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Harmonic generation from laser-driven vacuum
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We investigate the feasibility that, in the field of a superstrong standing laser wave, high-order
harmonics of the pumping laser are generated from vacuum. Analytical calculations employing adiabatic
perturbation theory show that, for laser electric fields larger than E, = m?c3/he = 1.3 X 10'6 V/cm,
high-order harmonics are generated. The harmonic spectrum shows a wide plateau followed by a cutoff.
The cutoff starts approximately at photon energies hw,; ~ /hecE,, with E; being the amplitude of the
laser field. In the opposite limit £; << E,, the emission of high harmonics is very unlikely. In this case, a
feasibility analysis for the experimental observation of the photon-photon scattering process using x-ray
free electron lasers shows that the requirements are much less restrictive than those required to observe

electron-positron pair creation.
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I. INTRODUCTION

Strong laser radiation is a powerful tool opening exciting
perspectives. Available tabletop terawatt and petawatt la-
sers are employed for laser acceleration of electrons and
ions [1], for the creation of new radiation sources in the x-
ray and y-ray domains [2], for the initiation of nuclear
reactions [3], as well as for advanced fusion concepts [4].
Moreover, proposals are in a stage to advance laser inten-
sities further [5] even to achieve the fantastic Schwinger
field limit of E,, = m?/e = 1.3 X 10'® V/cm, with —e <
0 and m being the electron charge and mass, respectively
(throughout this paper, conventional units with # = ¢ = 1
are used if it is not stated otherwise). The “critical’’ field
E_,. provides an electron with an energy m in the Compton
wavelength A. = 1/m, enabling spontaneous electron-
positron pair creation from vacuum and making vacuum
unstable [6]. Below the critical field vacuum is stable but
still can exhibit nonlinear properties due to the virtual
electron-positron pair creation. In the electromagnetic field
(E;, B,) of a plane wave, vacuum is linear because both of
the electromagnetic invariants E2 — B? and E; - B, are
zero in this field [6]. The vacuum nonlinearity in the field
of two photons, that in the lowest order is the photon-
photon scattering, is known since Euler’s seminal work
[7-9]. Another effect of vacuum polarization is the scat-
tering of a photon in a Coulomb field, and it is known as
Delbriick scattering [10]. Since then, a large number of
light-by-light scattering processes has been considered. A
variety of this process is the photon splitting in a strong
external field. The photon splitting process in a strong
constant magnetic field was investigated in Ref. [11]. For
low photon energies w << m and arbitrary field strengths,
the Euler-Heisenberg (E-H) effective Lagrangian [12] has
been used [13,14], while for higher photon energies the
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exact Green function of the electron in the external mag-
netic field must be considered [15]. The same process is
treated in Ref. [16] by means of the operator diagram
technique. Also, the photon splitting process in crossed
constant electric and magnetic fields was considered in
Ref. [17]. Finally, the same process in a laser field with
strength E; was studied in Ref. [18], employing expan-
sions in the parameters E; /E,, and w/m, with @ the initial
photon energy. When the strong magnetic field is time-
dependent, it can create photons directly from vacuum.
Thus, photon production in a rotating magnetic field was
considered in Ref. [19], employing adiabatic perturbation
theory and the E-H effective Lagrangian approach, which
is reliable for created photon energies @ << m. The photon
creation process in a strong electric field is distinguished
by the fact of the vacuum instability. Particularly, the
production of a photon becomes possible in a constant
and uniform electric field when it is accompanied by the
electron-positron pair production [15]. Instead, this process
is forbidden in the presence only of a constant and uniform
magnetic field.

Of course, the cross section of the light-by-light scatter-
ing process is much smaller than the photon scattering by
atoms. In fact, if £ and o are the typical electric field
strength and photon energy in the process, the light-by-
light scattering cross section is proportional to some
powers (depending on the particular process) of the pa-
rameters E/E.. and w/m that are usually very small in
experimental situations. The experimental observation of
vacuum polarization effects has been succeeded so far only
for the Delbriick scattering of y rays on a heavy nucleus
[20] and for the connected process of the y-photon splitting
in the field of a heavy nucleus [21]. An experiment on the
photon-photon scattering at optical energies [22] was able
to determine only an upper limit of the cross section with
95% of confidence level. We should also mention the
PVLAS project being under way for the experimental
investigation of vacuum nonlinearities in a constant mag-
netic field [23]. Experimental results from the PVLAS
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project about the rotation of light polarization in vacuum
have been already reported in Ref. [24].

The present paper considers harmonic generation in
vacuum in the strong field of two counterpropagating laser
waves: The photon-photon scattering would be the lowest
order process in which two laser photons simply interact,
giving rise to two other photons with the same frequency
but propagating in different directions. Our formalism can
be applied for any generated frequencies and also for laser
electric fields E; = E .. The main approximation used is
the adiabatic perturbation theory, which is valid when the
laser frequency w; is much smaller than the characteristic
energy m and the characteristic frequency w of the emitted
photons. In the ultrastrong field regime, n photons from
each laser wave can be absorbed (merged) to generate two
counterpropagating high-energy photons with frequency
w, = nwy [25]. In this view, harmonic generation is the
inverse process of photon splitting in vacuum. We inves-
tigate the discrete spectrum of the vacuum harmonic gen-
eration. As we will see, the typical electric field strengths
needed to observe the vacuum high-order harmonic gen-
eration (VHHG) are larger than the critical field E,.
Though VHHG due to light-light nonlinear interaction
and atomic high-order harmonic generation (AHHG) due
to atom-light nonlinear interaction are very different in the
scale of nonlinearity, nevertheless, as we will see, similar
features of AHHG spectra can be traced in VHHG spectra.
Namely, VHHG spectra also show a plateaulike structure
followed by a cutoff, as in AHHG [27]. The physical
interpretation of the cutoff position can be considered
analogously to AHHG. In fact, as we will see, VHHG is
due to the absorption of a large number of laser photons by
an electron-positron virtual pair and the successive emis-
sion of two high-energy photons through the pair annihi-
lation, and, analogously to AHHG, the cutoff position
corresponds to the maximal energy that the virtual pair
can acquire in the laser field before the ‘“‘rescattering”
annihilation.

In the presence of such strong electric fields E; = E;
required for VHHG, spontaneous electron-positron pair
creation from vacuum takes place, and, from this point of
view, we always assume that somehow the intensity of the
laser field is kept constant. As we have mentioned, in the
presence of an electric field, there is an additional channel
for the photon production different from VHHG: the cre-
ation of a photon simultaneously with an electron-positron
pair [15]. The photon spectrum via this channel is continu-
ous in contrast to the discrete VHHG spectrum. Moreover,
in this process one photon is generated, while in VHHG a
pair of correlated photons is created. Therefore, the VHHG
spectrum, in which our concerns lie, is distinguishable
from the photon spectrum generated simultaneously with
the electron-positron pair production.

In the weak laser field regime E; < E_, which still
corresponds to the electric fields of the strongest available
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lasers, the VHHG spectra have perturbative nature. We
analyze in this regime the feasibility of the experimental
observation of the scattering of two counterpropagating
laser beams using x-ray-free-electron lasers and optical
lasers.

The paper is organized as follows. In the next two
sections, we will describe the theoretical approach we
have followed to calculate the VHHG spectra. In Sec. IV,
we will use the E-H effective Lagrangian approach to deal
with the low-photon energy region (w << m) of the spec-
trum: Both the cases of weak (E; < E) and strong
(E;, > E_) laser fields are considered. In Sec. V, the
general approach is followed to deal with larger harmonic
orders in the strong field regime. In Sec. VI, we study
qualitatively the other process leading to one photon plus
one electron-positron pair production in the presence of a
strong constant and uniform electric field. Finally, in
Sec. VII, we summarize our conclusions, and in the two
appendixes, we give the details of some calculations that
would have made the main text heavier.

II. THEORETICAL MODEL

We consider the interaction of two strong counterpropa-
gating laser beams in vacuum. The two monochromatic
waves with the same amplitude E; /2 and the same fre-
quency w; propagate along the x axis. By indicating the
resulting electromagnetic field as (E(x, 1), B(x, 1)), then

rE E
E(x, 1) = 7L cos(kyx — wpt) + 7L cos(k; x + th)}i
= E; cosk; x cosw 17, 2.1)
r E E
B(x, 1) =| — 7L cos(k;x — wpt) + 7L cos(kyx + a)Lt)}jf

= —E; sink; x sinw; 1§, 2.2)

with § and Z the units vectors in the y and z directions,
respectively. In general, we are interested in the yield of
photons with frequency @ much larger than ;. These
photons are created in a volume with a typical length A =
27/ w much smaller than A; = 27/ w,, and, if we imagine
that the photon production process takes place around the
x-axis origin, then |k, x| < 11in Egs. (2.1) and (2.2). At the
zero order we can write these equations as

E (x, t) = EL COS(l)Lti = EL(I)i, (23)

B (x, 1) ~0. (2.4)

Another consequence of the previous approximation is that
the electric field E;(7) changes slowly with time with
respect to the field describing the photons with which we
want to deal. Now we have to write a suitable Lagrangian
density to describe the process in which a certain number
of laser photons merge to give at least two higher energy
photons. In general, this Lagrangian density has to account
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for the interaction between a strong classical electromag-
netic field of the laser waves and a quantized radiation field
of the emerging photons. We indicate with A#(x) and
A*#(x) the four-potentials describing the strong classical
field and the radiation field, respectively [28]. In
Appendix A, we show that, by starting from the one-loop
effective action of the total electromagnetic field A*(x) +
A#(x) and by neglecting the self-interactions of the ra-
diation field, it is possible to obtain a quadratic effective
action of the radiation field itself that takes into account
exactly its interaction with the classical field. We are
interested in frequencies of the radiation field much larger
than the frequency w; of the electric field E; (¢), and we
will take into account the time dependence of Ej (¢) via
adiabatic perturbation theory. Consequently, the zero-order
effective Lagrangian density of the radiation field is as-
sumed to contain the strong classical field as a constant and
uniform electric field E; . Then the corresponding effective
Lagrangian density of the radiation electromagnetic field
Frr(x) = 0+ AV (x) — 9V A*(x) is given by:

L(x;pp) = ilm(LED(p)) + Liy(x) + 8L(x; py),

2.5)
where p; = E; /E,. and where
Im (LE(p,)) = " pi ii e, (2.6)
LT mp Pt £ ’ '
1
'[:M(x) = _Zfﬂv(x)fﬂy(x): (27)

3Ll pr) = = [dV AW~ 25 p) A,(),

(2.8)

with I[T#¥(x — x'; p,) the photon polarization tensor in the
presence of the external electric field E; = p, E.,. Before
giving the explicit expression of the photon polarization
tensor, we make some observations about Egs. (2.5), (2.6),
(2.7), and (2.8). First, it is worth stressing that we have not
made any assumption concerning the frequencies of the
photon field with which we can deal. When in treating
nonlinear QED effects one starts from the E-H Lagrangian
density [12], which is valid for constant and uniform fields,
then one is forced to consider frequencies much less than
the electron mass. As a consequence, our interaction
Lagrangian density (2.8) is, unlike the E-H Lagrangian
density, nonlocal in space-time. In Sec. IV, we will show
that for photon energies much less than m our results
reduce to those obtained by starting from the E-H
Lagrangian density. Second, the term i Im(LE"®(p,)) in
Eq. (2.5) results from the one-loop E-H Lagrangian of the
constant field E; [13]. It is a constant term but, since it is
imaginary, it cannot be dropped because it has a physical
meaning: It takes into account the fact that, in the presence
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of the electric field E;, spontaneous pair production from
vacuum Occurs.

We can now give the expression of the photon polariza-
tion tensor I1#”(x — x'; p;) in Eq. (2.8), and we refer to the
notation used in Ref. [14] [see also the original papers
[29,30]]. As we have pointed out, since the external field is
constant and uniform, the polarization tensor depends only
on the 4-coordinates difference x — x’; then by putting

dk . )
(= wpy) = [ e ), 29)
(2m)
it can be shown that I1#”(k; p; ) can be written in the form
[13]
1147 (k; pr) = clks pr )PP (k) + L (ks p)PY” (k)
+ ¢y (k: pL)PL (k). (2.10)

In this expression, we have defined the four-dimensional
matrices

PrY(k) = ghvIR — kK, 2.11)
PV (k) = g4 I3 — KM kY, (2.12)
P (k) = gl kT — ki“kt (2.13)

with

gt =diag(—1,1, 1, 1), k* = (k% k', k2, k%), (2.14)

g” = diag(=1,0,0,1), k' =(k°0,0,K), (215

¢} =diag(0,1,1,0), K} =(0,k',k%0), (2.16)

and the coefficients

ds (vdv _,
ka)__/ Sj Y [e=i6/p)d R p(s. 1)

—ei/r(1 = p2)], (2.17)
g = [T [ A s, ),
(2.18)

a [(ods (1 dv _,
ks pr) :ﬁf *[ ¢ (/PSR (s, v),
0o s J-1

(2.19)
with @ = e?/41r the fine-structure constant, and
Ko1- ki coshs — coshws
k) =1+ % A
plomb) =1+ 2 2m®>  ssinhs
(2.20)
F(s,v) = (coshvs — vsinhvs coths), (2.21)

085005-3



A. DI PIAZZA, K.Z. HATSAGORTSYAN, AND C.H. KEITEL

Fi(s,v) = ;[(1 — %) coshs — coshws
sinhs
+ vsinhws coths], (2.22)
s coshs — coshvs
Fy(s, v) = — — cosh
I, ) smhs( sinh%s cosavs
+ vsinhvs coths). (2.23)

Before going on and introducing the time dependence in
the electric field, we also express the interaction
Lagrangian density (2.8) like the Maxwell Lagrangian
density in terms of the electromagnetic field F#*(x) in-
stead of the four-potential A #(x). Also, this will render it
easier to recover the results in the low-energy limit, where
the E-H effective Lagrangian holds, because it is also
expressed in terms of the electromagnetic field. Now we
observe that the action corresponding to the interaction
Lagrangian density (2.8) is given by

8T[A; p ] = fdxﬁﬁ(X; pL)

- _% fdxdx/ﬂ,u(x)l_['“”(x - x’;pL)ﬂV(x/).
(2.24)

By performing two integrations by parts, for example, in
the term containing P*” (k) [see Eq. (2.10)], we obtain

[dxdx’eik("*x/) A, (x)Pr (k) A, (x')

= % f dxdx' e F () P (x'). (2.25)

By using the same argument for the terms containing
Pl"(k) and Pl’l‘ “(k), it is easy to show that the action in

Eq. (2.24) is completely equivalent to the following one
(we use the same symbol to denote it):

5F[.7:;PL]

1
- _Z]dde/fw(x)HwaB(x_X/ZPL)j:a,g(x/), (2.26)

where

dk

et =i py) = [

eik(x—x’)H,u.vaﬂ(k; pL)

(2.27)
J

dk, dk,
")t em)t
dk, dk,

SI[Fiprl= —4]dx,dx
1

4

== /de (277_)4€i(kl+k2)x.7:w(k1)ﬂwaﬁ((k2 —k1)/2p0) F ap(ka).
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and

ek, pp) = clk; p) PP + ¢ (k; pL)P’l”’a’B

+ ey(ks p )PP, (2.28)
with
prreB = gragrh, (2.29)
phrP = gheotP, (2.30)
PP = gttt (2.31)

Now we can introduce the time dependence of the external
field and we will do that in the following section.

ITII. CALCULATION OF THE SPECTRUM

As we have said, to take into account the time depen-
dence of the external electric field, we apply adiabatic
perturbation theory. We have to be careful as our
Lagrangian density corresponding to the action (2.26) is
nonlocal in space-time. The Lagrangian density has two
characteristic time scales. One corresponds to the virtual
pair creation; it is of order 1/m and it is expressed via the
quantity ¢ — ¢ in the argument of the polarization operator.
Another time scale is the period of the slowly varying
external electric field expressed via the time dependence
of the field p;(t) = E;(¢)/E,. If we want to consider
created photons with arbitrarily high frequencies, then
we have to take into account exactly the dependence of
the Lagrangian on the first time scale. Meanwhile, the slow
variation of the external field, i.e. w; <K w, m, allows the
application of the adiabatic approximation on the second
time scale [31,32]. Thus, we proceed by introducing the
Fourier transform of the radiation field

Foun) = [ s e F )

(3.1

and by making the change of variable x. = (x = x')/2.
Then Eq. (2.26) reads

) T (k)T B 2 1) Faplln)eiats: )

(3.2)

In this way, from the relation SI'[F;p,]= [dx6L(x;p,), we obtain the following expression of the interaction
Lagrangian density which is local in space-time but not in momentum space:
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1 [ dk, dk

4 ) @m? @n)?
X F k)T B ((ky — k) /25 pr) F ap (ko).
3.3)

ei(kl +ky)x

0L(x;pL) = —

The Hamiltonian density arising from the total Lagrangian
density (2.5) with 6 L(x; p;) given by the previous equa-
tion has to be calculated by means of the usual Legendre
transformation. If we restrict to laser amplitudes such that
E; < (m/a)E, = 5.6 X 10'® V/cm, it can be shown that
the interaction Lagrangian density &L(x;p;) can be
treated as a small perturbation of the Maxwell
Lagrangian density £,,(x) [14]. In this not very restrictive
assumption, the corresponding Hamiltonian density is
given by

H (x3p,) = —ilm(LE D (p,)) + 5(E2+ B) — 5L (x:p,).
3.4)

Also, the amplitude of the production from vacuum of two
photons in the states y = (k, A) and v’ = (k’, A’) in the
presence of the oscillating field E; () = E; cosw; ! is
given up to first order both in the laser frequency w; and

in 6.L(x;|p.(1)]) by 1
Ap(y,7pL) = —e_N(pL)/zfdx 7
w+tow

X(yy'I[8,, 8 L(x;|pL (DN0)p, (e,
(3.5)
where w = |k| and w’ = |k’| and where the absolute value
of p; (¢) reminds us that the polarization tensor depends on
the amplitude of the external electric field [14]. In the
previous equation, we have used the fact that, when the
external electric field E; in Eq. (3.4) is assumed to be time-
depending, then 8 L(x;|E.(¢)]) is the only operator that
depends explicitly on time and that can account for the
transition from the vacuum to the two photons state.
Therefore, in the present approximation, up to first order
in 8 L(x; |p.(2)]), all the other quantities in the amplitude
(3.5) can be calculated by quantizing the photon field
starting from the zero-order Lagrangian density
iIm(LEW(|p, (D)) + L;(x) [see Egs. (2.6), (2.7), and
(2.8)]. In this respect, the presence of the term
iIm(LE W (|p, (7)) in the Lagrangian density results in
the exponential exp(—N(p;)/2), where N(p;) is given by
[see Eq. (2.6)]

Nipy) =2 f dxIm(LED(|p, (1))

4 & T/2
= Vm73p% Z iz f / dl‘COSZ(z)Ll‘eimT/pL cosw, t
477 n=1 n _T/2

m \4
=4VT(—) p?
<2ﬂ_> PL

21 (w2 _
X ;F f_ﬂ/z dn cosne "7/pLeosn, (3.6)
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with VT the space-time volume occupied by the laser
electric field [see discussion at the end of Sec. IVA]. In
fact, in the presence of an external electric field, the
vacuum state becomes unstable and exp(—N(p;)) corre-
sponds exactly to the vacuum-vacuum persistence proba-
bility as given in Ref. [15] for constant fields. For what it
concerns the process under consideration, this implies that
many new transition channels open like the creation of the
two photons and one electron-positron pair, the creation of
the two photons and two electron-positron pairs, and so on.
In this respect, Eq. (3.5) has to be interpreted as the
amplitude that two photons with quantum numbers y and
v' are created without any electron-positron pair. By in-
dicating the corresponding probability as W(y, ¥/, 0), it is
expressed as the product of the vacuum persistence proba-
bility W(0) = exp(—N(p.)) and the probability of the
photon production Wy, v') = W(y, v/, 0)/W(0).
Likewise, one can deduce that the probability W(y, v/, 1)
of the second process mentioned, i.e. the creation of the
two photons and one electron-positron pair, will be ex-
pressed as a product of the probability W(1) of one pair
creation and the probability of the two photon production:
W(y, v, 1) = W(y, ¥') X W(1). Since the total probability
of the pair production must be one, that is, > ,W(n) = 1,
then W(y, y') can be interpreted as the foral probability of
two photon production irrespective of the number of cre-
ated electron-positron pairs. This probability is given by
the square modulus of the amplitude (3.5) without the
exponential factor, that is,

1
Ay, v =—|d
(v, ¥spL) fxw+w,

X (yy'l0,,8 L(x; pL (0)110)p ()@,
3.7)

Now if the external field vanishes both in the remote past
and in the remote future, then

Ay, ¥ip1) =1 [ dx(ry18 LG lpy DI0e! .
(3.8)

By using the inverse Fourier transform of the radiation field
[see Eq. (3.1)], it is easy to write the amplitude (3.8) as

Aly, ¥ pL) = —i fd)cd)c'e"(‘”*“’/)Z

XAYYNF I B (x — x5 |p (D))
X Fap)10), (3.9)
with 7 = (¢ + ¢')/2 the mean instant between ¢ and ¢. By

quantizing the electromagnetic field in a finite volume V, it
can be shown that
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Aly, ¥spL) =

e

+ ey (p oL (DN ky gk — K KE) + cy(p, |pL(f)|)(g|’|Wk||Bk|/f

_ Ok
2 2w
+ ek LpL (ON (] kyghif

where (e,)* and (e,)* are the polarizations of the two
produced photons and k* = (k* — k'*)/2 = (0, k) is the
difference of their four-momenta k* = (w, k) and k'* =
(w, —k) divided by two. In fact, since the external electric
field is uniform, the two emitted photons have equal and
opposite momenta k and k’ = —k and then the same
energies w = o’. Finally, the notation +vy «— ¥’ indicates
that the same expression on its left has to be summed but
with y and v’ exchanged.

By  choosing the  vector Kk as k =
w(sin?d cosg, sind sing, cos?) with % and ¢ the polar
angles and the polarizations of the photons as (ey \)* =
(O, ék,/\) with

ZXk

e = _——— = (—sing, cosey, 0), 3.11

k X €& | . .
€| =———=(—coscosp, — cosdsing, sin}),
Kk, |l |k X ék’ll ( [ ¢ )

(3.12)

one sees that the two photons have to be created with the
same polarization. In particular, they can be produced both
with the electric field perpendicular to the plane deter-
mined by the two vectors Z (where the laser electric field
lies) and k or with the electric field in this plane. These two
modes are called “‘perpendicular’” and ‘““parallel,” respec-
tively, and the two relative production amplitudes are given
by

A (kK5 B, pp) = w5k k’f7 d;eZ"wl[zc(]E, lpL (D)

+sin?dc (k lp ()] (3.13)

i 00 . -
A||(k, k'; BL.pL) = — Ew‘sk,—k’ f_ dfezmt[ZC(k, |PL(I)|)

+ sin? ¢y (& lpL ()], (3.14)

where we have pointed out also the dependence on the laser
frequency w; [which is actually hidden in p;(¢) =
prcoswyt] through the adimensional variable B; =
wy/m. Also, the total production probability is obtained
by integrating on the photon momenta, summing on the
polarizations, and dividing by two to take into account that
the created photons are identical particles:

kyk” (e k)\’) tye 7:
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) d . /
D[ axay 190 pmiteeon [ e ™ el lpu D& kk — kin)

(ey)y
ik D) /
/— YV

— kK2

| dte e e, e lon D gk — k) + o (B lop (DD kK — k)

(3.10)

[
P(BL o) = 5| G || [ k1A ' P

+1AL(k k3 B, pr)lP] (3.15)

By recalling that the external electric field is periodic in
time, we can expand the coefficients c(k, |p. (1)),
1 (k |p (1)), and ¢ (k, | p,.(9)]) in Fourier series. By doing
that, it is easy to show that the total number of photons
produced per unit volume and unit time can be written as

dN(BL’ PL) _ i qu(BL’ pL)

, 3.16
dvdt £ avd (3.16)
where
dNy(Br.p1) _(gmPBL)*
dVdt = d’(}smﬁmczq(ﬁ Br.pr)

+ Sinzﬁci,zq(ﬁ;ﬂb pul>+12¢2,(9:B1.p1)
+sin?Se o, (9: 81 pr)I?] (3.17)

is the number of photons produced per unit volume and
unit time with frequency w, = g . In this expression, we
have introduced the Fourier coefficients

1 (72 .
cg(3; BL pL) = = f dne'c(d, qB.; pr cosn),
T ) -7/2

(3.18)

1 (7/2 .
vy Brp) = [ dnee (9,qBy: py cosn)
T ) -7/2

(3.19)

1 /2
g Br, pL) = p= f

) d”?‘fiqncll(ﬁ, qBL; pL cosn),
(3.20)

where ¢(d, gB.; pr), c1 (3, qBL; pr), and ¢ (I, qB.; pL)
are determined by Egs. (2.17), (2.18), and (2.19). For later
convenience, we introduce the function A(s, v, ) defined
as

— 12 cos?¥

+
2

1
h(s, v, ¥) = —is(sin219

% coshs — coshvs)) G21)

s sinhs
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and we observe that [see Egs. (2.17), (2.18), (2.19), and
(2.20)]

.S ~ .S 2

—i— (s, v, k) — —i— + —h(s, v, V), (3.22)

pL pL  PL
with 8 = w/m. It is worth writing an equivalent expres-
sion of the coefficient (2.17) because, even using the
prescription m?> — m? — ie, the integral [§ % e /Pt di-
|

1 d d
(8, qBL: pL) = ﬁan?)f 2”[[3 S emislpL LB o s D) F(s ) — (1 — VZ)[

N

— -2 [T u4E
s1< ey

Now, as is evident from Eq. (3.16), the produced photons
are emitted with a frequency multiple of the laser fre-
quency ;. This is due to the fact that in the process
only two photons are created and necessarily with the
same energy. As a consequence, each final photon has
exactly one-half of the energy of all the initial photons
absorbed. In this respect, it is worth recalling that because
of Furry theorem the number of initial photons absorbed is
even [26]. Also, we find that both even and odd harmonics
of the laser field are present in VHHG spectra. This is a
difference with respect to the typical AHHG spectra that
show only odd harmonics. This feature of AHHG spectra
essentially originates from the fact that atomic levels have
definite parity. Here, from the expression of the interaction
Lagrangian density (2.8) and with the help of the last
Feynman diagram in Fig. 6, we can conclude that the
mechanism leading to the generation of the gth harmonic
is the creation of a virtual electron-positron pair, which
absorbs 2¢g photons and then annihilates emitting two
photons with energy gw;. In this picture, there are no
selection rules that force the virtual pair to emit only odd
harmonics of the pumping laser.

Finally, the previous expression of the total number of
photons created is quite general but very unwieldy. For this
reason, in the following we will consider different physical
situations where the expressions (2.18), (2.19), and (3.24)
can be simplified.

IV. LOW FREQUENCIES: EFFECTIVE
LAGRANGIAN APPROACH

Let us consider the limit of low-order harmonic genera-
tion gw; K m, i.e. gB; < 1. Then we can make the
approximation

e~ 8/ +[aBLY /oL In(s,v,0) ~ p—is/pL 4.1)

in Egs. (2.17), (2.18), and (2.19). In this approximation, the
integral in the variable v in the coefficients ¢, (¢ 8., py),
c1,4(%: B, pr), and ¢ ,(I; B, pr) can be performed ex-
actly, and Egs. (3.18), (3.19), and (3.20) can be written as

)fl dv [(‘LBL) /PL]h(SV0)|:(q:BL)
PL
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verges logarithmically in the limit s — 0. Now, if m? —
m? — ie, we can introduce the exponential integral func-

tion [33]
. o ol
PL s S

By performing an integration by parts in the variable s in
Eq. (2.17), we obtain
e is/pL i|

F(s. ) oh(s, v, 9) N F (s, v)}
oL as as

e is'/pL

(3.23)

(3.24)

1 [=/2 . a
Cq(ﬁ; Br, pL) = p /_ ) d”lelq"C(E H)(PL cosm)
= ™ (py), (4.2)
1 [(=/2 A _
c1q(%5BL pL) =— f, dneanc't ™M (p, cosn)
=<, " (), (43)
1 [=/2 . _
clq(: Br, pL) = — f_ zdﬂel‘”’CﬁE "(p, cosn)
= cf M(py), (4.4)
with [see also [34]]
BB (p, cosm) = R éefis/pl‘ cosn
27 s
coths 1 2
X e ——— 4.5
( s sinh®s 3) (4.5)
o0 .
(E H)(pL COS')’]) C:T ﬁ) ?se—ls/chosn
1 1 2
X|————[-—= ths |, (4.6
[sinhzs <s 3 s) «© s} (4.6)
_ o ( :
C( H)(pL COS‘)’]) — i _Se—ts/chosn
I 27 Jo S
% 2s C(?ths -1 coths @
sinh?s s

independent of both & and B, . It is not surprising that the
same result would have been obtained by starting from the
E-H effective Lagrangian density [13]. In fact, the E-H
Lagrangian density is rigorously applicable only for con-
stant and uniform electromagnetic fields. Nevertheless, the
same Lagrangian density can be used for the total electro-
magnetic field

E T(l’, t) = 5(1‘, t) + ELi, (48)
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B ;(r, ) = B(r, 1), 4.9)

by assuming that it varies not much in a Compton length;
i.e. its typical frequencies are much less than the electron
mass. In this way, one starts by writing the E-H Lagrangian
density LEW(F.(r, 1), G3(r, 7). Being the E-H
Lagrangian density a true Lorentz scalar, it can depend
only on the two electromagnetic invariants of the total field

ﬂ@ﬂ:ﬁ@mn—ﬁmm, 4.10)

Ga(r, 1) = (E4(r, 1) - B£(r, 1)) 4.11)

Finally, by expanding LE 0 (F(r, 1), GZ(r, 1)) up to sec-
ond order in the radiation field (E(r, ¢), B(r, t)), one finds
that the coefficients cE W (p,) | chE_H)(pL),
c(ffH) (py) can be expressed in terms of the derivatives
d LEN(F,, G3)

aF;

and

cEH(p,) =~

Fr(r,)=—E2/2, G;(r,t):O’
4.12)

C(E_H)(PL) = _ZE%
o ALE O (Fr, G)
dG2.

b
Fr(r,)=—E2 /2,G%(r.)=0

(4.13)

_ 92 LE-H(F, G2)
chE H)(pL) = E% 2 d L
IF?

FT(r,t)=fEi/2,G27(r,t)=0'
4.14)

The complete quadratic Lagrangian density, corresponding
to the quadratic Lagrangian density (2.5), is given in this
case by

LED(x;pp) =ilm(LED(pp)) + L (x)
+ %[C(E’H)(pL)(f2 - B)

— ™ (p,)(@ - B)?
(E—H)

+ C|| (pL)(i ' 8)2]) (4.15)

with Im(LEH(p,)) and L,,(x) given in Egs. (2.6) and
(2.7), respectively. To obtain the other terms from the
general interaction Lagrangian density (2.8), it is easier,
actually, to start from the expression (2.26) of the interac-
tion action expressed in terms of the electromagnetic field
instead of the four-potential A #(x).

So far the procedure is similar to that used in Ref. [19] in
dealing with an external magnetic field. But in the present
case, because of the possible spontaneous vacuum decay,

PHYSICAL REVIEW D 72, 085005 (2005)

the coefficients (4.5), (4.6), and (4.7) are, in general, com-
plex numbers. For this reason, it would be impossible to
proceed as in Ref. [19] by quantizing the photon field in the
presence of the external static field E; and then by apply-
ing adiabatic perturbation theory with £; — E; cosw,t. In
that case, there would not be any limitation on the strength
of the external field. Instead, here, as in the general case
treated before, we are forced to consider field strengths less
than (77/a)E,,. This condition guarantees here that

lc® Do), 1T (o)l e (o)l < 1 (4.16)

in such a way that the corresponding terms in Eq. (4.15)
can be treated perturbatively and the fact that they are
complex can be dealt with [35,36]. Not surprisingly, the
final expression of the amplitude of the gth harmonic is
[see Eq. (3.17)]

dNéEiH)(ﬁL, pr) _ (gmBr)* (72 . (E—H)
Vi = ﬁ ddsind|2¢;, " (pL)

+ sin? ﬁc(f;qH) (pp)I?

+12¢E M (p))

2q
+ sinzﬁCFFQ;H)(pL)P]’ 4.17)
with C;E_H)(pL), cf;H)(pL), and cl(Fq_H)(pL) given in

Egs. (4.2), (4.3), and (4.4). The physical meaning of the
terms contributing to the amplitude (4.17) of the gth har-
monic can be understood by looking at the expression of
the quadratic effective Lagrangian density (4.15). In fact,

the contribution of the coefficient c(zlsz)(pL) arises be-

cause the energies of the photons undergo a correction
due to the presence of the laser field, and, in general, this
correction is complex due to the fact that the electric field
can prime spontaneous pair creation from vacuum.
Meanwhile, the other two coefficients c(f;qH)(p ;) and
(E—H)
Il.2q

tion of the photons in the two different perpendicular and

parallel polarizations [see Egs. (3.11) and (3.12)].

We want to recall here that the general expression of the
harmonic amplitude (3.17) is calculated by taking into
account the nonlocality of the interaction between the
external laser field and the radiation field [see Eqgs. (2.24)
and (3.2)]. Including nonlocality means taking into account
also memory effects that introduce into the expression of
the harmonic amplitude (3.17) the dependence on the
frequency of the emitted harmonic [see the papers [37]
for a discussion about memory effects in electron-positron
pair production]. In fact, on the one hand, Eq. (3.17) is
proportional to w7, but this dependence originates from the
phase space dependence and from the use of the adiabatic
perturbation theory. On the other hand, it also depends
through the coefficients c¢,,(9: By, pr), c1,2,(%: Br. pL)s
and ¢ »,(1%; By, pr) on the harmonic frequency gw, , and

c (p) are more directly connected with the produc-
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this dependence originates from taking into account mem-
ory effects. Instead, since the number of photons expressed
by Eq. (4.17) is calculated employing the E-H effective
Lagrangian, then the interaction is assumed to have local
character, and, consequently, no memory effects are re-
tained in Eq. (4.17). That is expressed by the fact that the

coefficients c(zlz_H)(p L), cf‘zf)(p L), CI(IE 2qH)(p 1) depend

only on the harmonic number ¢ and the laser field strength
pr but neither on the laser frequency w; nor on the
harmonic frequency gw; . This is analogue to the case of
absence of dispersion for a wave propagation in a medium
with very fast relaxation time. Concerning these memory
effects, it must be also pointed out that both Eq. (4.17) and
the general expression (3.17) do not depend on the number
of photons already created in the past. In fact, this comes
from the use of the first order adiabatic perturbation theory
in which the transition amplitude at a given time depends
on the other amplitudes but calculated at the initial time
[32]. Up to second order adiabatic perturbation theory, we
would have taken into account the “‘depletion” of the
vacuum due to the photon production itself. In this case,
the harmonic amplitude would be less than Eq. (3.17), the
correction being w; /m < 1 smaller than Eq. (3.17).

In the low-frequency limit, we want to study here vari-
ous representations can be given of the coefficients

(E H)(pL) c”Eq H)(pL) and c(E H)(pL) that are more use-

ful depending on the strength of the laser electric field that
ison p;, = E; /E,.,. Finally, it is worth pointing out that the
time-independent counterparts of the coefficients

c®W(py cosy), cff P (pycosy), and M (p; cosn)
[see Egs. (4.5), (4.6), and (4.7)] have been already calcu-
lated [34,38]. The novelty of our approach is to use their

analogous time—depending expressions to evaluate via the
Fourier transforms cq )(pL) c”q )(pL) and CJ_ qH)(pL)
the photon yield from vacuum.

A. Weak electric fields: p; < 1

If p; < 1, the integrals in Egs. (4.5), (4.6), and (4.7) can
be evaluated as asymptotic series in powers of p;. To do
this, one can start from the well known expansion [33]

2B2k

coths = + Z 20! (2s5)2—1) ls] < 7

(4.18)

with the Bernoulli numbers B,;, along with the analogous
expansion for 1/sinh’s. Although in Egs. (4.5), (4.6), and
(4.7) the variable s runs from zero to infinity, one can apply
the above mentioned expansions, and, by exploiting the
m? — ie prescription, one obtains the following asymptotic

expansions [see also [38]]:

(— 1)kB (k

a 0
TRt =D Wy 1o @419)

PHYSICAL REVIEW D 72, 085005 (2005)

(EH o (= DF By 2Byt 25 )2k
()ZZlk 3 72](_'_1(/%),

(4.20)

a [e o)
J H)(PL)~;Z B2(k+1)(2PL)2k- 4.21)

For notational simplicity, we have written the time-
independent counterpart of the coefficients because the
time-dependent ones are simply obtained by substituting
pr — ppcosn with n = w;t. Furthermore, by using the
integral

/2 , 0 if k<gq
2k 0 p2iqM —
— f o cosnetdn {4k (ka) if k = q

one can also obtain the corresponding asymptotic expan-
sions of the Fourier amplitudes (4.2), (4.3), and (4.4) in the
form

(4.22)

S (py) ~

( D* Bygesy [ 2k \ 5,
, 4.23
Tk 2k+1<k—q>pL (4.23)

sz _ 2Bygan)\[ 2k \ o
2+ 1 \k—g)ft

(4.24)

T =q

E-H a
c12q><pL)~—7TZ

(o) ~22 S 1)kB 2KV 425)
Cl2g \PL Z 2(k+1) k—g PL - .

It can easily be shown that the previous series are non-
alternating and diverging, and this is an indication of the
fact that the original integrals in Egs. (4.5), (4.6), and (4.7)
contain an exponentially small and imaginary contribution
nonperturbative in p; [39]. In fact, by performing a clock-
wise Wick rotation of an angle 77/2 in Egs. (4.5), (4.6), and
(4.7), we have to take into account the presence of the poles
of the resulting integrands at s, = —nar, with n a positive
integer. By using the residue method, one obtains the
following expressions for the imaginary parts of the coef-

ficients cE"H(p,), c(lEfH)(pL) and C(E Bp,):

(E—H)( :E S 2 —nm/py
e o e e
(4.26)
i () =~ S 2+ O Jerretoe,
1 6 & nﬂ'pL (n7T)2
4.27)

_ a /1 1 3
m (e () = 5 Z(,)—z + >e nlon (4.28)
=1 L

P nmwpy
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that contain, in fact, nonperturbative exponentials in p;.
Despite the previous expansions in Egs. (4.19), (4.20), and
(4.21), these series are clearly converging for any finite
value of p;, but they are very useful in the weak field limit
pr << 1 because the first term is exponentially larger than
the others then

1
Im (cEW(p,)) =~ —e /01, (4.29)
27 pg
_ 1
Im (P (p,) = — o —e 7, (430)
27 pp
a 1
Im (c|f P (py)) = 757 /e 431)
L

and, correspondingly,

a

(E-H) - /2 1
Im(C2q (pL) = 272 fﬁ/z dn 0, COST]

a 2
e/ pLt2pLd /T

27\ pL

e*ﬂ/pL cosm+i2qn

(4.32)

_ /2 1
Im(cEo W ~-2 d
0 e =g [T dn—

X e—’ﬂ'/pL cosn+i2qn

— i ie—r/mﬂmq /™
21

(4.33)

_ /2 1
Im(c!E W ~— f —_—
||‘2q (pL)) 277_ —a2 n (pL COSn)Z

X e*'ﬂ/pL cosm+i2qm

~* ie*W/pLHquz/ﬂ’
2

(4.34)

J

dvdt 167

dNE (B p)  (gmBL)* <g>2 » { < 4By11)
a

2 16[ 1 (By,
+_ | =T __
q(2q+1)> 15[612( 6

2By4+1)
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where the stationary phase method has been used to give
the asymptotic estimate of the integrals. By summarizing,
in the weak field case we obtain

a (=17 Bygi1y o

(E-H) "
Coq (L)Wq2q+1L
+ ,i e m/pLt2pLd T (4.35)
27\ py,
Qg @ (Z17 qu _ 2By 2
L2g \PL o 2g + 1
_ -ZL / e T/PL 2014 T (4.36)
(E H) ( 1) 2
Cll2g (pL) ~ 77- 2 11 2(q+l)qu
i & e mn A2 4.37)
27\ pL

where we have kept only the first term in the asymptotic
expansions (4.23), (4.24), and (4.25). In this case, the form
of the spectrum is determined mainly by the real part of the
coefficients because the vacuum is stable with a very good

approximation and the imaginary parts of the coefficients
02]::1 o). C(J]_EQqH)(PL) and C|| 2 ®(p,) are tiny. By per-
forming the remaining elementary integral on the angle ¢
in Eq. (4.17), we obtain the following expression of the

amplitude of the gth harmonics:

B+ 2+ 2Bs(4+1)\?
2g+1 2g+1

+§ 2Bs(4+1) 2+
31 \¢q2q+1)

The spectrum corresponding to w; = 2.4 X 107 %m =
1.2eV and E;, = 107 *E, = 1.3 X 10" V/cm is shown
in Fig. 1 and, in fact, it has the typical shape of a perturba-
tive spectrum. The amplitude of the harmonics decreases
monotonically as the harmonic order increases. Before
going on, we only quote that we have also studied the
angular distribution of the harmonic emission with respect
to the polar angle ¢. Actually, the results are not so
interesting: All the harmonics show a symmetric angular
distribution around ¥ = 7/2 with a maximum at this point

By
¢*2g+ 1)\ 6

(4.38)

_ By
2g+1) 1]
{

and two minima at 4 = 0 and ¥ = 7 in which there is no
emission.

It is clear that the production of high harmonics in this
regime is very unlikely. For this reason, we concentrate on
the ¢ = 1 term. We have to remind that, as we have pointed
out below Egs. (2.1) and (2.2), our theory is valid for g >
1. Nevertheless, we have shown explicitly that for the g =
1 term, by using the exact field (2.1) and (2.2), we obtain
for the probability per unit volume and unit time the
expression
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1091 »
10164
10—36_
1056 .

107/ .
10°9%- .

< 10116+ o

3 10-1361
e 10456, .

& 10-176, .

\2§ 10—196_ .
123456 7 8 9101112131415
Harmonic order

)/dVdt (cm_?’s_l)

FIG. 1. Harmonic spectrum as given by Eq. (4.38) incm 35!
for w; =24X10°%n=12eV and E;, =10"E, =

1.3 X 102 V/cm.

dPE M (Brpr) 4T 4@V 4

Pons B 1) o B (W) Pt (439)
where the index “‘sw” reminds us that we have used the
exact ‘““‘standing wave”’ configuration as external field. It is
worth stressing that Eq. (4.39) coincides with the proba-
bility of the photon-photon scattering in the low-frequency
limit and for initial photons with the same polarizations as
calculated in Refs. [7-9,14] by means of the usual pertur-
bation theory.

1. Experimental observation of photon-photon scattering

We want to analyze if the photon-photon scattering is
experimentally observable by using the presently available
or near future laser technology. Because of the dependence
of the probability (4.39) on B}, one realizes that x-ray
lasers are more suitable than optical lasers. Also, as has
been observed in Ref. [40], the main problem with x-ray
free electron lasers is the focusing. For this reason, as an
indicator, we estimate the minimum laser beam size o in,
at which at least one scattering event is possible during the
interaction, the other laser parameters being fixed. To do
this, we have to give an estimate of the space-time VT
where the laser electric field amplitude is not substantially
reduced from the maximal focused value E;. We assume
T = 7, with 7 the laser pulse duration, and V = 770-% X
cT,., with 7, the laser coherence time and o, the laser beam
size (for the sake of clarity, we will use here below cgs
units). In this way, the minimum laser beam size needed to
obtain one photon-photon scattering event is obtained by
multiplying Eq. (4.39) times VT and putting the result
equal to one, then

P 1 nm)\2 T T
a= 1077 (L (Y TN TV im,  (4.40
L min <1GW>< AL ) (1fs><1fs> nm, - (4.40)
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where P; is the laser peak power expressed in gigawatts.
By referring, for example, to the laser parameters indicated
as “goal” in Table 1 in Ref. [40]: A, = 0.15 nm, 7, =
80 fs, and P; = 5 TW, we obtain for a pulse duration of
7 =100 fs that the photon-photon scattering can be ob-
tained already with a beam size o ,;, = 2 nm = 13.31,.
This value is more than one order of magnitude larger than
that required for electron-positron pair creation (o =~ A;),
and this makes our result very interesting because, as is
pointed out in Ref. [40], the main problem in achieving the
goal parameters is just the focusing of the x-ray laser beam
up to A;.

We can obtain an even better result by making three
lasers collide. The resulting process is a sort of “laser-
assisted” or “‘laser-stimulated”’ photon-photon scattering
[22]. If we consider, for simplicity, three equal lasers, the
expression of the number of photons scattered per unit
volume and unit time is obtained by Eq. (4.39) times the
number of photons of the third “assisting” laser. In this
way, we can obtain the minimum peak power P, ., that
each laser must have to observe at least one photon scat-
tered as

A 2/3/1 fs\1/3 /1 fs\2/3
Py =~ 33.5( 2\ )T (22 \ ow
’ 1 nm/\1 nm T T,

(4.41)

By substituting the laser parameters of a typical focused
optical laser: 07 = A;, =1 um and 7 = 7, = 100 fs, we
obtain P; i, = 30 TW, which is a value today available
for optical lasers. From this point of view, assisted photon-
photon scattering could be observed today but a caveat is in
order: By using three identical lasers, the scattered photon
would have the same frequency of the laser photons, mak-
ing its detection impossible. Nevertheless, this problem
can be overcome by changing the frequency of the assist-
ing laser and the angle between the other two lasers [see
also [22]]. Finally, by substituting in Eq. (4.41) the laser
parameters of a focused x-ray-free-electron laser [40]:
o; = A, =04 nm, 7= 100fs, with a coherence time
of 7. = 80 fs [as given in the goal column in Table 1 in
Ref. [40]], we obtain in this case P; ., = 1.2 GW, which
is slightly larger than the power of the planned x-ray-free-
electron laser self-amplified spontaneous emission (SASE-
5) at Deutsches Elektronen-Synchrotron equal to 1.1 GW
[40].

B. Strong electric fields: p; > 1

The previous representations (4.19), (4.20), (4.21),
(4.26), (4.27), and (4.28) of the real and imaginary parts
of the coefficients ¢E"H(p,), c(ffH)(pL), and cthH)(pL)
are not suitable to deal with the strong field case. Instead,
by using the integrals given in Appendix D in Ref. [14],
one obtains the following exact representations of the
coefficients:
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2 1 e 1 1 1
Re(c®H(p,)) =] ~210gp, — L +81,~21 o nl ¢ (442
(M (py)) =5~ Tlogpy —3 + 8Ly 3 log2 sz 43 [riog(14 g7 ) = raveany @)
1 2y 1 - 1 1 2 1
Re(c® M (p) = =+ 8L+ —— — — — S| = —— +4nlog[1 +—5— ) — — arct ,
e(c (pL) 713 3 1 20, Zp% nZl 3] +4n2p nlog a2 PL PL arc anzan
(4.43)
2 7 1 > 4n 2 1
Re(cEW A ey Ty t : 4.44
e D) = T3 5 2T o g, @49
with y = 0.57721 ... the Euler constant and L; = 0.24875... and
(E—H) _« 1 -/ 0 —rt
Im (¢ (p) = =—| ——log(1 — e ™Pr) —2 dtlog(l — e™™) |, (4.45)
27 PL 1/pr
1 )
m(cF P (p,)) = i[— log(1 — e~ ™/PL) + 2 f dtlog(l — e~™) — 3<cothl - 1” (4.46)
27 pL 1/pL 3 2p;
_ 1
Im(c® ™ (p,)) = | = — log(1 — e~ 7/71) + 27 (coths— — 1) | (4.47)
2w prL 2p1 2pr
[
Actually, these imaginary parts can also be obtained by (E H) 1
summing the series (4.26), (4.27), and (4.28). In this re- (L) ~ = g + lﬁ E(l — logm + IngL>
S ect a derivation of the coefficients C(J_ )(p,) and 451
E (pL) can be found in Refs. [34,38], and, since '
t H)(p 1) can be obtained analogously, we have given The spectrum in this regime is determined mostly by the

only the final results. In particular, the expansions of the
real parts come from the identity concerning the phase of
the gamma function [41]

e}

n=0

(4.48)

with a and b real numbers and ¢(a) = I"(a)/I'(a).

From the previous expressions, it is easy to obtain the
asymptotic expressions for the coefficients in the strong
field regime:

_ a 2 1 2
cEM(p,) ~ %<— 3 logp; + 8L, — 373 10g2>

o
+i—, 4.4
l6 (4.49)

W (py) ~ (4.50)

I O S N
o (3 37’ 1) 137TPL,

imaginary part of C(E H)(pL cosn), which is linear in the

laser field amphtude pr- By performing its Fourier trans-
form, we obtain [see Egs. (4.3) and (4.17)]

ANF (B pL)  (gmBL)* fap,\?
dvdt 1577' 3

/2 )y
cosme-tin

—m/2

135 5( BL) pL(4 2 )2- (452)
In this case, the spectrum becomes flat for higher frequen-
cies. If this formula held for any ¢, the total emitted energy
would be infinite. But we have to recall that, actually, it is
valid only for harmonic orders such that gw; << m. The
previous result indicates that, in the strong field regime, the
VHHG spectra show the presence of a plateau, and they
share this feature with AHHG. In the next section, we will
also see that, for very high harmonics, also the VHHG
spectra show a rapid cutoff of the emission like AHHG
spectra.

Before concluding this low-energy part, we want to
make two final remarks. First, we quote that the production
of harmonics in this particular low-energy regime has also
been studied in Refs. [42,43]. The authors consider the
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exact initial field configuration (2.1) and (2.2) with differ-
ent mutual polarizations of the two plane waves, but they
evaluate the harmonic amplitudes only for the first har-
monics. The second remark is more technical. In fact, the
imaginary parts of the coefficients cE=H(p,), c(f_H)(p L)
and c(E H(p,) in the series form (4.26), (4.27), and (4.28)

or in the integral form are very suitable for their numerical
evaluation. Instead, apart from in the small field regime,
the asymptotic series (4.19), (4.20), and (4.21) of the real

parts of the coefficients themselves cannot be used for their
|
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numerical evaluation. Also the series (4.42), (4.43), and
(4.44) are quite problematic to be dealt with numerically.
For this reason, we want to conclude by deriving another
converging series of the real parts of cEW(p,),

cF™(py), and cff
generlc constant and uniform electromagnetic field
(E, B) described by the two invariants F and G* defined
analogously to Egs. (4.10) and (4.11). Then we consider the
following converging series of the real part of the E-H
Lagrangian density [44—46]:

)(pL) To do this, we consider a

n

Re(LE (g, b)) = l(a2 —b?) — %ab Z cothnb/a [Ci(nWEcr> cos(—nWE°r> + Si<mTEcr> sin(mTE”ﬂ
2 T = a a

_ cothnmwa/b [Ei(— nﬂ-ECT>en7rEc,/b N Ei<nﬂEcr>e—nﬂEc,/b}
b b ’

2n

a a

(4.53)

which is expressed in terms of the secular invariants a and b defined as a + ib = +/F + iG and of the sine, cosine, and
exponential 1nte§rals [41]. At this point, by using the general definitions (4.12), (4.13), and (4.14) of the coefficients

cBM(p,), TP (py), and c|’

Re(cEH(p,)) =

—H) (p 1) in terms of the derivatives of the E-H Lagrangian density, we obtain

T
nﬂ'/PL + E —"W/PL
“ar wzmw)z{ < m) ‘(m)

_nm [Ei(— H)erm/m — Ei(nl>e—mr/m }},
2pp PL PL

Re(cF~ H)(PL))=6i— 2[3 (nw)z}[]a( PL) e"m/pL +E1<pL> ””/PL}

ZPL[ (

Re(c|" ™ (p,)) = 3,73 —
m 2mwp Snm

[ nm N A
ol -sle )
PL PL

that are valid for any value of the external electric field. In
particular, in Ref. [45] it is possible to find a deep numeri-
cal analysis on how to deal with the series in Eq. (4.53) and
on how to accelerate its convergence. Analogous tech-
niques can be used to evaluate numerically the series
(4.54), (4.55), and (4.56).

V. INTERMEDIATE AND HIGH FREQUENCIES

We have seen in the previous section that, for fields
much smaller than E_., the harmonic spectrum is mono-
tonically decreasing, as perturbation theory predicts.
Instead, for fields larger than E_., the nonperturbative
effects dominate and the spectrum is flat. Obviously, this
cannot hold for larger and larger frequencies because,
otherwise, an infinite amount of energy would be pro-
duced. In fact, the results of the previous section are valid
for harmonics with energies less the electron rest mass. We

a awl{

(4.54)
) onlon Ei<n_7T>e—n7T/pL } (4.55)
PL
[Ei<_n_77>en77/m + Ei<n_7T>e_n77/pLi|
PL PL
(4.56)

[
want to consider now the general case in which no assump-

tions are made on the harmonic frequencies. Taking into
account that for weak laser fields the generation of higher
harmonics with energy larger than m is completely negli-
gible, we will consider only the strong field case.

In the following we will distinguish the two cases of
intermediate frequencies (¢8,)*> < p, and of high fre-
quencies (g,)*> > p,. For the sake of clarity, we recall
that 8; = w;/mand p; = E; /E,,.

A. Intermediate frequencies: Strong fields

In this subsection, we limit ourselves to the generation of
photons whose frequencies are not necessarily much less
than the electron mass but nevertheless are restricted by the
following condition: (¢8;)> < p,. Taking into account
that the low harmonics ¢B; < 1 have been treated in the
previous section and recalling the general assumption
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pr < w/a =430 [see discussion below Eq. (3.3)], we
realize that the number of harmonics belonging to the
present frequency “window” is not very large. In any
case, it is important to consider this case because one
sees how the harmonic spectrum changes with respect to
the low-frequency region. Also, the relevant frequency
region of gamma rays qw; ~ 1 MeV can be dealt with in
the present formalism.

We start from Egs. (2.18), (2.19), and (3.24) and perform
the change of variable s — sp; cosn. Then one sees from
the resulting expressions (2.21), (2.22), and (2.23) of the
functions  F(sp,cosn, v), F (sp,cosn, v), and
F|(spy cosm, v) that the largest contribution in the limit
pr > 1 comes from F| (sp; cosm, v), which goes linearly
with the laser electric field. In this approximated picture,
we also neglect the terms proportional to exp(—(1 —
|v|)sp; cosny) because the absolute value of the variable
v is always less than one except that at the integration
limits. As a result, we take into account only the contribu-
tion of the coefficient ¢ ,,(9; B, p.) that in this limit is
given by

]l /2 90
Ci,zq(ﬁ;BL,pL)Z;Epoi /2dne 9 cosm

1 00
Xf dV(l—VQ)f ds
0 0

_.2
><epr|—i[1—i—(q,BLsinﬁ)21 4V }s}
(5.1)

It is worth pointing out that the condition (g8, )*> < p, has
been used to make the approximation [see Egs. (2.18),
(3.21), and (3.22)]

el@BL’/prcosnlh(spy cosn,v,9) ~ ,—is(gBy sind)*(1-v7)/4

(5.2)

By performing the integrals in Eq. (5.1) on s by means of
the usual Wick rotation and on 7, we obtain
i« (—=1)?
9B pL) = = S p
cJ.,Zq( B pL) . ﬂ,PL 4612 -
1—2?

1
X d
ﬁ "1+ (B sind)=2

. (3.3)

This remaining integral can also be done exactly:

1 1 — 12
= [ a—""
0= [ i

arcsinhy)

5.4

1 1
P y—
)’3( J1+y?

and then, in the present approximations, the amplitude of
the gth harmonic is given by [see also Eq. (3.17)]
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dN,(BL, pL) . L
dvdt 87

/2 .5 2
on dO sin’ ¥c »,(9; B, pr)l

(qm:BL)4

2 4
- 4 2 4q

/2
x f 49 iSO (qB, sind/2).  (5.5)
0

In this regime, the form of the spectrum does not depend on
the amplitude of the laser field. Also, for small harmonic
orders such that gB; << 1, we recover the effective
Lagrangian result Eq. (4.52). We underline that the region
of applicability of Eq. (5.5) is quite restricted because in
our approximations, as we have said, p; < 7/a = 430.
Further, we derive useful information on the general be-
havior of the spectrum in this regime by calculating the
first two corrections to the effective E-H Lagrangian result.
First, we introduce the function f,(8,) defined as

135 (=/

fq(BL) = 32 ), ’ ddsin’ 91 (q B, sind/2),  (5.6)
then [see Eq. (4.52)]
dN,(BL, pL) _ ANy (B, p1)
quT fq(:BL) dVdt (57)

The first corrections to the E-H result for harmonic orders
such that ¢8; < 1 are obtained through the expansion

1408

FB) =1~ 52 @B + 5ot (B

3675 58)

As expected from Eq. (5.3), the first correction is negative,
then the spectrum decreases. Nevertheless, the second

L0 fosseg,

0.9 |

f(81)

0.8 |

0.7 |

0.6

10 15 20 25 30 35 40 45 50
Harmonic order ¢

0 5

FIG. 2. Function f,(8;) [see Eq. (5.6)] with 8; = 0.025 cor-
responding to w; = 12.5 KeV.
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correction is positive so that the decreasing of the harmonic
yield is slow. This is confirmed by Fig. 2, where we show
the function f,(B,) with B, = 0.025 corresponding to
w; = 12.5 KeV. Finally, as in the previous section, also
in this regime the harmonics show a symmetric angular
distribution around ¢ = /2. Also, here the photons are
emitted mostly in the x-y plane © = /2, while there is no
photon emission along the laser electric field ¥ = 0 and
U=

B. High frequencies: Strong fields

In this subsection, we study the VHHG spectra in the
high frequency region (¢3,)> > p, in the strong field
limit p; > 1. We find the asymptotic behavior of the
harmonic yield and show that it is exponentially decaying.
We have to calculate the relevant amplitudes [see
Eq. (3.17)]

Al,zq(ﬁ; B pL) = 2c2q(19; Br. pL)

+sin?®cy 5, (9 B, pr), (5.9)
Aj24(0; Br, pr) = 2¢2,(9: Br, p1)
+ sin?¥c) 0, (9 B, pr).  (5.10)

We derive explicitly only the expression of the coefficient
czq(ﬁ; B, pr), because the expressions of the other coef-
ficients can be derived analogously. We start from the
expression (3.24) of the coefficient c(¥9, ¢B;; py) which
is valid for a constant field p; . Since (¢8,)> > p,, we can
evaluate the double integral in Eq. (3.24) by using the
saddle point method. The calculation is lengthy, and it is
presented in Appendix B. We obtain the following asymp-
totic estimate of the coefficient c(%; B, py) [see
Eq. (B14)]:

PL
c(%,qBL;ipL) ~—a——
Ll (q,BL)2
el@BL? [ pLIn(s v, 8) p—im/4 o —ila+ x($)]/2

Vsind tan 9K ()
« {aF(s*, v¥) _icosd *G(s*, v*, % p;)
as 2 sin?¢ as?
e XD 92G(s*, v*, 05 p;)
) 912 }

X

(5.11)

with [see Egs. (B13), (B15), and (B16)]

(5.12)

2x" + (7 — x*? cos
x() = arctan[ X~ X7 cos )}

27(1 — x* cos)

is

oh(s, v, 9)

e (5.13)

G(s, v, 0y pr) = Ei( )F(s, )

PL
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*#2

X
K(9) = T

sin?d + cos?d

(5.14)

inhs* |’

and s* = x* — i7m and v* = 0 the saddle points of the
function h(s, v, 9) [see Egs. (B4), (B5), and (B3)].
Finally, by performing the Fourier integral (3.18), we
obtain that the asymptotic behavior of c,,(; B, p1) is
given by

1 (=
C2q(19; B pL) = p f

ry

2 .
dne*@mc(d, By; py cosm)
/2

1
~—c(8, qBrspr)
T

% f " dnelaB o b v 0?2

2mpy
q*BLh(s", v*, 9)
(5.15)

. c(d, qBL; pL)\/—
a

Also, the asymptotic estimates of the other two coefficients
¢124(%; Br, pr) and ¢)5,(F; B, pr) can be obtained in
the same way:

1
Cl,zq(19§ B pL) ~ p c (D, qBL;ipL)

_ 2mpy
(QBL)2h(S*: V$’ 0),

(5.16)

1
C||,2q(19; Br.pL) ~ ;c”(ﬁ, qaBLipL)

2mpy
X [— : , 5.17
\/ @BV h(s", 77, 9) o4

with

c1(9,qBL;pL) ~ % (qf;LL)z

LB pu (" v, 9) =i/ oL+ X(9))/2

J/sind tan 9K ()

coshs™ — 1
— €
sinhs*

X

—is*/pL
,

(5.18)

a  pp
2 (CI,BL)2

LB pu (s 0", 9) i/ oL+ X(9))/2

J/sind tan 9K ()

coshs* — 1 e is"/pe
(2 1)

(3, qBripL) ~

X

(5.19)

sinh2s* sinhs®

In this way, we observe that in the strong field limit p; >
1 we can write the two amplitudes (5.9) and (5.10) in the
form
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3/2
Al,2q(ﬁ; Br, pL) ~ a(%) [B(9)logp;,
q-Bz
+ BJ_(ﬁ)]e[(qBL)z/PL]h(s*:V*;ﬁ)’ (520)
P 3/2
Aj2q(%; BL, pL) ~ a< 7 L2> [B(9)logp;,
q-B1
+ By (8)]elBL /piIh(s" ), 5.21)

First, we observe that the term proportional to logp; arises
from the expansion of the function Ei(—is/p;) contained
in G(s, v, 9; py) in the limit p; > 1 [41]. Second, we have
not quoted the exact expressions of the very involved
complex functions B(d), B (), and B)(9). In fact, while
for 9 ~ a/4 it results |B(9)| ~ |B (9| ~ |By(9)] ~ 1,
instead the final integral on the polar angle ¥ in
Eq. (3.17) results to be diverging near ¥ = 0 and ¢ =
/2, and it cannot be performed neither numerically.
Actually, this is not surprising. In fact, in general, in
applying the saddle point method to evaluate an integral
one tacitly assumes that all the other parameters entering
the integral are fixed or, at least, that they run in intervals
such that the method is always applicable. In our case, in
particular, one sees from Eq. (3.21) that the method cannot
be applied in the limit cases with ¢ = 0 and ¢ = 7/2.
These two cases have to be treated separately. Actually, the
case ¥ = 0 is not very interesting: It covers the production
of photons in the direction of the laser electric field. Also,
an exact evaluation of the coefficients c,, (¢ = 0; B, p.),
L’J_,zq(l9 =0; 8., PL), and C||,2q(19 =0; 8., PL) would
give obviously a finite result. Then, since in Eq. (3.17),
they are multiplied by sin” ¢ with, at least, n = 1, we can
conclude that there is no photon emission in that direction.
Finally, the case ¥ = 7/2 covers the production of pho-
tons in the x-y plane. Starting from Egs. (3.21) and (3.24),
we can say qualitatively that, if & = 7/2 and if
(gBL)?/pL > 1, the situation is formally analogous to
that encountered in Sec. IVA in dealing with small fields
and small frequencies with the substitution p; —
p./(gB.)*. From this point of view, we can conclude
that the number of photons emitted in the x-y plane with
energy qw; scales qualitatively as (p; /q*B7)*.

Finally, by using the two expressions (5.20) and (5.21), it
is easy to show that the final number of photons produced
with frequency gw; per unit volume and unit time in the
direction ¥ can be written as

qu(ﬁ;ﬂL, pL) a? 4 L \3
~ 9
dVdidd T67 AMPL)" sin <q2/3§>
X 67[77'(‘1,3L)Z/PL]Sinzﬂ[lB(ﬁ) lngL
+ B (9> + |B(9)logp,, + By(9)I*]
(5.22)

In contrast to the E-H effective Lagrangian case, the num-
ber of photons with high frequency qw; = m in the pre-
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vious equation and in Eq. (5.5) is calculated by taking into
account the nonlocality of the interaction between the
external laser field and the radiation field. Accordingly,
the amplitude of the gth harmonic in Egs. (5.5) and (5.22)
depends not only on the harmonic number ¢, as in
Eq. (4.17), but explicitly on the emitted frequency qw; .
Instead, since the laser field again is assumed to be slowly
varying (w; < m, qw;), the memory effects connected
with the number of photons already created are not
included.

From Eq. (5.22) it is clear that in the present situation the
yield of the harmonics is exponentially decreasing. From
this point of view, we can conclude that the cutoff of the
emission is roughly at

Wy ~ myJpL = JeEyL, (5.23)

corresponding to the maximum harmonic order g, ~
Jém/w;, with & = eE; /mw, the so-called adiabatic-
ity parameter. This maximum value is independent of the
electron mass and this is because we are working in the
strong field regime E; > E,,.

As mentioned at the end of Sec. III, it is quite natural to
interpret the photon production process as the creation of a
virtual electron-positron pair which, after absorbing a large
number of laser photons, annihilates by emitting only two
very energetic photons. The difference between the VHHG
cutoff and that via AHHG is that in AHHG the electron
“excursion” in the laser field is real, while in VHHG it is
virtual, confined by the uncertainty relation 7~ 1/w.
While the cutoff energy may be estimated by the maxi-
mally attained energy to be released as radiation, its actual
evaluation differs from that for AHHG. The cutoff formula
for VHHG (5.23) can be roughly estimated by equating the
typical energy emitted with the typical energy that the laser
field can supply to the electron (positron): w,, ~ eE; v*t",
with v* and r* the velocity and the annihilation time,
respectively, and by using the typical values v* = 1 and
t* = 1/wy. The previous expression w,, ~ \/eE; gives
the order of magnitude of the cutoff position. To check it
better, we show in Fig. 3 a VHHG spectrum with p; = 10,
corresponding to E; = 1.3 X 107 V/cm, and B, =
0.025, corresponding to w; = 12.5 KeV. From a numeri-
cal point of view, it is a very difficult task to evaluate the
general expression of the spectrum (3.17) in the whole
frequency range because of the integral on the variable s
in the coefficients cq(l‘); B, pL), cl,q(ﬁ; B, pr), and
lq(¥: B, pr) [see Egs. (2.18), (2.19), and (3.24)]. For
this reason, we decided to use our analytic estimates
Egs. (5.5) and (5.22). Actually, to plot homogeneous quan-
tities we obtained from Eq. (5.5) the number of photons
created per unit time, unit volume, and unit angle
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FIG. 3. VHHG spectrum with p; = 10 corresponding to E; =
1.3 X 107 V/ecm, B, =0.025 corresponding to w; =
12.5KeV and 9 = 7w/4. We used Eq. (5.24) for the first
80 harmonics, Eq. (5.22) for the harmonics 550-800, and a
5-order polynomial interpolating function in the remaining part
(dotted part of the curve). The dotted vertical line corresponds to
the cutoff formula (5.23) and the solid one to the corrected value
gy ~ 553 obtained from Eq. (5.25).

dN,(9; B, p1) _ o q*
q ~ 4.2
Avdidd T675 MBL)PL 4q> — 17

X sin’ 31%(q B, sin/2),

(5.24)

and we evaluated by means of this expression the first
80 harmonics. The value of the polar angle ¢ was put
equal to /4 [see discussion below Eq. (5.21)]. At this
value, we can safely put B(4) = B () = Bj(9) =1 in
Eq. (5.22) and use it to evaluate the harmonics from 550 to
800. The remaining part of the spectrum was obtained by
interpolation (we used a 5-order polynomial function). The
dotted vertical line in Fig. 3 shows the harmonic order
corresponding to the cutoff rule (5.23). The order of mag-
nitude is correct, but a better estimate can be obtained by
equating Eq. (5.24) with Eq. (5.22). Of course, this is not
rigorous because the two expressions hold in different
frequency regions, but it is enough to obtain an estimate.
A numerical solution of the resulting nonlinear equation

2 —7q?,B%/2p, — L B%
e K 27* pp(logp;, + 1) 62
gives the better value g,; ~ 553, represented by the solid
vertical line in Fig. 3.

We have considered so far the laser field £; (¢) as a given
external field. We want to estimate here how large the
backreaction of VHHG can be to distort the applied ap-
proximation [see the papers [37] for a discussion about
backreaction effects in electron-positron pair production].

PHYSICAL REVIEW D 72, 085005 (2005)

The laser energy density € transformed per unit time into
the emitted vacuum high-order harmonic spectrum can be
estimated from Eq. (4.52) by using the expression (5.23) of
the cutoff

de qm

I q
dt g=1

dN,(IE_H)(,BL’PL):(im_S( B,)}
dvdi 135 87 PLPL)
(5.26)

If 7 is the laser pulse duration, then the total energy density
transformed in VHHG is ~(de/dt)7. Finally, the ratio 5
between this quantity and the initial mean laser energy
density E?/4 is given by n = 2a’p; B2 w;7/(1357%).
By using the same data as those used in Fig. 3 and a typical
pulse duration 7 = 100 fs, we obtain i ~ 1077 and we can
conclude that the backreaction of VHHG on the external
laser field is negligible at the considered conditions.

VI. COMPETING MECHANISM OF PHOTON
PRODUCTION

Here we want to quote another mechanism of photon
production from vacuum in the presence of a strong (also
constant) electric field and to make a qualitative compari-
son with that discussed in the paper. In fact, also in a
constant and uniform electric field E;, the process repre-
sented by the Feynman diagram in Fig. 4, i.e. the photon
plus electron-positron pair production from vacuum, takes
place [15]. The total probability dP(k; p;)/dk of photon
creation per unit of photon momentum k obtained by
summing on all the electron and positron states can be
evaluated by using the optical theorem [15,26]. By adapt-
ing the notation of Ref. [15] to ours, the number of photons
created per unit of photon momentum can be written as

AN PL) _ 5 (L, (k: 1)), 6.1)
dk
where
Lm(k;pL)=/_ ds,
L_Fll
x f dsysgn(b) L(sy, 52 Kipy), (6.2)
‘I~ T;
with

FIG. 4. Feynman diagram of the photon plus electron-positron
pair production in the presence of a constant and uniform electric
field. The thick fermion lines indicate that the electron and
positron states have to be calculated in the presence of the
external field.
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aJm m*VT
227 w

e_i(51+52)/PL

£(S1, §2, k

ipL) = : :
’ §15, sinhs sinhs,

PL d

X | 2coshs; coshs, + i —————— —
[ ! 2 sinhs sinhs, db

PL d
Pt 915, 50 ke
lcosh(sl —5) aa} (51,52, K5 pr)
(6.3)
— @ (6.4)
S182
b = coths; + coths,, (6.5)

1 2
T(sy, 50 K: py) = — e=itB pusin’d(1/a= 1/h>p<, lﬂ)
ab pr

(6.6)

and B8 = w/m = |k|/m, and I'(x, z) is the incomplete T’
function [41]. Also, the complex paths where the integrals
in Eq. (6.2) are performed are

= [0, +oo[, (6.7)

=[0—im +o0 — i, (6.8)
F2=}—oo—i727,+oo—i727[, (6.9)
I'; =[0—im —o0 — in|, (6.10)

and along them the variable b results are always real [see
Egs. (6.2) and (6.5)]. In general, the result obtained byJ

Fils, v, %, qBripL) =e
= e_iS/PL +[(qBL)2/PL]h(Sv v, 19)’

Fals, v, 9, qBL;pL) = eis/pLei[(q,BL)z/pL]sinzﬁ[s(lVz)/4(coshscoshvs)/2sinhs]1“<l ;
) ) ’ b 2’

1 (q,BL)2 1 coshs — coshvs
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integrating Eq. (6.1) on k is plagued by different kinds of
divergences [39] and to cure them is not a trivial task [15].
For this reason, we content ourselves with a qualitative
comparison between our previous results and the number
of photons produced per unit volume and unit time in a
given frequency range corresponding to Eq. (6.1). Since
our spectrum is discrete, it is sensible to compare the
amplitude of the qth harmonic with the quantity

dN,(k;p/2) _ w2 f
T Ao [ dQIm(L;,(kg; 2)),
oD~ 2w (L3 1/2)

6.11)

with () the solid angle, w, = |k,| = gw, and Aw =
(we have considered the previous quantity as calculated at
p1/2 to compensate for the fact that in our case the electric
field is oscillating).

Now, if (¢B8.)*> > p,, the main contribution to the
double integral in L;,(k; p;) comes from that along the
path I'“. In fact, from Egs. (6.4) and (6.6) one sees that the
integrals along I'?, T';, and I'; contain damping exponen-
tials. Also, we perform in the remaining double integral
along I'“ the derivatives with respect to a and b, and we
make the change of variables

s1=s1;y, (6.12)
s2=s1;p (6.13)
By observing from Egs. (6.4) and (6.5) that
é=s1_4’”2, (6.14)
1 _ 1 coshs — coshvs’ 6.15)

b 2 sinhs

and by looking at Eq. (6.3), one realizes that the relevant
functions for an order-of-magnitude evaluation of the
quantity in Eq. (6.11) are the following ones:

—is/pL e*i[(qﬁLV/pL]sinzz‘}[x(l —1?)/4—(coshs—coshws)/2 sinhs]e7i[(q,BL)z/pL](coshsfcoshvs)/Z sinhs

(6.16)

(qBL)? l coshs — coshvs>

pr 2 sinhs

= Fi(s, v, 9, 6I,BL,PL)\I’< 5

where the function h(s, v, 9) is defined in Eq. (3.21) and
W(x;, x5; 7) is the confluent hypergeometric function [33].
In this way, we can conclude that the frequency region
where the photons are emitted through the two mecha-

oL 2 sinhs

), 6.17)

{
nisms at hand are expected qualitatively to be not so differ-
ent. In particular, in the cutoff region (¢8,)> > p,, the
function F,(s, v, ¥, qB1; pr) gives a contribution negli-
gible with respect to that of F,(s, », 9, ¢B; pr), because
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in this limit [41]

2 _
" l’l;i(q,BL) lcoshs. coshws\ /P <l
22 pr 2 sinhs qB.
(6.18)

In the weak field regime p; < 1, the photon yield from
this process is completely negligible with respect to that of
the process treated before, because here an electron-
positron pair must be also created and, if p; < 1, this
process is very unlikely. Instead, the order of magnitude of
the quantity in Eq. (6.11) in the strong field regime and for
qB; < 1is given by

dN,(k;p;/2) S S
—q -~ .
dvdr (Qmy PLIPL

(6.19)

This expression, of course, holds when the external field is
rigorously constant, but at zero order we can say that a
slowly varying external field gives the same probability but
modulated in time. This is not true in the process we have
discussed previously, because at zero order in the laser
frequency the process is not primed. We can compare
the number of photons given by Eq. (6.19) with the ampli-
tude of the gth harmonic as given by Eq. (4.52). In this
way, we see that the number of photons given by Eq. (4.52)
is aB?/q <1 less also because this second process
involves only one QED vertex (see Fig. 4) and then
dN,(k; p;/2)/dVdT is proportional to a. Despite this,
two observations are in order. First, this second process
gives rise in the presence of an oscillating electric field to a
spectrum also “‘oscillating” in amplitude that does not
always overcome the spectrum due to the first process.
Second, the two processes are very different. On the one
hand, in this second process the spectrum is continuous,
because together with the photon two other particles (an
electron-positron pair) are created. On the other hand, in
the first process two correlated photons are always created
in the opposite direction, while here only one photon is
created. In conclusion, at least in principle, the two pro-
cesses are distinguishable also from an experimental point
of view.

VII. SUMMARY AND CONCLUSIONS

We have studied the possibility of high-order harmonic
generation in the field of two equally strong counterpropa-
gating laser beams. The mechanism responsible for this
vacuum high-order harmonic generation is the creation of a
virtual electron-positron pair that absorbs a certain number
of laser photons and then annihilates by producing a
smaller number of high-energy photons. In various limiting
situations, a closed expression for the harmonic yield has
been obtained analytically. Actually, the phenomenon of
VHHG is primed only for very strong laser fields such that
E; > E_. In this case, we have found that, for frequencies
smaller than the electron mass, the spectrum shows a flat
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behavior (plateau) (see Sec. IV B). At energies of the order
of the electron mass, the spectrum decreases slowly (see
Sec. VA). This behavior continues for larger harmonics,
but roughly at w,, ~ /eE} a strong reduction (cutoff) of
the radiation takes place. For larger harmonic orders, an
exponential decreasing of the harmonic yield is found (see
Sec. V B). In general, the physical situation is quite differ-
ent from the atomic high-order harmonic generation. In
AHHG, obviously, the photons are emitted by real particles
(electrons), while here they are emitted by a virtual
electron-positron pair. This explains the difference in the
two cutoff scaling laws. Also, atomic energy levels have in
conventional conditions definite parity, and for this reason
only odd harmonics of the laser frequency are predicted
theoretically and observed experimentally in AHHG.
Instead, here we found that both even and odd harmonics
are generated [see Eq. (3.17)].

For laser electric fields much less than E,,, the harmonic
spectrum decreases as the power law (E; /E,)* also for
the first harmonics (see Sec. IVA). From a theoretical point
of view, this case is less interesting than the strong field
case. Nevertheless, we have shown that from an experi-
mental point of view this is, at the moment, the most
interesting case. In fact, because of the very high value
of E,. ~10'® V/cm, it is impossible today to go beyond
the weak field limit £; < E,. In this regime, we have seen
that from an experimental point of view, contrary to the
pair creation process, photon-photon scattering requires a
much less extreme laser focusing. Finally, we have also
shown that laser-assisted photon-photon scattering could
be obtained experimentally by using three optical lasers
with characteristics today available.

APPENDIX A

In the present appendix, we want to give some details to
derive the expression of the effective Lagrangian density

Alp(z1)

.l//' (x5)

FIG. 5. Feynman diagram corresponding to the amputated one-
loop n-point function (A3) with n = 8.
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(2.5) [see also Egs. (2.6), (2.7), and (2.8)]. We assume that
the total electromagnetic field is described by the four-
potential

Af(x) = A¥(x) + AH(x), (Al)

where x denotes here the four space-time coordinates,
A*(x) represents a strong classical field and A#(x) the
radiation field. The space-time dependence of the classical
field A*(x) is assumed to be assigned, while the effective
action of the radiation field has to be determined. In

general, the effective action corresponding to the total field
|

T, (1 ) = (=D = D irf(e,, )Gy, x2) + (e, )G, x1)])
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A% (x) is given up to the one-loop approximation by [13]
w1
[[Ar]=TylAr]—i Zﬁfdxl edxy,
nzln'
XY, oy (it X )AR (1) AT (x,),

(A2)

where I'y[A;] is the classical Maxwell action and
F(I'ZLI,,, . (x1,..., x,) are the amputated one-loop n-point

functions (see Fig. 5)

(A3)

with vy, the Dirac matrices, G(x,, x;,) the electron propagator in vacuum, and the symbol “tr”” denoting the trace on the
Dirac matrices [the factor (n — 1)! represents all the topologically inequivalent graphs that have to be taken into account].
Now, if we neglect the self-interactions of the radiation field with respect to its interactions with the strong external field,
we look for linear equations of motion for the field A#(x). In consequence, the corresponding action I'lA] of the

radiation field can be obtained by expanding Eq. (A2) and keeping only terms up to second order in A (x):

[A] = i Im(T,[A]) + T, [ A] - é [ dxydx,T?

i

- y dxldxzdx3r(3)

Ly oz

(1, xp) A (xp) AF2(xp)

Ly pa

(o1, xg, x3) A () A K2 (x2)AFS (x3)

i
—3 ] dx dxyds T, (6 X0 x3)AR () AP (x,) AR (x3)

i (3)
5 dx1dx2dx3rl;,u|m,u3

In the previous equation, we have dropped the real terms
independent of A #(x) that do not contribute to its equa-
tion of motion and the linear term in A*(x) that after
quantization does not give contribution, too. Instead,
although it is independent of the radiation field, the imagi-
nary part of the one-loop effective action of the field A*(x)
has to be kept, because it takes into account that sponta-
neous electron-positron pair creation from vacuum can
arise in the presence of the field A#(x) itself. Finally, the
dots indicate the remaining terms quadratic in JA*(x) but

(x1, Xg, x3) ALK (x) AR (x5) AR (x3) + .. .. (A4)
FS?L1M2M3 (xl’ X2, X3) = F(I?Z.LZMS.U'I (xz’ X3 )C])
= F(IS;LW«]#Z (X3, X1 x2)' (AS)

In this way, the effective action (A4) can be written as
ITA] = iIm(T[A]) + [ A]

1
~ 5 [ dmidn A ), o ) AR ),

containing all the powers of the external field A*(x) that is (A6)
taken into account exactly. From Eq. (A3) and from the
cyclic property of the trace, we see that with
|
T, (61, 23 4) = i) (1, 00) + f d6sT ) s (41, 30, X)A# () + o = —ittl(e7,,)G(x1, x2)(€,,,)G (. x))]
—2i ]dx3 tr[(ey,, )Glxy, x2)(ey,,)G(xp, X3)(ey ., )Glx3, x1)JAM3(x3) + ...
= —itr[(ey,,)G(xy, x2; A)(ey,,)G(xa, x15A)]. (A7)

These two previous equations lead exactly to the expression (2.5) of the effective Lagrangian of the radiation field if the
classical field is given by the constant and uniform electric field E; . In fact, G(x|, x,; A) is, in general, the exact electron
propagator in the presence of the external field A, (x). The previous equation can be expressed by means of Feynman
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s‘wOMHw{%}meQer . =i~v~Ow-

X

FIG. 6. Feynman diagram representation of Eq. (A7). The
thick fermion line in the last Feynman diagram indicates that
the corresponding propagators are calculated in the presence of
the external field A, (x) [see Eq. (A7)].

diagrams as in Fig. 6 and the thick fermion line in the last
Feynman diagram means that G(x, x,;A) is the exact
electron propagator in the presence of the external field
A, (x).

)

APPENDIX B

We devote the present appendix to obtaining explicitly
the asymptotic expression of the coefficient ¢ (¢ B8, p1)
in the limit (¢8,)> > p; and p; > 1. We start from the
expression (3.24) of the coefficient ¢(9, g8 ; pr) which is
valid for a constant field p;, and we rewrite it for the sake
of clarity:

a [ . is
c(ﬁ,qBL;pL)=—%ﬁ dsE1<—p—>
L

2
x ] ! Qeuqm)Z/mh(x,uﬂ)[M Fs. v)
-12 pL
% oh(s, v, ) 4 oF (s, v) }

B1
as as (BD)

with the functions F(s, ») and A(s, v, 9) given by [see
Egs. (2.21) and (3.21)]

N

F(s, v) = —— (coshvs — vsinhws coths), (B2)
sinhs
1— 2
h(s, v, ) = —is(sinzﬁ v
cos2y coshs - coshws 83)
2 s sinhs

Since (¢B.)* > p,, we can evaluate the double integral
by using the saddle point method. At the moment we
assume that % # 0 and ¥ # 7/2 [see the main text below
Egs. (5.20) and (5.21) for a discussion of these two cases].
Also, despite (g8,)> > p,, we also keep the second term
proportional to dF (s, v)/ds in the integral. In fact, since
the first term is proportional to dh(s, v, 9)/ds, they will
give in the asymptotic limit a contribution of the same
order of magnitude. Now the stationary points (s*, »*) of
the phase A(s, v, ¥) are determined by the equations
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Ih(s*, v*, ) o I cos?Y
— = —{sin“V —1
as 4 2
coshs* coshv™s* — v*sinhv*s*sinhs™ — 1
sinhZs*
=0, (B4)
ok : 2,'9 2,'9 inhv*s*
Ah(s*, v*, ¥) — g sin S cos s1r.1 v ;v —o.
v 2 2 sinhs
(B5)

A solution of the second equation would be s* = 0, but, by
inserting it in the first equation, then |»*| > 1, while in the
integral in Eq. (B1) |¢| = 1. Then from the second equa-
tion we obtain »* = (. As a consequence, s* must solve the
equation
S*

coshE = *jcotd. (B6)
This equation can be solved by putting s;, = x}; + in7 with
x; real and n integer and different from zero, then

sinhﬁ = sinhx— = * cotd B7)
2 2

independently of n. Since our integral in s goes from 0O to

00, we choose x*>0. Also, as we will see, the only

physically acceptable solutions are those with n <0. In

particular, the largest contribution to the integral comes

from the stationary point

ES ES

s

s | = x* — iz = 2arcsinh(cotd) — im (B8)

corresponding to n = —1 (for notational simplicity, we
will not indicate the dependence of s* and of x* on ).
Also, by expanding the function A(s, v, 1) around the sta-
tionary point (s*, »*), we obtain
92h(s*, v*, ) (s — s%)?

052 2

h(s, v, ) = h(s*, v*, 9) +

Zh(s*, v*, ) v?
SR ALl B9
2 2 (BY)

with

h(s*, v*, 9) = —g sin?% — i(cosﬁ + % sin219>, (B10)

9%h(s*, v, %) _

Py = —isindtand, (B11)
s

% £y * *
Ph(s" v ) _ is—<sin219+ cos2 9 — ) (B12)
av? 2 sinhs*
We point out that, by choosing a negative imaginary part of
s*, we have obtained a negative real part of h(s*, v*, ),
and this will ensure that for large frequencies the harmonic
yield goes to zero (otherwise, it would diverge). From the
previous equations, it is also easy to see that, near the

stationary point (s¥, v*), the steepest descent passes
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through (s*, v*), forming an angle 377/4 with the s real axis

and an angle (7 — y(1%))/2 with

2x* + (w2 — x*? cos?)
27(1 — x* cos?})

x() = arctan[

)

(B13)
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with the v real axis. In this way, by performing a rotation in

the s complex plane of an angle 77/4 and a rotation in the v
complex plane of an angle (7 + y(%))/2, we obtain the

|

following asymptotic estimate of the integral in Eq. (B1):

) g . S % IF(s*, v* §
C(”&, qBL;pL) — _Zie[(qBL)‘/pL]h(s v ,19)8—177/43—1[7T+)((19)]/2f dZ1 f de{ (S 14 ) _ (qﬁL)
T —o0 —o0 as oL
o [266" v ip1) 28 | iy GGV 35 p1) BN g, 2oy s andz 2+ K(9)32)
952 2 dv> 2
pr B P s v 9) o —im/4 o —ilm+ x(9))/2 {BF(S*, v*) i cos® 9*G(s*, v*, % pL)
= —u ~LL
(aBL)? Jsind tan 9K () ds 2 sin’ ds?
—ix(9) 82G T 5
_6 (Srvz’ 7pL)’ (B14)
K(9) ov
with
) oh(s, v, O
Gs, v, 9:p,) = Ei(— ﬁ)F(s, p2hs v, 9) (B15)
PL ds
x*2 *
K(®) = sin?d + cos? (B16)

16

sinhs* |’

As we have mentioned, even if the terms proportional to (¢/8;)?/p, seem to be much larger than the term proportional to
dF(s*, v*)/ds, they give a contribution to the integral of the same order of magnitude.
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