in panels (a)–(c), where a conventional laser pulse serves
as the injector. Both laser pulses propagate from left to right. The
contour represents the electron density (ne). (d) Linear charge density
(�) and current (I) are shown at different times. The final triangular
bunch carries a charge of 236 pC, but simulations indicate that
the resulting emittance (εx = 1.3 µm rad, εy = 0.69 µm rad) is too
large to meet Snowmass requirements [5]. Laser pulse parameters:
CO2 driver laser pulse—5.3 J, 250 fs FWHM, 9.2 µm wavelength;
conventional laser pulse—0.15 J, 160 fs FWHM, 15 µm spot size,
0.4 µm wavelength.

injection scheme presented in the main text enables the
generation of nanocoulomb-class electron bunches. In this
configuration, a flying focus pulse with a spot size of w0 =
16.5 µm is used. The effective ionization length is given by
Li = L + 2

√
3
√

ln(a0/aT )ZR, where L = �ξi/(1/vF − 1) is
the focal range. This setup, along with the parameters listed
in Table I, yields the desired high-charge bunch.

The acceleration stage is implemented using the same
methodology as described in the main paper. A beam driver
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FIG. 6. Acceleration of trapezoidal nanocoulomb electron bunch in PWFA. (a) Generated trapezoidal electron bunch inside the wake driven
by electron beam driver. (b) Witness shaped electron bunch flattens the wakefield. (c) Witness bunch longitudinal phase space (left y axis) and
slice current I , slice relative energy spread �E /E and transverse slice emittances εs

n (right y axis). (d) Evolution of energy (left y axis) and
FWHM energy spread (right y axis) with propagation distance z.

with a charge of Q = 3.2 nC is considered, with other beam
parameters listed in Table II. These settings are consistent
with those of electron beams previously available at the
FACET-I at SLAC National Accelerator Laboratory [46].
The injected bunch effectively beamloads the wakefield, as
shown in Fig. 6(b). While the energy phase space remains
flat in the high-current region, the rear of the bunch develops
higher emittance due to space charge effects, as shown in
Fig. 6(c). Figure 6(d) demonstrates that the nanocoulomb-
class trapezoidal bunch is efficiently accelerated over 10 cm
to approximately 2 GeV, maintaining an energy spread be-
low 1%.

3. Chromatic flying focus

The flying focus is an optical technique that enables
spatiotemporal control over the trajectory of a focal point,
allowing it to traverse distances far beyond the Rayleigh
range while remaining independent of the laser’s group ve-
locity [16,22]. This was first demonstrated experimentally
using chromatic focusing of a chirped laser pulse [16].
Other approaches to achieve flying focus include achro-
matic flying focus methods based on space-time light sheets
[47,48], axiparabola-echelon mirrors [12], and nonlinear me-
dia [49,50]. In this study, a chromatic flying focus pulse serves
as the injector laser in a two-color ionization scheme.

The injector pulse is linearly chirped, with the chirp value
determining the velocity of the flying focus. The spot size
is set at 8.6 µm, optimizing the emittance to be in the tens
of nanometers. The focal range L is selected to produce a
200 pC charge. The velocity of the flying focus vF = 1.01
is determined by the equation �ξi = (1/vF − 1)L, while the
longitudinal focal shift L is given by L = f0�λ/λ, where
�λ is the laser bandwidth, λ is the central wavelength, and

f0 is the focal length. The incident pulse duration T is re-
lated to the flying focus velocity [8] by vF = c(1 ± T/Lc)−1.
The transform-limited pulse duration τ is approximately τ ≈
T/|η|, which also corresponds to the ionization pulse duration
of the conventional laser pulse in Fig. 2. The velocity v f is
connected to the chirp as vF = c/(1 + ηcτ 2w0/(2 f0)) [17],
where η is the chirp parameter, τ is the transform-limited
pulse duration, w0 is the initial spot size, and f0 is the
nominal focal length. Using an incident laser with f0 =
0.15 m, τ = 20 fs, and chirp = 7.6, a focal range L of 3.8 mm
is achieved, providing the required flying focus pulse param-
eters for the experiment. The location of the focus spot (or
ionization point) ξi, in the comoving coordinate system, is
given by

ξi = ξi0 + ηcτ 2ω0

2

(
z

f0
− 1

)
. (C1)

4. Experimental preparation and feasibility

The experimental realization of this work at Accelerator
Test Facility, Brookhaven National Laboratory, depends on
mitigating key technical challenges. The primary challenge,
producing a subpicosecond CO2 laser pulse, is addressed in
the main manuscript. Furthermore, the facility’s unique laser
sources, combined with its development of high-precision,
multibeam platforms, enable inherently robust alignment
and synchronization essential for the study presented in
this paper. The following points articulate the key capa-
bilities and design advantages that ensure the experiment’s
feasibility.

(1) Large plasma bubble and relaxed synchronization re-
quirements. In the 220 pC configuration presented in the
paper, the CO2-driven bubble has a diameter of approximately
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200 µm. The ability of the CO2 laser to generate macroscopic
plasma bubbles is a key characteristic of this laser system and
serves as an enabling advantage for the present experiment.
The larger scale of the structure greatly relaxes the alignment
constraints for two-color ionization injection, making them
far less stringent than the femtosecond synchronization re-
quirements typically needed when using an NIR (λ ∼ 1 µm)
driver. We provide the expected experimental tolerances be-
low, but it is important to note that the experiment is inherently
tolerant to moderate jitter. Even at a 100 fs (∼30 µm) jitter—
corresponding to roughly 30% of the plasma-bubble size—the
flying focus pulse stays well within the bubble, resulting
mainly in a change in the characteristics of the injected trape-
zoid beam rather than compromising injection. To directly
address this, we ran a sample simulation applying a 100 fs
timing jitter to the flying focus pulse. The results show that
the bunch is still successfully captured and accelerated. While
the ionization occurs at a slightly different phase, resulting
in a modified trapezoidal shape compared to the case with
zero jitter, both the overall trapezoidal profile and the low
emittance are preserved. Specifically, the bunch subjected to
the 100 fs jitter carries a charge of 212 pC and maintains
ultralow emittances of εx = 180 nm rad and εy = 78 nm rad.
This is highly comparable to the ideal zero-jitter case, which
yields a 220 pC charge and emittances of εx = 171 nm rad
and εy = 76 nm rad. This confirms that our scheme continues
to work and produce high-quality bunches even under realistic
jitter conditions.

(2) Pointing stability of the Ti:Sapphire laser. The pointing
stability of the Ti:Sapphire laser at focus has been measured
to < 1 µm position jitter for a 4 µm focal spot, corresponding
to 25 µrad standard deviation (STD) [51]. For the 8 µm focal
spot used in the 220 pC scenario discussed in the paper, the
pointing stability is therefore expected to be ∼2 µm.

(3) Timing system upgrades. The ATF upgrade roadmap
includes the transition of the facility’s timing distribution
system to an optical platform, as part of ongoing modern-
ization efforts to support precision multibeam experiments.
As a benchmark for achievable performance, state-of-the-art
optical timing systems provide specifications of RMS jitter
near 5 fs (∼1.5 µm) [52].

(4) Diagnostic and alignment capabilities. In addi-
tion to the unique combination of CO2 and NIR laser
sources, ATF provides a linac-produced electron beam,
which has been used experimentally for the transverse
electron radiography of CO2-generated plasma structures in
density ranges of 3 × 1015 to 1 × 1017 cm−3 [53,54]. The
sensitivity of the electron radiography to the fields of the
laser and plasma serves as a key enabling technology for
diagnosing laser-plasma interactions, including the alignment
and synchronization between the two lasers in situ.

Collectively, these existing and planned capabilities at ATF
provide strong assurance of the feasibility and success of
the proposed experiment. These details are provided here to
clarify the experimental readiness and robustness of the setup
supporting this work.
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