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Abstract

Some aspects of the motion of an electrically charged particle in high-intensity laser fields
are analyzed, which are relevant for the charge acceleration in ultra-intense laser radiation in
vacuum. It is shown that for many practical purposes a charged particle accelerated by a trav-
elling high-intensity electromagnetic wave can be treated as a quasi-classical (and relativistic)
particle. A "stopping" point is identified for charges propagating initially (launched) against
the laser beam, where the charge oscillates indefinitely and radiates. Particular aspects of a
relativistic quantum-mechanical charge accelerated by a high-intensity electromagnetic wave
are discussed, which indicate that a quantum-mechanical treatment is superfluous for very
strong fields in many respects. Also, it is shown that charges in a standing electromagnetic
wave should be treated non-relativistically, and quantum-mechanically, as in an optical lat-
tice. The increase in the particle-antiparticle energy gap in high electromagnetic fields is
highlighted, which indicates difficulties in achieving pair production assisted (induced) by
high-intensity laser radiation in vacuum.

PACS: 41.75.Jv; 52.38.-1; 41.85.Ar; 41.85.Ja
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Introduction. The recent advances in the technique of focused pulses of optical laser beams offer
the opportunity of reaching very high intensities of electromagnetic fields.[1]-[8] New and inter-
esting phenomena can be made available for experimental study in the laboratory by using this
technique.[9, 10] Particle acceleration in high-intensity laser fields has been achieved up to ener-
gies of GeV’s order;[11]-[13] vacuum polarization, vacuum breakdown, photon-photon scattering,
electron-positron pair creation or non-linear quantum electrodynamics effects are envisaged;[14]-
[18] multiple Compton scattering, generation of higher harmonics, atomic and even nuclear effects
are currently produced or looked for in gaseous or solid plasmas subject to high-intensity laser
fields.[19]-[22] In all these phenomena, the basic element is the electric charge acceleration in
electromagnetic fields, and, generally, the motion of an electric charge in strong electromagnetic
fields. We discuss in this Note some aspects of the motion of an electric charge in high-intensity
electromagnetic fields in vacuum, which, usually, are insufficiently emphasized, in spite of their
relevance.

Classical charge. The relativistic energy equation for a charge g with mass m subject to the
electromagnetic potentials ¢ and A,
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where £ is the energy and P is the generalized momentum, leads to the Hamilton-Jacobi equation

A0S g oS ¢
gj(@xi+EA>(8J A):m202, (2)

where the metrics is ¢ = (1,—1,—1,—1), through & — —9S/dt, P = 9S/0r, S being the
mechanical action. For a travelling (plane) wave the potentials A; (®,—A) are functions of the
phase ¢ = k;z¢ only; we seek a solution of the form S = — f;x + F(£), where f? is the momentum
of a free particle, f; f* = m?2c?; it is the initial momentum, the interaction with the electromagnetic
wave being introduced adlabatlcally. Since k;k' = 0 and k'A; = 0 (transversality condition), with
zero scalar potential, we get

2

27yc?
where v = k; f*. The solution is well known.[23] We assume that the plane wave propagates along
the z-direction, so that ¢ = ¢t — x and k' = (1,1,0,0); since v = f — f! and f* = (f°, f1, k),
Liff=(f"% = (fY)? — k* = m2c?, we get
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S = —57(ct +2) - mC*K£+mr+—i/c%n 2§7/<EA2, (5)
where K is the transverse momentum and r = (y,z) is the transverse position vector. The

derivatives of S with respect to the momentum x and the parameter vy are constants of motion;
they may be set equal to zero. The generalized momentum P = p+ZA is given by the derivatives
of S with respect to the coordinates; similarly, the energy is the derivative of S with respect to
the time. We get
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and
Py =Ky — £4,
Pz = Rz — %Az ) (7)
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the energy is given by
E=cly+p) ;- (8)

we note the linear dependence on the momentum. For a charge initially at rest at x =y =2 =10
at the initial moment of time ¢t = 0 (k = 0, f! = 0), and a vector potential A = A, = Ag cos(wt —
kx) = Ao cos“(ct — x) = Agcos “£ (linear polarization) we get v = me (v* = m*c?) and

z=— qAO)\sm(wt—kx) , y=20,

2 A2 /4m?2ct .
x = 71quq2%%/4m264 [ct + 4 sin2(wt — kz)] (9)
_ *A3 2 L _ qu _k _
Pe = 55 cos?(wt x), p,= cos(wt x), py=0
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and
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A
E=me® + g 02 cos?(wt — kx) (10)
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where A = ¢/w is the radiation wavelength. For time-averaged quantities an effective mass can be
defined by

272 2 _ %22 %2 _ 2 ¢*Aj
Efc —pr=m"c", m™=m" 1+ , (11)

by analogy with the free particle.[24, 25]

We can see that, apart from oscillations, the charge exhibits a drift motion, governed by the ratio
of the field energy gAq to the rest energy mc?. There exist also solutions with negative energy
& = ¢(—~v—p,) and negative momentum p, (corresponding toy = —mec in the above calculations),
which move in opposite direction. The oscillations of the charge give rise to radiation|26]-[28]
(Compton effect); the Lorentz reaction force is extremely small;[29] in the limit of high fields,
where x is approximately ct, the phase is very small and the oscillations and the radiation are
fadding out.

We introduce the parameter
qAg
= 12
2mc? (12)

(or n = qFEy/2mwe, where Ey = wAy/c is the electric field, ¢ > 0); from equation (9) the drift
velocity of the charge is given approximately by

7]2

1+ n?
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V=

and the coordinates z and z can be written as

T~ vt + 32 sin2(w — kv)t = vt + 32 sin2w(1 — )¢,

(14)
z = —2nAsinw(l — 2)t ;

a current J = qu occurs, along the direction of propagation of the radiation. The charge gets
rapidly ultrarelativistic, as shown by equations (14).[30]

Usually, the parameter 7 is small (n < 1). However, a laser intensity I = 10*?w/cm?, focalized
in a pulse of dimension d, generates an electric field Ey = /47l /c ~ 10¥statvolt/em (E3d® =
4rld?t = 4rwld3/c, where 7 = d/c is the duration of the pulse). This may be a very high
electric field; (for a linear dimension of the pulse d = 10um, 7 ~ 30fs; the intensity 10*2w/cm?
corresponds to ~ 10Pw, i.e. a total energy per pulse ~ 300w). The vector potential is Ay =
cEy/w = 10"°Ey = 10°statvolt for the optical frequency w ~ 3 x 10°s™! (v = w/27, A = 0.5um);
the corresponding energy for an electron is gAg = 4.8 x 10 %erg ~ 30MeV . This energy is much
higher than the rest energy of the electron mc? = 0.5M eV, such that the ratio n = qAy/2mc* = 30
is much larger than unity. It follows that an electron can be accelerated, during the short duration
7 of the pulse, up to velocities close to the speed of light, along the direction of propagation of
the radiation field, and up to energies of the order 1GeV.

If the radiation is propagated in gaseous plasmas,[31] then a radiation pulse is a wavepacket; when
focalized, it is a three-dimensional wavepacket which distributes the electrons over its surface, such
as to compensate the radiation field. Under such circumstances, the charges are accelerated by
the transport motion of the wavepacket (pulse; pulsed polariton).[32] The mechanism of charge
acceleration presented here is distinct from, and complementary to the mechanism of charge
acceleration in plasmas.



4 J. Theor. Phys.

"Stopping" point. Let us assume that initially the charge moves with momentum f! = —amec,
a > 0, in direction opposite to the laser beam. Then, from equations (6)-(8), we get

x = igzzlgict + 1+22;+62)\sin %‘”5 , 2= —%’7)\ sin <&,
(15)
De = ’2”—5 (1 — B2 + 4n? cos? %f) , &= ”522 (1 + 3% + 4n? cos? %5)
where 8 = o + /1 + a2. We can see that there exists a value 3% = 1 + 2n? for which
_ 2w mc 2 2w
r = (1+2 ) Asin =28 p, = \/mn cos “£&
(16)
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where the drift motion ceases and the charge oscillates indefinitely, and radiates (mainly with
frequencies w and 2w).

Quantum charge. As it is well known[33, 34| the wawefunction of a relativistic quantum charge
in an electromagnetic plane wave is

o= freat ) "
where c )
/ q q 2
$= g [0 | o - it 1)

is the mechanical action, p is the charge momentum four-vector, k is the field four-wavevector,
denotes the Dirac matrices and wu is a constant bispinor; the notation (pk) stands for the scalar
product of the two four vectors p and k (Volkov wavefunction; compare with the classical action
given by equation (5), where p is repalecd by f). The electromagnetic wave depends only on the
phase £ = (kz). We assume that the interaction is introduced adiabatically; then u is the solution
of the free Dirac equation (yp — mc)u = 0, i.e. it is the plane wave constant bispinor. Therefore,
the wavefunction can be written as

__1 9 OROA) ] s
o= [ e e

where o = 41 is the spin label, V is the volume, & = (m?c* + p202)1/ ? and w,, is normalized such

as Tpglly, = 2MC* 0y, , U_poti_,r = —2mc*d,,r.[35] We give here these constant bispinors
- (e + me?)Y 2w, " (e =mA)V¥(no)w, (20)
P\ (e =me) 2 (noyw, ) P (e + me?) ), ’

where n = p/p, w, = —o,w_, and w, can be taken as the eigenvectors of the matrixo,; o
denotes the spin matrices. We note that uy,u,,.- ﬂpgvoum/ = 2¢0,,/. The wavefunctions 1, are
orthonormal;[36] also, the completeness of these wavefunctions can be proved (see, for instance,
Refs. [37]-[39]). The phase S given by equation (18) is the classical mechanical action; it contains
the drift motion of the charge along the propagation of the wave, while the pre-exponential factor
in the wavefunction given by equation (17) includes the oscillations of the charge in the radiation
field. The current ] = i)y (with the probability density p = 7% = ¢*¢ = j°/c) and the
momentum ¢' = ¢, oo (D' — —AZ)@/)W can be computed straightforwardly, and an effective mass m*
can be derived, identical wth the effective mass in the classical case.[40]
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Let us consider an electromagnetic wave propagating along the z-direction, k' = (1,1,0,0),
§ = kia' = ct — x, with the electromagnetic potentials A = (0,0,0,4), A = Agcos 2¢ (linear
polarization) and a charge moving initially along the y-direction, p* = (mc, 0, p,,0), with a small
py; then, the pre-exponential factor of the wavefunction in equation (17) is

q (k)04 qAg cos <€ ( —io, 0. )

1 = )
Jr2:: (pk) 2mc? o, —ioy

(21)

(we note that the matrix (v* — 7')y* entering the pre-exponential factor is twofold degenerate);

the mechanical action given by equation (18) becomes

2 A2 2 A2 2 A2
A A A . 2w
S = — S R — —¢. 292
(mc * 4m62) TPV 1t T Bmew P e ¢ (22)
The charge acquires an average drift momentum
2 A2
q°A
P LA e (23
an energy
¢ A7
E ~me® + oo i mc*(1+n?) (24)
and a phase velocity
& 14 e2A2/4m?ct 1+ n?
Vp N — = re O/mcc: —H?c, (25)

P, e2 A2 /4m?2ct n?

which is higher than the speed of light in vacuum c¢; the group velocity may attain values as large
as c.

We can see that for high-intensity fields,[41] n = qAo/2mc?® > 1, the charge becomes ultrarela-
tivistic; leaving aside the pre-exponential factor given by equation (21), the wavefunction can be

written as . 1
Wy ig W—¢o —-is
. —— er’ g ——— e n” 26
U V2V ( OyWy ) Ve V2V ( OyW—o ) 20)
where 2 42 2 42 2 42
q q q
5 _4mcg 4mc%3j - _4mc?5 (ct —x) = —mcn’(ct — x) ; (27)

(the two bispinors are not independent, which corresponds to the ultrarelativistic case). The
extremely fast oscillations produced by the large phase S indicate that we may view the charge
as being in the quasi-classical limit; in fact, for many practical purposes we may disregard the
wavefunction, since it is vanishing as a consequence of very fast oscillations, and view the charge
as a classical particle; a similar result can be obtained by taking the limit m — 0, either formally
in the Volkov wavefunction given by equation (17), or in the initial Dirac equation (Weyl equation,
with only one spinor).|34] We can check that the current is @payiwpa = %(1, 1,0,0), corresponding
to a plane wave which describes an ultrarelativistic particle. The spinor ¢_,_, corresponds to
negative energy (and momentum). The negative-energy electrons in the Dirac Fermi sea get lower
and lower (negative) energy (as if they would have a negative mass); such that the gap between the
negative-energy states and positive-energy states is increased by radiation. Similar considerations
are valid for pair creation in laser fields in the presence of a Coulomb potential (Bethe-Heitler
process|[42, 43|). Tt is also worth noting that the accelerated charge "feels" not anymore the
radiation for very strong fields; in the rest frame of an ultrarelativistic particle the electromagnetic
fields are vanishing. From equation (27) we get the charge wavelength A ~ hi/n*mc; we can see



6 J. Theor. Phys.

that for large 1 the wavelength is much shorter than the Compton wavelength; it follows that for
many practical purposes we may use the classical approximation for the accelerated charge.[44]-
[46] Within this approximation small interference effects or rapidly varying spin dynamics are
lost; in the limit of high-intensity fields these effects are small, so they can be disregarded. An
ultrarelativistic particle is practically a "radiation" field; as such, it does not radiate, and does
not "feel" the accelerating electromagnetic field.

Standing electromagnetic wave. Let us consider a classical relativistic charge in a standing
electromagnetic wave with the vector potential

1
A=A, = QAO [cos(wt — kx) + cos(wt + kx)] = Ag cos wt cos kx (28)

(linear polarization); the frequency of the wave is in the optical range, v = w/27 ~ 10%s7! and
the wavelength is A\ = 27 /k = ¢/v ~ 3 x 107°cm = 0.3um. The time spent by the charge in the
field may be much longer than the wave period 1/v = 107'%s; consequently, we may average the
Hamilton-Jacobi equation

0—12(85/875)2 = (gradS — %A)2 +m?c? (29)

with respect to the time; equation (29) becomes

2 A2

é(@S/@t)2 = (85/826)2 + (85/8y)2 + (85/62)2 + q—AO cos® kx + m2c? ; (30)

2c2

(a similar result holds for a circularly polarized wave). The solution of this equation is the
mechanical action

S =

cos kx + pyy +p.z — Et (31)

\/_w

where p, . are constant transverse momenta and & is the energy, given by
8 =mPct + qQA2 +(py +p2)e” (32)

We note that the energy acquires the form of the energy of a free particle, at rest along the
longitudinal z-direction (wave direction), with a renormalized mass. This indicates that the
assumption of a relativistic classical charge in a standing electromagnetic wave is not warranted.
In particular, we can see that the coordinate z is not determined.

Indeed, contradictions can appear from such an assumption. For instance, the longitudinal mo-
mentum is

P, =p, = o :i:\/_C sin kx| (33)

whence, making use of p, = muv, /(1 —v2/c?)'/2 we get a "velocity"

Ao
d 20 sin kx
e (34)
\/1 + 2qm2§4 sin 2kx

and a "force" p p p
X X ]‘
Po _ 0,22 = 200 m2e +p2 = mc’k

dt “dr 2 dx

2n? sin kx cos kx
V1+2n2sin? ke

(35)
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which looks like a ponderomotive force. However, the motion under the action of such a force
is meaningless. In particular, both the "velocity" and the "force" given by equations (34) and,
respectively, (35), vanish at kx = nm, where n is any integer.

The situation is different for a non-relativistic charge; in this case the energy reads

1 g o Py P g '
E=—(P—--AP? =24 %L =~ — —p, A A? 36
Zm( c ) 2m + 2m + om  mect + 2me2 (36)
or, taking the temporal average,
2 2 2 2 42
o py P, € AO 2
E= "+ — — kx ; 37
2m 2m+2m+4mc2 O8RS (37)
we can see that the charge moves in a periodic potential
2 42
Uz) = ﬁ cos® kx ; (38)

the standing wave acts as an optical lattice for the charge. It follows that the quantum-mechanical
motion of a charge in a standing electromagnetic wave generates energy bands, as it is well
known;[47] and, in addition, a charge may suffer diffraction on a standing wave (Kapitza-Dirac
effect[48]). The classical motion is confined within the potential wells centered at kz = (2n+1)7/2,
according to the potential energy included in the expression of the hamiltonian given by equation
(37), subject to a ponderomotive force mc?kn? sin 2kx.

Finally, it is worthwhile commenting upon the Compton effect in a classical electromagnetic wave.
It is instructive at this moment to have an estimation of the (mean) photon density in a laser pulse
with moderate intensity I = 10'®w/cm?; this intensity corresponds to an electric field of the order
Ey ~ +\/4mI/c = 108statvolt /cm (and a similar magnetic field). The energy density is of the order
w =~ I/c=10"erg/cm3, with a density of photons n ~ 10®c¢m =3 with energy, say, hw = 1eV; the
photon flow (flux) is en =~ 103%/cm? - s. Currently, electrons may be injected in an electromagnetic
waves to give an electric current of, at most, the order ~ 100mA, which corrresponds to ~ 107
electrons per second (we may admit that such an electric current can be produced experimentally
over a cross-sectional area 1em?); it follows that we may have an electron flow ~ 10'"/em?-s. We
may see that electron flow is much weaker than the photon flow. Therefore, we may conclude that
the disruption of an electromagnetic wave by electron beams is unlikely and the Compton effect
is not likely to disturb appreciably either the electromagnetic wave or the electron dynamics. We
may view the Compton scattering in an electromagnetic wave as a statistical-mechanical effect,
where the mean free path of the electron is of the order of the mean separation distance between
the photons (~ 10~8¢m), the Compton cross-section ¢ is of the order of the square of the classical
electromagnetic radius of the electron (r, = €*/mc? ~ 2.8 x 10~13¢m), for the radiation wavelength
~ 3 x 107°cm (hw = 1eV).

Concluding remarks. The acceleration of a classical relativistic charge by a travelling wave of
high-intensity (focused) optical laser radiation in vacuum is analyzed, with the aim of emphasizing
some peculiar aspects. Such a charge acquires quickly a fast drift motion and becomes ultrarela-
tivistic, moving with energies in the Gel'’s range; under these circumstances it ceases to radiate
and "feels" not anymore the carrying wave. Also, it is shown that a relativistic quantum charge
in high-intensity laser radiation (Volkov state) becomes rapidly "localized", such that a (quasi-)
classical treatment is more adequate for many practical purposes. Similarly, it is shown that a
charge in a standing electromagnetic wave behaves quantum-mechanically and non-relativistically.
This situation leads to energy bands and charge diffraction on a standing electromagnetic wave
(Kapitza-Dirac effect), as it is well known in an optical lattice.
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