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In situ generation of a high-energy, high-current, spin-polarized electron beam is an outstanding
scientific challenge to the development of plasma-based accelerators for high-energy colliders. In this
Letter, we show how such a spin-polarized relativistic beam can be produced by ionization injection of
electrons of certain atoms with a circularly polarized laser field into a beam-driven plasma wakefield
accelerator, providing a much desired one-step solution to this challenge. Using time-dependent
Schrodinger equation (TDSE) simulations, we show the propensity rule of spin-dependent ionization
of xenon atoms can be reversed in the strong-field multiphoton regime compared with the non-adiabatic
tunneling regime, leading to high total spin polarization. Furthermore, three-dimensional particle-in-cell
simulations are incorporated with TDSE simulations, providing start-to-end simulations of spin-dependent
strong-field ionization of xenon atoms and subsequent trapping, acceleration, and preservation of electron
spin polarization in lithium plasma. We show the generation of a high-current (0.8 kA), ultralow-
normalized-emittance (~37 nm), and high-energy (2.7 GeV) electron beam within just 11 cm distance,
with up to ~31% net spin polarization. Higher current, energy, and net spin-polarization beams are possible
by optimizing this concept, thus solving a long-standing problem facing the development of plasma

accelerators.
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In high-energy lepton colliders, collisions between
spin-polarized electron and positron beams are preferred
[1]. Spin-polarized relativistic particles are chiral and
therefore ideally suited for selectively enhancing or
suppressing specific reaction channels and thereby better
at characterizing the quantum numbers and chiral
couplings of the new particles. To enable science at the
ever-increasing energy frontier of elementary particle
physics, while simultaneously shrinking the size and cost
of future colliders, development of advanced accelerator
technologies is considered essential. While plasma-based
accelerator (PBA) schemes have made impressive
progress in the past three decades, a concept for in situ
generation of spin-polarized beams has thus far proven
elusive. The most common spin-polarized electron
sources are based on photoemission from a gallium
arsenide (GaAs) cathode [2]. Spin-polarized positron
beams may be obtained from pair production by polarized
bremsstrahlung photons, the latter produced by passing a
spin-polarized relativistic electron beam through a high-Z
target [3]. Unfortunately, none of the above methods can
generate ultrashort (few microns long) and precisely
(femtosecond) synchronized spin-polarized electron
beams necessary for injection into PBAs.
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The only previous proposal for producing spin-polarized
electron beams from PBAs [4-7] involves injecting spin-
polarized electrons into a wake excited by a moderate
intensity laser pulse or a moderate charged electron beam in
a density down ramp. However, this proposal is a two-step
scheme. The first step requires the generation of spin-
polarized electrons outside of the PBA setup by employing
a complicated combination (involving multiple lasers) of
molecular alignment, photodissociation, and photoioniza-
tion of hydrogen halides [8,9]. Even though the spin
polarization of the hydrogen atoms can be high, the overall
net spin polarization of electrons ionized from both hydro-
gen and halide atoms is expected to be low [5]. The second
step involves the injection of these spin-polarized electrons
crossing the strong electromagnetic fields of the plasma
wake. To avoid severe spin depolarization due to these
strong electromagnetic fields, the wakefield should be
moderately strong, which limits both the accelerating
gradient and charge of the injected electrons.

In the one-step solution we propose here, the generation
and subsequent acceleration of spin-polarized electrons is
integrated within the wake itself. Using a combination of
time-dependent Schrodinger equation (TDSE) [10-12] and
3D particle-in-cell (PIC) [13—-15] simulations, we show that
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spin-polarized electrons can be produced in situ directly
inside a beam-driven plasma wakefield accelerator and
rapidly accelerated to multi-GeV energies by the wakefield
without significant depolarization. Electrons are injected
and simultaneously spin polarized via ionization of the
outermost p orbital of a selected noble gas (no need for
prealignment) using a circularly polarized laser [16]. The
mitigation of depolarization is another benefit of laser-
induced ionization injection [17,18]: the electrons can be
produced inside the wake close to the wake axis, where the
transverse magnetic and electric fields of the wake are near
zero [19], minimizing both the beam emittance and
depolarization due to spin precession. A third advantage
of our scheme is that the wake can be in the highly
nonlinear or bubble regime where electrons are rapidly
accelerated to ¢ minimizing the emittance growth and
accelerating the electrons at higher gradients.

The proposed experimental layout of our scheme is
shown in the Supplemental Material [20]. A relativistic
drive electron beam traverses a column of gas containing a
mixture of lithium (Li) and xenon (Xe) atoms. The
ionization potentials of the 2s electron of Li atoms and
the outermost 5p® electron of Xe atoms are 5.4 and
12.13 eV, respectively. The electron beam fully ionizes
Li atoms and produces the wake while keeping Xe atoms
un-ionized. If the driving electron beam is ultrarelativistic
(y > 1) and sufficiently dense (n, > n,, k,0,, < 1), the
2s electrons of the Li atoms are ionized during the rise time
of the beam current and blown out by the transverse electric
field of the beam to form a bubblelike wake cavity [19,22]
that contains only the Li ions and the neutral Xe atoms.
Now an appropriately delayed circularly polarized ultra-
short laser pulse copropagating with the electron beam is
focused at the entrance of the Li plasma to strong-field
ionize the 5p° electron of the Xe atoms, producing spin-
polarized electron beam close to the center (both trans-
versely and longitudinally) of the first bucket of the wake.
The injected electrons are subsequently trapped by the
wake potential and accelerated to ~2.7 GeV energy in
~11 cm without significant depolarization.

It is known that strong-field ionization rate of a fixed
orbital in circularly polarized fields depends on the sense of
electron rotation (i.e., the magnetic quantum number 71;) in
the initial state [23-25]. Based on this phenomenon and
spin-orbit interaction in the ionic core, spin-polarized
electrons can be produced by strong-field ionization
[16]. Here we use Xe atoms as an example, but there
are many other possibilities. Xe has six p electrons in its
outermost shell, with m; = [, = 0, £1. Strong-field ioniza-
tion from the p° orbital (m; = 0) in circularly polarized
laser fields is negligible in the strong-field regime [24,25].
Consider first ionization from the p™ orbital (corotating
with the laser field) into the two lowest states of Xe ™, 2P, )
and *P, /25 see the left half of the ionization pathways in
Fig. 1(a). Removal of a spin-up p* electron (s, = 1/2,
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FIG. 1. (a) Schematic of spin-dependent photoionization show-
ing possible ionization pathways from Xe to Xe™. (b) TDSE
simulation results of the multiphoton ionization photoelectron
spectra for the final ionic state, Xe*(?P;,) or Xe™(*P, ), the
energy and the initial quantum number m; = 1 of the photo-
electron, for 10 fs (FWHM), A = 260 nm laser pulse with peak
intensity I = 2.5 x 10" W/cm?. (c).(d) Log-log plot of the
simulated ionization rates and yields of spin-up and spin-down
electrons as a function of laser peak intensity of a 260 nm, 10 fs
(FWHM), circularly polarized laser. (e) Spin polarization as a
function of peak laser intensity without and with focal-volume
averaging.

[, = 1) would create a hole with j, = +3/2 and could only
generate the ion in the state 2P /2- Removal of a spin-down
p™ electron (s, = —1/2, I. = 1) would create a hole with
jZ = +1/2 and can generate the ion both in the *P5/, and
P, /2 states, with the Clebsch-Gordan coefficients squared
sphttmg the two pathways as 1/3 for 2P, /2 and 2/3 for
P, 2~ Repeating the same analysis for the p~ electron
[right half of ionization pathways in Fig. 1(a)], one obtains
the following expressions for the ionization rates W, and
W of spin-up and spin-down electrons [16]:

2

Wi =Wy + 3 Wy +3W3p-, (1)
2 1

W, =W, +§W%p+ +§W%p+, (2)

where Ws - sz-, Wi - and Wn _ denote ionization rates
ofap™ electron into t e P, /2 state a p~ electron into the
P, /2 state, a p* electron into the P, /2 state, and a p~
electron into the 2P, /2 state, respectively. Net spin polari-
zation arises under two conditions: (i) either p™ ionization
dominates p~ or vice versa, and (ii) one of the two ionic
states is more likely to be populated.

In the adiabatic tunneling regime of strong-field ioniza-
tion (Keldysh parameter [26] yx < 1), the ionization rates
of p* and p~ electrons are the same and ionization is not
spin selective. In the nonadiabatic tunneling regime

054801-2



PHYSICAL REVIEW LETTERS 126, 054801 (2021)

(yx~1) [27], the p~ electrons are more likely
to be ionized [24,25,28,29], and the population of
Xet(?Py),) is suppressed due to its higher ionization
potential [I,(*P;,,)=13.44eV compared to 1,(*P3,) =
12.13 eV], satisfying both conditions for generating spin-
polarized electrons. Both the m;-dependent ionization rates
and the resulting spin polarization have been experi-
mentally verified [28-32]. However, the observed spin
polarization generated by ionization of Xe at 800 and
400 nm changes sign both between the two ionization
channels and across the photoelectron spectrum [16,
30-32], reducing the net spin polarization upon integrating
over all photoelectron energies and both ionic states.

Theory and simulations show that propensity rules for
ionization can be reversed in the multiphoton regime
(yx > 1) [33-35]. From our TDSE simulations, ionization
of Xe by the third harmonic (4 = 260 nm) of a Ti:sapphire
laser is strongly dominated by the removal of a p™ electron
at all laser intensities, until saturation, and for all photo-
electron energies, with ionization into Xe™ (>P, /2) strongly
suppressed [Fig. 1(b)], which leads to high total spin
polarization. We have performed simulations for a range
of intensities from 3.5 x 10'° to 6.3 x 10" W/cm?, by
solving the TDSE for each intensity for four ionization
pathways G p*, 1p™, 3p~, and 1 p~) and calculated the
corresponding spin-up and spin-down electron ionization
rates and yields [Figs. 1(c) and 1(d)] according to Egs. (1)
and (2). The net spin polarization with integration over
temporal and spatial intensity distribution, all photoelectron
energies, and final ionic states (see Supplemental
Material of Ref. [36]) is shown in Fig. 1(e). For the laser
intensity we used in the following PIC simulations
(I = 2.5 x 103 W/cm?), the net spin polarization reached
32% after focal-volume averaging.

We have incorporated the spin-dependent ionization
results into our wakefield acceleration simulations. By
tightly focusing a 260 nm circularly polarized laser pulse
at the appropriate position in the wake bubble where
the longitudinal and transverse electric fields are zero
[Fig. 2(a)], electrons with a net spin polarization are
generated and injected into the wakefield. The trapping
condition is given by [18] A¥Y =Y — ¥, < —1, where
¥ = e(¢p — A.)/(mc?) is the normalized pseudopotential of
the wake, and W,,; is the pseudopotential at the position
where the electron is born (injected). The pseudopotential
is maximum at the center of the bubble and minimum
close to the rear. For this reason, we choose to inject
electrons where W, is maximum so that the injected
electrons are most easily trapped by the wake [Figs. 2(a)
and 2(b)].

Previous studies have shown that spin dynamics due to
the Stern-Gerlach force, the Sokolov-Ternov effect (spin
flip), and radiation reaction force are negligible in our case
[4-7]. Therefore, only spin precession needs to be
considered. We have implemented the spin precession
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FIG. 2. (a),(b) Two snapshots show the charge density distri-

bution of driving electron beam (gray), beam ionized Li electrons
(green), laser ionized Xe electrons (brown), and wakefield
ionized Xe electrons (blue) at (a) z = 210 um (end of ionization
injection) and (b) z = 425 um (after being trapped). The dashed
lines in (b) show the on-axis wake pseudopotential. The wake-
field ionized Xe electrons (blue) are only generated at the tail of
the bubble and cannot be trapped by the wake. (c),(d) The spin
vector density distribution of Xe electrons ionized by the UV
laser at the same moment of (a) and (b).

module into the 3D-PIC code osiris [13,14] following
the Thomas-Bargmann-Michel-Telegdi equation [37]

ds/dt =Q xs, (3)

where Q=¢/m[(B/y)—(1/(y+1))(v/c*)xE]+a,e/m
B—(y/(y+1))(v/c?)(v-B)—(v/c*) xE]. Here, E and
B are the electric and magnetic fields, v is the electron

velocity, y = 1/+/1 — v?/c? is the relativistic factor, and
a, ~ 1.16 x 1072 is the anomalous magnetic moment of the
electron.

As shown in Figs. 2(c) and 2(d), the spin vector
distribution is at first concentrated around the top and
bottom points of s, = £1 with a very small spread when
the Xe electrons are photoionized [Fig. 2(c)], caused by the
spread of the ionizing laser wave vectors at different
ionization positions. In our case, this initial spread of the
spin vector is within 1°, which is negligible compared to the
spread due to spin precession induced by the wakefield at
later times [Fig. 2(d)].

Figure 3 describes start-to-end simulations incorporating
both the TDSE and PIC components. The whole simulation
consists of two stages: the injection and trapping stage
(0-0.74 mm) and acceleration stage (0.74—-110 mm). The
injection and trapping stage was simulated using the OSIRIS
code [13,14] with high temporal resolution, and the
acceleration stage was simulated using the QPAD code
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FIG. 3. (a) The density profiles of the Xe and Li gases used in
the simulations. (b) Evolution of beam charge (left, blue axis),
peak current (right, red axis) and normalized emittance €, (right,
green axis). (c) Evolution of Lorentz factor y. The dashed line
presents mean energy (y). (d) Evolution of spin vector in the x
direction: s,. The dashed line represents (s,). (¢) Evolution of
spin vector in the z direction: s,. The top box plots the s,
distribution in the range of 0.8—1. The central box plots (s.) (net
spin polarization) in the range of 0.2-0.4. The bottom box plots
the s, distribution in the range of —1 and —0.8. The long vertical
dashed black line marks the focal position (z = 0.18 mm) of the
ionization laser. The plots in the range of 0.74-2.5 and
2.5-110 mm are shown in two temporal scales to clearly present
the whole evolution dynamics, but the actual simulation was run
with one temporal resolution in the whole acceleration stage.

[15,38] with lower temporal resolution. The density pro-
files of Xe and Li gases are shown in Fig. 3(a). The Xe gas
column, with a density of ny, = 8.7 x 107 cm™, is
420 um long. The exact length of the Xe region is not
important as long as Xe is not ionized by the electron beam.
The Li gas, with a density of n;; = 8.7 x 10!® cm™,
extends across the whole interaction region and
provides background plasma electrons when ionized by
the drive electron beam. The driving beam electron
energy is 10 GeV with a Gaussian profile n, =
N/[(27)26%.] - exp[—1/ (262) — £/(26%)], where N =
4.11 x 10° (658 pC), and 6, =06, = 11.4 ym are the
transverse and longitudinal beam sizes, respectively.
Such a beam has a maximum electric field of 16 GV /m,

which is far larger than that required to fully ionize the Li
atoms, but not the Xe atoms. It forms the plasma and blows
out the plasma electrons to create the wake cavity. The
260 nm ionization laser is delayed by 148 fs (44.5 ym)
from the peak current position of the drive electron beam.
The laser pulse has a Gaussian envelope with pulse duration
(FWHM) of 30 fs and focal spot size of wy = 1.5 ym. The
peak laser intensity is 2.5 x 10'> W/cm? [the same inten-
sity as in Fig. 1(b)] to make a tradeoff between net spin
polarization and ionization yield. At this peak laser
intensity, the 5p® (outermost) electron of Xe is partially
ionized (~32% at focus) while the 5p° (second) electron of
Xe is not ionized at all (< 107°).

Evolution of injected beam parameters including charge,
peak current, normalized emittance, and spin vector dis-
tribution as a function of propagation distance in the plasma
are shown in Figs. 3(b)-3(e). All photoionized electrons
with charge of 3 pC [Fig. 3(b), left axis] are injected,
trapped, and accelerated to 2.7 GeV [Fig. 3(c)] within
11 cm to give a peak current of / = 0.8 kA [Fig. 3(b), right,
red axis] and normalized transverse emittance of
€, = 36.6 nm [Fig. 3(b), right, green axis]. This emittance
compares favorably with the brightest beams available
today [39]. The spin vector evolutions in the x and z
directions are shown in Figs. 3(d) and 3(e), respectively.
The spin spread in the x (or y) direction is symmetric so that
(s,) =0 (or (s,) ~0) as shown in Fig. 3(d). Therefore, the
net spin polarization P = P, = (s,) only depends on the
spin distribution in the z direction. The spin depolarization
mainly occurs during the first 500 ym distance as electrons
are injected into the wake until they become ultrarelativistic
(y ~ 10). Thereafter, the spin polarization remains constant
within the statistical sampling error. The final averaged spin
polarization is (s.) = 30.7% [Fig. 3(e)], corresponding to
96% of the initial spin polarization at birth. This result is
comparable to the first-generation GaAs-polarized electron
sources that are most commonly used in conventional rf
accelerators. The reason why depolarization is small in our
case is that the injected electrons are always close to the
axis of the wake so that the transverse magnetic and electric
fields they feel are close to zero. In a nonlinear wake
bucket, the transverse magnetic field B, scales linearly with
distance from the center of the wake (B o r) [19]. From
Eq. (3), the spin precession frequency Q ~ —eB,/(my)
when y ~ 1. Therefore, if the electrons are close to the axis
(r = 0), the spin precession frequency Q = 0. In addition,
once the electron energy is increased to ultrarelativistic
level (y > 1) by the longitudinal wakefield, the spin
precession effect is negligible [4].

We have investigated how the variation of injected
beam charge (by either varying the Xe density or the spot
size of the ionization laser) affects the final spin polari-
zation of the injected electrons. The parameter scanning
results are summarized in Fig. 4(a). The spin polarization
drops slowly and linearly with the increase of the beam
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FIG. 4. (a) Spin polarization vs injected beam charge by either
varying the Xe density (blue) or the spot size of the ionization
laser (red). The five data points of Xe density scanning corre-
spond to Xe density of 8.7 x 10'6, 8.7 x 107, 1.7 x 10'8,
3.5 x 10'8, and 7.0 x 10'® cm™ while keeping the spot size of
1.5 pum. The four data points of spot size scanning correspond to
ionization laser spot size of 1, 1.5, 2, and 2.5 ym while keeping
the Xe density of 8.7 x 10! cm™3. (b) Spin polarization (left) and
normalized emittance (right) after propagation distance of
0.74 mm vs laser transverse displacement in the x direction.

charge. This indicates that the space charge force is the
probable cause of spin depolarization in our case, which is
confirmed by analyzing the tracks of the ionized electrons
(see Supplemental Material [20] for details). Considering
practical issues in experiments, we have investigated how
the laser transverse offset relative to the drive electron
beam affects the spin polarization and normalized emit-
tance as shown in Fig. 4(b). The spin polarization is
essentially not affected by the transverse displacement in
43 pum range. The normalized emittance in the x direction
grows with the laser offset in the x direction and
the normalized emittance in the y direction remains almost
the same. These emittances are within values envisioned
for future plasma-based colliders. Another possible issue
in experiments might be the synchronization between the
drive electron beam and the ionizing laser pulse. To make
sure the ionized electrons are trapped by the wake (meet
the trapping condition A® < —1), the relative timing jitter
should be within 480 fs in our simulation case. This
requirement can be further relaxed if using higher drive
beam charge and lower plasma density.

Here we have used a single collinearly (to the electron
beam) propagating laser pulse for ionizing the Xe atoms.
To obtain even lower emittance (< 10 nm) beams, one
could use two transverse [40] or longitudinal [41]
colliding laser pulses instead. We also note that the
beam charge, peak current, and maximum spin polari-
zation observed here are not limited by theory. The first
two can be increased by optimizing the ionizing laser
parameters, drive beam parameters, and beam loading
within the wake. The latter may be increased by using
electrons in the d or f orbitals instead of p orbitals, for
instance, by using Yb III [42,43]. A modified version of
this scheme may also be useful for generating a spin-
polarized electron beam in a laser wakefield acceler-
ator [44].

We thank Nuno Lemos and Christopher E. Clayton for
useful discussions regarding this work. This work was
supported by AFOSR Grant No. FA9550-16-1-0139, DOE
Award No. DE-SC0010064, DOE SciDAC through FNAL
Subcontract No. 644405, and NSF Grants No. 1734315 and
No. 1806046. The simulations were performed on Hoffman
cluster at UCLA and NERSC at LBNL.

“znie@ucla.edu
Mifeil 1 @ucla.edu
*cjoshi@ucla.edu

[1] B. Barish and J. E. Brau, Int. J. Mod. Phys. A 28, 1330039
(2013).

[2] D.T. Pierce and F. Meier, Phys. Rev. B 13, 5484 (1976).

[3] D. Abbott, P. Adderley, A. Adeyemi, P. Aguilera, M. Ali, H.
Areti, M. Baylac, J. Benesch, G. Bosson, B. Cade et al.,
Phys. Rev. Lett. 116, 214801 (2016).

[4] J. Vieira, C.-K. Huang, W. B. Mori, and L. O. Silva, Phys.
Rev. ST Accel. Beams 14, 071303 (2011).

[5] M. Wen, M. Tamburini, and C. H. Keitel, Phys. Rev. Lett.
122, 214801 (2019).

[6] Y. Wu, L. Ji, X. Geng, Q. Yu, N. Wang, B. Feng, Z. Guo, W.
Wang, C. Qin, X. Yan et al.,, New J. Phys. 21, 073052
(2019).

[71 Y. Wu, L. Ji, X. Geng, Q. Yu, N. Wang, B. Feng, Z. Guo, W.
Wang, C. Qin, X. Yan et al, Phys. Rev. E 100, 043202
(2019).

[8] D. Sofikitis, P. Glodic, G. Koumarianou, H. Jiang, L.
Bougas, P.C. Samartzis, A. Andreev, and T.P. Rakitzis,
Phys. Rev. Lett. 118, 233401 (2017).

[9] D. Sofikitis, C.S. Kannis, G.K. Boulogiannis, and T.P.
Rakitzis, Phys. Rev. Lett. 121, 083001 (2018).

[10] S. Patchkovskii and H. Muller, Comput. Phys. Commun.
199, 153 (2016).

[11] D. E. Manolopoulos, J. Chem. Phys. 117, 9552 (2002).

[12] F. Morales, T. Bredtmann, and S. Patchkovskii, J. Phys. B
49, 245001 (2016).

[13] R. A. Fonseca, L. O. Silva, F. S. Tsung, V. K. Decyk, W. Lu,
C. Ren, W. B. Mori, S. Deng, S. Lee, T. Katsouleas et al.,
Lect. Notes Comput. Sci. 2331, 342 (2002).

[14] R. Fonseca, S. Martins, L. Silva, J. Tonge, F. Tsung, and
W. Mori, Plasma Phys. Controlled Fusion 50, 124034 (2008).

[15] F. Li, W. An, V. K. Decyk, X. Xu, M. J. Hogan, and W. B.
Mori, Comput. Phys. Commun. 261, 107784 (2021).

[16] I. Barth and O. Smirnova, Phys. Rev. A 88, 013401 (2013).

[17] E. Oz, S. Deng, T. Katsouleas, P. Muggli, C. D. Barnes, 1.
Blumenfeld, F.J. Decker, P. Emma, M.J. Hogan, R.
Ischebeck et al., Phys. Rev. Lett. 98, 084801 (2007).

[18] A. Pak, K. A. Marsh, S. E. Martins, W. Lu, W. B. Mori, and
C. Joshi, Phys. Rev. Lett. 104, 025003 (2010).

[19] W. Lu, C. Huang, M. Zhou, W. B. Mori, and T. Katsouleas,
Phys. Rev. Lett. 96, 165002 (2006).

[20] See  Supplemental Material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.126.054801 for details,
which includes Ref. [21].

[21] C.E. Clayton, E. Adli, J. Allen, W. An, C.1. Clarke, S.
Corde, J. Frederico, S. Gessner, S.Z. Green, M. J. Hogan
et al., Nat. Commun. 7, 12483 (2016).

054801-5


https://doi.org/10.1142/S0217751X13300391
https://doi.org/10.1142/S0217751X13300391
https://doi.org/10.1103/PhysRevB.13.5484
https://doi.org/10.1103/PhysRevLett.116.214801
https://doi.org/10.1103/PhysRevSTAB.14.071303
https://doi.org/10.1103/PhysRevSTAB.14.071303
https://doi.org/10.1103/PhysRevLett.122.214801
https://doi.org/10.1103/PhysRevLett.122.214801
https://doi.org/10.1088/1367-2630/ab2fd7
https://doi.org/10.1088/1367-2630/ab2fd7
https://doi.org/10.1103/PhysRevE.100.043202
https://doi.org/10.1103/PhysRevE.100.043202
https://doi.org/10.1103/PhysRevLett.118.233401
https://doi.org/10.1103/PhysRevLett.121.083001
https://doi.org/10.1016/j.cpc.2015.10.014
https://doi.org/10.1016/j.cpc.2015.10.014
https://doi.org/10.1063/1.1517042
https://doi.org/10.1088/0953-4075/49/24/245001
https://doi.org/10.1088/0953-4075/49/24/245001
https://doi.org/10.1007/3-540-47789-6
https://doi.org/10.1088/0741-3335/50/12/124034
https://doi.org/10.1016/j.cpc.2020.107784
https://doi.org/10.1103/PhysRevA.88.013401
https://doi.org/10.1103/PhysRevLett.98.084801
https://doi.org/10.1103/PhysRevLett.104.025003
https://doi.org/10.1103/PhysRevLett.96.165002
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.054801
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.054801
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.054801
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.054801
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.054801
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.054801
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.054801
https://doi.org/10.1038/ncomms12483

PHYSICAL REVIEW LETTERS 126, 054801 (2021)

[22] M. Litos, E. Adli, W. An, C.I. Clarke, C.E. Clayton, S.
Corde, J.P. Delahaye, R.J. England, A.S. Fisher, J.
Frederico et al., Nature (London) 515, 92 (2014).

[23] S. V. Popruzhenko, G. G. Paulus, and D. Bauer, Phys. Rev.
A 77, 053409 (2008).

[24] I. Barth and O. Smirnova, Phys. Rev. A 84, 063415 (2011).

[25] L Barth and O. Smirnova, Phys. Rev. A 87, 013433 (2013).

[26] L. Keldysh, Sov. Phys. JETP 20, 1307 (1965), http://www
Jjetp.ac.ru/cgi-bin/e/index/e/20/5/p1307?a=list.

[27] M. Y. Ivanov, M. Spanner, and O. Smirnova, J. Mod. Opt.
52, 165 (2005).

[28] T. Herath, L. Yan, S. K. Lee, and W. Li, Phys. Rev. Lett.
109, 043004 (2012).

[29] S. Eckart, M. Kunitski, M. Richter, A. Hartung, J. Rist, F.
Trinter, K. Fehre, N. Schlott, K. Henrichs, L. P. H. Schmidt
et al., Nat. Phys. 14, 701 (2018).

[30] A. Hartung, F. Morales, M. Kunitski, K. Henrichs, A.
Laucke, M. Richter, T. Jahnke, A. Kalinin, M. Schoffler,
L.P.H. Schmidt et al., Nat. Photonics 10, 526 (2016).

[31] D. Trabert, A. Hartung, S. Eckart, F. Trinter, A. Kalinin, M.
Schoffler, L. P. H. Schmidt, T. Jahnke, M. Kunitski, and R.
Dorner, Phys. Rev. Lett. 120, 043202 (2018).

[32] M.-M. Liu, Y. Shao, M. Han, P. Ge, Y. Deng, C. Wu, Q.
Gong, and Y. Liu, Phys. Rev. Lett. 120, 043201 (2018).

[33] J. H. Bauer, F. Mota-Furtado, P. F. O’Mahony, B. Piraux,
and K. Warda, Phys. Rev. A 90, 063402 (2014).

[34] X.Zhu, P. Lan, K. Liu, Y. Li, X. Liu, Q. Zhang, I. Barth, and
P. Lu, Opt. Express 24, 4196 (2016).

[35] S. Xu, Q. Zhang, X. Fu, X. Huang, X. Han, M. Li, W. Cao,
and P. Lu, Phys. Rev. A 102, 063128 (2020).

[36] H. Zimmermann, S. Patchkovskii, M. Ivanov, and U.
Eichmann, Phys. Rev. Lett. 118, 013003 (2017).

[37] V. Bargmann, L. Michel, and V. L. Telegdi, Phys. Rev. Lett.
2, 435 (1959).

[38] P. Sprangle, E. Esarey, and A. Ting, Phys. Rev. Lett. 64,
2011 (1990).

[39] J. F. Schmerge, A. Brachmann, D. Dowell, A. Fry, R. K. Li,
Z. Li, T. Raubenheimer, T. Vecchione, F. Zhou, A. Bartnik
et al., Technical Report, SLAC-PUB-16211, SLAC Na-
tional Accelerator Lab., Menlo Park, CA, United States,
2015, https://www.osti.gov/biblio/1169455.

[40] F. Li, J. F. Hua, X. L. Xu, C.J. Zhang, L. X. Yan, Y. C. Du,
W. H. Huang, H. B. Chen, C. X. Tang, W. Lu et al., Phys.
Rev. Lett. 111, 015003 (2013).

[41] B. Hidding, G. Pretzler, J. B. Rosenzweig, T. Kénigstein, D.
Schiller, and D. L. Bruhwiler, Phys. Rev. Lett. 108, 035001
(2012).

[42] J. Kaushal and O. Smirnova, J. Phys. B 51, 174001 (2018).

[43] J. Kaushal and O. Smirnova, J. Phys. B 51, 174003 (2018).

[44] X. L. Xu, Y. P. Wu, C. J. Zhang, F. Li, Y. Wan, J. F. Hua,
C.-H. Pai, W. Lu, P. Yu, C. Joshi, and W. B. Mori et al.,
Phys. Rev. ST Accel. Beams 17, 061301 (2014).

054801-6


https://doi.org/10.1038/nature13882
https://doi.org/10.1103/PhysRevA.77.053409
https://doi.org/10.1103/PhysRevA.77.053409
https://doi.org/10.1103/PhysRevA.84.063415
https://doi.org/10.1103/PhysRevA.87.013433
http://www.jetp.ac.ru/cgi-bin/e/index/e/20/5/p1307?a=list
http://www.jetp.ac.ru/cgi-bin/e/index/e/20/5/p1307?a=list
http://www.jetp.ac.ru/cgi-bin/e/index/e/20/5/p1307?a=list
http://www.jetp.ac.ru/cgi-bin/e/index/e/20/5/p1307?a=list
https://doi.org/10.1080/0950034042000275360
https://doi.org/10.1080/0950034042000275360
https://doi.org/10.1103/PhysRevLett.109.043004
https://doi.org/10.1103/PhysRevLett.109.043004
https://doi.org/10.1038/s41567-018-0080-5
https://doi.org/10.1038/nphoton.2016.109
https://doi.org/10.1103/PhysRevLett.120.043202
https://doi.org/10.1103/PhysRevLett.120.043201
https://doi.org/10.1103/PhysRevA.90.063402
https://doi.org/10.1364/OE.24.004196
https://doi.org/10.1103/PhysRevA.102.063128
https://doi.org/10.1103/PhysRevLett.118.013003
https://doi.org/10.1103/PhysRevLett.2.435
https://doi.org/10.1103/PhysRevLett.2.435
https://doi.org/10.1103/PhysRevLett.64.2011
https://doi.org/10.1103/PhysRevLett.64.2011
https://www.osti.gov/biblio/1169455
https://www.osti.gov/biblio/1169455
https://www.osti.gov/biblio/1169455
https://doi.org/10.1103/PhysRevLett.111.015003
https://doi.org/10.1103/PhysRevLett.111.015003
https://doi.org/10.1103/PhysRevLett.108.035001
https://doi.org/10.1103/PhysRevLett.108.035001
https://doi.org/10.1088/1361-6455/aad130
https://doi.org/10.1088/1361-6455/aad133
https://doi.org/10.1103/PhysRevSTAB.17.061301

