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Stochastic electron motion in colliding plane waves
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The stochastic dynamics of an electron in counterpropagating linearly polarized laser beams is analyzed using
arecently developed 3/2-dimensional Hamiltonian approach. It is shown that perpendicular canonical momenta
suppress stochasticity, helping to explain the results from recently reported numerical studies of stochastic
dynamics in a similar setting. The stochasticity in a perpendicular polarization setup is demonstrated. Lastly, the
impact of radiation friction effects is considered, and shown to be negligible in the classical radiation reaction

limit.
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I. INTRODUCTION

The stochastic dynamics of electrons interacting with
multiple electromagnetic waves has been studied using the
Hamiltonian formalism [1,2] and investigated via numeri-
cal simulations [3-6]. Recently, a novel approach [7] was
proposed, where the dynamics of the relativistic electron in
two collinearly polarized counterpropagating plane waves was
described with a 3/2-dimensional (3/2D) Hamiltonian, al-
lowing one to apply the techniques used in previous studies
of stochastic dynamics in such systems [8,9]. However, the
effects of perpendicular canonical momenta P of the electron
were not considered in the previous analysis of stochasticity.
Considering these effects enables a better understanding of the
recent numerical results of stochastic heating in colliding laser
pulses, such as the dependence on the initial laser phases [5].

In this paper, we expand on a previous stochastic motion
analysis [7] to account for perpendicular canonical momenta
P, and allow for an arbitrary angle between linear polariza-
tions of two counterpropagating waves. We discuss the effect
of P, on stochastic heating, and relate that effect to the impact
of the initial laser phases. Finally, we consider stochastic
heating in the presence of radiation friction.

II. STOCHASTIC MOTION

To provide context for the present discussion, it is in-
structive to revisit the well-known problem of the interaction
between a single electron in vacuum with the laser pulse
described by a vector potential a; = a; sin(n)ex, where n =
t —z,a; = eEj/mcw is the normalized amplitude of the vec-
tor potential, E; is the maximum electric field of the laser, A
is the laser wavelength, c is the speed of light in vacuum, and
m and —e are the electron’s mass and charge, respectively. In
what follows, we use dimensionless units, normalized by the
introduced constants as follows: The length is normalized by
k = 2m /A, time by w, the electron’s velocity v and canonical
momenta P by ¢ and mc, respectively, and the electric and
magnetic fields by e/mcw. The outlined problem has three
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well-known integrals of motion,

y — P, =H = const, Py, = const, (1)

where P, , are components of P = yv — A, y is the Lorentz
factor of the electron, and A is the vector potential of the
electric —9,A and magnetic V x A field. In the reference
setup A equals simply a;. The expression for the Lorentz
factor of the electron follows from the integrals of motion in

Egs. (1),
1 &
Y= E(H + E)’ 2

where €, = 1 + (P + Ax)* + (P, + Ay)*. In the rest of the
paper, we will refer to the maximum of Eq. (2) as ponderomo-
tive scaling y,. Now, consider that a second laser was added to
the setup, described by a; = a, sin(ky7)(vex + /1 — oezey),
where T =t + z, k is the wave number of the second laser,
and « is the cosine of the angle between a; and a,. The intro-
duction of a, breaks the conservation of H, and it was shown
that even a, < a; can enhance the maximum Lorentz factor
y. Significant physical insight into this phenomenon was ob-
tained by using a 3/2-dimensional Hamiltonian description
[7] of the electron dynamics in colliding laser beams, where it
was shown that the role of the perturbation laser a; is to cause
the onset of stochasticity in H, with the stochastic change in H
then leading to an increase of electron energy y,. A performed
analysis of stochasticity [7] was, however, limited to the case
of parallel pulse polarization with both lasers propagating
along the general momenta of the electron, P, = 0. In this
section, we will generalize the analysis of stochastic heating to
the case of P, # 0. We show that both Px > a; and Py > a,
suppress stochasticity. For cases where stochasticity is still
present, we show that P, > 0 and P, 2 a; increase the lower
stochastic limit Hy,;,, while keeping the higher stochastic limit
Hpax intact. Based on the Hypin/max limits, we explain how |Py|
and |Py| affect the limits of stochastic heating relative to the
ponderomotive scaling max(y;)/&,, where y; is the pondero-
motive scaling Eq. (2) for the initial value of the dephasing
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FIG. 1. Top panel: Unperturbed trajectories xo(t) for P, < a;
(P, =0, P, =0, a; = 3.0 for the black solid curve), and for P, > a;
(Pc =15, P, =0, a; =5.0 for the green dashed curve). Bottom
panel: Corresponding magnitudes of normalized harmonics | % ,| for
P, > a; (curve on the left), and for P, < a; (curve on the right). The
blue solid line shows the long tail of Fourier harmonics, and the red
dashed curves show the exponential decay of harmonic amplitudes.
Red stars show the exponential cutoff estimates (10) and (11)

rate Hy. We verify our analysis with a series of Poincaré maps
obtained from a numerical integration of Egs. (3)—(5) below.

We begin by describing the dynamics of the electron
interacting with both laser beams A = a; +a; as a 3/2D
Hamiltonian [7] system,

1
H = —{1 + [P + a; sin(n) + aas sin(k,7)]?
X

+IPy+ V1 - a2arsinter)P) =y =P (3)

d . O0H H

P i “4)
dt Iix X

dx _ . 0H  2a;cos(n)[Px + a;sin(n)]

Ly =—= , (&)
dt an X

where x = y + P,. Because the onset of stochasticity is typ-
ically attributed to the overlap of high harmonic resonances
[8], it is instructive to begin the analysis with the study of
the Fourier harmonics ¥ (€2) of unperturbed (a; = 0) xo(7)
electron motion, and analyze how the spectrum depends on
Py y. As Fig. 1 illustrates, unperturbed electron motion xo(7)
is a nonlinear periodic oscillation with a base frequency €2,
and so the Fourier spectrum consists of discrete harmonics
Xo.n» Where n is the harmonic’s number. A typical xo(€2)
spectrum has a tail of Fourier harmonics with a power-law
amplitude decay |fo.,| oc 1/n%, followed by an exponen-
tial cutoff |xo .| o< exp[—(n — n.)], where n. is the cutoff

harmonic number,
Q1 1d’x
2 C A~
n; = o~ ; max <_X _dr2>' (6)

The cutoff frequency 2. ~ max()o/xo) corresponds to the
most rugged parts of xo(r). Unless Px ~ aj, max()o/xo)
occurs at minima min(xg) = x,, along the unperturbed tra-
jectory, so we can estimate the cutoff frequency as

Qz_ldz)(

=——2| =2qH*

L@ cos?(n,,) — sin(n,)[Px + ay sin(n,,)]
{14 P2+ [P + ay sin(,) )

@)

where 7, is the value of 5 corresponding to yx,. It fol-
lows from the Hamiltonian Eq. (3) that sin(n,,) = —a; /P
for |Px| < ay, and sin(n,,) = —Px/|Px| otherwise. We can use
Egs. (6) and (7) to determine the number of unsuppressed
Fourier harmonics n, by comparing €2, with the frequency of
unperturbed motion 2. To find €2, we solve for implicit 7y ()
dependence,

! 2, @
r+const=ﬁ 1+Px+Py+? )

2
—2a, Py cos(no) — % sin(%o)} (8)

and calculate the unperturbed frequency as

_ 2 _ H?
Ctlno+2m)—t(p)  1+P24+P2+a}/2

C))

Combining Eq. (6) with results from Eqs. (7) and (9) gives

2
2 _ 2a1(1 4 P2+ P} +ai/2) (1P| — ar)

n, 3 (10)
[1+ P2+ (IP] —a1)?]
for the |Py| >> a; case, and
2(1+ P2 + P2+ a2/2)  (a® — P2
o R REn @)

3
(1 +Py2)

in the |P;| < a; case. Estimates (10) and (11) agree with the
Fourier transforms %o shown in Fig. 1, where the sharp corners
in the P, < a; case result in a long tail of harmonics, while
the P, >> a; case has a virtually instantaneous exponential
cutoff of its spectrum. It follows from Eqs. (10) and (11) that
both |P| > a; and |Py| > a; result in a low-frequency cutoff
Q. &~ Q and therefore suppress stochasticity. However, for
moderate values of |Ps| and P |, there exists a long tail of un-
suppressed Fourier harmonics in the spectrum of unperturbed
motion. From Chirikov’s stochasticity criterion, this long tail
in the spectrum allows for island overlap and results in a wider
stochastic region [8].

Our next step is to determine how components of canonical
momenta P, affect the stochasticity boundaries Hyax/min. For
an electron with an initial Hamiltonian H,, Eq. (2) predicts
that an increased stochastic region will subsequently lead to
further heating for cases where the stochastic limits Hy,, >
&p or Hyip < 1. To find the Hpax/min limits, we note that the
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FIG. 2. Hamiltonian H (solid blue curves) and sin(#) (dashed or-
ange curves) for a; = 10, a; = 0.1, k; = 1. The top panel shows the
case with Pi/a; =~ 0.25, where “kicks” occur at sin(n) = —a,/Py.
The bottom panel shows the case with P, /a; = 1.8, where “kicks”
occur at sin(n) = —P/|P| = —1.

evolution of the Hamiltonian,

dH 2a2k2 cos(krT)

Py
dt loB+

1 —a?P,

+ aa; sin(n) + az sin(ky )], (12)

is adiabatic outside of regions with minimal y. If the second
laser a, is a perturbation a, < a;, from Egs. (3) and (12)
it follows that the value of H changes during “kicks” at

sin(n) = —ay/Px for P, < a; and sin(n) = —P,/|Px| other-
wise, as illustrated in Fig. 2. The change in H during one
kick is
dH x dH
AH, = | —dt = | =—dp, (13)
dt H dt

and the difference in the phase of a, between two consecutive
kicks is

27‘[](2 27Tk2 ) ) (l%
Ay, = - 1+P2+P2+ L), 14
V=g H3+1<+X+y+2 (14)

if |Py| > a;, and
[ £ 2 arcsin(Px/a;)]k,

2
Hn+l

AWn =

(1 +Pl+ P+ aj)
X y 2 ’
(15)

otherwise. The sequence of kicks described by (13)—(15) will
lead to stochasticity if [8]

_ |dAy, dAH,
dHn-H dwn

From Eq. (16), we can obtain the limits of stochasticity
Hiyax/min, and the corresponding maximum electron energy
(2). Details of the calculation are outlined in Egs. (17)—(20)
below, followed by the resulting expressions for the stochastic
boundaries.

As discussed above, the motion outside the kick regions
can be approximated as adiabatic, allowing us to substitute
the unperturbed trajectory Eq. (8) into Eq. (12) for evaluating
the integral in Eq. (13). For kicks in the |P| < a; regime, the
outlined substitution yields

21 (16)

J

-k a P? 2 1
kht=¢ + I-Tzz<|:l + P2 + P2 + 5 ];7 — 2P2 sin(n) — 2P, ‘/ — P2cos(n) + <7" — %1 sin(2n)> + EPX,/af — P? cos(2n)),

a7

where

ks o, @ P,
¢—const—1_7(1+P + P+ 2>arcs1n(a1). (18)

Note that in the stochastic regime where H exhibits random behavior, the @ also becomes random. To simplify the notation
below, we combine ¢ with all other constants independent of 1. We can now approximate the trajectory around the kick with a
Taylor expansion of Eq. (17) at sin(1,,) = —Px/aj, allowing for the following approximation for integrals in (13):

o0 -k 1
/ cos(kg)dn:/ cos (@ + —= (1 +P2)n+ = (a} — P2)n* + PoyJa] — P2n* —
Tkick - H 3

The phase of cosine terms in the integral in Eq. (19) varies rapidly away from the n = 0 point, and so for an asymptotic analysis
is suffices to keep the lowest nonlinear term (17° for P, < a; and > for P, = a;).
The analysis done in Egs. (17)—(19) can be repeated for P, = a;, where kicks occur at sin(n,,) =

approximations for integrals in Eq. (13) are different from Eq. (19):

1
@(amf - 7Px2)175)dn. (19)

—Py/|Px|, and the resulting

o0
/ cos(ko)dn = f cos <¢3 R —atn+ D — e — ey — Px)ns)dn- (20)
Tiiek —00 H 3 60
For even larger Px > a; values, the kick approximation is no longer valid, and the motion is not stochastic, in agreement with
the analysis of the trajectory Fourier spectrum in Eq. (10).

Note that in the Hamiltonian description, the phase trajectory explicitly depends only on P, and the initial conditions
n(79), x (7o), and does not depend on the initial phases ¢; and ¢, of the lasers. In a previous study of the interaction between the
multipicosecond laser and the overdense plasma target [5], the stochastic electron dynamics of the electron in the presence of
incident and reflected laser pulses was numerically simulated using noncanonical variables yv, a; sin(¢;), a, sin(¢,) to describe
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the electron dynamics, resulting in the appearance of laser phases ¢; and ¢, in the final answer. The use of canonical variables
x and 7n (n corresponding to the “phase slip” from Ref. [5]) enables us to understand the physics of the stochasticity onset,
illustrating that stochasticity is impacted by canonical momenta P, rather than the laser phases.

Equipped with approximations (19) and (20), we can now evaluate the integral Eq. (13) in the Px < a;, Px = a;, and Px > a;
regimes, and assess the impact of P, and P, on the stochastic boundaries Hyax/min. For moderate values of P, < ay, “kicks”

correspond to sin(n,,) = —Px/a;, giving the stochasticity condition

(at - P2)"

215 (a3 — P2) (a} - P2)""

5/3 5/2 2/3 1 2
P, a + P2)B
87ra2<\/1—a2a1 1518 Ai[ (14 5)

(at —P2)"

3/3 52 2a,)*3(1 + P2 2 P,
a apf 1/3Ai|:( 1) ( y)ﬁ <1+P){2+P},2+L12—1)[71’:|:2&1‘05in (_X)]

]_a a2 Ai/|:af/3(1+Py2)ﬂi|

(@ =72 L (@t -p2)"”

zZ 1, 21
ai

where we introduced the parameter § = (ky/a H 223 For P, i ay, the stochasticity condition is

(Pc —a)'/3

(Px —an'/3

87%a\*a, g3/ <[a(P —a)+ V1 — P ]Ai|:(l + (P —ay)’ +Py2)a%/3,3:|
X y

217 (P —an)'

To compare Eqs. (21) and (22) with results obtained from nu-
merically integrating Eqgs. (3)—(5), we calculated the Poincaré
maps of the electron’s dynamics in lasers with various ay,
ay, ky, and «, for various initial H and P, . The resulting
Poincaré maps (see Fig. 3, for example) allow us to estimate
the stochastic boundary Biax/min Since

Hmin/max = \/]Q/Ti/ai/min' (23)

Figure 4 demonstrates the agreement between estimates from
Egs. (21) and (22) and numerical simulations with initial
B = (0.1)*/3. Despite preserved Kolmogorov-Arnol’d-Moser
(KAM) surfaces (such as the smooth curve on the top and
island in Fig. 3) preventing the precise measurement of the
stochastic boundary in some simulations, the results shown in

37.9

FIG. 3. Poincaré cross sections for an electron with initial
H(0)=3,7(0) = 0,and P, = Pje, from a setup with the parameters
a; = 10,a, = 1,k =9, @ = 1. The red dots show stochastic motion
for P, =2, and the black line at H = 3 shows regular motion for
P, =5.

1+ (P — a1)* + P?)(4ay)'/? 2
4+ Ai[( (B —a)*+ R)a) ’3]><1+P3+Py2+“_1)

zZ L 22
BIE (22)

(

Fig. 4 show good agreement of the numerical results with the
analysis.

From the estimates in Eqs. (21) and (22), and given the
asymptotics of the Airy function [Ai(x) ~ 0.36 — 0.26x for
x — 0 and Ai(x) ~ 0.28x"*exp(—2x¥?/3) for x — oo], it
follows that the stochastic region Bnax — Bmin 1S maximized
for Py = 0. Both Bnax and Buin decrease with the growth of

P,=0
2 ~
o
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FIG. 4. Stochastic boundary Egs. (21) and (22) for K =5, plot-
ted with blue lines for laser amplitudes a; = 10, a, = 1, in the cases
of parallel (¢« = 1, top panels) and perpendicular (¢ = 0, bottom pan-
els) polarizations. Electrons have either P, = 0 or P, = 0 on the left
and right panels, respectively. Red dots show the stochastic boundary
from the series of Poincaré simulations with initial 8 = (0.1)*/3,
n(0) = 0, and k, = 9 or 1089 (the use of larger values of k, allows for
a more precise measurement of S from the Poincaré maps in some
simulations, since the stochastic region remains in H > 1). Black
dots mark simulations with no stochasticity.
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g i
I,

FIG. 5. Poincaré cross sections for ¢ =1, a; =2, a, = 0.1,
ky =50, P, = 0 (left panels), and P, = 1.0e, (right panels). The
corresponding ponderomotive energies y, ~ 2.4 (P, =0) and 2.6
(P = 1.0ey).

|P, |, however, the B, boundary is much less sensitive to both
Py and Py. From Eq. (23) we then conclude that Hp, decreases
with [P |, while Hy,;, remains intact. At large |P | it follows
from Egs. (21) and (22) that stochasticity becomes completely
suppressed, in agreement with the spectral analysis above.

Because Hy,;, increases with P2, stochastic energy is sup-
pressed if its maximum max(y;) corresponds to Hpy, < 1.
However, if max(y;) corresponds to Hyax > &, the efficiency
of stochastic heating max(y;)/&, remains the same with an
increase of Py. Hpax > &, requires large ko,

ko> [+ (P+AY + P +A) aiBrn, (24
as in the simulation shown in Fig. 5.

The analysis above demonstrated that large [P,| > a;
suppresses stochastic heating. For larger amplitudes of the
main laser a;, the perpendicular canonical momentum will no
longer be conserved due to radiation friction effects. To see
how radiation friction (RF) affects the stochastic heating, we
use the classical Landau and Lifshitz [10] approximation for
RF force,

f=pr{—y?>vI(E+vxB)’ — (v E)’]
+y[(0;+Vv-V)E+ v x (0 +Vv-V)B]
+[ExB+Bx (B xv)+E(V-E)}, (25)

where E = —d,a;, B=V xay, py=2kr.,/3, and r, =
e?/mc? ~ 2.8 fm is the classical radius of the electron. Es-
timating ¥ ~ ai, E ~ aj, it follows from Eq. (25) that the
RF force is comparable to the Lorentz force when praj ~ 1.
For lasers with a wavelength of about 0.5 um, the pfa? ~1
condition is satisfied for a; g 40. Substituting a; = a; sin(n)
into Eq. (25) gives the expression

f=pplaH( —v,)sin(n)ex — Va%H2 cos> (1)
+ aHuvy sin(n)e, + a7 (1 — v,)cos*(n)e,},  (26)

100

T x10*

FIG. 6. Top panel: Decay of P, (r) and H caused by radiation
friction for A =1 um, a; = 100, and initial P, = 100e,. Bottom
panel: Corresponding evolution on x (7).

that we combine with the equations of motion for the electron,
dp
el ) 7)
dt x

The P, components of (27) are
dP, a’lH? sin
= pratt” <[PX + Ay ] cos’(n) — ﬁ) (28)
T X 4
dP, pra’H?
= fT‘[Py + Ayl cos’ (), (29)

where Ay y are components of A = a; + a,. The evolution of
X 1s described by
d oH
X lvttp. (30)
dt an  x
Using Eq. (26), expression (30) can be rewritten as

dx OoH H+x

o 2 2
dt 2x 'Of{al cos(n)
x [l —v; — H*(v, + v*)] + 2a1Huy sin(p)},  (31)
where the velocity components can be expressed as
2(Pxy + Ax —-H
Uy = M _X ) (32)
x+H x+H
Finally, Eq. (4) does not change in the presence of RF, since
d 1—v, -p, H oH
dn _l-vw _y—p _H__ (33)

dt  1+v, y+p. x Ix
It follows from Egs. (28) and (29) that |P, | > a; converges
to Px ~ a; and P, ~ +/1 — a?a,. For electrons with an initial
P, =0, the period of electron motion 7" = 27 /Q ~ a%, and,
since xy =y + P, ~ a%, from Eq. (28) it follows that P, (T') ~
pra;. Since for lasers with a micron wavelength p, ~ 1078, it
follows that Px and Py will remain zero for laser amplitudes
ap < 103, consistent [11] with the classical approximation
from Ref. [10] given by Eq. (25). Since pyH* < Q for P| <
ao values, the dynamics described by Egs. (28) and (29) are
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much slower than the characteristic period of electron motion
(as illustrated in Fig. 6), and so the analysis of stochastic
heating performed for taking P, constant remains valid.

III. CONCLUSION

In this paper, we described stochastic heating of an electron
with anarbitrary canonical momentum P in the presence of
two counterpropagating linear plane waves with an arbitrary
angle between the polarization. We demonstrated that the
onset of stochasticity is possible for both parallel and perpen-
dicular polarization setups. For the a; < a; case, we derived
the stochasticity threshold and showed how the stochastic
region of H decreases with an increase of perpendicular
canonical momenta P . We demonstrated that for |P, | < ay,
the Fourier spectrum of unperturbed a, = 0 electron motion

has a long tail of harmonics with a power-law amplitude decay
|%0.n| o< 1/n?, allowing for a resonant overlap and the onset
of stochasticity, in agreement with the Chirikov criterion. [§]
Meanwhile, in the [P, | > a; case, the exponential cutoff in
the Fourier spectrum |Xo.,| o« exp(—n) prevents the onset of
stochasticity. The presented results reveal the physics behind
the impact of P, on the stochasticity boundary. Finally, we
expanded the Hamiltonian analysis to include the impact of
radiation friction in the classical radiation reaction limit. We
demonstrated that within the applicability of classical approx-
imation from Ref. [10], the impact of P, is much slower than
the period of electron motion, and the Hamiltonian analysis
P, = const for stochastic heating remains valid.

The presented results are useful for understanding the elec-
tron dynamics in counterpropagating laser pulses such as,
for example, the incident-reflected laser pulses in laser-target
interactions [5,6,12].
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