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The some results on the resonant processes of quantum electrodynamics (QED) proceeding in the strong pulsed light
fields, realized in modern powerful pulsed lasers is presented. The appearance of resonances in a laser field is one
of the fundamental problems of QED in electromagnetic fields. Following QED processes of the second order in the
fine structure constant in the pulsed laser field are considered: resonant spontaneous bremsstrahlung by an electron
scattered by a nucleus, resonant photocreation of electron—positron pairs on a nucleus, and resonant scattering of a
lepton by a lepton. The resonant peak’s altitude and width are defined by the external pulsed wave properties. It
is demonstrated that the resonant cross sections may be several orders of magnitude greater than the corresponding
cross sections in the absence of an external field. Results obtained may be experimentally verified, for example,
by the scientific facilities at the SLAC National Accelerator Laboratory and FAIR (Facility for Antiproton and Ion

Research, Darmstadt, Germany).

PACS: 034.50.Rk, 12.20.-m

1. INTRODUCTION

Use of a powerful coherent light source in modern ap-
plied and fundamental research has stimulated study
of the external strong field influence on quantum elec-
trodynamic (QED) processes [1]. A characteristic
feature of electrodynamic processes of second order
in the fine-structure constant in a laser field is asso-
ciated with the fact that such processes may occur
under both nonresonant and resonant conditions [1]-
[6]. The resonant character relates to the fact that
lower-order processes, such as spontaneous emission
and one-photon creation and annihilation of electron-
positron pairs, may be allowed in the field of a light
wave. Therefore, within a certain range of energy
and momentum, a particle in an intermediate state
may fall within the mass shell. Then the considered
higher-order process is effectively reduced to two se-
quential lower-order processes [1]-[5]. The appear-
ance of resonances in a laser field is one of the funda-
mental problems of QED in strong fields.

As a result of laser technology development dif-
ferent types of coherent light sources have become
available, with intensities that have increased up to
10%2W - cm 2 in recent years. The new experimental
conditions have required constant improvements in
calculations and model development. The amplitude
of the field intensity of powerful ultrashort pulsed
lasers changes greatly in space and time. In the de-
scription of QED processes in the presence of a pulsed
laser the external field is usually modeled as a plane
nonmonochromatic wave, when a characteristic pulse
width 7 obeys the condition [2]-[5]

wr > 1. (1)

The four-potential of the pulsed plane wave propa-
gating along the z-axis has form [2]-[5]:

A(p) = Apgg (u%’) (ex cosp +deysing), (2)
o= (kz) =w(t—2),
where Ag = Fy/w, k = (w,k) is the wave vector,
Fy, w and 0 are the strength, the frequency and
the ellipticity parameter of the wave, e, = (0,e;),
ey = (0,e,) are the four-vectors of wave polariza-
tion. The function in expression (2) g (p/wT) is the
envelope function of the four-potential, which must
be equal the unit in center of a pulse, g (0) = 1, and
to decrease exponentially (¢ — 0) when ¢ > wr.
Following QED processes of the second order in
the fine structure constant in the pulsed laser field are
considered: resonant spontaneous bremsstrahlung by
an electron scattered by a nucleus [3], resonant pho-
tocreation of electron—positron pairs on a nucleus
[4], and resonant scattering of a lepton by a lepton
[5]. There are two characteristic parameters in these
processes of QED in the field of a pulsed electro-
magnetic wave. The first is the classical relativistic-
invariant parameter [1]-[5],

eF )\
me?’ (3)
which in the pulse peak equals numerically the ratio
of work done by the field within the distance equal
to a wavelength to the electron rest energy (e and m
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are the charge and the mass of an electron, Fj and
A = ¢/w are the strength and the wave-length of an
electric field in the pulse peak). The Bunkin-Fedorov
quantum parameter is specified [1]-[5]:

mu;c

e, @

(v; is the electron speed). We treat these problems
of QED within the range of moderate-strong-field in-
tensities, when

Vi =

T]0<<17 ’7121

(5)

Consequently, the quantum Bunkin-Fedorov parame-
ter is the main parameter which determines multi-
photon processes. Hereafter, we use the relativistic
system of units A =c = 1.

2. RESONANT BREMSSTRAHLUNG OF
AN ELECTRON SCATTERED BY AN ION
IN A PULSED LIGHT FIELD

Here we describe a theory of resonant spontaneous
bremsstrahlung (SB) produced by the scattering of
an electron by a Coulomb center in the presence
of pulsed external electromagnetic field (Fig.1) [3].
The problem under consideration is of vast scien-
tific interest with respect to the concept substan-
tiation of electromagnetic interaction realization as
the virtual particle exchange. In the study of reso-
nant processes in the field of plane monochromatic
wave the resonance infinities were phenomenologi-
cally eliminated by Breit and Wigner procedure. The
main point of this procedure is that radiative correc-
tions in the Green function of an intermediate elec-
tron were included under consideration. It is impor-
tant to emphasize that the pulsed character of ex-
ternal field was taken into account in the study of
electron-nucleus SB. It enables to eliminate the reso-
nance infinity in the process amplitude by the sequen-
tial method in the frame of examined approaches [3].
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Fig.1.Resonant SB related to the scattering of an
electron by a nucleus in the field of a pulsed light
wave. Here p;, py are the four-momenta of initial
and final electrons; k' is the four-momentum of
a spontaneous photon; q; s the four-momentum
of an intermediate electron; q is the transferred
momentum

The electron interaction with a nucleus is consid-
ered in the frame of the Born approximation, i.e. the
case of rather fast electrons is studied (v; > Z/137,
Z is the nucleus charge number). The process of
electron-nucleus SB in the presence of pulsed light
wave may occur under resonant conditions when the

four-momentum of an intermediate electron lies near
the mass surface

@ —m?< (ka:) ~ 2 < wm. (6)
wT T

Four characteristic domains of the resonant frequency
can be separated: in the nonrelativistic case, wyes =~
w; for an ultrarelativistic electron moving within a
narrow cone with the photon from the external field,
Wres < w; for an ultrarelativistic electron moving
within a narrow cone with the spontaneous photon,
Wres > w; otherwise, w,es ~ w. The process of res-
onant electron—nucleus SB in the field of a pulsed
light wave can be effectively reduced to two sequential
processes of the first order in the fine-structure con-
stant: emission of a photon with a four-momentum
k' by an electron p; in a pulsed light wave and scat-
tering of an electron ¢; by a nucleus in the field of
the pulsed wave (see Fig. 1). The resonant differen-
tial cross section of electron—nucleus SB in the field
of pulsed light wave for moderately strong intensities
when the electron is scattered by a large angle is:

dares _ iEiw/2|qi‘ (kpl)P do dw(l)
v (k) p T

(7)

Here do is the differential cross section of scattering
of an intermediate electron with a four-momentum g¢;
by a nucleus in the field of the wave, dW () is the
probability that an electron with a four-momentum
p; = (E;, pi) absorbs one photon from the external
field and spontaneously emits a photon with a four-
momentum £k’ = (', k'),

B exp{—5?/2} 1 P i )
Pros=m(wT) M(M?p/_pd¢|erf(¢+2>+l| ,
(8)

_ g -m

The parameter § (9) specifies how close the four-
momentum of an intermediate electron coincides with
the value on the mass surface in the resonant condi-
tions. The dependence of the function P,r.s on the
parameter § defines a magnitude and a shape of the
resonant peak in the cross section of electron-nucleus
SB process in the pulsed light field. The parameter
p is the relation between observation time and pulse-
width. The function P,.s can be easily written in the
form

B a _ 2 (kai)
Fres = (¢? — m2)2 + (QmI‘T)Q’ Lr = Vaz m(wt)’
(10)

Here coefficients a7 and as weakly depend on the
parameter p. A transit resonant width I'; arose
from the finite time of particle-field interaction.
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Fig.2. The ratio Rcs as a function of the electron
velocity for preset orientations of the electron
momentum in the initial and final states and fixed
orientation of the spontaneous photon (6 = 120°
and ¢ = 10° solid line; 6/ = 120° and ¢’ = 60°
dashed line)

Let’s consider the relation between resonant dif-
ferential cross section of electron-nucleus SB and the
cross-section of electron-nucleus SB in an absence
of external field. The following parameters: the
laser wave frequency w = 2.35eV; the laser pulse-
width 7 = 1.5ps; the field strength in pulse peak
Fy =6-10°V - cm™! were chosen for the calculation.
Fig.2 displays ratio R,.s; as a function of the initial
velocity of the electron. As can be seen from Fig. 2,
within the range of relativistic electron energies, the
resonant differential cross section of electron—nucleus
SB may be five orders of magnitude higher than the
corresponding cross section in the absence of the ex-
ternal field. Within the range of ultrarelativistic elec-
tron energies, this ratio drastically decreases.

3. RESONANT PHOTOCREATION OF
ELECTRON-POSITRON PAIRS ON A
NUCLEUS IN A PULSED LIGHT FIELD

Here we describe a theory of resonant photocre-
ation of electron—positron pairs on a nucleus in a
pulsed light field (Fig.3) [4]. The photocreation
process of electron—positron pairs on a nucleus in the
presence of pulsed light wave may occur under reso-
nant conditions when the four-momentum of an in-
termediate electron lies near the mass surface

kq_
qz_—m2<(q )<<wm.
wT

(1)

In this case resonances are possible only for an ul-
trarelativistic positron moving within a narrow cone
with the initial photon and the resonant frequency of
an initial photon is

E+ (1"‘6_2;'_) m2
Tres - T 11 T - . o97/An JaN 12
w 1—Wu/E4 th 4sin?(6;/2) w (12)
oy =0 (Ey/m), 04 =ZL(k,ps) <1l (13
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Fig.3. Resonant photocreation of electron—positron
pairs on a nucleus in a pulsed light field. Here p_,
py are the four-momenta of electron and positron;k;
18 the four-momentum of an initial photon; q; is the
four-momentum of an intermediate electron; q is
the transferred momentum

The resonant differential cross section of pho-
tocreation of electron—positron pairs on a nucleus in
the field of pulsed light wave for moderately strong
intensities when the electron is scattered by a large
angle is:

do®) = \/?Td (g )dwh) 14
Ores 9 88i1’12 (92/2) O (q ) pair ( )

Here do, is the differential cross section of scat-
tering of an intermediate electron with a four-
momentum ¢g_ by a nucleus, dWéizr is the creation
probability of the electron-positron pair (¢— and p;)
by initial photon k; as a result of absorption of one
photon from the laser field. Let’s consider the re-
lation between resonant differential cross section of
photocreation of electron—positron pairs on a nucleus
in the field of pulsed light wave and the corresponding
cross-section in an absence of laser field:

R T [T [ Be]
res ) 2 0 m .

The following parameters: the laser wave frequency
w = 1.17eV; the laser pulse-width 7 = 25 ps; para-
meter 79 ~ 0.1; w; = 5-10°m = 255 GeV were chosen
for the calculation. We obtain from Eq. (15) the

relation RSS) ~ 40.

(15)

4. RESONANT SCATTERING OF A
LEPTON BY A LEPTON IN A PULSED
LIGHT FIELD

Here we describe a theory of resonant scattering
of a lepton by a lepton in a pulsed light field (Fig.4)
[5].

The scattering of a lepton by a lepton in the pres-
ence of pulsed light wave may occur under resonant
conditions when the four-momentum of an interme-
diate photon lies near the mass surface

kq; w?
q/12 5 ( ql) ~ & w2.
wT wT
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Fig.4. Resonant scattering of a lepton by a lepton
in a pulsed light field. Here p1, paand p}, ph are the
four-momenta of leptons for initial and final parti-
cles states, respectively; ¢} is the four-momentum of
an intermediate photon

The resonance appears if leptons scatter by each
other into the small angles in the frame of reference
related to the center of inertia

Ores = 2|%|sin9i <1, (17)

where 6; is the angle between directions of wave
propagation and initial relative momentum p.

"“(dcl )

T
6. 120 180

Fig.5. The dependence of differential cross-section
of scattering of an electron by an electron (an
electron by a positron) in the pulsed light field (in
units of respective cross-sections in the external field
absence) on initial polar angle when azimuthal angle

18 fized

Let’s consider the ratio of derived resonant differ-
ential cross-section of scattering of leptons by each
other into elementary azimuthal angle to the differ-
ential cross section of scattering of respective lep-
tons in the external field absence for the most in-
teresting processes of scattering of a lepton by a
lepton: the scattering of an electron by an elec-
tron, the scattering of an electron by a positron, the
scattering of an electron by a muon. The experi-
mental investigation of processes of resonant scatter-
ing of a lepton by a lepton may be verified in the
fields created by picosecond pulsed lasers which gen-
erate radiation within the frequency optical range.
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Fig.6. The dependence of differential cross-section
of scattering of an electron by muon in the pulsed
light field (in units of respective cross-sections in the
external field absence) on initial polar angle when
azimuthal angle is fized

The Fig. 5-6 show the dependences of the consid-
ered ratio on initial polar angle 6;. The external laser
wave frequency amounts to value w = 2.35eV, the
pulse-width is equal to 7 = 1.5 ps, the field strength
in pulse peak is Fy = 6 -10°V -cm™'. Hereby the
most exceeding appears for the particles small rel-
ative velocities case, at that the exceeding reaches
into five orders of magnitude in case of scattering of
an electron by an electron (positron), and two orders
in case of scattering of an electron by a muon.

5. CONCLUSIONS

e The QED processes of second order in the fine-
structure constant in the presence of a pulsed
light wave may occur under resonant conditions
when the four-momentum of an intermediate
particle lies near the mass surface.

e The resonant behavior of these processes is
specified by characteristics of the laser pulse.
The resonant singularity in the processes ampli-
tude is eliminated by accounting for the pulsed
character of the external field rather than by
the phenomenological Breit-Wigner procedure.

e The resonant differential cross sections of
the following processes proceeding in the
strong pulsed light fields: resonant sponta-
neous bremsstrahlung by an electron scattered
by a nucleus, resonant photocreation of elec-
tron—positron pairs on a nucleus, and resonant
scattering of a lepton by a lepton may be sev-
eral orders of magnitude higher than the cor-
responding cross sections in the absence of the
laser field.

e The obtained results may be experimentally
verified, for example, by the scientific facilities
at the SLAC National Accelerator Laboratory
and FAIR (Facility for Antiproton and Ion Re-
search, Darmstadt, Germany).
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KBAHTOBAA 9JIEKTPO/IMHAMUKA B CUJIBHBIX NMIIYJIbCHBIX JIASEPHBIX
ITOJIAX

C.II. Powynxun

PaccmaTpuBaloTcst HEKOTOpPbIE PE30HAHCHbIE [IPOIECChl KBAaHTOBOI aiekTpoputamuku (K9/I), nporekarorue
B CHMJIBHBIX HMMITYJIbCHBIX CBETOBBIX IIOJIAX, pPeaJIM3yeMbIX B COBPEMEHHBIX MOIIIHBIX HMMITYJIbCHBIX Jla3€paxX.
[TostBIeHNe PE30HAHCOB B JIA3EPHOM IOJIE SIBJISIETCST OJIHON U3 DyHIaMeHTanbHbIX mpobiaem KO/I B smekTpo-
MaTrHUTHBIX MOJIAX. PaccMaTpuBaioTcst cierytorue mporecchl K9/ BToporo mopsijka 1mo mocTossHHON TOHKON
CTPYKTYPbI B UMITYJIbCHOM JIA3€PHOM IT0JIE: PE30OHAHCHOE CIIOHTAHHOE TOPMO3HOE U3JLyUeHHE JICKTPOHA, PAC-
CesTHHOTO Ha sIJIpe; Pe30HAHCHOE (POTOPOKIEHUE JIEKTPOH-TIO3UTPOHHBIX TIap Ha sJIPe U PE30HAHCHOE Paccesi-
HUe JIENITOHA Ha, JIENTOHe. AMIUINTY/Ia U IITUPUHA PE30HAHCHBIX TUKOB OIIPEJIEJISIIOTCS TapaMeTpaMu BHEIITHEeH
UMITYJICHON BOJIHBI. [T0Ka3aHO, 9TO PE30HAHCHBIE IIOTIEPEYHBIE CEUEHNUS MOTYT OBbITh Ha HECKOJBKO MOPSIIKOB
BEJINYUHBI OOJIBIIE, YeM COOTBETCTBYIOIIME MOINEPEYHbIE CeYeHUs] B OTCYTCTBHUE BHEITHEro 1oJjst. Ilosyden-
HBIE PE3YJIBTATHI MOTYT OBITH SKCIEPUMEHTAJIBHO TPOBEPEHBI B HAYUHBIX KOJIIoboparusax, Takux Kak SLAC
(National Accelerator Laboratory) u FAIR (Facility for Antiproton and Ion Research, Darmstadt, Germany).

KBAHTOBA EJIEKTPOJIVUHAMIKA B CUJIbBHUX IMITVJIbBCHUX JIABEPHUX
ITI0OJIAX

C.II. Powynxin

Posrasiarorsest gesiki pesoHaHcH] nporecn KBanToBol enekrpoguHamikn (KET), 110 IpoTiKaoTh y cuabHIX
IMITYJIbCHUX CBITJIOBUX ITOJISIX, PEAI30BAHUX y CYYACHUX MOTYKHUX IMITyJIbCHUX Jia3epax. [losgBa pe3onaHciB
y Jia3epHOMY TI0JIi € onHi€e 3 dyHmamentaabanx npobsiem KEJL B enekTpomaruiTanx mossx. Posrnsgnaors-
ca mactynsi nporecu KEJI apyroro mopsinky 3i crasol TOHKOI CTPYKTYPH B IMITyJIbCHOMY JIA3€PHOMY ITOJIi:
pEe30HAHCHE CIIOHTAHHE TaJIbMOBE BUIIPOMIHIOBAHHS €JIEKTPOHA, PO3CITHHOrO HA sA1Ipi; pe30HaHCHe (OTOHA-
POJIZKEHHS €JIEKTPOH-ITO3UTPOHHUX I1ap Ha s/pi il pe30HAHCHE PO3CIFOBAHHS JIEIITOHA HA JIENITOHI. AMILIiTYy 18
¥ MUPUHA PE30HAHCHUX TiKiB BU3HAYAIOTHCA MMapaMeTpaMu 30BHIMMHBOI iMIrynabcHOl xBuii. [lokazamno, 1o
PE30OHAHCHI ITOIepeYHi epepi3n MOXKYTh Ha JIeKiJIbKa MOPSIKIB BeJUIuHU OyTu OLIbINe, HiXK BiIIOBIIHI TO-
mepevHi mepepizu y BimcyTHOCTI 30BHIMHEBOTO oy, OTpuMaHi pe3yIbTaTi MOXKYTh OyTH €KCIIEPUMEHTAIBHO
nepesipeni B HayKoBux 00’ennannsx, takux sk SLAC (National Accelerator Laboratory) i FAIR (Facility for
Antiproton and Ion Research, Darmstadt, Germany).
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