PLASMA ELECTRONICS

CHERENKOV RADIATION OF THE LASER PULSE IN A DIELECTRIC
WAVEGUIDE

V.A. Balakirev, I.N. Onishchenko

National Science Center “Kharkov Institute of Phys and Technology”, Kharkiv, Ukraine
E-mail: onish@kipt.kharkov.ua

Theoretical studies of the excitation of the Chkoenradiation by a superluminal laser pulse in eladitric
waveguide, similar to the radiation of an electrovving uniformly in a slowing-down medium with a
superluminal velocity, are presented. The nonlimedarization of the medium caused by the pondetwadorce
of a laser pulse is obtained. The structure ofterdields, including wakefields, is found. Freqogmulispersion of
the dielectric permittivity is considered to progiduperluminal group velocity of the laser pulse.

PACS: 41.75.Lx, 41.85.Ja, 41.69.Bq

radiation of a laser pulse in a dielectric waveguid
(optical fiber) is investigated.

A charged particle moving in a dielectric medium
with a superluminal velocity radiates electromagnet 1. FORMULATION OF THE PROBLEM.
waves called Cherenkov radiation [1]. The eledigtd BASIC EQUATIONS
of a moving charge polarizes the atoms (molecudé¢s)  In a homogeneous dielectric medium, a laser pulse
the dielectric medium, which in turn coherentlyenr@it (wave packet) propagatewith components of the
electromagnetic waves. Cherenkov radiation exdited electromagnetic field

INTRODUCTION

dielectric waveguide by an intense relativisticctien Lo Te oon o
bunch or a train of bunches can be used for eléibara E (7.Y) =5 E(T.)€+ c.
of high gradient dielectric wakefield acceleratf#<s]. - 1 - _
A similar effect occurs when a short high-power H (f,t)=——ro0 [EO(T,t) é“’}+ a (1)
laser pulse propagates in a dielectric [6,7]. I lthear 2ik

approximation in the field, the effect of polaripat of ¢ =kr-w t, k is the wave vectork, =w,_/c, w,_ is
the medium at the field frequency leads only thange . ~ N
in the phase and group velocities of the laserepuio "€ carrier frequency of the laser pulds, (7,t) is of
to observe the Mach cone of Cherenkov radiation ttibe laser pulse envelope slowly changing in thecspa
transversal inhomogeneity of the permittivity siibbe  and time.
introduced for obtaining superluminal group velpaf Under the action of the ponderomotive force (HF-
the laser pulse [8]. In the nonlinear approximatithe pressure force) quadratic in the laser field (e t
pulsed ponderomotive force that propagates in polarization, slow in the scale of the carrier fregcy,
medium with the velocity equal to the group velpaf arises in the dielectric, which in turn is the smuof the
the laser pulse also acts quadratically with reisethe  electromagnetic field (i.e. Cherenkov radiationgited
field on the coupled electrons of the dielectricdimen. by the laser pulse.
This force, in turn, leads to the polarization diet The system of Maxwell equations describing the
dielectric medium. When the Cherenkov synchronisrelectromagnetic field excited by the polarization
condition between the ponderomotive force of treeida induced by the laser pulse has the form
pulsenyamgot@ioslowglediromagnetic waves of the
medium is satisfied, it causes the excitation of . 10H . 10E 4rnoP
electromagnetic Cherenkov radiation. rote = oot rot =EE+_CE
Thus, the effect of Cherenkov radiation of a laser - L
pulse is quite similar to the Cherenkov radiatidnao dive = —4ndivp, divH =0 , @
charged particle with the only difference that tbke of
the electric field of a charged patrticle is playmdthe
ponderomotive force of a laser pulse. 2. EQUATION FOR NONLINEAR
The wake Cherenkov radiation of a powerful POLARIZATION
ultrashort laser pulse in a dielectric medium carubed
to accelerate charged particles like an analogo

where P is vector of electric polarization.

The next step of the theory is the determination of

S = . .
acceleration method using wakefields driven in pias l’[jhe polarizationP caused by the action on certain atoms
of the condensed dielectric medium both an electric

by a laser pulse or a train of bunches [9-11]. ; SR .
In this paper we formulate a system of nonlineaflleIOI which is in the Maxwell equations (2) and the

equations of macroscopic electrodynamics th4ionderomotive force from side of the laser pulsp (1

describes the process of excitation of Cerenkog.Or this, a simple but adequate model of an eleangnt

radiation by a laser pulse in a dielectric medi@n.the diPole located in the crystal lattice point is resay.

basis of these equations, the effect of Cherenkd\‘vc’t.e .that beginning from the microwave range.of
radiation wavelengths and moreover in the optical
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range, the orientational (dipole) and induced ioni@he first term in (4) describes the gradient foofeHF
polarization mechanisms do not play an appreciedd& pressure. The second term occurs only in the chse o
due to the high inertia of the ions. In these wangth crystalline medium and is due to the differencenveen

ranges, the induced electron polarization of atdsns the |ocal electric fieldE™ in the crystal and the electric

g%ml'ggg;]éﬁtz]bfEtlheeCt;%r;'ﬁ frpc?rlr?rtlﬁgtlggufd illjeect';(())%;h field of the laser pulse. In dielectric media, whehe
P acting field coincides with the external field, for

tr;e at_or?_ rltzlatlvely to the nucleus under the aatibiie example, in a gas dielectric, this term is absent.
eegrtrrllc 'Ied : d electroni larizati be desdrib The Maxwell equations (2) together with the
in th ?'n uce ke efchror]llcllpo anza |can lcan € hes & eequation for the polarization (3) describe the
!nt e framework of the fo owing mode [13]. Theoen electromagnetic Cerenkov radiation of a laser puise

is represented as a point nucleus of chardeg, Z condensed dielectric medium.

surrounded by a smeared electron cloud with thegeha

-Zlel. The electron cloud will be considered as a3. CHERENKOV RADIATION OF A LASER
spherically symmetric homogeneous charged region of PULSE IN A DIELECTRIC WAVEGUIDE

radius R. When the electron cloud is shifted as a whole | ot s consider a dielectric waveguide made in the

with respect to the nucleus, the dipole momenthef t ¢,y of 4 homogeneous dielectric cylinder whosertt
atom p =-eZr arises, wheref is the radius vector of gyrface is covered with an ideally conducting metal
the center of the electron cloud. Accordingly, thdilm. Along the axis of the waveguide, a circularly
following dipole returning force will act on theeetron polarized laser pulse propagates with the compsnant

cloud the electric field
2
- [ ,
Fe:_(Zes) T, E0x=\/£L|J(f,t‘4Vg), Ey, = IEo,
RS 2
which leads to harmonic dipole oscillations of @ona W =[R(r)T(t—4v )]J/z
A

with eigen frequency

7 The functionR(r) describes the radial intensity profile

mR3 of the laser pulse,lo=|E0|2, R(0)=1, R(r=H= ¢
In a condensed medium, each atom is in a locajis the radius of the waveguide, the functidi{r)

(acting) electric field E,,, which can differ greatly describes the longitudinal profile =t-z/v,, v, is

from the macroscopic fielce contained in Maxwell's the group velocity, maxT(r) =1, I,is the maximum

equations (2). The local electric field includeghthe intensity.
external field and the total electric field of theduced Let us solve system of Maxwell's equations (2)

dipoles surrounding the taken atom. In a Crysm”i”together with equation for polarization (3) by the

medium with a cubic crystal lattice, the local ®l®C £ rier transform. From these equations follows the
field is described by the Lorentz formula [5, 6] wave equation for the longitudinal Fourier compdnen

(_k)():

E, = E+4—;[T3_ of the Cherenkov electric field
_ 2 _ 1 0P K
The equation for the nonlinear polarizatién in the AE,, + Ko (WE,, = 4”( S—ch () “oz I_c Joow |- ()

field of the laser pulse (1) is obtained in thedwing The Fourier components of the polarization charges
view [14]2~ . and currents are determined by expressions

*P . ,. ZEN. eNa, g +2. K

—— +ufP= E-——L 2 °F, 3 - g -1

e T N T e )

4nZé N

where o =af -3, W=

—-plasma S 0 1% it
szom—lwualw(r,z), Iw(r,z)—gr:[ol(r,r)e dt.

frequency, N is the number of atoms per unit voluhe

o7 The longitudinal Fourier component of the electrica
the dielectric, &, =&(wy ), &(w) =1+ P is the field should be found in the form of a series o8
o —w’ functions
: _zé 1 E =Sc(z01[x "
permittivity of the medium,a, =—-——— is the w=2C(293 s )
m w, —w n=0

polarizability of an individual atom. In the quasisc Wwhere A, are roots of the Bessel functialj(x) .From
approximation «f >>¢«f, the expression for the equation (5) we can obtain the equation for the
polarizability is simplified and does not dependtbe coefficientsC, .

_Z€ As a result, we find the following expression fdet
frequencya, =—, Fourier component of the longitudinal componenthef
me% electric field
F=o[ +2 (D) E+(ED)E]. @
= 3 E+{Ed)Eo|- E, () =NT(w)G(r,w).
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Here 1 1
[en(@ =1 4, X =~ (B V) + S (R+ W)+ ¥,
G(r,w) =it—"——=e"“*[R(r) - (6) 2 4
£an(@) 1 1
£ -1&  Jy(Ar/b) Xan =5 B H (B
— 5 ;pn )

A, (w) ) A2c?
§ =V (Boe,-D), V2 =200 B
rl_ |0(€L _1) _/]_nzﬂ bO yg(ﬂg 0 ) y a)jbzﬂgyg
167v, ZeN' ™" b? N" The polesw==*w),,,-i0 are also located in the lower
)2 A half-plane of the complex variable near the real axis.
A, (w) =Ke,, —b—;— ks, &) =1- pr pwz , They correspond to the eigen electromagnetic wates
~ Y the dielectric waveguide, which are in Cerenkov
b, ¢ r synchronism with the laser pulse. Since these pares
Ny _7‘]1 ). a, —jR(r) Jo )‘”B rr, always real, the Cherenkov radiation of the lasdsep
. 0 in the dielectric waveguide takes place for alluesl of
T, -1 J‘ T(r)e” or . the group velo_city of the_lase.r pulse and the patars
21T 2, of the dielectric waveguide (in our case, the valoé

Accordingly, the longitudinal component of the dgdi the static dielectric constant,and the radius of the
electric field can be represented as a convolution waveguide b). Besides of the real Cherenkov poles,
15 B there is also a pair of complex conjugate poles
Ez(r’r)_ZTH_J;T(TO)G(r’T o)d7o, (7) w=tiv,, in the integrand in (10) located on the

wher imaginary axis. These poles correspond to a quasés

o v electromagnetic field localized in the laser puisgion.

G(r,1-1,) = IG(r,w)e"“"”“dw. (8) Calculating the residues at all poles of the iraegr
o (10), we may find the second term of the Green's

The expression for the Green's function (8), takinfnction G,(r,r-7,) and in a result the final

into account expression (6), is conveniently wnitges expression for the whole Green's function

follows 1
G(r,d) =G (r,9)+G,(r,9), G(r,9) = —w,f{R(r)+ l CD(r)})((z?) cosw, 9 -
G(r.9) = RN @), ®
() =-223 0.3,0,95,@) oy, Ln(r){ix(ﬁ)coswcmﬁ-isign65)e'"S'“§}.
2\ 6 L nYo\"'n b’ " ! n=1 Ecnn 2‘gstn
where (11)
_ T ciws En(@) =1 J il’
S9) = i[ wiwe' fn? 2, ) P A
’ e o ich(w) whereo = 5 aWViy?, L(r) TR
. —iwd é‘ch w) — _ _ _ .
Sn(ﬂ) = I_J; wdwe m' d=r1- TO . (10) gchn = gch(wchr*)' gstn = Sch(lvstr*) ’

& P, (A1 b
The integrand in (9) has simple poles=+w, —i0  ®(r) :Z—pn (Al )_

2 2 2
located in the lower half-plane of the complex ablé = kg A, /Ib . ) )
5. . The Green's function contains potential monochramat
w, @ =\a,+aj~ is the frequency of the eigen yaefield, caused by the excitation of polarization
longitudinal oscillations of the dielectric mediumhich ~ oscillations  of the dielectric  medium. The
nullifies the dielectric permittivitys,, («) = 0. electromagnetic part of the Green's function caostal
wakefield in the form of a superposition of eigertes
of a dielectric waveguide, as well as a set of kipo
. , electromagnetic pulses.
the first term of the Green's function After substituting the Green's function (11) inteet
—_ expression for the total field of the laser pulsethie
Gl(r’ﬂ)__ ZﬁR(r)wffX.(ﬂ)CO%?ﬂ ‘ dielectric waveguide (7), we obtain the following
where x(7 —7,) is unit Heaviside function. As for the expression for the longitudinal component of the
Fourier integral (10), its integrand, in additiom the wakefield of a laser pulse with an arbitrary prfil
poles listed above, has additional polegw) =0. This

Calculating the residues at these poles, we olatain
expression for the integrefh (%) and, accordingly, for

E,(r,7)=EP (r,1)+ES" (r,7), 12
equation can be given in a more convenient form forh () =ET DT ESE) e
analysis nhee EC (r,7) = = NF (1)Z (w,7) (13)
. r7)=- r aw.l),
b @ ==t —a, ) (w2, a1
Vi W - F(r) =R(r) +——=(r),
where °

— 2y-1 — — —
ygz - (1_:89) UBg - Vg /C’ W = WX enp V' siim D K s
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o 1 1 Consider the most interesting cash, >0 or
EX™ =-on} L (| ——Z(@nl) ——— XV af) |- (14) .
= Een Egn v, >c/ \/5_0 . In this case we have
Function @ AV
r awy, :_“:#,VSt =W,y [ﬂzgo—lEvst_
Z(wr) = .[T(ro)cosa)@—ro )z, BNCY byBe, -1 e
- Accordingly, the expression for the electric figlth)

describes the longitudinal distribution of the widdel 1o mes

polarization field w=w,, as well as the wakefield
electromagnetic field of the corresponding radia
harmonicw = w,,, of the dielectric waveguide.

Function - & _12‘,&%\]0 (Pn)[ZX(T)COSWCmT + tLd_T:‘
6 n=1 N dT

\E,(r,7) = =T F(n)| 2 (r) coso7 +1, dz(r)}

T

X (v, T) = [ T(z,)sigrr -1,) €= & n_
(Veul) j (70)sigr(z - 7,) 0 _ﬁgrw{e.vﬂ, HLm} g9 (1)

describes the longitudinal component of a set pblair 3 dr
quasi-static electromagnetic pulses. AT 1e -1

Behind the laser pulse >0, the electric field is the ©n —T =0 . S
superposition of electromagnetic monochromatic \save L
and polarization oscillations, and the quasistéittd _aft? _ah sn=% o, ]
that disappears with distance from the laser puIs%g _wgtf+1’ n_wczhnt5+1’ (f)—;—avszt 2 Jo(0,) -

T - o. Before the pulser <0, there is only a . . .
quasistatic field, that also decreases with digtadnom The width of all electromagnetic pulses is the same
the pulse ' At ~1/v  and does not depend on the number of the
(12)-(14) for a number of model transverse angmall. The electromagnetic part of the field (16)

longitudinal intensity profiles of the laser pulsgrstly —contains a sequence of bipolar antisymmetric pulses
we consider the model longitudinal profile of tteesér Well as a wake monochromatic electromagnetic wdve o

pulse a small amplitude.
T(r,) = eXp(‘|To| 1), Behind the laser pulser>>t  Cherenkov

electromagnetic field is a superposition of

wher t, is the laser pulse duration. o : . .
o ... electromagnetic eigenwaves of the dielectric waidsgu
For the longitudinal component of the electric diel |, he case of Gaussian transverse profile

excited by the laser pulse, we obtain the exprassio R(r) =exp(r? /r?), where r, is the characteristic

it
E,(r,7)=-N—2" F(r)[ZX(r)cogongLd-g(r)}— transverse size of the laser pulsg,<<b , the
T

Wit +1 : : .
gt expression for electromagnetic wakefield has thmfo
e pdo(ArIb) [ 1t - Y(7,)
-ofl — 2x(r)cosw,, T + E,(r,7)=-E =J,(0,)coswy, T ,
n=1 a)czhn-H/;n gchn wihr; 2L+1[ X( ) . Z( ) Wn:1 ‘]:LZ(An) 0(10 ) hnT
aT@n)]. 1 2, [ i dT(r)} where
+ +— e+ —= |t 15 2
T e S e - ged d (60 ek
3 /]Lz a)dz lBgrcI “:0 mm{
It follows from this expression that the polaripati s 2 5
electric field, along with a monochromatic wakediel W@n,) =n,expEn, )., == o e_’ A, is the

wave, contains a solitary pulse whose longitudinal 402" “me
profile completely repeats the electrical polaiat laser pulse wavelength. The functionW(;,) has

profile of the dielectric and, accordingly, of themaximum W =1/2.72 for 1 =1. If condition
ponderomotive force. The width of this pulde, ~t, P . " : :
) i 9 b >> a is fulfilled, this means that the radial harmonic
is close to the width of the laser pulse and doets Nwith the numberd =2b/r or n=4b/mr is most
depend on the parameters of the dielectric waveguid , ) " - -
Each radial electromagnetic harmonic of the dielect €ffectively excited.

waveguide has an analogous structure. In additi@me CONCLUSIONS
is a set of electromagnetic pulses. The width chezf

them Az, ~1/v, is determined by the parameters of !N this paper the process of excitation of the wake
Cherenkov radiation by a laser pulse in a dielectri

the d'ielectric waveguide and does not depend on tvv%veguide is investigated. The nonlinear polarmatf
du[a;ttlonuo;‘ thienl\flessetirgr;lilese.the expression for th the dielectric medium, induqed by thg ponde_romotive
electromagnetic field (15) in the quasistati(?Orce from t.he laser _pu[se, IS dgtermmed. .It "?W’m
L , o Shat the excited electric field consists of a pttdriield
approximation ¢ >>a”. In this approximation, the of polarization oscillations excited by a potential
permittivity £, = &, is independent of frequency. component of a ponderomotive force and a set @&reig

wakefield electromagnetic waves of a dielectric
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YEPEHKOBCKOE U3JIYYEHHME JIASEPHOI'O UMITYJIbCA B TIUDJIEKTPUYECKOM
BOJIHOBOJE

B.A. banaxupes, U.H. Onuwenko

[IpencraBieHbl TEOPETHYECKHE WCCIEIOBAHHUA BO30YKICHHS YECPECHKOBCKOTO W3IIYUCHHUSI CBEPXCBETOBBIM
Ja3epHBIM HMIYJIbCOM B JUIJICKTPHUUECKOW cpene, AaHaJOTMYHOTO HW3IYYCHHIO JJEKTPOHA, PaBHOMEPHO
JBIDKYILErocsl B 3aMeUIMIONIEH cpefie co CBEpXCBETOBOM ckopocThio. Ilonydyena HenuHelHas NOISIpU3aLUsl CPEbI,
BBI3BaHHAs MMOHJCPOMOTOPHOM CHJIOW J1a3epHOro ummynbca. HaiieHa cTpykTypa Bo30YKIaeMbIX MOJCH, B TOM
YHCJIC KUIbBAaTCPHBIX. PacCMOTpeHa 4acTOTHAs TUCIIEPCHS JUAIICKTPUYCCKON MPOHHUIIAEMOCTH, 00CCIIeUnBaIOIIast
CBEPXCBETOBYIO I'PYIIOBYIO CKOPOCTh JIA3€PHOIO UMITYNbCA.

YEPEHKOBCBKE BUIIPOMIHIOBAHHS JIASEPHOI'O IMITYJIBCY B | EXEKTPUYHOMY
XBHJIEBOJ|

B.A. Banaxipes, |.M. Onimenxo

IIpencraBneHO TEOpPETHUYHI JOCHiIKEeHHS 30yKEHHS YEepEHKOBCHLKOTO BHIIPOMIHIOBAHHS HAJCBITIOBHM
JIA3epHUM IMITYJILCOM y ieIEKTPUIHOMY XBHJIEBO/Ii, AaHAJIOTIYHOT'O BUIPOMIHIOBAaHHIO €JIEKTPOHA, IO PIBHOMIPHO
PYXAEThCSl B YIOBIIBHIOIOUOMY CEPENOBHUIN 3 HAACBITIIOBOIO MBHAKICTIO. OTprMaHa HENiHIMHA TMOJSIPU3AIIis
Cepe/lOBUINA, BUKIIMKAHA MTOHAEPOMOTOPHOIO CHIIOKO JIA3E€PHOTO IMIIYJIbCY. 3HaiJieHa CTpyKTypa 30yIKyBaHHX
HOJIB, B TOMY YHCII KiIbBaTepHUX. PO3riIsiHyTa yacToTHa TMCTIEpCis AieNeKTPUYHOI IPOHUKHOCTI, 10 3abe3neuye
HaJICBITJIIOBY TPYIOBY IIBUIKICTb JIA3€PHOTO IMITYJIBCY.
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