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ABSTRACT

Stimulated photon–photon scattering is a predicted consequence of quantum electrodynamics that has yet to be measured directly.
Measuring the cross section for stimulated photon–photon scattering is the aim of a flagship experiment for NSF OPAL, a proposed laser
user facility with two, 25-PW beamlines. We present optimized experimental designs for achieving this challenging and canonical measure-
ment. A family of experimental geometries is identified that satisfies the momentum- and energy-matching conditions for two selected laser
frequency options. Numerical models predict a maximum signal exceeding 1000 scattered photons per shot at the experimental conditions
envisaged at NSF OPAL. Experimental requirements on collision geometry, polarization, cotiming and copointing, background suppression,
and diagnostic technologies are investigated numerically. These results confirm that a beam cotiming shorter than the pulse duration and
control of the copointing on a scale smaller than the shortest laser wavelength are needed to robustly scatter photons on a per-shot basis.
Finally, we assess the bounds that a successful execution of this experiment may place on the mass scale of Born–Infeld nonlinear electrody-
namics beyond the standard model of physics.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0272791

I. INTRODUCTION

Quantum electrodynamics (QED) predicts that electromagnetic
(EM) fields interact in vacuum with the interaction mediated by virtual
pairs of charged particles and antiparticles. This so-called “vacuum
nonlinearity” is a purely quantum effect: the classical Maxwell’s equa-
tions in vacuum are strictly linear. The idea that the existence of parti-
cle/antiparticle fields gives rise to nonlinear effects in the propagation
of EM fields in vacuum was developed in Refs. 1 and 2, where the
Lagrangian density of a slowly-varying EM field was determined
including the quantum effects of the electron-positron “vacuum

fluctuations.” This is the well-studied Euler–Heisenberg Lagrangian
density, which was re-computed later by Schwinger using quantum
electrodynamics in Ref. 3.

The space (time) scale characterizing the rapidity of variation
of the electromagnetic field is determined by the reduced Compton
wavelength (Compton time) kC ¼ �h=mc � 3:9� 10�11 cm (kC=c
¼ �h=mc2 � 1:3� 10�21 s),1–3 with m indicating the electron mass.
The Euler–Heisenberg Lagrangian density was computed assuming
uniform and constant fields, i.e., it does not contain spacetime deriva-
tives of the EM fields and depends only on the two Lorentz invariants:4
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F ¼ �2ðE2 � B2Þ and G ¼ �4E � B. The fact that the Euler–
Heisenberg Lagrangian density depends nonlinearly on F and G
implies that the resulting equations of motion of the electromagnetic
field ðE;BÞ are also nonlinear.1–3,5

The importance of these nonlinear terms is determined by the
strength of the electromagnetic field as compared to the so-called criti-
cal electric and magnetic fields of QED:1–3 Ecr ¼ m2c3=�hjej
� 1:3� 1016 V=cm and Bcr ¼ m2c3=�hjej � 4:4� 1013 G in our units
where the vacuum permittivity �0 is set equal to unity and where e < 0
denotes the electron charge. The critical fields of QED exceed by sev-
eral orders of magnitude the most intense electromagnetic fields pro-
duced in the laboratory by high-power lasers with the current record
being6 around 1:1� 1023 W=cm2 corresponding to an electric field
amplitude of approximately 6:4� 1012 V=cm. Several multipetawatt
facilities are under construction or planned,7–11 which are expected to
overcome the present record intensity by a factor five or more (see also
the report of the recent Multi-Petawatt Physics Prioritization (MP3)
Workshop12) but remain orders of magnitude below the critical field
strength. This explains why vacuum-polarization effects are typically
very small and challenging to measure.

A wide variety of experiments have been proposed to observe var-
ious consequences of vacuum nonlinearity. These include: vacuum
polarization effects and the related process of photon–photon scatter-
ing, the cross-section of which was computed in Refs. 13–16 (see also
Refs. 17 and 18); birefringence and dichroic effects in the propagation
of an EM wave through a strong laser field;19–44 harmonic generation
and photon splitting in intense laser fields;45–51 vacuum Bragg scatter-
ing and Cherenkov radiation;52–55 and vacuum-polarization effects in
plasmas.56–59 Photon–photon scattering and related experimental pro-
posals were analyzed, among others, in Refs. 60–67. The above list of
works is not exhaustive; we refer the reader to the reviews68–73 for a
more complete list of proposals. Recently, it has been claimed that vac-
uum birefringence was observed in the presence of the strong magnetic
field surrounding a neutron star;74 however, those conclusions have
been criticized.75 Scattering of GeV photons by a virtual photon field
(Delbr€uck scattering) has been measured,76,77 and evidence for scatter-
ing of two GeV-scale virtual photons has also been reported in relativ-
istic heavy-ion collisions.78–80 However, the direct measurement of the
predicted vacuum nonlinearity effects in experiments with sufficient
statistics to constrain the theory remains to be done.

The lowest-order interaction between two photons requires a
closed fermion loop with four vertices, making it highly suppressed
with respect to, e.g., electron–photon scattering processes. The cross-
section for scattering of two photons with energy �hx in their center-
of-momentum frame is calculated to be rcc ¼ ½7:265� 10�66 cm2�
ð�hx=eVÞ6.81 The highest power laser system as of this writing82 pro-
duces on the order of 1021 photons: if concentrating two such beams
into a diffraction-limited f/# 1 focus, the probability of photon–photon
scattering remains negligibly low (N2r=pR2 � 2� 10�8).83 While
upper-bound results exist in the literature,84 no attempts to measure
direct photon–photon scattering to date have recorded a significant
signal.

In this paper, we study the experimental requirements to measure
real photon–photon scattering for the first time, using the stimulated
photon–photon scattering (SPPS) concept at a proposed 2� 25-PW
laser facility, NSF OPAL. In this design, which was first proposed in
Ref. 60, three laser beams collide, one of which acts as a “stimulating”

beam along which one of the two scattered photons is emitted. The
SPPS process is analogous to non-linear 4-wave mixing in the quan-
tum vacuum, and has two advantages for measuring photon–photon
scattering: first, that the scattered photon signal propagates in a known
direction that is distinct from the incident lasers; and second, that the
presence of the stimulating beam significantly increases the cross-
section for scattering, which in this design scales85 as r / x4. Prior
theoretical work has investigated 3-beam stimulated photon–photon
scattering, showing that potentially viable solutions exist at the level of
a three, 10 PW beam capability.31,67,86,87

The National Science Foundation is currently funding the design
of NSF OPAL, a laser user facility that will deliver two, 25 PW beams
with central wavelength of 920 nm and bandwidth in the range
830–1010 nm. If built, NSF OPAL will be the first facility that can
potentially measure stimulated photon–photon scattering at optical
frequencies with more than one scattered photon per shot. Stimulated
photon–photon scattering has been identified as a potential flagship
experiment for the facility, motivating a rigorous examination of the
expected signal and experimental requirements. To achieve the SPPS
experiment described above, we propose splitting and (optionally)
frequency-doubling one of the two, 25 PW beams (Alpha-1) to provide
the two scattering beams, and collide them with the second 25 PW
beam (Alpha-2) as the stimulating beam. We predict that over 1000
scattered photons can be generated per shot: high enough to avoid reli-
ance on statistical methods to interpret the result and to permit a
detailed study of the SPPS interaction over a range of parameters. If
successful, this experiment will provide a direct measurement of non-
linear effects in the quantum vacuum.

We examine the stimulated photon–photon scattering experi-
ment based on the expected performance of the NSF OPAL facility
and present a novel, optimized scattering geometry to maximize the
scattering signal. The theory underlying stimulated photon scattering
is discussed in Sec. II. Section III describes the numerical models used
to assess a more realistic photon scattering signal, taking into account
beam focusing and pulse shaping, and presents results of these models.
Section IV describes an optimized experimental design for the stimu-
lated photon–photon scattering experiments on NSF OPAL, discusses
requirements to achieve success, and how those requirements might be
met. Finally, Sec. V assesses the bounds that the proposed experiment
can put on Born–Infeld nonlinear electrodynamics, i.e., contributing to
beyond-the-standard-model (BSM) physics.

II. THEORY

Scattering of two real photons must simultaneously conserve
momentum and energy

k1 þ k2 ¼ k3 þ k4; (1)

x1 þ x2 ¼ x3 þ x4; (2)

where k, x are the wave-vector and frequency of the initial (1, 2) and
scattered photons (3, 4), respectively. For stimulated scattering, the fre-
quencies and wave vectors of the three input beams (1, 2, 3) enforce a
particular solution for the scattered photon (4). (Throughout this
work, we will use normalized units in which c ¼ �h ¼ 1, unless other-
wise stated.)

In the particular case in which the three input beams share
the same frequency (x1 ¼ x2 ¼ x3 ¼ x), the scattered photon
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also has the same frequency. Equation (2) then admits a family of
solutions

k1 ¼ x½ cos/; sin/; 0 �;
k2 ¼ x½ cos/; �sin/; 0 �;
k3 ¼ x½ cos/; 0; sin/ �;
k4 ¼ x½ cos/; 0; �sin/ �;

(3)

where / is the half-angle between beams 1 and 2, and without loss of
generality we have made beams (1,2) symmetric with respect to the
ðy; zÞ plane.

Prior works have focused on cases in which the scattered photon
has a distinct frequency from the incident beams, because this can
increase detectability of the signal. A common strategy31,67,86,87 is to
use x1 ¼ x2 ¼ 2x, x3 ¼ x, for which Eq. (2) requires x4 ¼ 3x.
Such a scheme can be produced in the lab from a single laser source by
frequency doubling beams 1 and 2. With these frequency choices, Eq.
(2) admits the following family of solutions:

k1 ¼ 2x½ cos/; sin/; 0 �;
k2 ¼ 2x½ cos/; �sin/; 0 �;
k3 ¼ x½ sin h; 0; cos h �;
k4 ¼ 3x

h 4 cos/� sin h
3

; 0; � cos h
3

i
;

(4)

where additionally h is the angle between beam 3 and the z-axis and is
a unique function of / satisfying

h ¼ arcsin 2 cos/� 1
cos/

� �
: (5)

The particular solution studied in prior works is equivalent to, e.g.,
k1 ¼ 2x ex , k2 ¼ 2x ey , and k3 ¼ x ez , where ej indicates a unit vec-
tor parallel to the j-axis. Figure 1 shows the geometry for these two
families of equations.

The center-of-momentum frequency xcm is calculated using the
4-vector dot product as

x2
cm ¼ x1x2

2
1� k̂1 � k̂2
� �

¼ x1x2 sin/ð Þ2; (6)

where k̂ indicates the direction of the vector k only. In general, the
scattering cross-section will be maximized with maximally opposing
beams. For the one-color family of solutions [Eq. (3)], fully counter-
propagating collisions are admissible (/ ¼ 90�), whereas for the three-
color family of solutions [Eq. (4)], impact angle is maximized at
/ ¼ 60�; h ¼ �90�. In these maximal solutions, all three beams lie in
a plane, and the scattered photon travels directly opposite beam 3,
which complicates detection. However, most of the benefit of increased
scattering probability is attained with near-planar solutions. For the
three-color solution, assuming the final laser focusing subtends an
opening angle of less than 28� (f =# � 2), the cones of beams 3 and 4
will not overlap for values of / < 57:1� (h > �49�). At this limit, the
cross-section scaling with xcm predicts an increase in scattering by
2:8� compared to the previously considered / ¼ 45� solution.

To more fully assess the performance of photon–photon scatter-
ing experiments from this family of solutions, a numerical model is
required to account for realistic focusing, temporal pulse shaping, and
polarization effects. This model is described in the following section.

III. NUMERICAL MODELING

A full calculation of the stimulated photon–photon scattering sig-
nal from intense focused laser fields is achieved by starting from the
lowest-order Euler–Heisenberg Lagrangian density1–3,88

L ¼ 1
2
ðE2 � B2Þ þ 2a2

45m4
ðE2 � B2Þ2 þ 7ðE � BÞ2
� �

; (7)

FIG. 1. Cartoon of scattering geometry for (a) one-color scattering [Eq. (3)]; (b)
three-color scattering [Eq. (4)). Incident lasers (beams 1–3) are shown focusing to
the interaction point, whereas scattered photons (beam 4, dashed) are shown exit-
ing the interaction.
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where a ¼ e2=4p is the fine-structure constant. Following the method
presented in Ref. 21 (see also Ref. 89), one can derive the following
inhomogeneous wave equation for the electric field EðxÞ, with
x ¼ ðt; rÞ:

r2E � @2
t E ¼ r� ð@tMÞ þ @2

t P �rðr � PÞ; (8)

where

PðxÞ ¼ 4a2

45m4
2ðE2 � B2ÞE þ 7ðE � BÞB
� �

; (9)

MðxÞ ¼ � 4a2

45m4
2ðE2 � B2ÞB� 7ðE � BÞE� �

; (10)

are the vacuum-induced polarization and magnetization vectors,
respectively.

By writing the total electromagnetic field as the sum
ðE0ðxÞ;B0ðxÞÞ of the electromagnetic fields of the colliding beams and
the vacuum-induced electromagnetic field ðE1ðxÞ;B1ðxÞÞ, one can eas-
ily demonstrate that the energy dE=dxdX radiated per unit frequency
x and unit solid angle X can be written as

dE
dxdX

¼ x4

16p3
jn� ½MðkÞ þ n� PðkÞ�j2; (11)

PðkÞ ¼
ð
d3xdt eix t�n�xð ÞPðxÞ; (12)

MðkÞ ¼
ð
d3xdt eix t�n�xð ÞMðxÞ; (13)

where k ¼ ðx; kÞ ¼ xð1; nÞ and where from now on it is understood
that the polarization and magnetization vectors PðxÞ and MðxÞ are
computed with the total electromagnetic field ðE0ðxÞ;B0ðxÞÞ of the
colliding beams.

To fully calculate the radiated signal requires integrating the
interacting laser fields over all relevant positions and times (four
dimensions), as well as over all relevant radiation angles (two dimen-
sions). A range of frequencies must also be assessed, as the spectral
content of the short laser pulses allows a range of scattered photon fre-
quencies. The laser fields are defined using the paraxial approximation
for Gaussian beams, and are fully defined by the set of parameters:
wavelength, incident angle, polarization angle, phase offset, focal
radius, pulse duration, and peak intensity. The convention used for
polarization angle nk of a beam propagating along k is that the polari-
zation direction is Ê ¼ cosðnkÞê1 þ sinðnkÞê2, with

ê1 ¼ ðẑ � kÞ � k
jðẑ � kÞ � kj ; (14)

ê2 ¼ ẑ � k
jẑ � kj : (15)

For each time step and location, the total field produced by the three
lasers is determined and the scattering amplitude calculated. The norm
of the total scattering amplitude for each scattering vector and fre-
quency is then calculated to determine the differential scattered spec-
trum. By integrating over the spectrum and solid angle of emission, a
total number of scattered photons is determined.

The integration was performed using MATLAB90 and processed
in parallel on graphics processing units (GPUs). Typical simulations
used a three-dimensional Cartesian spatial grid with step sizes of

0:1� the minimum wavelength and range of 62� the maximum
beam focal width; a time axis with step size of 0:1� the minimum
period and range of 62� the maximum pulse duration; a scattered
photon frequency band of 101 points covering a range up to 68% of
the nominal scattered frequency; and a quiver of scattering k-vectors
evenly covering up to 20� from the nominal k̂4 in 10 rings. The
highest-resolution simulations calculated of the order of 1013 grid
points and required 38minutes to complete on two GPUs.

The total number of scattered photons can be assessed in a sim-
plified integration. However, that calculation includes many photons
scattered along the three incident beams, and is thus not appropriate
for assessing the experimental signal in the present configuration. We
include it for completeness in Appendix A.

A. Numerical integration results

Simulation results for near-optimal designs of the SPPS experi-
ment that are experimentally realizable using the proposed NSF OPAL
laser are shown in Fig. 2. We calculated scattering using a paraxial
Gaussian beam model with f/2 focusing, 20 fs full-widths at half maxi-
mum (FWHM) pulses, and optimal polarization choices as described
in more detail in Sec. III B. The current optimistic performance esti-
mate is that splitting a beam will reduce its peak power by 0:9� (the
beam must be masked to protect the splitting optic from damage). For
the one-color solution, / ¼ 71:5� and peak powers of [11.25, 11.25,
25] PW were assumed for beams,1–3 respectively, accounting for the
loss of power due to beam splitting. A total signal of 2097 photons was
calculated, with 90% of the photons scattering within 19.4� of the

FIG. 2. Simulation results for (a) and (b) one-color geometry (/ ¼ 71:5�) (c)
and (d) three-color geometry (/ ¼ 57�). (a) and (c) Scattered photon spectra;
(b) and (d) scattered light profiles; white points indicate calculated scattering
vectors.
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beam-4 vector. Detailed simulation settings and results are presented
in Table I.

For the three-color solution, a scattering geometry of / ¼ 57�

(h ¼ 48:3�) was used. The frequency conversion of beams 1 and 2 will
reduce their peak power by an estimated 0:6� (achieving this high
value adds some technology risk91). Therefore, peak powers of [6.75,
6.75, 25] PW were selected to account for losses from both frequency
doubling and splitting. A total signal of 3163 photons was calculated,
with 90% of the photons scattering within 11.6� of the nominal direc-
tion. Detailed simulation settings and results are shown in Table II.
These signal levels are high enough to robustly measure stimulated
photon–photon scattering in a single shot, and allow detailed charac-
terization of scattering probability under various input conditions.

The bandwidth in the scattered light signal is produced by the
20 fs pulse duration of the interaction, which introduces an uncertainty
in the scattered frequency due to bandwidth of h=ð20 fsÞ � 0:207 eV.
This results in a larger fractional wavelength variation in the one-color
scattering (k ¼ 896:0641:5 nm) as compared to the three-color scat-
tering (299:964:8 nm). In both cases, the signal is scattered into
roughly Gaussian ellipsoidal beams, which are elongated along the ver-
tical axis, although the beam is more collimated in the three-color case.

The produced spectrum and beam angle will impact detector
design. Here we note that, to robustly collect the scattered photons, the
incident beam 3 cone angle must not overlap with the detector collec-
tion angle. The f/2 focusing optics subtend a half-angle of 14�. To col-
lect 95% of the scattered signal the projected photons must be centered
at least 36.6� (27.6�) from the center of the beam 3 axis, for the one-
color (three-color) cases, respectively. This in turn sets the maximal

value for / in both cases as 71.7� (57.2�). The simulations described
here are thus close to the optimum achievable for this experimental
concept.

Using the numerical model, we proceed in Sec. III B to assess the
effects of various input parameters on the scattering performance.

B. Polarization

Numerical studies demonstrated that the scattered photon signal
depends on the relative polarization of all three incident beams. In this
study, we calculate the photon brightness (in units of photons/sr)
along the central vector k4 as a proxy for total scattering. (This is done
in order to reduce the size of each individual calculation by 	 400�,
allowing for a numerical study covering a wide range of input condi-
tions.) For the planar three-color case, a series of random sets of polar-
izations for the three beams ðn1; n2; n3Þ was generated. The peak
photon brightness from this study was found to occur near two polari-
zation nodes: ð45�; 45�; 45�Þ and ð135�; 135�; 135�Þ, as shown in
Fig. 3(a) (including concentrated sampling points near the first node).

For a selected laser geometry, it was found that the optimal polar-
ization can be identified by evaluating just the vector-dependent terms
of Eq. (11). Since we are considering linearly-polarized colliding
beams, the sum of the three polarization directions (~Ed ¼Pi Ê i) and
cross-polarization directions (~Bd ¼Pi B̂i) define a polarization-
dependent metric L for scattering effectiveness

L 
 jn� ½ ~Md þ n� ~Pd �j2; (16)

TABLE I. Simulation parameters and results for the one-color point design. Pulse
duration, beam waist, and energy in beam are numerically evaluated from the beam
model.

Lasers L1 L2 L3

k (lm) 0.90 0.90 0.9
(h;/) (90�, 71.5�) (90�, �71.5�) (18.5�, 0�)
Polarization 315� 135� 45�

Peak power (PW) 11.25 11.25 25
Pulse (fs, FWHM) 20 20 20
Peak intensity (W/cm2) 4.85� 1023 4.85� 1023 1.21� 1024

Beam FWHM (lm) 1.349 1.349 1.349
Energy in beam (J) 119.7 119.7 266.0

Domain Range Step #Points

[x, y, z] (lm) 62.292 0.09 513

Time (fs) 624.02 0.30 161
x4 620% 0.4% 101
k4 0–30� 2.73� 397

Total 8.56� 1011

Results

Total scattered photons 2097
Energy and bandwidth (eV) 1.3836 0.064
Angle containing 50% (90%) 9.8� (19.4�)

TABLE II. Simulation parameters and results for the three-color point design. Pulse
duration, beam waist and energy in beam are numerically evaluated from the beam
model.

Lasers L1 L2 L3

k (lm) 0.45 0.45 0.9
(h;/) (90�, 57�) (90�, �57�) (48.31�, 180�)
Polarization 68.36� 21.64� 45�

Peak power (PW) 6.75 6.75 25
Pulse (fs, FWHM) 20 20 20
Peak intensity (W/cm2) 1.45� 1024 1.45� 1024 1.21� 1024

Beam FWHM (lm) 0.675 0.675 1.349
Energy in beam (J) 71.7 71.7 266.0

Domain Range Step #Points

[x, y, z] (lm) 6 2.292 0.045 1013

time (fs) 6 24.02 0.15 321
x4 6 8% 0.16% 101
k4 0–20� 1.82� 397

Total 1.33� 1013

Results

Total scattered photons 3163
Energy and bandwidth (eV) 4.1346 0.067
Angle containing 50% (90%) 5.7� (11.6�)
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where ~Pd ; ~Md are the results of evaluating Eqs. (9) and (10) using the
summed field directions ~Ed ; ~Bd . Since the metric L depends only on
the direction and polarization of the three interacting lasers, it can be
quickly evaluated for all polarization combinations and maximized.
Calculations verify that the metric L varies with polarization (modulo
180�) in the same way as the scattered photon brightness, as shown in
Fig. 3(b).

The polarization metric predicts that the optimal polarization in
the one-color family is always ð45�; 45�; 45�Þ; this result is confirmed
by numerical simulations. However, the optimal polarization in the
three-color family depends on the scattering geometry, as shown in
Fig. 4(a). The optimal polarization of beams 1 and 2 vary smoothly
with the collision angle /, while beam 3 remains consistent at 45�.
Using these optima, the peak photon brightness was calculated for
each value of /. The results, shown in Fig. 4(b), demonstrate reason-
able agreement between the trend in photon brightness and the scaled

amplitude of the polarization metric. Notably, this falls off much faster
than the center-of-momentum frequency scaling of the scattering cross
section alone [/ x4

cm, see Eq. (6)]. A reasonable fit to the simulation
outputs is given by a scaling/ ðsin/Þ6:9 (blue dashed line). The maxi-
mum amplitude of the polarization metric (red) is found to fall off
even faster than the simulation outputs, as ðsin/Þ8. While the polari-
zation metric captures the effects of beam geometry and polarization
on scattering efficiency, the numerical scaling additionally takes into
account the details of the finite beam focus, which result in an elon-
gated scattering volume as angle decreases (roughly / sin/�1). A
table describing the vectors of laser propagation and optimal polariza-
tion for the one-color and three-color experiment families is included
in Appendix C.

In particular, we note that, for the same laser power and optimal
polarizations, the three-axis (/ ¼ 45�) experiment previously studied

FIG. 3. Effect of polarization in the planar three-color geometry. (a) Brightness of
scattered photons calculated along k4 for 318 simulations (points); interpolation
over points (surfaces). (b) Evaluation of polarization metric for this case, Eq. (16).

FIG. 4. Effect of varying collision angle / in three-color family of solutions. (a)
Optimum beam polarization angles used in calculating peak photon brightness. (b)
Photon brightness along k̂ 4 with optimum polarization (points); amplitude of polari-
zation metric, scaled to fit (red); best fit model (blue).
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in the literature (see Ref. 67, for instance) is calculated to produce
6:1� less signal than the planar case. The maximum collision angle
consistent with non-overlapping beams 3 and 4 (/ � 57� for f/2
focusing) provides a� 4� boost in signal compared to the 3-axis case.
Although arbitrary polarization angles may be challenging to achieve
experimentally, the increased signal for higher collision angles is signif-
icant enough to merit serious consideration.

C. Sensitivity studies

Given that the amount of scattering scales sensitively with the
overlapped peak field amplitude of the three beams, the inaccurate
cotiming and copointing of the beams constitutes the main risk of
shot-to-shot signal variability and loss. To assess the sensitivity of the
scattering signal to these metrics, a series of simulations was run with
timing and pointing variations introduced into the beams.

The result of a timing sensitivity study is shown in Fig. 5(a). This
study was based on the point design for the one-color experimental
layout (the results of the three-color layout for this timing study are

almost identical). The time of peak intensity for beams 1 and 2 were
varied over a range of 20 fs (the pulse duration full width at half maxi-
mum); beam 3 was held constant without loss of generality. The degra-
dation in the signal is correlated with respect to the direction of timing
delay in the two beams: 50% degradation is observed when the beams
are delayed by 17.7 fs in the same direction, or 10.9 fs in opposite direc-
tions. This result was used to simulate a campaign of 10,000 system
shots, with each beam’s timing randomly sampled from a normal dis-
tribution with various full-widths at half maximum (FWHM). The
results of this sampling study are shown in Fig. 5(b). When beams
have random timing uncertainties of 10 fs FWHM (green curve) or
less, the distribution of results is weighted toward observation of the
scattering signal on most shots. However, when the timing uncertainty
exceeds 20 fs FWHM (cyan curve), the scattering signal is dominated
by mistiming. As expected, this threshold is comparable to the pulse
duration of the laser pulses themselves. To limit the dependence of the
experimental results on mistiming, the relative beam cotiming should
be equal to or better than the pulse duration.

The sensitivity of the photon–photon scattering signal to beam
mispointing is more challenging to rigorously evaluate due to the
increased dimensionality of the problem, as each beam can be mis-
pointed in two directions. To assess this sensitivity, various two-
dimensional planes of mispointing were evaluated in isolation. For this
study, we evaluate only the scattered photon brightness along the k̂4
vector, rather than performing the full angular integral, to reduce com-
putational time. (This “peak brightness” was found to scale linearly
with the total photon number to better than 10%.) The sensitivity of
the three-color point design to single-beam mispointing is shown in
Fig. 6. The single-beam pointing sensitivity is well modeled as elliptical
Gaussians with half-widths and angles given in Table III. The minor
axes are smaller for the frequency-doubled beams (1, 2) than for beam
3, which is due to the 0.5� smaller wavelength and focal spot of these
beams with fixed focal geometry (f/2): the beam waist in the laser
model has a FWHM of rFWHM ¼ 2kf

ffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
=p � 1:5k for f/2 focus-

ing. On a relative scale, the mispointing tolerance FWHM is roughly
equal to the wavelength of the frequency-doubled beams (0.45lm).

Correlations between the mispointing of the three beams exist in
the cases where they are mispointed in the same direction. Results of
selected multi-beam mispointing studies are shown in Figs. 7 and 8.
Each figure shows correlations in the scattered photon yield with mis-
pointing of beam 1 in the (polarization, cross-polarization) directions
vs mispointing of beam 2 or 3 in the (polarization, cross-polarization)
directions, resulting in four studies for each pair of beams. Each result

FIG. 5. (a) Normalized scattered photon emission vs mistiming of beams 1 and 2
for the one-color point design. (Black dashed line) Contour of 50% emission. (b)
Statistical estimate of scattered photon probability for various values of random
(Gaussian FWHM) beam timing uncertainty from 2.5 fs (red) to 120 fs (blue).

FIG. 6. Normalized scattered photon brightness along k̂ 4 vs single-beam mispoint-
ings for each beam in three-color point design. (Black dashed) Contours of 50%
emission; best-fit ellipse parameters are given in Table III.
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is again well-fit with an elliptical Gaussian, with major/minor axes
(FWHM) given in Table III. Due to the three-dimensional nature of
the interaction volume, large variance is observed in the sensitivity
with the mispointing direction: the FWHM is seen to varies from
0.355 to 2.12lm; or, 0.78� to 4.7� the shortest wavelength.
However, due to the random nature of the pointing variance in real
experiments, the smaller value will limit the statistical performance of
the experimental campaign.

To assess the combined effect of mispointing, a combined ellipti-
cal Gaussian model in six dimensions was fit to the mispointing results
shown in Figs. 6–8 and a sampling of 410 randomly-selected off-plane
calculations. This model was then sampled 10,000 times with random

beam mispointings selected from a normal distribution with various
FWHM widths. The results of this statistical mispointing study are
shown in Fig. 9. As with the statistical mistiming study [Fig. 5(b)], a
transition point is observed between 0.3 and 0.45lm FWHM mis-
pointing: below the transition point, the number of scatters is weighted
toward the maximum value achieved at optimal pointing, but above
the transition point the most likely number of scatters reaches zero,
and the tail of scattering events drops with increased mispointing. The
result of the 410 full simulations is also included, and matches the
trend of the sampled fits. This study confirms that to reliably detect

TABLE III. Elliptical best-fit parameters for 50% degradation in single-beam mispoint-
ing sensitivity study (black contours) in Fig. 6.

Beam axes Major axis (lm) Minor axis (lm) Angle (�)

1 0.732 0.463 62.7
2 0.732 0.463 27.3
3 0.795 0.724 45

1jj; 2jj 0.688 0.475 67.3
1jj; 2? 0.981 0.508 135
1?; 2jj 2.123 0.355 135
1?; 2? 0.688 0.475 22.7

1jj; 3jj 0.768 0.633 166.9
1jj; 3? 1.382 0.522 141.5
1?; 3jj 0.792 0.486 166.1
1?; 3? 0.757 0.495 178.2

FIG. 7. Normalized scattered photon brightness along k̂ 4 vs selected mispointings
of beams 1 and 2 in the three-color point design: (a) k1, k2; (b) k1, ?2; (c) ?1, k2;
(d) ?1, ?2. (Black dashed) Contours of 50% emission.

FIG. 8. Normalized scattered photon brightness along k̂ 4 vs selected mispointings
of beams 1 and 3 in the three-color point design: (a) k1, k3; (b) k1, ?3; (c) ?1, k3;
(d) ?1, ?3. (Black dashed) Contours of 50% emission.

FIG. 9. Estimates of total photon scattering distribution from 104 shots with beam
mispointing selected from a normal distribution (FWHM in legend), based on a fit to
Figs. 6–8. (Black dashed) Calculated total photon scattering for 410 shots with mis-
pointing randomly selected from a normal distribution with FWHM 0.975lm.
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scattering events on a shot-by-shot basis, a pointing stability of better
than the shortest laser wavelength (here, 0.45lm) is required. The sta-
tistical reduction in the signal from mispointing and mistiming are
expected to be uncorrelated and compound multiplicatively.

Other numerical scalings were tested to verify the expected theo-
retical behavior. Simulations confirm that the peak brightness of scat-
tering signal scales proportionally to the product of the three beam
powers, ðP1P2P3Þ, as expected. Doubling the laser frequencies while
keeping the energy, focusing (f/#) and pulse duration of the lasers con-
stant was observed to increase the scattering by a factor of 8.6�.
Taking into account the effect on beam photon density and overlap
volume, this is inferred to denote a change in cross-section of
r / Nx ¼ 17:6, approximately consistent with the expected x4 scal-
ing of stimulated photon–photon scattering. Finally, simulations vary-
ing the relative phase of the three laser pulses [u0 in Eq. (B1)] do not
predict a change in scattering signal above numerical noise.

IV. IMPLICATIONS FOR EXPERIMENTS
A. Geometry

While the planar solution is expected to produce the greatest scat-
tering signal, measurement of the signal in that geometry is compli-
cated by the fact that it counter-propagates relative to beam 3. This
situation would require the signal to share optics with beam 3 at some
point: either the final focusing optic or an optic further upstream must
be able to separate the (backwards-propagating) scattered light from
the (forward-propagating) beam. Given the relative intensity of these
two signals, a discrimination of the order of 1019 would be required.
For comparison, the reflectivity of optics used to guide the compressed
beams is estimated to be 98%. The distribution of the remaining 2% of
the beam energy in the bandwidth range of the signal is not known,
however even very low probabilities (	10�17) of scattering and, in the
case of the three-color solution, third-harmonic conversion, would be
sufficient to dominate the signal of interest. Given the challenge of the
proposed measurement, it is prudent to avoid shared beam paths as
much as possible. For this reason we propose separating the signal
path from the path of beam 3 by selecting / < 57� for the three-color
solution.

Laser pointing stability is usually reported as angular variation, as
defined by the angular mispointing of the final focusing optic. For the
NSF OPAL point design, the full-aperture 25-PW beam has a square
profile with a side length of 86 cm, and we presume for this experiment
it will be focused with f/2 off-axis parabolas (172 cm focal length).
Absolute pointing variance of 0.45lm with that system would then
require pointing stability of 0.26l rad. This presents a significant chal-
lenge for the facility, and will be addressed in its design, including
active pointing stabilization. This risk may be mitigated by splitting the
2x beams immediately prior to the final focusing optics, such that the
mispointing of the two most-sensitive beams is substantially
correlated.

Arbitrary beam polarization is difficult to achieve in high-power
laser experiments, as optics are often designed to work with particular
polarization orientations. For this reason, the optimal polarizations
described in Sec. III B may not be experimentally achievable. In partic-
ular, we note that a poor choice of polarization can nearly or
completely eliminate the SPPS signal, and these nodes include choices
that are otherwise reasonable from a hardware perspective: a choice of
½n1; n2; n3� ¼ ½90�; 90�; 0�� reduces the scattering signal by a multiplier

of �0:003. If we select from designs that are “simple” in the sense that
all beams are either horizontally or vertically polarized, we find that a
choice of all vertical (½0�; 0�; 0��) or all horizontal (½90�; 90�; 90��)
polarization both produce a reduction of approximately �0:3 in the
total scattered signal as compared to the optimal choice, which may be
tolerable. Polarization is a critical element that must be considered in
selecting an experimental chamber design.

B. Background

Despite the loss of power associated with frequency doubling, we
anticipate that measurement of the scattered light will be significantly
more challenging in the one-color family of solutions, for which the
measured signal has the same frequency as the lasers. The presence of
a single free electron intersecting with a laser pulse in the field of view
of the scattered light detector would result in significant scattered light
onto the detector.92 As a first estimate, the cross section for Thomson
scattering is rt � 0:665 b, resulting in an estimate of the number of
scattered photons per electron: Ns � rt Is=�hx � 3:8� 104 for a 25
PW NSF OPAL beam. In reality, the relativistic motion of electrons
will radiate photons over a range of energies. Because of this, free elec-
trons must not be allowed within the intersection of the incident lasers
and the field-of-view of the detector. With f/2 focusing, the 10 PW-
scale beams are above ionizing intensity within several centimeters of
best focus, a volume over which it is likely impossible to achieve perfect
vacuum.

We propose to collimate the detection angle using optics matched
to the scattering angle of the light. Assuming an f/2 optic with spatial
filter can be used to collect the scattered light, and light produced out-
side this collection angle can be rejected by light-absorbing baffles,
then the region from which light can access the detector is limited to
the intersection of the four f/2 focal regions. Additionally, an opposing
f/2 “black box” will block light scattering up the detector line of sight
from beyond the interaction region. If less than one molecule in the
interaction region is required and a vacuum of 10�9 Torr is achievable,
then the observed interaction region must have a volume smaller than
3� 104 lm3. This will likely require tight spatial filtering on the detec-
tion axis. A numerical estimate using lasers as defined in Table II and
/ ¼ 45� predicts that the volume containing above 1014 W/cm2

reaches this size when observed by a collection optic with f/2 focusing
and spatial filtering with an acceptance FWHM of about 36lm.
Notably, as the angle increases and beam 3 more closely approaches
the collection line of sight, the overlapping volume grows rapidly (as
1/sin of the relative angle). At / ¼ 57�, the detection of scattering
from beam 3 is depth-of-focus limited, and a volume of 3�104 lm3 is
observed with spatial filtering FWHM of 21lm. However, this value is
very sensitive to small changes in the geometry. If 10lm FWHM spa-
tial filtering could be achieved, the observed volume in this limiting
case drops by an order of magnitude to 3:4� 103 lm3. This could
relax the pressure requirements to roughly 10�8 Torr.

The details of the expected radiation field will continue to be
studied in future work, but we can infer the general principles that the
detector must be isolated spatially, temporally, and spectrally as much
as possible. These principles significantly benefit from the proposed
three-color, off-planar solution. Additionally, after the interaction
point, the lasers should be transported away from the experimental
chamber and dumped, to reduce the scattering of free laser light into
the detector.
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C. Detector technologies

The primary requirements of the diagnostic system is to accu-
rately count the number N of photons radiated into the scattering solid
angle and frequency band on a per-shot basis. The fundamental statis-
tical uncertainty of the number of scattered photons is Poisson distrib-
uted. This establishes that the necessary counting accuracy for the
detector system should be comparable to the Poisson uncertainty
(N1=2). For signals of the order of 1000 photons, the desired counting
accuracy is then approximately630 photons.

Photomultiplier tubes (PMTs) are a well-developed technology
for amplifying and detecting low light signals. Many commercial prod-
ucts exist, covering the full range of required wavelengths and with
quantum efficiency exceeding 25%. Statistically, the width of a PMT
signal distribution scales as the square root of the signal charge,93 indi-
cating that the uncertainty in inferred photon number scales as N1=2.
As this is the same scaling as the expected statistical uncertainty in the
photon signal, a PMT detector would likely suffice for this experiment,
but detectors with better statistical uncertainty will benefit the
measurement.

Single-photon counting technologies, such as superconducting
nanowire single-photon detectors (SNSPD)94 and single-photon ava-
lanche diodes (SPAD),95 offer the highest detection efficiency for low-
light photon signals and picosecond-scale time resolution. However,
each detection element in these systems must recover from a “dead
time” after the detection event during which subsequent photons are
not detected, which typically takes of the order of nanoseconds. To
detect the very short (20 fs) expected pulses of scattered photons, the
signal would need to be collimated onto an array of detection elements
with average incidence well below one photon per element. To achieve
this, arrays with more than 104 elements would be required.
Commercial SNSPD products are currently optimized for efficiency at
optical and near-infrared frequencies,96 which is appropriate for the
one-color scattering signal. Avalanche photodiodes using 4H-SiC have
been demonstrated to achieve quantum efficiency above 50% in the
ultraviolet (300 nm) range required for three-color scattering, with
high visible light rejection ratio (> 103).97 For either of these technolo-
gies, a sufficiently large detection array will likely require custom
development.

A secondary goal of the detector includes measuring the polariza-
tion distribution. The polarization distribution of the scattered photons
potentially contains information about the coupling processes, in par-
ticular, the fundamental low-energy constants of the Euler–Heisenberg
Lagrangian.41,98,99 Measuring the polarization content can be done by
splitting the polarizations of the collimated scattered photon beam
using a Wollaston prism and separately detecting the two channels.
Measuring polarization would increase the uncertainty by at least

ffiffiffi
2

p
compared to the full signal counting.

The angular distribution of the scattered photons is primarily
determined by the spatial overlap of the beams, and contains informa-
tion about the on-shot beam copointing that may be useful in statisti-
cal assessment of the dataset. Measuring the angular distribution may
then be useful to evaluate otherwise hard-to-assess correlations
between on-shot beam pointing and scattered signal level. This could
be done by collimating the signal onto a low-noise imaging array, such
as a qCMOS. Commercial technologies offer readout noise as low as
0.3 electrons per pixel,100 and a few examples with even lower readout
noise have been demonstrated in the literature. The low noise level

allows photon counting imaging, although the noise is increased com-
pared to true single-photon-counting detectors. To effectively use such
a detector, the angularly distributed signal would be collimated onto a
small region of the detector array. Assuming Poisson statistics in the
read noise, to keep the statistical variation in the noise below N1=2,
the number of pixels in the region-of-interest Np must be less than the
number of detected photons divided by the read noise. Taking the
quantum efficiency of detection into account, resolution of the signal
with of the order of 100 pixels is viable. Skipper-CCDs read the charge
levels of the CCD array nondestructively, and can thus reduce effective
read noise to levels as low as desired with multiple reads.101,102 While
read noises below 0.1 e/pixel may require minutes of acquisition time,
this delay is well matched to the planned 5-minute shot rate for the
NSF OPAL facility.

V. PROJECTED BOUNDS ON BORN–INFELD

Stimulated photon–photon scattering can be sensitive to contri-
butions from beyond-the-Standard-Model (BSM) physics. As an
example, we include here an assessment of the expected bounds that
the proposed experiment could place on Born–Infeld nonlinear elec-
trodynamics. The Born–Infeld (BI) Lagrangian density was originally
suggested to avoid the appearance of the infinite electron self-energy
due to its Coulomb field, and would contribute a signal to photon–
photon scattering. The structure of the Lagrangian density was pro-
posed in analogy with the modification of the relation between energy
and velocity when passing from non-relativistic to relativistic mechan-
ics. The Born–Infeld Lagrangian,

LBI ¼ b2 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ F

2b2
� G2

16b4

s2
4

3
5
; (17)

with F and G as defined in Sec. I, depends on a phenomenological
parameter, b, with units of mass-squared, i.e., MBI ¼

ffiffiffi
b

p
, which con-

trols the strength of the interaction. In Born and Infeld’s work,103 b
was chosen to equal the strength of the Coulomb field at the classical
electron radius. Written in terms of a field strength, Born and Infeld’s
value corresponds to b � 1:19� 1018 Vcm�1 (approximately 100
times the QED critical field strength), indicating a mass scale of
MBI � 10mec2 � 5MeV. Interest has been renewed in Born–Infeld
electrodynamics in recent decades: the structure is the same as the
low-energy limit of the effective action of D-branes in string theory,
where the parameter b can take any value not currently ruled out by
experiment.104 One of the strongest bounds on MBI

105 was calculated
using the ATLAS photon scattering results in ultra-peripheral heavy
ion collisions,78 which bounded MBI > 100GeV (see also Ref. 106).
However, this bound was derived assuming that the Born–Infeld mass
scale was much larger than the center-of-momentum (CM) energy of
the experiment 	OðGeVÞ (such a high mass scale is required if the
physical mechanism arises from string theory). If the Born–Infeld
mass scale is of the order of or lower than the energy scale probed by
ATLAS, further analysis would be required to verify if Born–Infeld is
excluded by the experimental results. Furthermore, the ATLAS and
CMS79 experiments probed the high-energy limit of the QED photon–
photon scattering cross section; the CM energy of the NSF OPAL
experiment is 	OðeVÞ and so probes the low-energy behavior. Since
this energy scale is certainly much less than the Born–Infeld mass
scale, we can approximate the Born–Infeld Lagrangian by its low-
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energy expansion, and add it to the low-energy QED Lagrangian to
give

L ¼ c1F 2 þ c2G2; (18)

with the combined constants

c1 ¼ 8a2

720m4
þ 1
32M4

BI

; c2 ¼ 14a2

720m4
þ 1
32M4

BI

; (19)

in which the first terms are the QED low-energy constants and the sec-
ond terms arise from Born–Infeld.

The coupling to the Born–Infeld mass scale can therefore be
viewed as a BSM correction to the QED predicted low-energy con-
stants. As such, it is useful to express the Born–Infeld mass analogously
to the electron mass in Eq. (19), writing

MBI ¼ 720
4a2cBI

� �1=4

m: (20)

This results in a simplified version of Eq. (19) as

c1 ¼ 2a2

720m4
ð4þ cBIÞ c2 ¼ 2a2

720m4
ð7þ cBIÞ; (21)

where cBI is a dimensionless parameter controlling the strength of the
coupling to Born–Infeld BSM physics. As an estimate, the range
20MeV�MBI� 200MeV corresponds to 10�4 < cBI < 10�1. Given
that the dimensionless numerical constants of QED [first terms in
brackets in Eq. (21)] are of order unity, the values of the mass scale
determined by cBI that NSF OPAL will be sensitive to will largely be
dictated by the statistics of the experiment.

It is well-known107 that the forward-scattered vacuum bire-
fringence signal is proportional to c1 � c2, so experiments that
measure vacuum birefringence are not sensitive to the Born–Infeld
interaction (unless the non-birefringent part is also measured, but
this requires a more developed setup41). However, if the momen-
tum change of the scattered photon is measured, then the con-
stants c1 and c2 can be inferred independently98 and Born–Infeld
can make a contribution. For example, in the three-color SPPS
experimental design, if all the beam polarizations are parallel, the
cross section scales with108

r3x / ð6c1Þ2 þ ðc1 � 5c2Þ2: (22)

Inserting the dependence from Eq. (19) or Eq. (21) then gives

r3x ¼ ½rQED
3x þ rQEDþBI

3x þ rBI3x�; (23)

/ ½1þ 0:349cBI þ 0:034c2BI�: (24)

Therefore, the cross section picks up an interference term109 between
QED and Born–Infeld, which will produce the strongest signal of
Born–Infeld.

If the Born–Infeld interaction exists in nature, then for every shot
of the NSF OPAL campaign there will be a total number of signal pho-
tons per shot, NT ¼ NQED þ NBI, where we denote the contribution
from the pure QED interaction [i.e., from Eq. (18) with Eq. (21) and
cBI ¼ 0] as NQED and the Born–Infeld signal as NBI. The Born–Infeld
signal includes both the pure Born–Infeld interaction, where the QED
low-energy constants are set to zero, and the interference term. The

signal of BSM physics due to the Born–Infeld interaction will require
an excess of photons above the QED prediction to be measured.

Figure 10 shows the estimated number of photons scattered per
optimal collision in the NSF OPAL three-color experiment as a func-
tion of the Born–Infeld mass scale MBI. The solid purple line shows
the total number of signal photons including Born–Infeld effects (NT

3x)
while the blue dashed line corresponds to the pure QED result
(NQED

3x � 3:2� 103). In this light, we can see that the QED contribu-
tion NQED acts as a minimum background for the measurement of
Born–Infeld effects.

To determine whether the Born–Infeld mass scale MBI could be
measured, or otherwise bounded, at NSF OPAL will require both esti-
mates on the number of Born–Infeld induced signal photons,
NBI ¼ NT � NQED, and background photons, Nbg , per shot. We con-
sider the signal as a Poisson process, where the minimum number of
optimal shots required to measure the Born–Infeld mass scale to a sta-
tistical significance of nr is given by110

Nnr
shots �

n2

2
ðNBI þ NbgÞ ln 1þ NBI

Nbg

 !
� NBI

" #�1

: (25)

For a given number of shots, there will be a total of Nnr
shotsN

QED pho-
tons measured due to the pure QED interaction. Thus, if the Born–
Infeld interaction does not occur in nature, the detection of
Nnr

shotsN
QED total signal photons at a number of background photons

per shot, Nbg , will place an nr significance bound on the mass scale
MBI to a particular value. This is shown in Fig. 11, which plots the total
number of QED signal photons that would be required to place a 5r
significance bound on a value of the mass scale MBI for a given num-
ber of background photons per shot. Given the projected repetition
rate of the NSF OPAL laser system (	5 min/shot) and assuming opti-
mal shots for which the number of QED photons per shot is
NQED � 3:2� 103, it is likely that a maximum number of signal pho-
tons of the order of 107 (corresponding to �3000 shots) could be
observed in one experimental campaign. Using these values, we predict
that NSF OPAL could be used to place bounds on the Born–Infeld
mass up to MBI� 70 MeV, depending on the control of the other
sources of background in the measurement.

FIG. 10. Number of signal photons per optimal shot in the three-color set-up as a
function of the Born–Infeld mass scale MBI . (Purple solid) Total number of signal
photons, NT

3x, including both QED contribution and Born–Infeld; (blue dashed) sig-
nal due to QED, NQED

3x � 3:2� 103, determined from Eq. (18) with Eq. (21) and
cBI ¼ 0.
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VI. CONCLUSIONS

We present a design study for experiments to measure stimulated
photon–photon scattering (SPPS) using NSF OPAL, a multi-petawatt
laser that is currently being designed. Two families of experimental
geometries were derived that satisfy the necessary conservation of
energy and momentum relations. Designs with a half-angle of 71:5�

for the one-color case and 57� for the three-color case optimize for
maximum scattered photon yield while maintaining separation
between the third laser beam and the detection solid angle. A numeri-
cal integration of the scattered photon signal from the Euler–
Heisenberg Lagrangian was performed using Gaussian beams with
bandwidth temporal pulse-shaping to match NSF OPAL parameters
(25 PW peak power, 20 fs duration, focusing with f/2 optics), and pre-
dict a maximum value of 2097 (3163) scattered photons per shot in
the one-color (three-color) cases. Optimal polarization angles of the
beams were determined. Sensitivity studies demonstrate that co-timing
of better than the pulse duration (20 fs FWHM) and co-pointing of
better than the shortest wavelength (0.45lm FWHM) is required to
reliably scatter photons. Detector designs and viable detector technolo-
gies were discussed. Given the high background suppression required
to successfully measure the scattered signal, we identify the three-color
point design as the most likely experimental setup for this experiment
to succeed on NSF OPAL. Using this design, we estimate that a cam-
paign of the order of 3000 shots may bound the Born–Infeld mass
scale toMBI� 70MeV.

Several areas of research will be pursued to support the develop-
ment of the SPPS experiment and the NSF OPAL facility. We will con-
tinue to develop our numerical simulations to include more realistic
focused laser fields, including the effect of a non-Gaussian near field,
focal aberration, chromatic aberration, and spatiotemporal distortion.
We will also validate the results in comparison with other numerical
approaches.111 Second-harmonic conversion of compressed short
pulses remains a developmental technology and is additionally compli-
cated by the very large beam areas (86 cm)2 anticipated at NSF OPAL.
To mitigate this risk, we will develop a large-aperture, high-aspect-
ratio second harmonic conversion crystal technology. This technology
will be demonstrated using MTW-OPAL, a prototype laser for NSF
OPAL in operation at the Laboratory for Laser Energetics.112 If
second-harmonic conversion proves unworkable, the point design for
the SPPS experiment will be changed to the one-color version. We will
also design and field a prototype detector on MTW-OPAL to measure

in situ the anticipated background from residual chamber gas and to
test detector options and background mitigation strategies. It is possi-
ble that a relativistic-scale prepulse on one of the beams (above
1018 W/cm2) will sweep electrons from the interaction volume, miti-
gating the need for ultrahigh vacuum at the interaction point: MTW-
OPAL experiments using the prototype detector will test this hypothe-
sis. These ongoing research efforts will inform the NSF OPAL design
in preparation for a successful measurement of stimulated photon–
photon scattering when the facility is complete.
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APPENDIX A: TOTAL NUMBER OF SCATTERED
PHOTONS

The total number of scattered photons can be assessed in a
simplified integration. By dividing the emitted energy by the scat-
tered photon energy x, one can write the total number N of scat-
tered photons as

N ¼
ð1
0
dx
ð
dX

x3

16p3
jn� MðkÞ þ n� PðkÞ½ �j2

¼
ð

d3k

ð2pÞ3
1
2x

jk � MðkÞ þ n� PðkÞ½ �j2: (A1)

By introducing a four-dimensional notation with the metric gl�

¼ diagðþ1;�1;�1;�1Þ and the four-dimensional scalar product
a � b ¼ a0b0 � a � b between two arbitrary four-vectors al ¼ ða0; aÞ
and bl ¼ ðb0; bÞ, the above expression of N can written in a mani-
festly covariant form. Indeed, analogously to the electric and
magnetic field, the magnetization and the polarization three-
dimensional vectors are the elements of a second-rank, antisymmet-
ric tensor,113

Rl�ðxÞ ¼

0 �PxðxÞ �PyðxÞ �PzðxÞ
PxðxÞ 0 MzðxÞ �MyðxÞ
PyðxÞ �MzðxÞ 0 MxðxÞ
PzðxÞ MyðxÞ �MxðxÞ 0

0
BBBB@

1
CCCCA

¼ � a
45pF2

cr

FðxÞFl�ðxÞ þ 7
4
GðxÞ~Fl�ðxÞ

	 

; (A2)

where Fcr ¼ m2=jej indicates either the electric or the magnetic crit-
ical field of QED, FðxÞ ¼ Fl�ðxÞFl�ðxÞ ¼ �2½E2ðxÞ � B2ðxÞ� and
GðxÞ ¼ Fl�ðxÞ~Fl�ðxÞ ¼ �4EðxÞ � BðxÞ are the two electromagnetic
invariants, and Fl�ðxÞ ~F

l�ðxÞ ¼ ð1=2Þel�kqFkqðxÞ are the field ten-
sor and its dual, with el�kq being the fully antisymmetric tensor
(e0123 ¼ þ1).

In fact, one can easily show that Eq. (A1) can be written as

N ¼
ð

d3k

ð2pÞ3
1
2x

ð
d4x d4y eik�ðx�yÞklRl�ðxÞR�kðyÞkk

¼
ð

d3k

ð2pÞ3
1
2x

ð
d4x d4y eik�ðx�yÞ@x;lRl�ðxÞ@k

yR�kðyÞ; (A3)

where the indices x and y in the partial derivatives indicate the cor-
responding four-dimensional variables (notice that, since at the con-
sidered order of perturbation theory the fields are assumed to fulfill
the free Maxwell’s equations in the expression of Rl�ðxÞ, then
@x;lFl�ðxÞ ¼ @x;l~F

l�ðxÞ ¼ 0). This expression is manifestly covari-
ant under proper, orthochronous Lorentz transformations because
the identity ð

d3k

ð2pÞ3
1
2x

¼
ð

d4k

ð2pÞ3 hðk0Þdðk2Þ; (A4)

with hð�Þ being the Heaviside step function, holds.
Now, we notice that the integral in d3k in Eq. (A4) can be

taken analytically. By passing to spherical coordinates and by apply-
ing the usual i0 prescription, we obtainð

d3k

ð2pÞ3
1
2x

eik�ðx�yÞ ¼ � 1

ð2pÞ2
1

ðtx � ty þ i0Þ2 � jx � yj2 : (A5)

By introducing the four-vector S�ðxÞ ¼ @x;lR
l�ðxÞ, we can rewrite

N as

N ¼ 1
8p2

ð
d4x d4y
jx � yj SlðxÞS

lðyÞ

� 1
tx � ty � jx � yj þ i0

� 1
tx � ty þ jx � yj þ i0

� �
: (A6)

We can now apply the identity

1
x þ i0

¼ P 1
x
� ipdðxÞ; (A7)

to be understood inside an integral in x, where P indicates the principal
value of the integral and observe that due to the symmetry of the inte-
grand in the change of variable x� ! �x�, the terms proportional to
the delta functions cancel out. By passing to the variables xlþ
¼ ðxl þ ylÞ=2 and xl� ¼ xl � yl, the result can be written as

N ¼ 1
8p2

ð
d4xþ

ð
d3x�
jx�j P

ð
dt�

1
t� � jx�j �

1
t� þ jx�j

� �

� Sl xþ þ x�
2

� �
Sl xþ � x�

2

� �
: (A8)

By exploiting again the symmetry of the integrand, one can show
that the two contributions to N are equal to each other

N ¼ 1
4p2

ð
d4xþ

ð
d3x�
jx�j P

ð
dt�

1
t� � jx�j

� Sl xþ þ x�
2

� �
Sl xþ � x�

2

� �
: (A9)

Finally, by shifting the variable t� according to t� ! t� þ jx�j and,
again, by exploiting the symmetry properties of the integrand, one
obtains
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N ¼ 1
8p2

ð
d4xþ

ð
d3x�
jx�j

ð
dt�
t�

Sl tþ þ t� þ jx�j
2

; xþ þ x�
2

� �	

�Sl tþ � t� þ jx�j
2

; xþ � x�
2

� �
� ðt� $ �t�Þ



; (A10)

where the symbol �ðt� $ �t�Þ indicates that the previous expres-
sion in the square brackets has to be subtracted with t� replaced by
�t� and where the principal value symbol has been removed as the
integrand is now regular at t� ¼ 0.

APPENDIX B: BEAMMODEL

In this work, we use a beam model equivalent to a paraxial
Gaussian travelling-beam model114 to calculate the instantaneous
electric and magnetic field vectors for the three colliding lasers.
Here, we present formula for the beam model and the derived rela-
tionships between integrated quantities of peak intensity, peak
power, and total energy.

The amplitude of the field as a function of space and time is
given by

E ¼ E0 exp � t � rkð Þ2
2s2

	 

exp � r2?

r2 1þ
r2k
z2R

 !
2
664

3
775

� sin u0 þ xt � xrk 1þ 1
2

r2?
r2k þ z2R

 !
þ tan �1 rk

zR

� �" #

� 1þ
r2k
z2R

" #�1=2

; (B1)

where t is the normalized time and (rk; r?) is the normalized dis-
tance along and perpendicular to the axis, respectively, with units of
(1/eV). The Rayleigh length zR ¼ pr2=k is a function of the beam
waist r and the wavelength k. Additionally, we define the beam
waist r ¼ 2kf =p in terms of the focusing optic f-stop f, so the spa-
tial geometry of the fields is in practice determined entirely by f.
The scalar field amplitude is entirely determined by the peak field
constant E0, including all units, and the instantaneous intensity
I / E2.

By integrating the instantaneous intensity over (t; r?) at
rk ¼ 0, we derive an approximate algebraic relationship between
peak intensity I0 and peak power P0; and by subsequently integrat-
ing over time, we obtain a relationship between these quantities and
total beam energy U, as follows:

P0 ¼ pr2

2
I0; (B2)

U ¼ p3=4

4
r2sI0 ¼

ffiffiffi
p

p
2

P0s: (B3)

Experimental quantities typically will refer to the temporal dura-
tion and spot radius as full-width at half maximum intensity
(FWHM). The relation between these quantities and s; r is as
follows:

tFWHM ¼ 2s
ffiffiffiffiffiffiffiffi
ln 2

p
; (B4)

rFWHM ¼ r
ffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
: (B5)

In practice, instead of algebraically introducing a Gaussian temporal
envelope [the first exponential in Eq. (B11)], we obtained temporal
pulse shaping by adding together multiple sub-beams (typically 21)

TABLE IV. Optimal polarization directions for one-color family of solutions. Propagation directions are as described in Eq. (3).

/ (�)
k1;k k2;k k3;k

x y z x y z x y z

90 �0.7071 0 �0.7071 0.7071 0 �0.7071 0 �0.7071 �0.7071
85 �0.7071 0.0616 �0.7044 0.7071 �0.0616 �0.7044 �0.0616 �0.7071 �0.7044
80 �0.7071 0.1228 �0.6964 0.7071 �0.1228 �0.6964 �0.1228 �0.7071 �0.6964
75 �0.7071 0.183 �0.683 0.7071 �0.183 �0.683 �0.183 �0.7071 �0.683
70 �0.7071 0.2418 �0.6645 0.7071 �0.2418 �0.6645 �0.2418 �0.7071 �0.6645
65 �0.7071 0.2988 �0.6409 0.7071 �0.2988 �0.6409 �0.2988 �0.7071 �0.6409
60 �0.7071 0.3536 �0.6124 0.7071 �0.3536 �0.6124 �0.3536 �0.7071 �0.6124
55 �0.7071 0.4056 �0.5792 0.7071 �0.4056 �0.5792 �0.4056 �0.7071 �0.5792
50 �0.7071 0.4545 �0.5417 0.7071 �0.4545 �0.5417 �0.4545 �0.7071 �0.5417
45 �0.7071 0.5 �0.5 0.7071 �0.5 �0.5 �0.5 �0.7071 �0.5
40 �0.7071 0.5417 �0.4545 0.7071 �0.5417 �0.4545 �0.5417 �0.7071 �0.4545
35 �0.7071 0.5792 �0.4056 0.7071 �0.5792 �0.4056 �0.5792 �0.7071 �0.4056
30 �0.7071 0.6124 �0.3536 0.7071 �0.6124 �0.3536 �0.6124 �0.7071 �0.3536
25 �0.7071 0.6409 �0.2988 0.7071 �0.6409 �0.2988 �0.6409 �0.7071 �0.2988
20 �0.7071 0.6645 �0.2418 0.7071 �0.6645 �0.2418 �0.6645 �0.7071 �0.2418
15 �0.7071 0.683 �0.183 0.7071 �0.683 �0.183 �0.683 �0.7071 �0.183
10 �0.7071 0.6964 �0.1228 0.7071 �0.6964 �0.1228 �0.6964 �0.7071 �0.1228
5 �0.7071 0.7044 �0.0616 0.7071 �0.7044 �0.0616 �0.7044 �0.7071 �0.0616
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with evenly-spaced frequencies around the fundamental frequency.
This was done to more realistically represent a bandwidth-limited
compressed laser pulse, and enable future studies of pulse imperfec-
tions such as chromatic chirp. When using bandwidth pulse shap-
ing, a Gaussian spectral amplitude was used, and the bandwidth was
selected to produce the desired value of tFWHM. In testing, the
bandwidth-shaped model produced nearly identical results to the
Gaussian algebraic temporal pulse shaping described in Eq. (B1),
and the intensity/power/energy relations [Eq. (B3)] were numeri-
cally validated.

APPENDIX C: OPTIMAL POLARIZATION VECTORS

Here, we include the optimal polarization vectors ðki;kÞ for the
three beams as a function of the collision angle /. The optimal
polarization for the one-color family of solutions is given in
Table IV and for the three-color family of solutions in Table V. The
propagation directions ki of the three beams can be calculated
directly from the vector components of Eqs. (3) and (4).
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