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AT THE LABORATORIES OF JINR

KBaHTOBBIC NIPOLIECCH] B KOPOTKUX M MHTEHCUBHBIX
IEKTPOMATHUTHBIX (J1a3€PHBIX) MOJIAX

BricTpelil mporpecc B ja3epHONl TEXHOJOTHUU JIAET
OecIpenieICHTHYI0 BO3MOKHOCTh HCCIE0BaTh MOBEJC-
HUE KBAaHTOBBIX IIPOI[ECCOB B MHTEHCUBHBIX IEKTPOMAr-
HUTHBIX (OM) nomsax. Yxe JOCTUTHYTa HHTEHCHUBHOCTH
J1a3epoB IL~2<1O22 Br/cm2, u IIPA 3TOM OXKHUJAETCH,
4TO MHTeHCHBHOCTH Topsmka I; ~1023..10%% Br/cm?
OyxyT mosyueHsl B Ommxaiimiee Bpems. Psiy masepHBIX
MIPOEKTOB Co3/1aeTcs B cTpaHax-ydacTHunax OWUAN nmmn
cTpaHax, cBa3aHHbIX ¢ OMSU Ha ocHOBe JIBYXCTOPOH-
HUX JOTOBOpPOB, Hampumep: mnpoekT «Buropean Laser
Infrastructure», o6venunsromuii Yemckyro PecmyOnuky,
Benrpuio u PyMbIHUIO; II€TaBaTTHBIN [TapaMeTPUUECCKUL
nasep, coznasaemblii B Capose (Poccus); naszepsl Ha cBo-
6omuprx snektponax B DESY (I'amOypr, I'epmanms) u
Ha JIPYTUX YCTaHOBKaX B M3BECTHBIX MUPOBBIX I[EHTPAX
(cm. ccpuiku B [1]). Ctonp BeICOKass HHTGHCUBHOCTH Jia-
3epHBIX ITyYKOB BO3MOXHA TOJIBKO B KOPOTKHX, (hemTO-
CEKYH/JHBIX UMITYJIbCaX, YTO COOTBETCTBYET HECKOIBKUM
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OCIIIIISIUAM (MU JTaXKe JOJSAM OCHUJUIALNAN) B OTHOM
UMITyJTbCce. DTO CTaBUT NMPUHIUITHAIBEHO HOBBIC YCIOBHS
JUTsl TCOPUHU: KBAHTOBAas DJICKTPOAMHAMUKA CTAHOBHT-
Cs HEJIMHEMHOW C CYLIECTBEHHO HEJOKaJbHbIMU DM-
B3auMozelcTBusMu. Kak pesynbrar, Teopus mnpelcka-
3bIBACT KAYECTBCHHO HOBBIA 3(P(PeKT MHOrohoTOHHOrO
B3aMMOJICHCTBUS TPOOHOTO (POTOHA WIIH AIIEKTPOHA C Jia-
3epHBIM HMITYJIBCOM. B KadecTBe mpuMepa paccMOTpUM
o0pasoBanme ¢ e~ map npH B3aMMOICHCTBHU BHEIIHETO
(npoGHOTro) GOoTOHA C JTa3epHBIM UMITYJIHCOM U 0000IIEH-
HOC KOMIITOHOBCKOC DPAacCESHHUE DIIEKTPOHA HWHTCHCHUB-
HBIM JIa3€PHBIM UMITYIIECOM.

Hwke MBI HCTTIOIB3YEeM €CTECTBCHHOE MPEATIOIOKCHHUE,
YTO JIA3EPHBIN [UPKYISPHO MOJISIPU30BAHHBIN HMITYIIEC MO-
JKeT OBITH anMpOKCHMHUPOBaH DM YeTHIPEXIIOTECHIIAAIOM
B aKCHAIBHON  KaIHOpOBKE AH=(0,A(p)) c
A(P) = f(P)(ajcos ¢ +a,sin ), tne p=k-x ecrb un-
BapuaHTHas (asa ¢ 4-BOJHOBBIM BekTopoM k = (w, k),

Quantum Processes in Short and Intensive
Electromagnetic (Laser) Fields

The rapid progress in laser technology offers novel
and unprecedented opportunities to investigate quantum
systems with intense laser beams. The laser intensity /; of
~2-1022 W/cm? has already been achieved and intensi-
ties of an order of 7, ~1023..10%5 W/cm? are envisaged
in the near future. A number of these projects are being
developed in the Member States of JINR or closely re-
lated to JINR on the basis of bilateral agreements (e.g.,
the European Laser Infrastructure project involved the
Czech Republic, Romania and Hungary; the PEARL laser
facility at Sarov/Nizhny Novgorod, Russia; the XFEL fa-
cility in DESY/Hamburg, Germany, and some other laser
centres around the world (see, for example, [1] and refer-
ences therein)). The high intensities are provided in short
pulses at a femtosecond pulse duration level with only a
few oscillations of the electromagnetic (e.m.) field or even
subcycle pulses, which requires the development of the
quantum electrodynamics at the new level: it becomes es-
sentially nonlinear with nonlocal e.m. interactions. As a
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result, the theory predicts the new important qualitative
effect: multiphoton interaction of an external electron or
photon with an intensive laser pulse. Here, we illustrate
the new phenomena by the example of et e~ -pair produc-
tion in interaction of an external photon with the intensive
laser pulse and the generalized Compton scattering of an
external electron off the powerful laser.

We assume that the laser pulse is approximated by the
circularly polarized e.m. four-potential in the axial gauge
A*=(0,A(d)) with A(d)= f(P)(a;cos P+ a,sin ),
where ¢ = k - x istheinvariant phase with the four-wave vec-
tor k = (w, k), obeying the field property k2 =k - k =0 im-
plyingw=Ikl,a o) =a( ,y la,l 2= la 2=a? aya, =0;
transversality means ka, , =0 in the present gauge. The
envelope function f(¢) (f(¢p) — 0 at ¢ — + c0) accounts
for the finite pulse length. In the case of the infinitely long
pulse, f(¢)=1. To define the pulse duration, one can use
the number N of cycles in a pulse, N =A/7 =1w/2,
where the dimensionless quantity A or the duration of the
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YIOBJIETBOPSIIOIIMM ~ YCIOBUSM k2 =k - k=0, w=Ikl,
a(1,2) = Ay, y)s 12, 2= lal 2=a? a,a, =0; B BBIOpaHHOI
KamuOpoBKE  TIOMEPEYHOCTh  O3HAYaeT ka, ,=0.
Orubaromas gynxuus umnyiasca  f(p) (f(p) -0 npu
¢ — * oo) onmckiBaeT GOPMY M IJTUTENTBHOCTH UMITYJIbca. B
ciayyae OECKOHEYHO JUIMHHOrO ummyibea f(p) =1.
JUTITENEHOCTH IMITYITECa MOYKHO XapaKTepPH30BaTh YACIOM
ocrisiumii N B umnynsce, N = A/7 = tw/2, tae 6e3pas-
MepHas BeJIMYMHA A WK JIUTENLHOCTh UMITYIIbCA T SIBJIS-
IOTCSL YIOOHBIMH TIepeMeHHBIMH. DYHKIWS orubdarorieit
OIPEICISCTCS IBYXIApaMETPUICCKUM (pepMuU-pacipesie-
nenneM f(¢) = cosh(A/b) +1/(cosh(A/b) + cosh(¢/b)).
3TO pacmpeneneHre ONICHIBACT BCE MHOTOOOpa3ue ormuda-
IOLIMX, W3BECTHBIX B JUTeparype. Ilapamerp b wumeer
CMBICIT BpeMeHHU BospacTaHus (yObIBaHUS) orubaromieil B
obnactu ¢ ~ A. Maible BenuumHbl oTHOIIEHU b/A coot-
BETCTBYIOT UMITYJIbCY C «IIOCKOM BEPIIMHOMY . DakTH4ecKu
oTHolieHrue b/A MOXKET paccMaTpuBaThCs Kak BTOPOU He-
3aBUCHMBIA TIapaMeTp OrmOaromieil (ZYHKIHMH JTa3epHOTO
umiyiabca. OTMETHM, YTO KBaHTOBBIC MPOIECCHI B OSCKO-
HEYHO JIMHHBIX DM-TIONSIX ObUTH IeTaIbHO PACCMOTPEHBI
B pabotax Paiica, rpymnmsl Putyca u paboTtax Ipyrux aBTo-
PoB (cchutku cM. B 0030pe [2]). OiHaKO HCIONB30BaHHEIC B
panHux paborax ycnosus A — oo u @ — 0 HE COOTBETCTBY-
IOT TPEOOBAHMSAM COBPEMEHHBIX JIA3EPHBIX MIPOCKTOB, B KO-
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TOPBIX OKHJIAKOTCS OOIBIINE HHTEHCUBHOCTH ], Masible A
1 KOHeuHbIe . Bee 910 TpedyeT pa3paboTku HOBOM TeOpHUu
JUISL WCCJICIOBAHUSI KBAaHTOBBIX IIPOIIECCOB B YCIIOBHSIX
CHJIBHBIX M YABTpakopoTkux OM-moneit. Taxoi momxon
Obu1 paspaboran B Jlaboparopun TeopeTrdeckor (HU3UKH
OUSIN u cymmupoBan B o03ope [1]. WHTeHCHBHOCTB
OM-nonst ~ onpezensercss  Oe3pazMepHON  HIEpEeMEHHOM
EZ=—_¢2(|A)?) /Mez, e M, Macca DJIJIeKTpOHa
u e2/4r=a ~1/137. Tlepemennas £2 cBs3aHa ¢ HH-
TEHCUBHOCTBIO ~ JIa3epHOTO  HMIynbca [ KaK
£2~(5,62-10719) /w? [5B?] {1, ) [Br/cm?]. B cityuae 06-
pasoBanus et e map ymoOHO BBECTH BTOPYIO Oe3pasMep-
HYIO TIepeMeHHy0 & = sy, /s, TIe s eCTh KBaJpar IONHOM
SHEPTHH B CHCTEME IIEHTPa Macc, a TlepeMeHHas sy, = 4M 2
€CTh IIOpOTrOBOE 3HA4YeHHWE HayajdbHOW 3Hepruu. To ecTb
nepeMeHHast § SABJISACTCSA YUCTO KMHEMATHYCCKOU BEIIMYH-
HOIA 1 03Hauaer, 4to 1pu § > 1 nuHeiiHbi nporece bpetita—
Vumnepa 7’ + 7 — e + ¢~ HAXOOUTCA MOJ IOPOTOM U KH-
HeMaTH4eckH 3anpenieH. OHako MHOTO(OTOHHEIE Y dek-
ThI, BEI3BAHHBIE HEMTMHEHHBIM MPOLIECCOM 7/ +ly—e T + e,
pasperiensl qaxe st § > 1. Mbl Ha3bIBaeM Takue MpoLec-
CBI TIOJMOPOTOBBIM poxkieHneM ¢t e ™ map. TlonHbIi BBIXOM
(BEpOSITHOCTD pogmaeﬂna) et e™ map ompenensercs: unTe-

rpasiom W= [ diw(l), tne w(l) ects maprmanpHas Be-
1

min

pulse 7 are further useful measures. The envelope func-
tion is described by the two-parameter symmetrized Fermi
shape widely used for parametrization of the nuclear den-
sity:  f(@)=cosh(A/b) +1/(cosh(A/b) + cosh(p/b)).
This shape covers a variety of relevant envelopes dis-
cussed in literature. The parameter b describes the ramp-
ing time in the neighborhood of ¢ ~ A. Small values of
the ratio b/A cause a flat-top shaping. In fact, the ratio
b/A can be treated as the second independent parameter
for the envelope function. Note that the quantum processes
occurring in the interactions of charge fermions in an in-
finitely long e.m. pulse were investigated in detail in the
pioneering papers of Reiss, Ritus group and some others
(see, for example, [2] and references therein). However,
the conditions A — co and w — 0 considered in these pa-
pers do not correspond to the conditions of modern laser
projects, where large pulse intensity /;, small A and finite
w are expected, which requires the elaboration of new ap-
proaches for describing the quantum processes in strong
and ultra-short e.m. fields, since the known old methods
no longer work. Such an approach was elaborated at BLTP
JINR and summarized in the review paper [1].
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The e.m. field intensity is determined by the di-
mensionless  variable &2 =—¢e2(|A?) /M2, where
M, is the electron mass and e?/4r =a~1/137. The
variable £2 is related to the laser pulse strength I as
E2~ (56210719 /w? [eV3] (I} ) [W/em?].

In the case of the e™ e~ -pair emission the second rel-
evant dimensionless variable is { = sy, /s, where s is the
square of the total energy in the center of mass and the
variable s, =4M? is the square of the initial energy at
the threshold. The variable ¢ is a pure kinematic quantity
with the meaning that for £ >1 the linear Breit-Wheeler
process 7' +7y — et +e~ is subthreshold, i.e. kinemati-
cally forbidden. However, multiphoton effects enable the
nonlinear process 7’ + Iy — et + e~ even for { >1 which

we refer to as the subthreshold pair production. The total

production rate (or probability) of the ete™ emission is

equal to the integral W = fa’lw(l), where w(/) is a partial
!min

probability and the integration starts from the kinemati-

cal limit /,;, =& (for detail, see [1,3]). The production

rate of the eTe™ emission as a function of { is exhibited

in the left panel of the figure for the infinitely long and
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POSITHOCTb, & UHTETPHUPOBAHME HAYMHACTCSI OT KHHEMAaTH-
geckoro mpexena I, =& (meramn cm. B [1,3]). Boixon

et

e~ map kak GyHkuus ot & NpuBeIeH Ha PUCYHKe cieBa
JUIsl 0ECKOHEUHO JUTMHHOTO U YJABTPAKOPOTKOTO MMITYJIBCA C
A=7r/2 u b/A=0,15. BuaHo, 4T0 B HOANOPOroBOii 00-
NacTy BBIXOZ e e map st YABTPAKOPOTKOrO MMITYJIbCa
3HAYUTENBHO (Ha HECKOIBKO TIOPSIKOB BETMYHMHbI) YCHIICH
10 CPaBHEHHMIO C TIPEJICKa3aHUeM ISl OECKOHEUHO JJTMHHO-
TO UMITYJTbCA. DTOT APPEKT 0OBACHICTCS HETMHCHHON H-
HAMHUKOW MEPEXOIHBIX aMIUIUTYA M CIEHU(HUKOH CrieK-

TPaJIbHBIX CBOMCTB orubarommx (GyHkumii f(¢), KoTopble
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TEHEPHUPYIOT BBICOKOMMITYJILCHBIE KOMITOHEHTHI B IapIy-
ANBHBIX aMIUTUTYIaX, KOTOPbIE U MPUBOAAT K MpeCKa3aH-
HOMY yCHJICHHIO.

B nporuBononoxuocTs npoueccy bpeiira—Yusiepa,
KOMIITOHOBCKOOE paccesHue (OTOHA BIEKTPOHOM Ha
(pMKCHpOBaHHBIA yroj BCErJa BBIIE MOPOra, 4To Yyc-
BBIJICJICHNE MHOTO()OTOHHBIX ~ B3aMMOICH-
cTBUil TMma e+I[y —e’'+ 7y’ Ha (QoHE OXHOPOTOHHBIX

JIOKHACT

polueccoB. DTy TPYAHOCTb MOXKHO IPEOJOJETh, €CIH
BMECTO TIOJIHBIX CEUEHHWIl aHaIu3UpOBaTh
HO NpPOMHTErpupoBaHHbIE cedyeHus [1]. 3pmecs MHOro-

qyacTud-

Crea: BEIXOI ¢ T ¢~ map Bo B3aMMOZEHCTBIHM Y + Nasep Kak (yHKIWs moxmoporosoro mapamerpa & mpu & = 0,1. Pesynerats mis
6eCKOHEUHO JUTMHHOTO W yIBTPakopoTkoro ¢ A = 77/2 ummnynbcoB n306paskeHbl ITPHXOBOH M CIUIONIHON KPUBBIMU COOTBETCTBEHHO.

CripaBa: 9aCTHYHO TIPOMHTETPHPOBAHHOE CEdeHHe KOMITOHOBCKOTO PACCESHNs Kak (YHKIHS OT WHTEHCHBHOCTH DM-momsa & 2 pu
3HAYEHHH MOTIOPOTOBOTO mapameTpa & = 3. O603HAYEHHS Te JKe, UTO U CIeBa
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Left panel: The rate of the e T~ emission in the ¥ + laser interaction as a function of the subthreshold parameter & at £ = 0.1. The
results for an infinitely long pulse and a ultra-short (subcycle) pulse with A = 77/2 are shown by the dashed and solid curves, respec-

tively. Right panel: The partially integrated Compton scattering as a function of the field intensity 52 at the subthreshold parameter

¢ = 3. The notation is the same as in the left panel

subcycle pulse with A = 7/2 and b/A =0.15. One can see
that in the subthreshold region the yield of ete™ pairs in
the case of subcycle pulse is greatly enhanced (by several
orders of magnitude) in comparison with the prediction
for the infinitely long pulse. This effect is explained by
the nonlinear dynamics of the corresponding transition
amplitudes and specifics of the envelope functions which
generate the high-frequency components in the partial am-
plitudes and lead to predicted enhancement.

Contrary to the Breit-Wheeler process, the Compton
scattering at a fixed scattering angle is always above the
threshold, making it difficult to distinguish the multipho-
ton dynamics in the interaction e + [y — e’ + y’. This dif-
ficulty can be overcome if instead of the total cross section
one explores the partly integrated cross section, where
the nonlinear dynamics becomes most transparent [1].
The partially energy-integrated cross section is defined
as 0(w')= [dldo(l)/dl, where ' is the energy of the

!min
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outgoing photon, do(l)/dl =(do(w)/dw)(dw(l)/dl) is

the partial cross section, and the low limit of integral is
Iin =& = @' /@, with w| being the energy of outgoing
photon in the one-photon process e+ y — e’ +y’. The
variable é: is an analog of subthreshold variable ¢ in the
Breit—-Wheeler process and characterizes the multipho-
ton interactions. The figure (right panel) illustrates the
partially integrated cross sections for the infinitely long
and subcycle pulses as the functions of the field inten-
sity &2 at the subthreshold parameter £=3. Again, one
can see a great amplification of the cross section for the
subcycle pulse induced by the nonlinear dynamics of the
process and dispersion properties of the pulse envelope
function.

In summary, we can conclude that the new generation
of lasers offers a wide range in investigations of new non-
linear, multiphoton effects in quantum electrodynamics.
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(hoToOHHAs IWMHAMHKA TIPOSBIAETCS Hambomee
ApKO. YacTHYHO NPOMHTETPUPOBAHHBIC Ceue-

nus onpenensorcs kak o (w’)= [dido(l)/dl,
!mi
roe @ — DSHEprHs YXOMSIIero (oToHa, a

do(l)/dl =(do(w)/dw)(dw(l)/dl) ectb mapuu-
anpHOE ceueHue. HIpkHMH mpenen MHTErpupo-
BaHUsS ONpEJENAETCS Kak [, = ¢= w'lwy, tae
®{ ecTb 3HEPrus yXomsmero GoToHa B OAHO(O-
TOHHOM IIpouecce ¢ +7y — e’ +7’. Bennunna f
SBIISICTCSl AHAJIOTOM MOANOPOTrOBOM MEPEMEHHON
B mporecce bpelita—Yuiepa u XxapakTepusyeT
MHOTO(OTOHHBIE B3ammopeWcTBusa. CmpaBa Ha
pHUCYHKE TIOKa3aHbl YaCTUYHO MPOUHTETPUPOBAH-
HBIE CEUeHHMsI JUIsi OECKOHEUHOTO U YJIBTPAKOPOT-
KOTO MMITYJIbCOB B 3aBHCHUMOCTH OT HWHTEHCHB-
HocTH monst §2 IS MOAIOPOroBOro mapamerpa
£=3. BHOBb BHIHO CHIIBHOE yBEIUUEHHUE Ya-
CTHYHO IIPONHTEIPUPOBAHHBIX CCUCHUH IS YiIb-
TPaKOPOTKUX HMMITYIbCOB, BBI3BAHHOE HEJIUHEMH-
HOM JIMHAMUKON aMIUIMTY]l Mepexoja U AucIep-
CHOHHBIMH CBOMCTBAaMM OTHOAIONINX Ja3epHBIX
(yHKIUH.

B 3axsroueHne MOXKHO KOHCTaTHPOBaTh, 4TO
pa3pabareIBacMble JIa3epHbBIC MPOEKTHI OTKPHIBA-
IOT IIUPOKYIO 00JIaCcTh UCCIIEI0BaHUIT KaueCTBEH-
HO HOBBIX 3()(EKTOB B KBAHTOBOM JJIEKTPOAMHA-
MUKE.
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