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An ultra-relativistic electron emits Cherenkov radiation in vacuum with an induced by strong
electromagnetic wave refraction index larger than unity. During the interaction with this wave the
electron also radiates photons via the Compton scattering. Synergic Cherenkov-Compton process
can be observed by colliding laser accelerated electrons with a high intensity electromagnetic pulse.
Extremely high energy photons cannot be emitted via the Cherenkov radiation because the vacuum
refraction index tends to unity at these energies. Experiments on studying these phenomena will
reveal the properties of vacuum predicted by nonlinear quantum electrodynamics.
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In quantum electrodynamics (QED) the photons inter-
act with each other via virtual electron-positron pairs,
which gives rise to a broad range of processes, in particu-
lar, related to vacuum polarization, vacuum birefringence
[1], and other processes. The study of the photon-photon
interactions is considered one of the most important ap-
plications of the high power laser facilities from the point
of view of the fundamental science [2-8]. Among these
interactions there are those that attract particular in-
terest due to the fact that their description lies outside
the framework of the perturbation theory [6, 9-11]. Ar-
guably, the electron-positron pair production from vac-
uum by strong electromagnetic (EM) field is the most
well known one. The characteristic field associated with
his interaction is the QED critical field. It is also known
as the Schwinger field [1]. It is equal to Es = m?2c3/eh,
where e and m, are the electron charge and mass, ¢ equal
to the speed of light in vacuum, and A is the Planck con-
stant. This field strength corresponds to the light inten-
sity of the order of 10?2 W /cm?2. Although the EM field
intensity needed to observe pair production can be low-
ered by using special configurations of EM fields [12, 13]
down to 10%7 W/cm?, such intensities are well beyond
the reach of the next generation of laser facilities. How-
ever, the physics at the QED critical field level can be
probed by high energy electron beams colliding with in-
tense EM waves [5]. For high enough electron (and pho-
ton) energy as well as for enough strong electromagnetic
field such processes of electromagnetic interaction can-
not be described within the framework of perturbation
theory [14, 15] making them attractive for studies with
high power lasers and accelerators of charged particles
[16-19].

In what follows we consider the interaction of a high
energy electron beam with 10 PW class lasers, focused
to a one micron spot. In this case the laser intensity
can reach 10?* W/cm?, which corresponds to the laser
EM field normalized amplitude of ay = 103. Here ag =
eEy/mewoc, Ey and wy are the laser electric field strength

and frequency respectively.

The electron interacting with the field of the amplitude
ao emits the photons with the energy hw., = hwoagv?,
where 7, is the elecron Lorentz factor. Estimating the
electron quiver energy as . & ag (this assumption cor-
responds to the case when the size of the laser-electron
interaction region is approximately equal to the wave-
length, and gives lower value for the electron energy), we
find that the photon energy for ag ~ 10® and hwy = 1 eV
is in the «-ray range. As we see, an electron interacting
with the electromagnetic wave emits high order harmon-
ics. The maximum harmonic number could be approxi-
mately equal to a3. In quantum physics, this corresponds
to absorption of N,;, = a} laser photons by an electron in
order to emit one high energy photon. The quantum ef-
fects come into play when hw.,, ~ mec®ve and ag > 1, and
the photon emission occurs in the multi-photon Comp-
ton scattering process (see Ref. [20] and review article
[21] and references cited therein).

The Lorentz invariant parameters,

Xe = VP EF*E,;pP /mecEs  and x4 =
h/k EFr E, kP /mc.cEg, characterize the QED processes
for electrons and photons interacting with the electro-
magnetic field. Here p,, is the electron 4-momentum, &,
is the photon 4-wave vector, F,, = 0,4, — 0, A, is the
electromagnetic field tensor, and A, is the electromag-
netic 4-potential. If the parameter y. is equal to unity,
in the electron rest frame, the electric field is equal to
the critical QED field Eg.

Strong electromagnetic wave induces the vacuum po-
larization. As a result, in the long wavelength limit, the
QED vacuum behaves as a medium with a refraction in-
dex larger than unity [10, 11, 14, 15], i. e. the speed of
propagation of the interacting electromagnetic waves is
below speed of light in vacuum. One of the consequences
of this fact is a possibility of the Cherenkov radiation of
the high-energy electrons traversing the electromagnetic
field [14, 15, 22-26]. In Refs. [22, 23] the electromagnetic
field was considered to be generated by exteremely high



power lasers.

Below we analyze the properties of Synergic
Cherenkov-Compton Radiation and Scattering (SCCRS)
and discuss a way for observing this phenomenon with
extreme high power lasers by colliding laser-accelerated
electrons with high intensity electromagnetic pulse.

When ultra-relativistic electron collides with the EM
wave it undergoes radiation losses which can prevent the
electron from reaching the the high intensity EM field
region. To describe the one-dimensional relativistic elec-
tron dynamics in the EM field, following to approach
formulated in Ref. [27], we use a system of differen-
tial equations for the distribution functions of electrons,
positrons and photons with the the differential probabil-
ities of a photon emission by an electron/positron, and a
photon decay into electron-positron pair (for details see
Ref. [27]). Tt is emphasized here that they are the func-
tions of initial electron/positron/photon energy and the
instantaneous (at time t) value of the EM field. Here we
assume that the electron, positron, and photon dynamics
is dominated by the longitudinal motion.

For a 10 PW laser focused to a one-lambda spot the
normalized amplitude approximately equals to ag = 103.
Here we assume that the characteristic size of the high
intensity region is equal to one lambda. As the energy of
the laser wake field accelerated (LWFA) electrons accord-
ing to the LWFA scaling [28] is £, = 10 (P/1 PW) GeV,
then for a 10 PW laser it can reach 100 GeV, i.e.
Yin = 2 x 10°. Solving a system of equation for the elec-
tron, positron and photon distribution functions for these
initial parameters and assuming the electron beam is mo-
noenergetic before the interaction, we obtain a broad
spectrum of electrons after the interaction. The elec-
tron beam lost approximately half of its energy, however
37% of electrons has energy above 40 GeV. The situa-
tion at the maximum of the EM field is slightly different.
Approximately 7% of the initial electrons reach the max-
imum of the EM field without emitting a photon. More-
over, around 60% of electrons have energy higher than
40 GeV. The solution shows that a significant number of
electrons with very high energies can reach the maximum
of the EM field of the tightly focused laser pulse.

Here, we consider the kinematics of an inverse multi-
photon scattering process when an ultra-relativistic elec-
tron collides with an electromagnetic wave. Before and
after the collision the electron has the momentum py and

energy m.c>yp = \/pic2 + m2c* and the momentum p
and energy m.c*y. = /p?c? + m2ct, respectively. The
scattered photons have the frequency wqy before collision
and w,, after it. By using the energy and momentum con-
servation in the electron-photon system, we can find the
scattering photon frequency dependence on the electron
energy, the wave amplitude, and the scattering angle. As
the electron interacts with s photons from the wave and
emits high energy photon, the energy and momenta of all
particles are connected by the conservation laws, which

yield:
Mec®yo + shwy = mec®Ye + hw, (1)
and
po + shko =p+ bk, (2)

where hkq is the EM wave photon momentum and hk,
is the emitted photon momentum.

We consider the case when photon-electron interaction
occurs in the (x,y) plane, i.e., pg = P||,0€z,0 +P1 0€y and
P = p|ex+pLe,. For the perpendicular component of the
momentum p, o we may assume that it is equal to the
quiver electron momentum in the electromagnetic field
of the amplitude ag , i.e. the electromagnetic wave is
linearly polarized with the electric field along the y axis.

In the case of classical electrodynamics described by
the Maxwell equations, the electromagnetic wave fre-
quency and wave vector are related to each other as
w? = k2¢? . In quantum vacuum the polarization effects
result in the dispersion equation [14, 15]

w? —k*? =y (xe) P2 =0. (3)

Here 4 is the invariant photon mass [14, 15]. The signs
4 in a subscript of p4 correspond to the parallel and
perpendicular polarizations of the colliding electromag-
netic waves. The invariant mass depends on the photon
frequency (it is the photon energy expressed in terms of
the quantum parameter x.). Its square is given asymp-

totically by
1173 2+i\/§3¢1 o [ 8
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for x4 < 1 and

pi = —amg B;ﬁ V3r (;) (1 - zﬁ) (3x7)2/3]
(5)

for x4 > 1. Here I'(x) is the Euler gamma function. The
imaginary part of y% gives a probability of the electron-
positron pair creation. As noted in Ref. [15], for large x,

at axg/ 51 , the photon mass becomes of the order of
the electron mass. In this limit, the perturbation theory
becomes inapplicable.

Egs. (3-5) yield that, in the limit x, < 1, a difference
between the refraction index value and unity, ny — 1 =
Any. It is

11¥3/E\?
Ang = - .
T (ES) ©)

From this expression it follows that in the low photon
energy limit, x, < 1 the normalized phase velocity (and
equal to it group velocity), S+ = vi/c, of the linearly
polarized counter-propagating electromagnetic wave with



the electric field parallel or perpendicular to the y axis
equals Byn+ = 1 — e1(Ey/Es)?, where the coefficients
e+ are ex = a (11 F 3) /457 ~ 1074,

Now for the sake of brevity we assume that the trans-
verse component of electron momentum before interac-
tion vanishes, i. e. po = p| oe,. From Egs. (3-6) follows
that, as a consequence of the vacuum polarization, the
relationship between wave number and frequency of the
electromagnetic wave corresponding to the wave propa-
gating in a medium with the refraction index not equal
to unity can be written as

k
k= Wni w, (7)
with k = |k| (e; cos 0 + e, sin @), where 6 is the angle be-
tween the scattered photon wave number and the x axis.
Using this relationship to solve Egs. (1) and (2), we ob-
tain for the energy of scattered photon

MeC2yo + c
fiwy = g % \/92 + 25 hwg (W’) (8)

ni —1
where

(p”,oc — 8 hwo) N4 cos ) — mec?yy — s hwg

o1 (9)
Only positive solution for the photon frequency w, is
relevant to our problem.

The equation (8) describes kinematics of the SCCRS
process in QED vacuum, whose optical properties are
modified by the strong electromagnetic wave.

In the case, when the modification of the vacuum re-
fraction index is weak enough, i.e. when 0 < n? —1 < 1,
the dependence on the parameters of the emitted pho-
ton frequency w., given by Eq, (8) can be presented as
a combination of two modes with a continous transition
between them. When the function g given by Eq. (9) is
positive and s hwg < m.c? /7. the photon energy can be
found to be

(10)

2
MeC + c
hwon ~ 29 + s hwo [M}

g(ni —1)

This expression corresponds to the Cherenkov radiation
with a notation wgy, used for the frequency of the photon
emitted in this regime.

In the opposite limit, when the function g given by Eq.
(9) is negative, in the limit s hwy < mec? /7., Eq. (8) can
be rewritten as

s Fiwo (Mec®yo + c
hoe ~ of Yo + Pj,0¢)

mec?yo + 8 hwo — (p”’oc —s ﬁwo) ny cosf’
(11)
corresponding to the Compton scattering mode with the
photon frequency equal to we. In the limit s < sy,
where

Mec?

S = —— 12
4hwo Yo (12)

3

with v9 = /1 +pﬁ o/m2c?. The photon energy equals

hwe ~ 4s hwgmec?y3. At s > s, we have hwe =~ m.c?7.

The condition s < s,,, shows when the recoil effects due
to the photon emission become dominant. Eq. (12) gives
the photon number absorbed by the electron with the en-
ergy mec?vp from the electromagnetic wave for radiating
one high energy photon.

Assumption 0 < n? —1 < 1 in Eq. (10) yields a con-
dition of Cherenkov radiation,

ny > YT TR0 (13)
Dj0

imposing the requirement on the electron energy [22, 26].
We note that this condition is written assuming that

\/m2ct +pﬁ7002 — pjocn+ cosf »
. 14

s hwy <
0 1+ nycosé

The electron energy should be large enough to have

ROV 45 E? Ngo\/ﬂ
WA= Ay ValF)ER UV
(15)
Here the laser intensity Iy = cE2/4m, which in the fo-
cus region of 10 PW laser approximately is equal to
10t W/em? and Is = cE%/4m ~ 102 W/cm?, i. e.
the Cherenkov radiation threshold is exceeded for the
electron energy above 10 GeV.

FIG. 1: Angle distribution of the energy logarithm for pho-
ton radiated by the SCCRS mechanism. Blue color used for
Compton scattering, hwc(6), and red color for the Cherenkov
radiation, Awcn(6). Magenta lines § = £0c, show the
Cherenkov cone.

We can see from Egs. (10) and (11) that photons emit-
ted via Cherenkov and Compton mechanisms have dif-
ferent angular distribution. The photons emitted via
the Cherenkov radiation process are confined within the
Cherenkov cone with the angle O¢p = 24/e4 Iy/Is. In
the focus of 10 PW laser it is approximately equal to
2x107°. The Compton scattered photons are within the
cone with the angle 6 & 1/~y. Although characteristic
angle values for these process are of the same order, the
dependence of the photon energy on the angle is different
as it is seen from Fig. 1, where we show the angle dis-
tribution of the photon energy logarithm for Cherenkov



radiation and for Compton scattering. Photons of sub-
stantially low energy emitted via the Compton scattering
are localized within the relatively wide cone (blue curve).
The more narrow beam of the Cherenkov radiation pho-
tons with higher energy is shown with the red color. The
Cherenkow cone ¢y, is shown by the lines 6 = +6¢y,.

According to the Cherenkov radiation theory [29] the
rate of the energy loss due to the Cherenkov radiation
friction force along the electron trajectory is

d€. e? c
dr 2 / (1 B Ueni> wdw

ven/e>1

62 E() 2

Integration is done over the region where v.n/c > 1 with

Ve = €p||,0/ /M3 + pﬁ,o is the electron velocity.

The formation length [30] in the case of Cherenkov
radiation is given by

Lon = YeYohAch R ACe - (17)

Here X¢ = h/mec ~ 3.8 x 1071 c¢m is the Compton
scattering wavelength [1], Acn = Ac/von is the wave-
length of radiation emitted via the Cherenkov radiation
mechanism, and ¢y, is the threshold energy determined
by expression (15). For 10 PW laser radiation the elec-
tron threshold energy is approximately equal to 10 GeV.
According to Eq. (17) the radiation formation length is
lop = 5 x 107% cm, i. e. it is comparable in magni-
tude but less than the laser wavelength. Traversing the
laser focus region the electron emits 0.2 photons. As-
suming the electric charge of the LWFA electron bunch
of 100 pC we obtain 10* photons (the efficiency of the
electron energy conversion to the Cherenkov radiation is
~ 107*). Photons produced in the Compton scattering
have approximately the same frequency. Interaction of
the Compton scattering photons with the laser field will
result in the Breit-Wheeler electron-positron pair plasma
generation [31, 34].

As one may see from the expression for the photon
invariant mass (4) at the high photon energy end, when
the parameter x., becomes larger than unity, the vacuum
polarization effects weaken. In this limit the Cherenkov
radiation does not occur. As a result the photons with
the energy above hw, ~ m.c?Eg/E, are not present in
the high frequency spectrum of the radiation. For 10 PW
laser parameters this energy is approximately equal to
100 MeV.

Considering kinematics of the process e — ey in a
strong electromagnetic field with taken into account the
radiation correction of the “photon mass”, i. e. u3 # 0
given by Eq. (3), we neglect the electron mass radiation
correction. According to Ref. [15] the radiation correc-

tion to the electron mass scales as Ami o~ axz/g in the

4

limit x2/® > 1. The Cherenkov radiation condition (15)
can be written in the form c—v, > ¢—v,, where v, and v,
are velocity of scattered photon and the electron velocity.
In the right hand side of this inequality, the radiation cor-
rection of the electron mass changes the electron velocity
approximately on amgxi/ 3 Thus, the radiation correc-
tion of electron mass for the Cherenkov radiation pro-
cess would become important when x. 2 a~3/2 whereas
the Cherenkov radiation condition requires x, > a~ /2.
Such relationship indicates that the first experiments on
Sinergic Cherenkov-Compton process revealing modifica-
tion of virtual electron-positron sea in a strong electro-
magnetic field are expected to be far from the conditions,
when the radiation correction of the electron mass would
become important because the electrons and the scat-
tered Cherenkov photons have quite different energies.

In addition to ”photon mass” and ”electron mass” ra-
diation corrections there is also the radiation correction
to the Compton process, i.e., the radiation correction to
the vertex diagram, where the virtual photon line con-
nects the initial and final electron lines. This diagram
was considered in Refs. [35, 36], where it was shown
that this radiation correction scales as o XE/ *In Xe. Thus
the reasoning applied above for neglecting the ”electron
mass” correction can also be applied to the radiation cor-
rection to the vertex diagram.

In conclusion, a scheme of the experiments on the
laser accelerated electron interaction with focused EM
wave aimed at studying such fundamental physics pro-
cesses as the radiation friction effects, electron-positron
pair creation, and vacuum polarization has been consid-
ered theoretically in Refs. [32-34]. Its principle setup
was realized in the experiments whose results are pre-
sented in Refs. [34, 37, 39]. Here we pay attention to the
fact that the electron undergoing multi-photon Comp-
ton scattering also emits the Cherenkov radiation in the
QED vacuum, where a strong electromagnetic field in-
duces a refraction index larger than unity, thus entering
the regime of Synergic Cherenkov-Compton Radiation-
Scattering. In the range of the parameters where the
Cherenkov and Compton modes can be distinguished the
angle and energy distributions for the gamma photons
emitted by these two mechanisms are different. With ex-
treme high power lasers (they are of the type of lasers
build within the ELI project) the synergic Cherenkov-
Compton process can be observed by colliding laser ac-
celerated electrons with a high intensity electromagnetic
pulse. At extremely high photon energy end, when the
parameter Y., becomes larger than unity, as shown in
Refs. [14, 15], the vacuum refraction index tends to
unity thus quenching the Cherenkov radiation. Obser-
vation of these phenomena can shed light on the prop-
erties of nonlinear QED vacuum, allowing us to reveal
the physical processes on a way towards the limit when
ax?y/ ® iec. when the electromagnetic field interaction
with charged particles develops according to unpertur-
bative regime scenario.



We note that our consideration based on the energy-
momentum conservation should be supplemented by cal-
culation of matrix elements giving, in particular, the ra-
diation amplitude dependence on the angle. The work
on this problem is now in the progress and its results will
be published in for-coming paper. Moreover, we want to
note that the scaling axg/ ® for the radiation corrections
were obtained for the constant field case, and according
to the recent results presented in Refs. [19, 38] need to
be treated with caution for other field configurations.

In the experiment under dicussion, a single laser pulse
can be used within the framework of the all-optical
scheme, to accelerate ultra-relativistic electrons in the
laser-plasma interaction and then to be focused in the A3
region to achieve extreme high field amplitude providing
conditions required for colliding the electrons with the
electromagnetic field. Similar scheme is proposed in Ref.

[40] for a Compton source based on the combination of a
laser-plasma accelerator and a plasma mirror. Using this
scheme, the Synergic Cherenkov-Compton Radiation-
Scattering in the interaction of 100 GeV LWFA acceler-
ated by 10 PW laser electrons with the electromagnetic
field of 1024W /cm? will reveal the vacuum properties pre-
dicted by nonlinear QED theory.
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