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Abstract

The Petawatt (PW) laser facility of the Berkeley Lab Laser Accelerator (BELLA) Center has

recently commissioned its second laser pulse transport line. This new beamline can be operated

in parallel with the first beamline and enables strong-field quantum electrodynamics (SF-QED)

experiments at BELLA. In this paper, we present an overview of the upgraded BELLA PW facility

with a SF-QED experimental layout in which intense laser pulses collide with GeV-class laser-

wakefield-accelerated electron beams. We present simulation results showing that experiments

will allow the study of laser-particle interactions from the classical to the SF-QED regime with a

nonlinear quantum parameter of up to χ ∼2. In addition, we show that experiments will enable

the study and production of GeV-class, mrad-divergence positron beams via the Breit-Wheeler

process.
∗corresponding author
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1 Introduction

Classical and quantum electrodynamics have been extensively and successfully verified for almost

all parameter ranges. However, open questions remain for interactions in strong electromagnetic

(EM) fields [1, 2, 3, 4]. For example, classical electrodynamics overestimates the radiation reaction

(which is what affects the dynamics of a radiating particle ) and allows for the emission of photons

with energy greater than the particle energy, a problem that can be addressed by switching to the

quantum description. Both open questions and potential applications motivate the study of strong

field (SF) interactions in experiments to, e.g.:

1. Develop an experimental framework that provides a consistent way to verify theoretical and

simulation predictions from the classical to the quantum electrodynamics (QED) regime, in-

cluding linear and nonlinear effects as well as multi-staged processes typical of SF-QED en-

vironments. Previous experiments either operated in a parameter space where the nonlinear

quantum parameter χ was clearly below 1 [5, 6], or provided a limited set of data [7, 8]. Due

to the increased availability of high power lasers [9], multiple facilities (as detailed later in

this section) are planning experiments to reach χ > 1 by using higher laser intensities, more

energetic particle beams, and higher repetition rate lasers.

2. Evaluate whether strong-field interactions may provide competitive γ-ray or positron sources [3].

Strong EM fields may be used to produce high-flux γ-rays (see, e.g., Refs. [10, 11, 12]) and

low divergence positron sources [13, 14]. Positron sources are possible bottlenecks for future

TeV-class lepton colliders [15]. Understanding whether strong EM fields and QED effects

can generate sources that compete with those used in conventional accelerators [16] is a high

priority for the high energy physics community.

The basic building blocks of SF-QED are the Compton effect (photon emission by an electron)

and the Breit-Wheeler effect (photon decay into an electron-positron pair) in strong EM fields [17].

It is most convenient to characterize these interactions in terms of Lorentz invariant parameters:

F = (E2 − c2B2)/E2
cr, (1)

G = cB ·E/E2
cr, (2)

χe = γ
√

(E+ v×B)2 − (E · v/c)2/Ecr, (3)

χγ = (ℏω/mc2)
√

(E+ (c2k/ω)×B)2 − (E · (ck/ω))2/Ecr, (4)

where c is the speed of light, ℏ is the Planck constant, and m is the electron mass. Here, E and B
are the electric and magnetic fields, respectively, and F and G are the Poincaré invariants of the

EM field [18]. The particle momentum is defined as pµ = γm(c,v), where γ = (1 − v2/c2)−1/2 and

v is the particle velocity. The photon momentum is defined as ℏkµ = (ℏω/c)(1,n), where ω is the

photon frequency, n its propagation direction and the photon is on-shell (kµkµ = 0). Whereas F
and G characterize the fields itself, χe and χγ characterize the interaction of charged particles (e.g.,

electrons) and photons, respectively, with the strong fields (we recall that an EM field is considered

strong when it is of the order of the QED critical field [18, 19, 20], Ecrit = 1.32 × 1018 V/m or

Bcrit = 4.41 × 109 T). All above defined Lorentz invariant parameters are normalized to Ecr, which
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provides a natural scale for the onset of quantum effects in the electromagnetic interactions (i.e.,

when F , G, χe, χγ ∼ 1).

Strong EM fields can be found in different environments, including in close proximity of com-

pact astrophysical objects (such as magnetars and black holes) [21, 22], high-Z nuclei [23], dense

particle beams (at the interaction point of high energy particle accelerators) [24], aligned crystals

[25], and in the foci of high power lasers [9]. Some of these environments provide fields of the order

of the critical strength, but are not accessible in any laboratory in the foreseeable future. Others

can reach the critical strength in the reference frame of a sufficiently high energy particle or in

fixed plasma targets. At the current state-of-the-art, laboratory SF-QED experiments will require

an interaction between energetic particles and EM fields (χe = γE/Ecr).

Previous experiments reached a maximum nonlinear quantum parameter (in the following de-

noted as χe,max) of χe,max ∼ 0.3 in the E144 experiment at SLAC [5, 6], and χe,max ∼ 0.2 in the

GEMINI experiment at CLF [7, 8]. Experiments using aligned crystals were reported recently

[25, 26, 27], but require specific analysis techniques and positron beams. Experiments using par-

ticle colliders are proposed [24], but are inaccessible due to the lack of accelerators with necessary

parameters. Therefore, interactions of electrons with high intensity laser pulses provide the most

promising immediate path to increase χe or χγ above unity.

On that path, SLAC is planning the E320 experiment, and DESY is planning the LUXE experi-

ment [28] using conventionally accelerated 10 or 17.5 GeV electron beams in collision with tens of

TW laser pulses. The University of Michigan ZEUS facility will use two laser pulses (with 2.5 PW

and 0.5 PW), one to accelerate electrons in a laser wakefield accelerator (LWFA) (to either ≳ 10 GeV,

or several GeV) and one to provide the EM field (with intensity 1021 W/cm2, or 1023 W/cm2). Other

laser facilities with active SF-QED study programs include J-Karen in Japan, Apollon in France,

CORELS in Korea, CALA in Germany, ELI NP in Romania with interaction chambers with collid-

ing 10 PW laser pulses [29, 30], and ELI BL in Czech Republic, SEL in China [31] (for an expanded

list see Ref. [3] and [32] for PW laser facilities).

In this paper, we assess the potential for SF-QED experiments at the BELLA Center of the

Lawrence Berkeley National Laboratory. The BELLA Center hosts a 1 Hz, petawatt (PW) laser

facility called the BELLA PW, and has recently commissioned a second high-power laser beamline

(2BL) that enables SF-QED experiments. Simulation studies (see Sec. 5) show that experiments

on BELLA PW will allow to investigate a wide range of χe reaching immediately up to 2, and

potentially up to 4 after optimizations, which is very attractive at the unique 1 Hz repetition rate

of the laser. Additionally, the BELLA Center experimental teams have many years of experience on

laser operation and laser-driven plasma wakefield acceleration of electron beams [33, 34, 35, 36,

37].

This paper is organized as follows. Section 2 provides an overview of and general introduction

to the BELLA PW facility, Sec. 3 discusses the two basic SF-QED laser-particle interaction geome-

tries, Sec. 4 provides an overview of experimentally achievable electron beam parameters using the

BELLA PW laser, Sec. 5 discusses the scientific reach of SF-QED experiments based on simulation

results, Sec. 6 explores experimental layouts at BELLA PW, and Sec. 7 closes with a summary and

the conclusions.
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2 BELLA PW Experimental Facility and Dual Beamlines

This section provides an overview of the BELLA PW facility, experimental parameters, and planned

experiments. The facility comprises a petawatt laser system, three laser pulse transport lines (1BL,

2BL, and iP2 beamline) and two experimental target chambers. While all parts will be mentioned

briefly, the focus will be on the components required for SF-QED experiments: the BELLA PW

laser system, first and second beamline as well as their target chamber, which are illustrated in

Fig. 1.

The core of the BELLA PW facility is a petawatt-class laser system, which provides uncom-

pressed pulses with a total energy up to 60 J per pulse at 1 Hz repetition rate. Pulses are trans-

ported from the laser table to the first target chamber via two pulse transport lines (see Fig. 1)

named first (1BL) and second (2BL) beamline. Due to losses in the compressor and beamlines, a

total of ∼40 J of pulse energy (or 1.2 PW of maximum power) is available for experiments in the

target chamber (see location 4 on Fig. 1).

Figure 1: Schematic layout of the BELLA Petawatt dual beamlines for SF-QED experiments.

To send laser light into both beamlines, pulses are split after amplification and before com-

pression by a beamsplitter on the laser table (see location [1] in Fig. 1). Pulse energy reflected by

the beamsplitter is transported in the first beamline, the remaining energy is transmitted through

the beamsplitter and transported in the second beamline. The choice of beamsplitter reflectivity

defines the energy splitting ratio and the ratio can be adjusted by exchanging the optic.

Both first and second beamline use a deformable mirror (see location [2] on Fig. 1) for beam

shaping and beam profile optimization and a chirped-pulse-amplification compressor (see loca-

tions [3] on Fig. 1) for compression down to lengths of τ ∼30-40 fs. The two beamlines share a

Dazzler for spectral pulse shaping before compression. A delay line on the first beamline as well

as a motorized stage inside the second beamline compressor allow for the adjustment of timing

between first and second beamline pulses.
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First beamline was commissioned in 2012 together with the BELLA PW laser and has been op-

erating successfully since. The pulse propagating in the first beamline is focused by a 13.5 m focal

length off-axis parabolic mirror (OAP) (see location [5] on Fig. 1) to a focal spot size of w0 =53µm

inside the target chamber. Second beamline commissioning was completed in 2022 and allows for

several focusing options, including f=6.5, 10.4, 13.5 and 18.0 m OAPs or a flat mirror to transport

the collimated beam (up to a diameter of ∼ 15 cm) into the target chamber (see location [4] on

Fig. 1). In Fig. 1, the layout using the flat mirror (suitable for SF-QED experiments) is shown.

Pulses with a diameter of up to 15 cm can enter the current target chamber, limited by the

location of the chamber support. A new target chamber is required to allow use of the full aperture

beam (diameter ∼ 20 cm) and could also be designed to facilitate the challenging particle detection

and required radiation shielding for SF-QED experiments.

Not shown in Fig. 1 is the BELLA PW high intensity laser beamline (iP2) and the iP2 target

chamber that is located downstream the target chamber in Fig. 1, as an extension to the first beam-

line. The iP2 extension uses the first beamline laser pulse that propagates through the target cham-

ber shown in Fig. 1 and provides a laser focus with an intensity of > 1021 W/cm2, using a short-focal

length OAP (f/2.5) and is used, e.g., for solid target experiments. However, the iP2 target chamber

provides access for only one laser pulse and therefore it would require a significant effort to devise

an interaction configuration, which is suitable for SF-QED experiments [38].

2.1 Dual Beamline Experiments Planned at BELLA PW

The new dual pulse capabilities of the upgraded BELLA PW facility enable a variety of unique ex-

periments. Construction of the second beamline was motivated by plasma staging experiments [39]

enabling research towards a high-energy physics particle collider at the energy frontier. The goal of

these experiments is to demonstrate at the GeV-level that an electron beam accelerated in a LWFA

stage can be further accelerated in a subsequent LWFA stage with high charge capture and high

beam quality. For that, the first (second) beamline will be used to drive a wakefield in the first

(second) plasma stage.

Additionally, the BELLA PW facility is planning to use the dual pulse capabilities for single

stage development, e.g., to optimize energy gain. One idea is to guide drive pulses in conditioned

hydrodynamic optically field-ionized plasma channels [40, 41]. These experiments will use the

2BL pulse to optically field ionize gas and to heat the plasma, leading to the formation of a plasma

channel via hydrodynamic expansion. The 1BL pulse will then drive high amplitude wakefields in

that channel, which can be used to accelerate electrons to the ≳ 10 GeV-level.

Also enabled by the new second beamline, and a natural follow up to the two experiments

mentioned above, are SF-QED studies, which are the topic of this article. The physics reach of

potential experiments is discussed in Sec. 5 and an experimental layout is proposed in Sec. 6.

3 SF-QED Particle and Field Interaction Geometries

This section discusses the motion of charged particles (here we consider electrons) in laser fields

and in the presence of SF-QED effects. There are two typical interaction geometries: 1) relativistic

electrons - laser and 2) laser - laser. Though it is well known that geometry 2) requires much

higher laser intensities to observe radiation dominance and quantum effects than geometry 1), it
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is instructive to revisit both options to evaluate the thresholds for radiation reaction and the onset

of quantum effects (in what follows we used formulae from Ref. [3]), to emphasize the differences

between the two interactions and to explain the experimental layout choice for experiments at

BELLA PW, which is geometry 1).

1) Electron-laser interaction, (||). An electron with a relativistic factor γ collides with a high

intensity laser pulse with normalized strength a0 (a0 ≃ 0.855 × 10−9(I[W/cm2])1/2λ[um], where I

is the laser pulse peak intensity and λ the laser wavelength). When γ ≫ a0, the electron motion

induced by the EM field is mostly longitudinal (with respect to the laser propagation direction) and

is relatively unaffected by the Lorentz force. The laser pulse forces the electron to radiate, as its

EM field serves as a ”target”, resulting in electron energy loss and deceleration.

2) Laser-laser interaction, (⊥). An initially non-relativistic electron (e.g., from a plasma) inter-

acts with the field of two colliding circularly polarized laser pulses (with combined intensity a0).

Here we consider a setup where the electron circulates in the anti-node of a standing light wave,

which means that it experiences only the electric field. The electron motion is mostly transverse,

dominated by the Lorentz and radiation reaction forces. While the electron loses energy due to

radiation emission, it is also being continuously re-accelerated by the Lorentz force in the electric

field which compensates the energy loss. Here, the laser serves not only as a ”target” but also as an

accelerator.

The definition of the parameter χe for these two configurations (χ||e, χ⊥e ) clarifies their similari-

ties and differences:

χ||e = γ
E
Ecr

(
1− β cosθpk

)
, (5)

χ⊥e = γ
E
Ecr

√
1− β2 cos2θpe, (6)

where β = v/c is the normalized electron velocity, θpk is the angle between the electron momentum

and the wave vector, and θpe is the angle between the electron momentum and the field vector.

Both χ||e and χ⊥e are proportional to γE/Ecr or the EM field strength in the electron rest frame

normalized to the critical field. However, their angular dependence is different. While χ||e is maxi-

mum for a head-on collision, χ⊥e is maximum when the field direction and particle momentum are

perpendicular, which corresponds to the particle motion under the action of the Lorentz force in a

circularly polarized electric field. For (||) a head-on collision is assumed, i.e., θpk = π.

When interacting with a counter-propagating laser pulse, electron dynamics start to be affected

by radiation emission before quantum effects come into play. This is usually accounted for by

including the radiation reaction force into the classical equations of motion of an electron in an

EM field [42]. In what follows we will use the Landau-Lifshitz equation of motion [43] to determine

at which field strength and particle energy the radiation reaction effects start to dominate electron

behavior for each of the two geometries.

For (||), the onset of the radiation dominated particle motion is usually defined as the loss of

half of the initial electron energy by the end of the interaction. If we assume head-on collision, this

is the case when the laser field strength is greater than:

a||0 > (εradωlτγ)−1/2 ≃ 82(λ[µm]/Ee[GeV]N )1/2. (7)
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Here εrad = (2α/3)(ℏωl /mc2), α is the fine structure constant, τ and ωl are the laser duration and

frequency, respectively, N = cτ/λ is the number of laser cycles, and Ee is initial electron energy.

For (⊥), a different definition for the field strength that leads to the onset of radiation dominated

particle motion is usually used, since electrons not only radiate their energy away but are also re-

accelerated by the electromagnetic field. Thus, when an electron emits the same amount of energy

as it gains from the field per cycle, the interaction enters the radiation dominated regime. This

happens when the field strength is greater than:

a⊥0 > ε−1/3
rad ≃ 4.4× 102λ−1/3[µm]. (8)

Here θpe = π/2.

For example, for a 5 GeV electron beam colliding with a 800 nm, 10 cycle laser pulse, the char-

acteristic value of the laser field strengths for the (||) configuration is a||0 ≃ 10, which corresponds to

a peak intensity of 4× 1020 W/cm2. In the (⊥) case the characteristic value of the field strength is

a⊥0 = 474, which corresponds to 3.5× 1023 W/cm2, almost three orders of magnitude higher.

The onset of quantum effects can be characterized by the values of electron energy and field

strength, which results in an emission of a photon that can carry away almost all electron energy.

It is estimated using the critical frequency of the classical radiation spectrum multiplied by ℏ as

a characteristic photon energy which is compared to the electron energy, or from the condition

χe ∼ 1. This occurs when field strengths exceed:

a||0 >
2α

3εradγ
≃ 205

λ[µm]
Ee[GeV]

, (9)

a⊥0 >
4α2

9εrad
≃ 2× 103λ[µm]. (10)

For example, for a 5 GeV electron beam colliding with a 800 nm laser pulse, the characteristic

value of the laser field strength for the (||) configuration is a||0 ≃ 34, which corresponds to a peak

intensity of 3.2×1021 W/cm2, whereas for an electron moving in the focus of two colliding 800 nm

laser pulses the characteristic field strength is a⊥0 ≃ 1600, which corresponds to an intensity of

5.5 × 1024 W/cm2, three orders of magnitude higher. The main reason for such a difference is

that the (⊥) configuration needs to both accelerate electrons to multi-GeV energies and provide the

field component perpendicular to the electron momentum strong enough to lead to the high energy

photon emission. This becomes increasingly difficult since in strong fields and in the presence of

the radiation reaction, the electron momentum tends to align with the field vector direction [44]

(see also [45, 46, 47]), which is taken into account when deriving Eq. (10).

The BELLA PW laser system can provide pulse intensities up to 1.4×1022 W/cm2 (a0 ≃ 80) in

2BL, or electron energies up to 12.4 GeV (γ = 24300) in 1BL (see Secs. 2, 4, and 6 for details).

Estimates in this section clarify that only the interaction of an electron beam with a counter-

propagating laser pulse allows the experimental study of both radiation reaction and quantum

effects within the limits of the BELLA PW facility. For BELLA PW (and hereon in this manuscript),

we therefore choose an experimental layout in which a highly-relativistic electron beam (multi-

GeV) collides with a high intensity laser pulse.
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Laser energy, U1 [J] 10 15 20 20 25 30 35
Laser duration, τ [fs] 40 60 80 80 100 120 140

Target type CDW CDW CDW CDW+LH OFI OFI OFI
Stage length, Lplasma [cm] 7.6 16.6 24.0 28.0 36.6 44.8 80.8

Plasma density, n0 [×1017 cm−3] 6.0 4.0 3.0 2.5 2.0 1.5 1.0
Matched radius, Rm [µm] 83 92 99 63 65 55 55
Ramp length, Lramp [cm] 0.3 0.3 0.3 0.4 0.4 0.4 0.4

Dopant fraction, fN/H [%] 4 1 1 3 2 2 5
Beam charge, Qb [pC] 9.2 9.1 10.7 22.6 30.0 34.0 10.4
Beam energy, Ee [GeV] 2.1 2.8 3.3 5.9 7.0 9.4 12.4

Beam energy spread, δEe/Ee [%] 2.0 2.8 4.5 3.3 2.0 3.2 3.7
Beam divergence, (θxθy)1/2 [mrad] 0.59 0.63 1.54 0.52 0.28 0.55 0.25

Table 1: Summary of all the laser and plasma parameters and the corresponding final properties of
the electron beams produced in an LWFA driven by the BELLA PW 1BL for different values of the
laser energy and different types of plasma target (CDW, CDW+LH, and OFI). In all cases the laser
spot size is w0 = 53 µm, the central laser wavelength is 815 nm (∼ 800 nm), and the focus position
is 3 mm downstream from the plasma entrance.

4 Production ofMonoenergetic ElectronBeams in an LWFADriven

by the First Beamline

Section 3 clarified that SF-QED experiments using the BELLA PW laser will require multi-GeV

electron beams. As will be illustrated in Sec. 6, such beams will be produced and accelerated in

plasma wakefields that are driven by the pulses of BELLA PW first beamline (1BL).

Previous simulation results show that, when the full ∼40 J energy is used together with optimal

plasma parameters, (quasi-)monoenergetic electron beams with energies ≳ 10 GeV and ∼ 100 pC

of charge can be produced [48]. However, that would leave no pulse energy for 2BL, required to

provide the EM field for the SF-QED interaction. Therefore, to characterize the properties of LWFA

electron beams in the context of the proposed SF-QED experiments, we investigate the use of 10-

35 J laser energy in the first beamline (U1), as indicated in Tab. 1, leaving 30-5 J of pulse energy for

2BL (the total available energy is ∼40 J).

Simulation studies are performed using the Particle-In-Cell (PIC) code INF&RNO [49, 50]. The

longitudinal laser pulse profile is modeled as a Gaussian with a FWHM duration of τ =40-140 fs

(see Tab. 1), depending on what is optimal for acceleration at each U1. The transverse pulse profile

at focus is the one corresponding to a near-field flat-top (i.e., a jinc profile) with a spot size w0 = 53

µm (for details on the definitions, and assumed pulse profile, see Ref. [48]). The central laser

wavelength in the simulations is 815 nm (∼ 800 nm).

Laser and plasma parameters are chosen such that the LWFA operates in a dark current-free,

mildly nonlinear regime [51]. All simulations have been performed with the quasi-static modality

of INF&RNO [52]. Absence of high-energy particles from self-injection was verified by running

fully self-consistent simulations for some of the cases. Guiding of the laser pulse, required for

multi-GeV energy gains, is provided by a plasma channel with an on-axis density n0 and a trans-

verse parabolic density profile with matched radius Rm. The values of n0 and Rm considered in

this study are the ones experimentally obtainable with a capillary discharge waveguide (CDW)
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[53] with a radius of Rcap = 300 µm (using capillaries with a smaller radius might result in dam-

age of the structure by the wings of the pulse) or, in the cases corresponding to lower densities

(n0 ≲ 2.5 × 1017 cm−3) and smaller values of the matched radius (Rm ≲ 65 µm), by enhancing the

performance of the CDW with the laser-heater technique (CDW+LH) [54, 37, 55], or, finally, by

employing an optical-field-ionized (OFI) channel [40, 41]. Note that in a CDW the values of n0

and Rm are related (e.g., Rm[µm] ≃ 7.5Rcap[µm])1/2/(n0[1017cm−3])1/4). Using the LH technique or

an OFI channel allows, in principle, for independent control of these parameters, but will require

additional laser pulses. The plasma profile is longitudinally uniform with entrance and exit ramps

of length Lramp (with a square root-like profile), and the total plasma length is Lplasma.

The electron beam is produced by ionization-induced injection when the laser pulse enters the

LWFA stage. This is achieved by concentrating a small amount of a high-Z dopant gas (Nitrogen

in this case) within the plasma entrance ramp [56]. The fraction of Nitrogen atoms with respect to

the background Hydrogen atoms is denoted as fN/H in Tab. 1.

For every value of laser pulse energy U1, the laser pulse duration τ , the on-axis plasma density

n0, and the matched radius Rm were chosen to guarantee, compatibility with the chosen plasma

target type, sufficient laser guiding and, hence, reasonably stable wake properties over the desired

acceleration length. For each case the length of the up-ramp (plasma entrance) and concentration

of the dopant fN/H were adjusted to control beam charge and energy spread. For all the cases, the

laser focus position is 3 mm downstream from the plasma entrance. The final properties of the

electron beams, together with all relevant laser and plasma parameters, are summarized in Tab. 1.

Further optimizations, e.g., in beam charge and/or energy, are possible.

Previous experiments on BELLA PW produced up to 7.8 GeV, 5 pC electron beams using 30 J

of laser energy in a 20 cm-long plasma [37]. The results of Tab. 1 show that multi-GeV (Ee = 2.1−
12.4 GeV), quasi-monochromatic (δEe/Ee = 2−4.5 %), low-divergence ((θxθy)1/2 = 0.25−1.54 mrad)

electron beams with Qb = 9 − 34 pC of charge are within reach given the current experimental

capabilities of BELLA PW, or can become available in the near future. Critical for the production

of these high-quality, high-energy beams is the implementation of a guiding technology that is

able to produce strong guiding plasma structures in low-density plasmas, which is already part of

current the experimental program of the BELLA PW facility (see Sec. 2.1).

5 SF-QED Simulation Results

In this section, we present ptarmigan [57, 58, 59] simulation results of an electron beam interacting

with a counter-propagating laser pulse (geometry chosen in Sec. 3). ptarmigan is a single particle

code that models interactions using classical dynamics of charged particles and SF-QED processes,

taking into account the angular distributions of secondary particles produced in either Compton or

Breit-Wheeler processes. The SF-QED processes are modeled in the framework of the local constant

field approximation (LCFA), which is valid for the laser intensities and particle energies considered

below.

The laser pulse is specified using the paraxial solution for the fields given in Ref. [60] with terms

up to the fourth order in the diffraction angle in the Gaussian beam, which is then multiplied by

a temporal envelope function. The laser pulse is linearly polarized and defined by the peak value

of the field strength (a0), wavelength (λ), waist (w0, defined as the radius where the intensity
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falls to 1/e2 of its maximum value) and pulse duration (τ , which is full width at half maximum).

The electron beam is defined by the mean Lorentz factor (γ), energy spread (δEe/Ee), Gaussian

transverse (we) and longitudinal (le) beam charge distribution and divergence ((θxθy)1/2, normally

distributed). Experimentally achievable electron energies (see Sec. 4, Tab. 1) and laser intensities

(see Sec. 6) were used as input.

For example, Fig. 2 compares the energy spectra of electrons (a), photons (c) and positrons (d)

after the interaction of a Ee =5.9 GeV, Qb = 22.6 pC electron beam with a laser pulse of a0 = 15

(blue), a0 = 25 (orange), and a0 = 38 (green). The laser pulse is assumed to have a wavelength

of λ = 800 nm, τ = 30 fs duration, and a focal spot size of w0 = 2 um. The initial electron energy

spectrum is quasi-monoenergetic with parameters according to Tab. 1 and we = le = 2 um transverse

and longitudinal beam sizes at the interaction point.

In the examples of Fig. 2 (a), electrons loose a significant amount of energy due to radiation

(e.g., 37% of initial beam energy for a0 = 38) and develop a broad energy distribution. For a0 = 38,

a distinct second maximum appears around 0.5 GeV and each incoming electron emits on average

approximately eight photons, with a broad distribution peaked towards zero (see Fig. 2 (c)). Less

photons are being emitted for lower values of a0, which can be observed from the photon spectra

(see Fig. 2(c)) and the disappearance of the second maximum in the electron spectra for a0 = 15

and 25 (see Fig. 2(a)).

A small fraction of these photons decayed into electron-positron pairs (around one pair per 130

initial electrons for a0 = 38) via the multi-photon Breit-Wheeler process, where ”multi-photon”

refers to the interaction with the fixed classical background field [1, 3]. The positron energy spectra

(see Fig. 2(d)) have a maximum at ∼0.5 GeV (γ ∼ 1000), which is mainly formed by photons, whose

radiation length is about the length of the laser pulse [61]. Simulation results predict a strong

increase in electron-positron pair production for higher values of a0. For example, for a0 = 15 the

curve is indistinguishable from zero on a linear scale also showing the other curves (see inset of

Fig. 2 (d)). Increasing a0 from 25 to 38 increases the number of electron-positron pairs by one order

of magnitude.

Figure 2(b) demonstrates that experiments on BELLA PW will allow to compare results to dif-

ferent interaction descriptions, e.g., obtained from the classical or the SF-QED framework. To

illustrate that, we show three electron spectra after the interaction of a Ee = 5.9 GeV, Qb = 22.6 pC

electron beam with a counter-propagating laser pulse with a0 = 38 obtained using different frame-

works, calculated using the same input parameters. The green solid line is the same as in Fig. 2(a),

and represents the simulation result obtained with ptarmigan predicting 37 % energy loss. The

dashed-dotted line was obtained from the solution of the Landau-Lifshitz equation and predicts

64 % energy loss. The dashed line was obtained from the solution of the ”modified” Landau-

Lifshitz equation [3, 58] and predicts 51 % energy loss. In the ”modified” Landau-Lifshitz equation

an additional factor, G(χ), was introduced before the radiation reaction force to account for the

classical overestimation of the amount of radiation emitted by an electron in strong fields. This

factor G(χ) gives the ratio between the instantaneous radiation powers predicted by QED and by

the classical theory. Both classical calculations predict higher levels of energy loss than the SF-QED

result. Moreover, the shape of the spectra is different, which will help to identify the limits of the

applicability of each theory when compared to experimental results.

Figure 3 shows the phase space for the electrons (a), positrons (b), and photons (c) for the case
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Figure 2: Energy spectra of (a) electrons e−, (c) photons γ and (d) positrons e+ after the interaction
of a Ee = 5.9 GeV, Qb = 22.6 pC electron beam with a counter-propagating laser pulse with a0 = 15
(blue), a0 = 25 (orange) and a0 = 38 (green) as simulated using ptarmigan. Note that panels (c)
and (d) are on a logarithmic vertical scale and that the inset in panel (d) shows the same curves as
on panel (d), but on a linear scale. The input electron beam has relative energy spread of δEe/Ee =
3.3 %. The legend in panel (a) applies also to panels (c) and (d). Panel (b) compares the predicted
electron energy spectra for a0 = 38 from ptarmigan simulation results (solid line), classical theory
including radiation reaction (dash-dotted line) and classical theory including radiation reaction
using the G-factor (dashed line).

with a0 = 38, after the interaction. All three distributions demonstrate that the particles are moving

in the forward direction inside a narrow cone, mainly determined by 1/γ . All beams overlap with

each other in space. These distributions informed the design of the experimental diagnostics.

Figure 3: Phase space of electrons e− (a), positrons e+ (b) and photons γ (c) after the head-on
collision of a Ee = 5.9 GeV electron beam with a counter-propagating laser pulse pulse with a0 = 38.
Note the logarithmic color scales, which are in arbitrary units and normalised to the pixel area.
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Figures 2 and 3 show a typical predicted experimental outcome of an electron beam interacting

with a counter-propagating laser pulse. For a0 = 38, the interaction is well into the quantum regime

(χe,max = 2.1). However, χe,max could be lowered by, e.g., adjusting a0 (e.g. by lowering the laser

pulse energy) in order to study the transition of the radiation reaction from the quantum to the

classical regime.

Figure 4 summarizes the produced integrated positron beam charge (Qe+ , see blue and orange

dots in Fig. 4(a)) and maximum χe,max (see blue and orange dots in Fig. 4(b)) as a function of the

LWFA laser energy (U1) for the PIC simulations presented in Tab. 1. The remaining laser pulse

energy (40 J−U1 and up to ≲ 20 J), is used in the second pulse for scattering.

However, to illustrate the potential of the BELLA PW facility when electron beams are further

optimized, Fig. 4 also shows two sets of curves (black dotted and dashed green) based on ideal-

ized LWFA stages operating in the quasi-linear and bubble regimes, respectively. Details for these

idealized LWFA stages are discussed in the Appendix.

Figure 4 (a) shows that the positron charge (Qe+ ) obtainable in the idealized quasi-linear case

is around 7 pC, whereas PIC simulation results predict ∼200 fC, almost a two order of magnitude

difference. That increase is a result of the three times higher electron beam charge and 30 % higher

beam energy in the quasi-linear case compared to the PIC simulations. Positron production may

therefore be increased by optimization of the LWFA, e.g. by optimizing, injection efficiency, beam

loading, dephasing, and depletion. We note that the parameter χe,max is larger than unity for all

cases with an optimized plasma channel.

As emphasized in previous experimental and theoretical studies (see, e.g., Ref. [3] and Fig. 2(b)),

the amount of energy loss and the form of the final electron spectrum play a crucial role in deter-

mining the interaction regime, i.e., whether the interaction requires a quantum description or can

be described in the framework of classical electrodynamics. Experimental results will therefore be

compared to theoretical and simulation results to obtain further insight.

The simulations described in this Section were performed using LCFA, which is a standard ap-

proach when considering SF-QED effects. However, it was shown recently that the LCFA fails at

moderate values of a0 (∼ 1 − 10) by overestimating the number of low-energy photons generated

[62, 63, 64, 65]. Several solutions were proposed [64, 66, 67], including using the locally monochro-

matic approximation (LMA) instead of the LCFA [57, 68]. The main difference between the two is

that LMA includes interference effects at the scale of the laser wavelength. For the values of elec-

tron beam energy which were used in the simulations presented above, the results indicate that at

a0 = 1−10, the LCFA overestimates the number of photons by approximately 10 %, when compared

to the LMA result. Thus, the experiments at the BELLA PW facility can provide invaluable input

into determining the applicability range of different approximations.

Another challenge of SF-QED theory is the description of multi-staged processes with identifi-

cation of possible interference effects. Usually these processes are treated independently for each

stage. The possible observation of electron-positron pair production in laser electron beam col-

lision opens the possibility to study the “trident” (e− → e−e+e−) process and to identify whether

treating each stage as independent is justified (see, e.g., Refs. [69, 70, 71]).
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Figure 4: ptarmigan simulation results on the produced positron charge Qe+ (a) and maximum
χe,max (b) reached during the head-on collision of a laser pulse with energy U1 and an electron
beam of the corresponding energy as listed in Tab. 1 (PIC) or using the LWFA electron beam scal-
ings described in the appendix (Scaling) as input. Blue points show the standard experimental
configuration in which the LWFA uses capillary discharge waveguide (CDW) guiding structure (see
simulated electron beam parameters in Tab. 1). Orange points show what could be achievable when
the LWFA uses advanced guiding structures (LH and OFI, see Tab. 1). For U1 = 10,15,20,25,30,35
and 37.5 the a0 values are 50,46,42,38,32,26,19 and 13, respectively. Black and green dots show
the theoretically achievable value when estimating the LWFA parameters in the bubble and quasi-
linear regime from the scalings described in the appendix, respectively. Black dotted and green
dashed lines show quadratic interpolations of the correspondingly colored data points. Note the
logarithmic vertical scale for the left plot. Panel b) shares the legend shown in a).

Figure 5: Schematic top-view layout of a head-on SF-QED collision experiment in the BELLA
Petawatt interaction chamber.
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6 Experimental Layout for SF-QED Experiments

Figure 5 shows a top-view, schematic experimental setup for SF-QED experiments at the BELLA

PW facility, is based on geometry 1) discussed in Sec. 3, and is similar to the layouts used in previ-

ous and planned experiments from other facilities (see e.g., Refs. [5, 7, 8, 28]). The first beamline

(1BL) pulse arrives from the right and is focused around the entrance of the plasma used for elec-

tron acceleration. As discussed in Sec. 4, this pulse is used to both produce electron beams via

ionisation injection and to drive plasma wakefields with ∼GV/m field amplitudes.

After acceleration, the multi-GeV electron beam is refocused using an active plasma lens (APL)

(as shown in the schematic of Fig. 5), which is a compact alternative (∼cm-length at GeV energies)

to a lens based on a magnetic quadrupole triplet. Using an APL has at least two advantages: 1) it

provides control of the transverse electron beam spot size at the collision point. This is desirable

as an approximately equal electron beam and laser transverse pulse spot size maximises the inter-

action cross-section; 2) APL focusing is chromatic, which means that the focal position depends

on the electron energy. This allows the selection of electron energy by maximizing the interaction

probability at the plane of the laser focus (which is also the collision point).

Figure 5 also illustrates that the collimated second beamline pulse arrives at an angle of 90 degrees

with respect to the first beamline. After entering the chamber, it is focused with a short focal

length (f/1-f/2.5) 45 degree, OAP mirror with a hole. The hole is required to allow the counter-

propagating beams to reach the shielded diagnostics area. The size of the hole will be negligible

compared to the total pulse size and will therefore not decrease 2BL pulse energy significantly.

The near field profile of the pulse is top-hat shaped and a jinc profile provides an approximate

description of the transverse pulse shape at focus.

We first discuss the ideal scenario, in which the facility is upgraded, such that the full aperture

pulse can be transported and focused inside the target chamber. Using, e.g., a f/1-f/2.5 off-axis

parabolic mirror would provide an intensity of a0 = 201.6(λ/w0)(U1[J]/τ[fs])1/2 up to ∼ 80, where

w0 is the pulse spot size at focus (which is also the collision point, w0 =1-3 um), U1 is the laser

pulse energy (e.g., 20 J), and τ is the pulse length (τ=30 fs). An achievable Strehl ratio of 0.8 was

assumed. Without the installation of a new target chamber, the maximum beam size that can be

transported into the chamber is of a diameter of 15 cm. Reducing the beam diameter from 20

to 15 cm reduces pulse energy and increases the focal spot size (w0) allowing for maximum laser

strength of a0 ≈ 40. After the interaction, the laser pulse will be dumped and its energy dispersed

inside the target chamber. For experiments that aim at measuring the transition between regimes,

the pulse energy in the 2BL (and therefore a0) can be lowered by, e.g., using a waveplate-polarizer

setup before pulse compression. Since it is expected to be very challenging to produce a0 = 80

experimentally, a maximum of a0 = 50 was used in Sec. 5.

Electron, positron, and photon beam diagnostics will be installed downstream the collision

point and downstream the OAP in the propagation direction of the 1BL pulse. A ∼ 1 T, tens-of-

centimeter long dipole magnetic field disperses the charged particles depending on their energy

and charge. Charged particles below 1 GeV energy are measured on a scintillating screen inside

the target chamber, the ones above 1 GeV are measured on a separate scintillating screen several

meters further downstream. At this longitudinal position, >GeV charged particles are deflected

far-enough off-axis (given their ∼mrad divergence) for high-energy photons to be measured on-

axis using a shielded radiation detector. When desired, a second APL may be used to image a
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selected particle energy onto the plane of the spectrometer screen.

It is clear that the experimental diagnostics design and implementation for strong-field QED

experiments is challenging and will require stable electron beams, advanced beam and pulse diag-

nostics to monitor shot-to-shot alignment, calibrated charged particle and photon measurements

together with sophisticated radiation shielding, due to the large discrepancies between the amount

of particles, their wide energy range, the required measurement accuracy, and the large expected

background.

7 Summary & Conclusions

In this paper, we discussed the implementation and scientific reach of future SF-QED experiments

at the BELLA PW laser facility. The experimental capabilities of the facility are unique because of

the 1 Hz repetition rate of the laser system, enabling parameter optimization and the possibility to

obtain good statistics for a wide set of parameters.

Experiments will use the 40 J BELLA PW laser energy in two high-intensity pulses. The first

pulse will produce and accelerate electrons to multi-GeV energies in a laser-driven plasma accel-

erator (LWFA). The remaining pulse energy is in the second pulse and provides the EM field for

the scattering with the electron beam. We presented simulation results showing that experiments

using the BELLA PW laser can 1) reach a maximum nonlinear quantum parameter χe,max of up

to 4; 2) provide access to the SF-QED radiation reaction and quantum interaction regimes, and 3)

produce positron beams with ∼mrad divergence and a charge of fC to pC.

These experiments may allow testing of the theoretical SF-QED models and validations of the

approximations used in theory and simulations. Experimentally obtained spectra should also al-

low to determine in which regime the interaction occurred, i.e., whether it entered the quantum

regime, or can still be described in the framework of classical electrodynamics. Additionally ex-

periments will allow to study and evaluate whether SF-QED interactions could be used as a source

of positrons for future applications, such as, e.g., a next generation electron-positron collider.

8 Data Management Plan

The datasets generated during and/or analysed during the current study are available from the

corresponding author on reasonable request. Simulation input is available from Stepan Bulanov

(sbulanov@lbl.gov) on reasonable request.
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Appendix – Idealized LWFA Stages in the Quasi-Linear and Bub-

ble Regime

In the following, we describe the details of the idealized LWFA stages discussed in Sec. 5.

For the idealized stage in the quasi-linear regime (see black dotted lines in Fig. 4) we considered

an LWFA driven by a super-matched (see Ref. [72] for details on the definition) laser pulse with

a0 = 1.6, kpw0 = 4, and kpcTf whm = 2.12 (Gaussian longitudinal profile). Here kp = (4πn0e
2/mc2)1/2

is the plasma wavenumber. The central laser wavelength is 800 nm. The operational density is

specified once the laser energy is specified and is given by n0[cm−3] ≃ 7.14 × 1017(U1[J])−2/3. To

guide the laser a plasma with a parabolic transverse density profile, Rm = w0 is used.

For the stage operating in the bubble regime (see green dashed lines in Fig. 4), laser driver is bi-

Gaussian and its intensity is such that a0 = 4.5, furthermore laser focal spot size w0 and pulse length

τ are chosen according to the theory in Ref. [73] (i.e., kpw0 = 2
√
a0, and cTf whm = (2/3)w0), and the

central laser wavelength is 800 nm. As before, the operational density of the stage is specified once

the laser energy is specified and is given by n0[cm−3] ≃ 7.02×1018(U1[J])−2/3. Note that, for a given

laser energy, and for the parameters considered here, the density of a stage operating in the quasi-

linear regime is about an order of magnitude lower compared to the one of a stage operating in the

bubble regime. Due to the longer dephasing and depletion lengths at lower densities, the energy

gain provided by a quasi-linear stage is generally larger than that provided by a stage operating in

the bubble regime.

In both, the quasi-linear and bubble stages, the initial electron beam is chosen to experience

∼75% of the maximum accelerating field (for the stage in the bubble regime the maximum field

is obtained with a linear extrapolation of the longitudinal wake to the back of the bubble), and

the current profile is such that the longitudinal wakefield in the beam region is initially flat (i.e.,

strongly beamloaded stages). The charge of the electron beam is Qb[pC] ≃ 37(U1[J])1/3 in the quasi-

linear stage, and Qb[pC] ≃ 139(U1[J])1/3 for the bubble case.
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