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The upper limit of the laser field strength in a perfect vacuum is usually considered as the Schwinger field, cor-
responding to ~10%° W /cm?. We investigate such limitations under realistic nonideal vacuum conditions and
find that intensity suppression appears starting from 10>> W /cm?, showing an upper threshold at 10%¢ W /cm?
level if the residual electron density in chamber surpasses 10° cm™3. This is because the presence of residual

electrons triggers the avalanche of quantum electrodynamics cascade that creates copious electron and positron
pairs. The leptons are further trapped within the driving laser field due to radiation reaction, which significantly
depletes the laser energy. The relationship between the attainable intensity and the vacuity is given according to
particle-in-cell simulations and theoretical analysis. These results answer a critical problem on the achievable light
intensity based on present vacuum conditions and provide a guideline for future hundreds of petawatt class laser

development.  © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.416555

1. INTRODUCTION

Ultrabright light sources have always been a major pursuit
because of their applications in various research areas. At the
moment, femtosecond lasers based on the chirped pulse ampli-
fication (CPA) technique [1] are regarded as the most reliable
approach to realize the highest peak power. After being ampli-
fied, compressed, and focused, the peak laser intensity can reach
up to 10%2-10% W /cm? [2-5]. The 10 PW-class laser facili-
ties, such as ELI [4] (ELI-NP [6] and ELI-BL [7]), Apollo [8],
Vulcan [9], and SULF [10], aim at boosting the focused inten-
sity by another tenfold. Ambitious plans of 100 PW-class have
been proposed [11-13] worldwide, where the peak intensities
of 10%° W /cm? are anticipated. Furthermore, efforts have also
been paid in exploring new mechanisms to generate exawatt—
zettawatt lasers [14—16]. At such extreme light intensities, par-
ticle acceleration towards 10-100 GeV for leptons [17] and
0.1-10 GeV/nucleon for ions [18-20] is to be expected.
Nuclear physics [21-23] as well as lab astrophysics [24-26] will
also benefit from these extreme laser sources. Laser—plasma in-
teraction at such intensities enters a new regime where photon
emission and radiation reaction become significant [27-34]
and strong-field quantum electrodynamics (SF-QED) is neces-
sary to account for the quantum effects [35-38]. It is further

2327-9125/21/040541-07 Journal © 2021 Chinese Laser Press

predicted that copious electron—positron pairs can be gener-
ated [37-55].

While high-power lasers are under fast development, a cen-
tral question regarding the ultimate laser intensities researchers
can build arises [56]. Basically, the upper limitation for laser
intensity in an ideal vacuum condition is considered as the
Schwinger field E, = 2zm2c®/eh ~1.32x 10" V/m [57].
The QED theory predicts that laser pulses of 10%° W /cm?
can provide such field strength in several ways (tight focusing
or coherent combining or others), such that they can transfer a
large number of virtual particle pairs to real particles [58,59].
Meanwhile, the generated electron—positron pairs further lose
their energies by radiating gamma photons. The laser energy is
thus rapidly drained in vacuum [39]. Previous studies have
shown that even a single pair produced in vacuum by a laser
field can lead to rapid depletion of laser energy [44], i.e., the
maximum light intensity is much smaller than 10* W /cm? in
vacuum. It points out that full depletion appears when the en-
ergy of generated pairs and photons is equivalent to the energy
stored in the pulse, at £ ~ 6.6aE, ~ 0.05E, (corresponding to
5 x 1026 W /cm? for laser wavelength 2 = 800 nm).

In reality, it is impossible to build a perfect vacuum envi-
ronment for experiments. Typically, the vacuum electron
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density in a chamber suitable for PW-class lasers is about
10" cm2, provided by ordinary pumping technique (e.g.,
103 Pa for SULF [10]). For laser power above 100 PW,
the chamber volume is enlarged by more than tenfold, posing
a great challenge to the pump. Another potential drawback is
the existence of electrons extracted from optical components
(focusing mirror, plasma mirror, etc.) by the passing laser fields.
These residual electrons could serve as seeds to trigger the QED
processes when the laser field surpasses a certain threshold.
Specifically, during the laser—electron interaction, nonlinear
Compton scattering [27] following ¢ + nw — ¢ + y will occur,
where electrons absorb multiple laser photons and emit high-
energy y photons. The radiated y photons further interact with
the strong laser field, generating electron—positron pairs via the
nonlinear Breit—Wheeler process (y + nw — e + ¢7) [41].
These two reaction channels build up positive feedback, i.e.,
the amount of the pairs and y photons will be avalanche-like
amplified and deplete the laser significantly, known as the QED
cascade [42—44]. It can be triggered for a single pulse with in-
tensity above 10%> W /cm? [44] or two colliding pulses with
intensity above 10?° W/cm? [45-51]. Therefore, finding
out the specific restriction on the attainable laser intensity in
these conditions is a key question that needs to be answered
for developing lasers beyond 100 PW peak power.

For more realistic consideration, the depletion is a dynamic
process where the laser intensity gradually decreases during the
development of a QED cascade, which changes the rate of pho-
ton emission and pair production. The latter would again de-
plete the laser energy. A self-consistent dynamic description of
the process is therefore required. To this end, we developed a
set of dynamic equations that take into account the above-men-
tioned effects self-consistently. We carried out particle-in-cell
(PIC) simulations by including the QED models responsible
for the two major reaction channels. Both the simulation
and our theoretical model show that the attainable peak inten-
sity depends on the vacuity. At electron density about
10? cm™, notable energy drain emerges from 10% W /cm?
and the upper limit of the laser intensity is modified
to ~10%° W /cm?.

2. SIMULATION SETUP

Our investigation is based on two-dimensional (2D) PIC sim-
ulations using the code VLPL (Virtual Laser Plasma Lab) [60].
It has implemented a local constant cross-field approximation
(LCFA) [35-37,40] QED-Monte Carlo model accounting for
nonlinear Compton scattering and Breit—Wheeler processes.
Under LCFA, the newly generated particles gain energies from
the parent particles rather than directly from the laser photons.
The latter transfer their energies when accelerating the leptons.
In our simulations, laser propagates from the left side of a moving
simulation window along the x direction. The window size is
40 pm (x) x 80 pm (y) resolved by 4000 cells x 1000 cells.
We set two macroparticles for electrons and protons in each cell.
The laser beam is linearly polarized along the y axis
[E; = Eg cos(wr - kx)eyxz, By = E cos(wt - kx)e,], follow-
ing a Gaussian profile £, = [aw,/w(x)] cos*[x (¢ - 15)/270]x
exp[-72 /w?(x)] focused at x = 240 pm with normalized peak
amplitude @ = eE/mawc (the corresponding peak intensity

Loetc = (a*/2%) x 1.38 x 10'® W /cm?, with wavelength 1 in
pm, where 7 is the mass of electron, ¢ is the velocity of light
in vacuum, @ is the laser frequency, and # is the laser wave vector.
Here 7% = y2 + 22, the laser wavelength is 4 = 800 nm, beam
width wy =31 =2.4 pm, w(x) = wef{[(x - xf)2 + x5 /x5,
Rayleigh length xp = ﬂwg /A, focusing time tp = xf/ ¢, and
pulse duration 7y = 104/c = 26.7 fs, respectively. The peak la-
ser field amplitude « is varied from 1500 to 20,000, while the
vacuum electron density 7, is tuned between 10'! and
10Y cm™. The simulation time step is Az = 0.0087, =
0.0084/c. In our 2D simulation configuration, the laser pulse
is assumed to be uniform in 8z = 1/ finite depth along the z
axis. We set periodic boundary conditions for particles such that
the latter do not escape from the simulation area after surpassing
the z boundary. The particle number counted in a mesh is
calculated as N, = n, x 6x8ydz, where dx = 0.01 pm and
0y = 0.08 pm are the mesh size.

Two challenges should be addressed while carrying out these
simulations: (i) initialization of the low-density electrons and
(i) the memory cost for generated new particles (y photons
and electron—positron pairs). It should be noted that at
extremely low electron densities (e.g., 10'" cm™), the average
weight of electrons w located in one cell is much less than 1,
i.e., it is not physical to start the simulations with simple homo-
geneous initialization. Therefore, we take the following initial-
ization strategy: first, the particle weight w is calculated once
the electron density is given; then, a [0, 1] uniformly distrib-
uted random value 7, is generated, by which the weight of the
macroparticle is set to w = int(w) + rank(w - r,), where
rank is the step function with rank(x >0) =1, while
rank(x < 0)=0; finally, if 2 = 0, no macroparticles will be
placed in the cell. To mitigate the memory issue in simulation,
clusters particle merging is turned on when the macroparticle
number of one element per cell surpasses 4 [60]. Moreover,
modeling the QED cascade processes via the Monte Carlo al-
gorithm and initialization of low-density plasma induce sto-
chastic features. To avoid contingency of the stochastic
effects, ten simulation examples with randomly distributed
seeds are carried out at each set of parameters.

3. RESULTS AND DISCUSSIONS

We compare the results of 2 = 10,000 and 5000 at 7,y =
10" cm™ in Fig. 1. The peak laser field amplitude is well pre-
served for @ = 5000, as seen in Fig. 1(a). However, it declines
to be less than 3000 for the other one. The remarkable differ-
ence indicates that the attainable light intensity at 7,y =
10" cm™3 is subject to strong restrictions, and the upper limit
appears at 2 = 10,000. The density distributions of electron—
positron pairs 7, , and y photons 7, are shown in Figs. 1(b)
and 1(c), where both are about 3 orders of magnitude higher for
the 2 = 10,000 case. The density profile shows distinctive pat-
terns between the two cases. We notice that at 2 = 10,000,
high density bunches appear all along the laser beam, while
ata = 5000, density peaks are only seen in the vicinity of high-
est laser intensity. This is because QED cascade is triggered at
the rising edge of the laser pulse for the former such that co-
pious electrons and positrons are created at an earlier moment.
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Fig. 1. Disuibutions of (a) laser electric fields £, (b) y photons density 7, as well as (c) electron—positron density 7,, at £, = 30077, and
7,0 = 10! cm™ for 2 = 10000 (top panel) and 2 = 5000 case (bottom panel), respectively. The E, is normalized by m,wc/e, while densities

are normalized by critical density 7,.

When an ultraintense laser interacts with background
plasma, the ponderomotive force would usually expel local
particles in both longitude and transverse directions. A channel
is formed, where the laser pulse propagates through without
significant volumetric energy drain. This is not the case in
Figs. 1(b) and 1(c). We notice that electrons and positrons,
mostly newly generated, sit within the intense laser beam.
The corresponding phase-space density of electron—positron
pairs is given in Fig. 2 by including the case of 2 = 1000 for
comparison. At relatively lower laser intensity (2 = 1000),
transverse momenta dominate over the longitudinal one, mean-
ing that a significant number of electrons are pushed away via
laser ponderomotive scattering [see Fig. 2(a)]. The phase-space
distribution is drastically different in the case of 2 = 5000 and
10,000. We see that the transverse momenta vanish for major-
ity of the electrons/positrons, manifesting the clustering of
leptons along the propagation axis, as displayed in Figs. 2(b)
and 2(c). This phenomenon is known as radiation-reaction
trapping (RRT) in traveling laser field [33], where the recoiling
force of photon emission offsets the pondermotive force, lead-
ing to anomalous trapping of leptons in the most intense part of
the laser field. It is consistent with the density distribution
shown in Fig. 1(b). The threshold of RRT is around 2 = 1000,
according to previous studies [33]. In our case, the featured
momentum distribution pattern appears when the laser
amplitude goes beyond « = 1000, in agreement with the

theoretical predictions. Note that the RRT threshold is much
smaller than the one required to seed a QED cascade. This is
particularly important in developing efficient cascading and la-
ser energy depletion. If the thresholds are to be reversed, the
generated particles would be expelled from the interaction
region and the avalanche-like amplification would not be
sustained.

In the following, we derive the theory that describes the evo-
lution of particle numbers from the QED cascade and give the
criterion for laser energy depletion. We consider the y photon
and electron—positron pair generation rates satisfying the
expression,

Y
etp _ 2I,N,, (1)

dr

dv,
S =T,Ne,y - TN,
where I', and N, are the generated rate coefficient of elec-
tron—positron pairs and number of their total particles, corre-
spondingly; I', and /N, are the coefficient and number of y
photons, respectively. The generation rate of cascade processes
is determined by the QED parameter y; = |(F,,P?)?|'/?/
Em,c(i = teory) [35-37], where F,,, is the EM field tensor
[61] and P? is the particle’s four-momentum. According to pre-
vious research, the QED parameter can be approximated by
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Fig. 2. Electron number density in the momentum space P, - P, at focusing time 7 and 7,y = 10" e¢m3 for (a) 2 = 1000, (b) 2 = 5000, and

(c) 2 = 10,000, respectively. The P, and P, are normalized by ,c.
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2 < a*/? [44], and the generation rate T is proportional to
)(?/ xa [44,45,52]. Considering the generation rate deviating
from the y7/° scaling, especially for small y values [52], we in-
troduce an exponential modification term exp(-a,, /) into the
generation rate, i.e., I' & 2 exp(-4,,/4) in our model. The 4,
is chosen as 0.014, (4, is the normalized Schwinger field), cor-
responding to the threshold where the cascade occurs. From
empirical approximation, the I, is about 1/7 (7'g = 4/c is
the laser period) with 4y, = 0.014. Combining with the
[, ~4l, [52], we obtain the generation rates I',~
4T, ~ a exp(1-ayy/a) [(ap, T). Considering the energy of y
photons and electron—positron pairs is about am,c?/2
[33,62,63], the laser depletion for such processes can be
roughly evaluated as dE ~ -ad(N ., + N,)m,c* /2. Assuming
the Gaussian profile remains the same during focusing
a=GH)E=[14+(¢- tf)z/tfe]’l/z.f and taking dE~
201V €dE/c with 1, = 3007, tp = xg/c =9nTy, V, is
the depletion region volume where @ > appr and ¢
mrw?ey/2¢* = 1.38 x 10'8 x (1 um/1)> W /cm?, the evo-
lution of & is derived as follows:

dé am,c®
dr o _46‘1 Vdf

(4N 4, + N T (3)

Combining Eqs. (1)—(3) and taking the cascade duration
t, ~ [(ay/aggr)? - 1]'/%£5 (corresponding to the period where
ay > aggr) with the initial conditions N, ,(t =17-1,-
t,[2) = ctonwing, N,(t =t - ty - t,/2)=0, the numerical
solution of V. etp> N,, and & can be acquired. The evolution of
N,;, and N, based on the above analytical model is given in
Figs. 3(a) and 3(b), together with the results collected from PIC
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simulations. The numbers of both electron—positron pairs and
gamma photons undergo exponential growth when the laser
interacts with residual electrons, owing to the avalanche-like
cascade. When sufficient laser energy is drained, the light in-
tensity declines (see the following discussion in Fig. 4), and the
number of created particles saturates. The above trends are re-
produced by our theoretical model.

The peak intensity during focusing processes is measured
from PIC simulations and compared to our analytical model.
Again, the results in Fig. 3(c) illustrate the consistency between
the two. According to the systematic scanning, the reduction of
peak intensity emerges from 10%° W /cm?, indicating that the
depletion effects should be taken into consideration for above a
hundred PW class laser facility. The ratio between the simu-
lated peak intensity and the designed intensity decreases sharply
when approaching 10?° W/cm? for density from 10'' to
10" cm™, corresponding to the energy depletion threshold.
As seen in Fig. 3(d), when the designed light intensity surpasses
the threshold, the attainable one is restricted to 10?° W /cm?
for vacuity down to 10° cm™ according to our theoretical
model, exhibiting a clear ceiling. The attainable intensity
reaches 2 x 10%¢ W /cm? for vacuity ~10% cm™. It should be
noted that at even lower electron densities (<107 ecm™), the
average electron number in the focusing area is less than 1.
The cascading effect only occurs when the seeding particle sits
in the focal region. In this case, one may not be able to give a
definite threshold.

In fact, the rising and falling edges of the laser pulse should
be symmetric around # = # in the time domain if depletion is
negligible. Nevertheless, strong depletion breaks down the
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(@ Ny, and (b) NV, evolution for 2 = 5000 (blue solid and pentagrams) and « = 10,000 (red dashed and squares) obtained from

simulation (symbols) and theoretical analysis (lines); (c) ratio between the measured peak intensity in simulations and the designed one as a function
of designed peak intensity under electron densities of 7,y = 101> cm™ (blue dotted and squares), 10'3 cm™ (red dashed and pentagrams),
10'" cm™ (black solid and circles). The symbols are results measured from simulation while lines are from the theoretical model. All symbols
represent average values for ten simulation cases with different random seeds, while the error bars represent peak intensity quantile of 95%
and 5% (error bar gives a confidence interval of 90%), separately. (d) The theoretical prediction of peak intensity distributions as a function

of the designed peak intensity and 7,y (from 6 x 107 to 10! cm™).
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analysis with 72, = 10'!, 10'3, and 10" cm™3, respectively. The pink triangles represent 3D simulation results before simulation memory overflow
with 7,0 = 10! cm™ [a 40 pm (x) x 40 pm (y) x 40 pm (z) window with 2000 cells x 400 cells x 400 cells]. (b) The theoretically predicted peak

intensity evolution from analytical model as a function of designed peak intensity at 7,y = 10° cm™.
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symmetrical profile such that the maximum intensity observed
in simulations is not exactly at the designed focal position. The
behavior is even more obvious with higher residual density
[Fig. 4(a)] or at intensities beyond the threshold [Fig. 4(b)].
We choose 2 = 6000 as an example and present the peak in-
tensity at different simulation times. As depicted in Fig. 4(a)
from both simulations and the theoretical model, the laser peak
intensity appears near the focal position for 10! cm3, while
much earlier for the 10" cm™ (by ~107) and 10> cm™ (by
~15T) cases. Since laser intensity at the pulse rising front does
not reach the threshold at 10!! cm™2, the distortion caused by
depletion is negligible. At higher electron densities, the inten-
sity exceeds the threshold before # = 7, and the cascade devel-
ops quickly. Significant depletion in the laser front induces
intensity peak shifting to an earlier time than designed. The
highest intensity found from simulations as a function of
the propagation time is presented from our theoretical model
for 7,y = 10° cm™. As one notices in Fig. 4(b), the symmet-
rical time profile of peak intensity becomes asymmetric when
approaching the threshold. In this case, the attainable intensity
is restricted to below 10%° W /cm?. Moreover, results of a 3D
simulation are also presented in Fig. 4(a) for comparison. Here
memory overflow occurs in the later stage due to the enormous
number of particles created in the cascade; we therefore show
the data before the simulation collapses. One sees the 3D re-
sults are in reasonable agreement with the 2D simulations.
It should be mentioned that the cascade process is affected
by laser polarization to a certain extent [52]. Since circular
polarization essentially requires 3D simulations, we restrain
our analysis on linear polarization. One may refer to Ref.
[44] for further information on circular polarization. The laser
polarization [52], electron seeding [53,54], and saturation [55]
can also affect the cascading process. Besides, we employ cos’
profiles in the time domain as a close approximation to avoid
cutoff for Gaussian distribution in simulations. The results
between the two profiles show a negligible difference (not
shown here). Moreover, the pre-pulse may affect the local elec-
tron density at these laser intensities. We take 1013 W /cm?
pre-pulse level with the duration of a nanosecond to estimate
the drifting distance due to ponderomotive scattering, which

is approximately ~a?c7/2 ~ 1.5 pm. The drifting distance
is at the same order for picosecond duration laser foot (typi-
cally 3 orders of magnitude stronger than the nanosecond
pre-pulse). In this case, electrons are still within the laser focal
region.

4. CONCLUSION

In summary, we have explored the attainable highest laser in-
tensity under different vacuum conditions for the first time, to
the best of our knowledge. It is found that the avalanche-like
QED cascade and RRT effect pose a strong limit on the achiev-
able light intensity due to the residual electrons the laser pulses
meet. Our study suggests that the observed peak intensity is
suppressed starting from ~10%> W /cm?, and an upper limit
emerges at 102 W /cm? for vacuum electron densities above
107 cm™. These laser intensity thresholds can be approached
by focusing the optical laser pulses of multiple hundreds of PW
peak power. The cases for building lasers beyond hundreds of
PW peak power are therefore not well justified, considering the
vacuum conditions for a typical PW-class laser experimental
environment.

It is worth noting that light intensities at ~10%4 W /cm? can
readily support the research on strong-field QED physics
(e.g., the radiation-reaction effects, electron—positron pair pro-
duction, QED cascade), particle acceleration towards the high-
energy frontier, laser-driven nuclear physics and high-energy
density physics. The featured intensity is already accessible with
a 100-PW laser, such as the SEL 100-PW laser under construc-
tion in China [64].
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