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The process of wake fields excitation by a relativistic electron bunch in polar semiconductors is studied. Cylin-
drical semiconductor waveguide, in which relativistic electron bunch moves along axis, is considered. It is shown
that the excited wake field in the terahertz and infrared frequency ranges consists of the field of longitudinal HF and
LF hybrid plasmon-phonon oscillations and the field of the HF and LF transverse polaritons, which are a set of eigen
electromagnetic waves of the polar semiconductor waveguide. The spatio-temporal structure of the total excited
wake field is obtained, the intensity of the excited wake waves is determined.

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

INTRODUCTION

Plasma phenomena in semiconductors and semimet-
als are an inherent property of these condensed media
[1 - 7]. The density of electron-hole plasma in semicon-
ductors with intrinsic conductivity (for example, silicon,
germanium and other) is relatively low, on the order of
10°...10%cm™, and is determined primarily by the
width of the energy gap between the valence band and
conduction band, and by the temperature of the material
too [1, 2]. In gapless semiconductors and semimetals
concentration of intrinsic carriers can be higher [8]. In
doped semiconductors, the concentration of carriers
(electrons in n-type semiconductors and holes in p-type
semiconductors) can be significantly increased (within

limits 10"..10%cm™) and it depends mainly on the
dopant concentration [9].

All crystalline compounds have a mixed covalent-
ionic bond. For example, in gallium arsenide GaAs, the
contribution of the ionic bond to the total bond energy is
32%. The presence of ionic bond in semiconductor
compounds will influence on the polarization properties
of semiconductors and, accordingly, the frequency dis-
persion of the dielectric constant of semiconductors [10,
11]. The appearance of a phonon component in the die-
lectric constant, in turn, will lead to a significant change
spectra of longitudinal (potential) and transverse (vor-
tex) electromagnetic oscillations in semiconductors.

Since solid-state plasma is characterized by a high
concentration of carriers and by a degree of homogenei-
ty and stability, it seems very promising to use plasma
of semiconductors and semimetals to realization wake
methods of relativistic charged particles (primarily elec-
trons and positrons) acceleration [12]. In such scheme
an intense relativistic electron bunch passes through
vacuum channel of a semiconductor (semimetal) and
excites wake eigen oscillations (plasmons, optical elec-
tromagnetic waves in the infrared range), which are in
Cherenkov synchronism with a relativistic electron
bunch @=k(w)p,c, @ is wave frequency, k() is
longitudinal wavenumber, g3, =v,/c=1, c is speed of

light in vacuum. Excited wake waves can be used to
accelerate charged particles [13, 14].
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It is possible to talk about long-lived excitations in a
solid-state plasma, as in any other medium, only if their
eigen frequencies significantly exceed the frequencies
of collisions with phonons and impurity atoms. Further
we will assume that this condition is satisfied.

In the present work, the process of excitation of
wake electromagnetic fields in the polar semiconductor
waveguide by a relativistic electron bunch is investigat-
ed. The wake field includes the longitudinal hybrid
plasmon-phonon oscillations of a polar semiconductors,
and a set of eigen bulk electromagnetic waves (bulk
polaritons) of the polar semiconductor waveguide. Our
aim is to obtain wake wave intensity, the frequency
spectrum and a spatio-temporal structure of excited
wake fields.

1. STATEMENT OF THE PROBLEM

Let's consider the homogeneous polar semiconduc-
tor cylinder of radius b, the side surface of which is
covered with a perfectly conductive metal film. Along
the axis of the polar semiconductor waveguide, an ax-
isymmetric relativistic electron bunch moves uniformly
and rectilinearly. Below we will only talk about iso-
tropic media. These are primarily crystals with a cubic
lattice.

For the polar semiconductors the permittivity have
the form [10, 11]
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&, 1S Optical permittivity, @ and @, are frequencies
of the longitudinal and transverse phonons,

o, :a)Lenlﬂfgom is frequency of plasma oscillation,
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is Langmuir frequency, n
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rier concentration, m, is effective mass of electrons, e

is electron charge. The first term in the expression for
the permittivity (1) is due to the contribution to the total
polarization of the ionic subsystem of the crystal, and
the second term takes into account the polarization of
free carriers (plasma).

is free car-
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2. DISPERSION PROPERTIES
OF POLAR DIELECTRIC WAVEGUIDE

Let us now briefly discuss the question of the propa-
gation of electromagnetic waves in an ion dielectric
waveguide. Dispersion equations for potential longitu-
dinal oscillations and electromagnetic waves have the
forms

g(w)=0, (2)
w—jg(w)—kf—/l—22=01 @)
c b

k, is longitudinal wave number. The dielectric constant

is described by the formula (1). The solution of the
equation (2) is two frequencies

a)2+a)2 a)2+a)2 2
£)2 L p L p 2 2
oP? = + ( J - w, . (4)
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As a result of the interaction of longitudinal optical
phonons and plasma oscillations, high-frequency (HF)
(sign +) and low-frequency (LF) (sign -) hybrid plas-
mon-phonon oscillations are formed. At that, in the case
o, > w, the frequency of HF hybrid oscillations always

exceeds the frequency of longitudinal optical phonons
@\ > w_, and the frequency of LF hybrid oscillations

is always lower than the plasma frequency o’ <, .
At a low concentration of free carriers o >> a)§ , one of

them (w{”) is close to the frequency of longitudinal

optical phonons
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and the other (};”) to the frequency
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where ¢ is static permittivity (&g > &, )-
If w, >, then the frequencies »_and @, change
places. The frequency )’ is higher than the plasma

frequency, and the frequency )’ is lower than the
frequency of longitudinal optical phonons. At high
plasma density @’ >>w, the frequency !’ is close
to the plasma frequency

)2 _ 2 » Ag _
o, =0, +o —, Ag—gst—gop[,

st
and the frequency a)l(p” is approximately equal to the
frequency

a)l(p’) = @ .
st
Let us now consider the dispersion properties of
transverse (vortex) electromagnetic waves in polar sem-
iconductors (transverse polaritons), which are described
by equation (3). Taking into account the expression for
the dielectric constant (1), this equation can be reduced

to the following
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Roots of the biquadratic equation (5)
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describe the dispersion of HF (sign +) and LF (sign -) of
transverse polaritons. The dispersion curve of HF
polaritons starts at the cutoff frequency

2 2 2 2 \2
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W = 2 + 2 —Or @,

Further, with an increase in the longitudinal wave
number k , the frequency increases and at k — oo, the
dispersion curve asymptotically approaches from above
to the straight line w=kv,. The dispersion curve of

low-frequency polaritons ;) (k) also begins with cut-
off frequency

2
2 2 2 2
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[0) = - .0
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then enters on the section of a straight line
a):kchﬁ;st and, at k — oo asymptotically approaches

from below to the frequency of transverse optical pho-
nons.

The presence of free carriers in a polar semiconduc-
tor raises the cutoff frequencies, and in general, the
qualitative picture of the dispersion of transverse
polaritons in polar semiconductor waveguides is the
same as in ionic dielectric waveguides [15].

2.1. DETERMINATION OF THE GREEN
FUNCTION

We will solve the problem of wake field excitation
by an axisymmetric relativistic electron bunch in the
polar semiconductor waveguide with permittivity (1) as

follows [12, 16]. We will find wake field EG (Green

function) of elementary charge, having the form of a
thin ring with charge dQ . Elementary charge density of

an infinitely thin ring has the form
dQ(r,,t) 6(r—r.

dp, = 9QUt) 5(r—1)

V, 2rr,

z
ot-t,——), ()

[} VO

dQ = j, (t,, 1,) 271, dr,dt,

jo(ro,to):%R(rolrb)T(tO/tb), (8)

eff “eff
where Q is full charge of bunch, t, is time of entry of
elementary charge, r, is radius ring, v, is bunch veloci-
ty, t,,r, are characteristic duration and transverse bunch
size, R(r,/r,) is function described transversal profile
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of bunch density,
transverse section,

S IS characteristic square of bunch

b/,
Sur =71, 5, 6'22.[ R(100)p0d p5.-
0
The function T(tO/tb) describes longitudinal pro-
file, t,, is effective bunch duration,

ty =2, £=2[T(z,)dz,.
0
Let us represent the electromagnetic field excited by
an elementary ring charge (7) as
E.(r,r,,z,t—t,) = dQE(r,r,,z,t—t,) .

Then the full electromagnetic field, excited by an
electron bunch of finite dimensions, is found by sum-
ming (integrating) the fields of elementary ring bunches

b t
E(r,z,t) :jzmodro j dt, j(r,, t,)E(r,r,, 2,t—t,).
0 0

Taking into account relation (8), this expression can
be written as follows
( jr dr, x
rb
t

t, )=
ij(ijE(r,ro,z,t—tO)dto :

—0

E(r,z,t)—ﬂj

Seff teff 0

The Green's function for the considered dielectric
waveguide with a permittivity &(w) was obtained in
[12, 16] in the form of a series in Bessel functions

3, [zn Ej 3, (;tn ;j
EGz(r t) - Qz

n=1 ‘]12 (ﬂ’n) Sn (t_) ’ (9)
where
f)= [ewrdo_Kki@)
> (t)_;[oe o &(w)D,(v)" (19
D, (@) = kle(w)—k? - ﬂ"z (11)

[
k =wlv,, k,=wl/c, A, are the roots of the Bessel
function J,(x), t =t—t;—z/v,.

The zeros of the dielectric constant &(w) =0 are the
poles of the integrand (10). Calculating the residues at
the poles =+’ —i0, w==a’ —i0, we find the
potential part of the Green's function
EQ(r,f)=2— dQ

opt
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1, (kr,)
I, (kb)

1, (kr)

1, (kb)

Ay (K, kb) = 1, (Kb)K, (kr) — 1, (kr) K, (Kb) .

In the limiting case kb >>1, the expression for the

function G(kr,kr,) is simplified
Gkr ki) = {Io(krO)Ko(kr), r>r,
I, (kn)K, (kry), r<r,.

The potential wake field, excited by an ring bunch,
contains two waves: HF and LF plasmon-phonon
waves, the frequencies of which are determined by ex-
pression (4).

The integrand in (10) also has poles that are the
roots of the equation

———= A, (kr,kb), r>r,,

G(kr,kr,) = (13)

A, (kry,Kb), 1<,

2

D, (@) =Kie(@) K ~2=0. (19

Equation (14) determines the frequency spectrum of
the radial harmonic with the number n of electromag-
netic waves excited by the relativistic electron bunch in
ion dielectric waveguide. With respect to the square of
the frequency ?, the spectrum equation (14) reduces
to determining the roots of the quadratic equation. The
frequencies a)‘*’, corresponding to the roots of this
equation, lie in the microwave and infrared ranges. The
spectrum equation (19) can be written as follows

2 2 2.2
) o —w 1 2 2 AC
where £, =V, /c. The roots of this equation are of the
form

o = 1

2 2
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it is always ') > o, , and

For the frequency o htp

mp
for the frequency w{) we have @{) < a; . In the limit-
ing case

oldy >> !
expression for frequencies (15) are simplified
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In the limiting case

@ >> o = S

opt
expressions for the frequencies of the eigen waves of
the semiconductor waveguide follow from (15) and

have the form
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Frequency a)mp (16) is known in the theory of wake

fields excitation by relativistic electron bunch in semi-
conductor waveguides [12] and is in the microwave

(terahertz) range. The frequency ;) (17) lies in the

infrared range and the process of wake fields excitation
at this frequency, as it seems to us, has not been previ-
ously studied.

For further analysis, the Fourier integral (10) is con-

veniently represented as
L jKo (0 —af)e

2 2
dope = Ko&(@) (a) a)r(np) )(a) - o) )

—iot

S, () =

By calculating the residues in the poles
w=ta) -0, w=ta)-i0, we find the electro-

magnetic part of the Green's function

EQ(r,r, 1) =dEX (r, 1, T)+dEL (r,1,,T),  (18)
deS (1,1, t)_ ¥ Za“’l‘[ (r,r)9(H) coswl)T, (19)
opt n=1
o = S Wy — @
JZ+kD o) o)
2 _ o
I S S S S Y
n + 2 ntp ”P
A2 +kETD o) - )
() <SGl D)t 10) o 4dQ
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Expressions (18), (19) describe bulk wake electro-
magnetic field excited by the infinitely thin electron ring
bunch in polar semiconductor waveguide.

Thus, we obtained the Green function, which con-
tains the longitudinal (potential) and electromagnetic
(vortex) parts. The potential part is a field of longitudi-
nal bulk plasmon-phonon oscillations. As for the elec-
tromagnetic part of the Green function, it contains a set
of radial electromagnetic waves of polar semiconductor
waveguide.

2.2. EXCITATION OF WAKEFIELDS
BY AN ELECTRON BUNCH OF FINITE SIZE

The resulting electromagnetic field E(r,z) of the
electron bunch can be determined by summing the fields
EG of elementary electron ring charges. We first con-

sider the excitation of wake plasmon-phonon oscilla-
tions by the relativistic electron bunch of finite dimen-
sions.

For the wake field of plasmon-phonon oscillations
we obtain the following expression

2 + + + +
E0 (1) = 22 [k LTk N2 (0} D)+

opt
+kOPLOT (RN Z (@) ]

where 7=t—2z/v,,

(20)
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Z(m)=tij (2, /1, )cOs@(z —75)d7,,  (21)

r'(kr) :z—ﬂj'R(rO/rb)G(kr,krO)rOdrO. (22)

eff 0

The function Z(wr) describes the distribution of
the wake field at a frequency o in the longitudinal di-
rection at each moment of time and function T'(kr) de-
scribes the distribution of the wake field by cross sec-
tion of the waveguide. We will consider an electron
bunch with a symmetric longitudinal profile
T(zy)=T(-7,).

Behind a bunch 7 — oo, the wake field (20) of plas-
ma oscillations has the form of a monochromatic wave

9(r)[k<+>2 LOT (0l))D(k(Vr) cos o7 +

opt

+k|<p-)2u;>f(a4;‘))F(k.%‘)r)COS@(p’)TJ' (23)

EO(r,7) =

where

t

is the Fourier component of a function T (t/t,) on fre-

T(w) == T (t jcos(a)t)dt (24)

quency @ . We present the expressions for the Fourier
component f(w) for Gaussian longitudinal profile of
the electron bunch

T(zr /t,) =€, T(w)=e "

Wake HF and LF plasmon-phonon waves is most ef-
ficiently radiated when the coherence condition is ful-
filled (@)’ <1. If the inequality (wf{’t,)*>>1
holds, then the electron bunch radiates incoherently and
the amplitude of the wake plasma wave is exponentially
small.

Let’s consider an electron bunch with a Gaussian
transverse profile
R(r)=e""%. (25)

When the condition k b>>1 is satisfied on the axis
r =0 the function I"(kr) takes on the value

k’r?
) Pp = 4b )

ro)= —%e"" Ei(-p (26)
z e[
z)=| —dt
=13
is integral exponential function. For thin p, <<1 and

wide p, >>1 bunches the asymptotic representations
for function (26) are

1In{ij, P, <<1,
2 \p

i, p, >>1.

Py
Thus, with the full coherence of the Cherenkov exci-
tation of wake plasma wave ot <1, ki’r, <1 the
wake field on the axis of the waveguide takes the max-
imum value

() =
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Let us now consider the excitation of wake electro-

magnetic waves by an electron bunch in the dielectric

waveguide. Using the electromagnetic Green function

(23), we obtain the wake electromagnetic field as a su-
perposition of radial modes

(27)

Jo[ln gj
(+) (+)
Z JZA) [ Z(@n
+a( 'Z( mpr)]

27 r
r = R J. | A 2 rdr.
! Seffz|)‘ (rb] (nbjo °

For a symmetric electron bunch in the “wave zone”

o)t >>1, the wake field (28) is a superposition of

EO(r,7) = )+

(28)

radial monochromatic modes of the semiconductor
waveguide
r
’ (ﬂ ;)
Ez(t)(r,r)— Z [ al"TH cos DT +

207327
+a{ T cos ) ] (29)

where T =T (a{)) is Fourier component (22).

We also present an expression for the power of the
wake electromagnetic radiation, which we define as the
component of the total Poiting vector along the dielec-
tric waveguide axis

b
_Cc O ®
P_E£<Er H)2zrdr .
Angle brackets mean averaging over high-frequency
wake field oscillations. As a result, for the radiated
power we obtain the foIIowing expression

P=2Q CZ

K
. [5( o) QT2 Onip Sy
£ 27 (;L) c

R a)(,) k (;)
+e(wl) al T —”“’C L (30)

For an electron bunch with a Gaussian longitudinal
and transverse profiles the coefficients I', and T,,

which are determined by the specific form of the trans-
verse and longitudinal density profiles of the bunch,

have the form
(£)242
r(+ a)t 1:b
T :exp(—%j ,

U,

r, —ZJ 3o (po)e ™ pyd g, 1, =

@31

b :
When the condltlon n, <<1 is satisfied, the expres-
sion for the coefficient " is simplified

oL ).

(32)
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Accordingly, expression (29) for a Gaussian bunch,
taking into account relations (31), (32), takes the form

CoOs\ )7+

r
2.2 J (ﬂ, ) ()42
w iy Y0 n Dnip'ty
EO(rr) =223t DIl e
b n=1 ‘]1 (/ln)

ol
+alle * cosol)r ] (33)
For the radiated power (30), we have

2 2
}»nﬂb
kg

P et

ol ()
lpi ntp kntb
c

From expression (33) it follows that an electron
bunch excites finite number of radial modes of electro-
magnetic radiation, for which the coherence condition

w2 <1, 222 1b* <1 for excitation by an electron

bunch is satisfied.
CONCLUSIONS

Polar semiconductors are the plasma-like media, in
which wake electromagnetic fields can be excited by the
relativistic electron bunches. In the semiconductors
crystals of this type, there are two groups of oscillation
branches of in the infrared and terahertz frequency
ranges. These are, first of all, longitudinal HF and LF
plasma-phonon oscillations of a polar semiconductor.
And also in the infrared range there are the two branch-
es corresponding to HF and LF transverse bulk
polaritons of the media, which is a set of electromagnet-
ic eigen waves of a polar semiconductor waveguide. For
all of these branches, analytical expressions for the
wake fields excited by a relativistic electron bunch are
obtained and investigated.
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3BYKEHHA KIJIbBBATEPHUX ITOJIIB PEJIATUBICTCBKUM EJEKTPOHHUM 3I'YCTKOM
Y HOJIAAPHOMY HAIIIBITPOBI/IHUKOBOMY XBHJIEBO/I

B.A. banakipes, I. M. Oniwenko

JocnimkeHo npouec 30yIKSHHS KiJIbBATEPHUX MOJIB PEISATUBICTCHKUM EJIEKTPOHHHM 3I'YCTKOM Y TOJIIPHUX
HariBIPOBITHUKAX. PO3MISHYTO LWIHIPUYHUIA HamiBIPOBIIHUKOBHH XBWJICBOJ, B3JIOBX BICI SIKOTO pPyXaeThCs
PEIATUBICTCHKUI €JIeKTpoHHUI 3rycTok. IlokazaHo, mo 30y/[pkeHe KiibBaTepHE II0Jie B TEpareploBOMY Ta
iH(ppadepBOHOMY Jlialla30HAX YacTOT MIiCTHTH y cobi moje moB3norxHiXx BU- 1 HU-ribpnaanx mma3zMoH-(GOHOHHHX
KOJIMBaHb, a Takox moie BU- ta HY-monepeyHnx NmosIpiTOHIB, ke € HAOOPOM BIIACHHX SJICKTPOMArHiTHUX XBHIIb
HaIliBIIPOBIJHUKOBOTO XBHJIeBOAY. OTpHMaHa MPOCTOPOBO-4acoBa CTPYKTYpa Pe3yIbTYIOUOro KiIbBATEPHOTO OIS,
BU3HAYCHA IHTCHCUBHICTH 30y/PKCHNX KITbBATEPHUX XBUIIb.

BO3BYKJIEHUE KHJIbBATEPHBIX IOJIE PEJIATUBUCTCKHUM SJIEKTPOHHBIM CT'YCTKOM
B NOJIAPHOM ITOJYINPOBOJHUKOBOM BOJTHOBOJE

B.A. Banakupes, U.H. Onuwenko

HccnenoBan nporiecc BO30YXI€HHUS KUIbBATEPHBIX MOJEH PENSITHBUCTCKUM 3JIEKTPOHHBIM CTYCTKOM B IIOJISIP-
HBIX TIOJIyTIPOBOIHUKAX. PaccMOTpeH NMIMHAPHYECKUH TOTYIPOBOJHUKOBEIA BOJTHOBO/I, 10 OCH KOTOPOTO JBIDKET-
CSl PENIATUBUCTCKUIN 3JIEKTPOHHBINA crycToK. [Toka3aHo, 4To BO30ykaaeMoe KHIbBAaTEpHOE TI0JIe B TEParepLoBOM H
nH(paKpacHOM JMana3oHax 4acTOT COCTOUT M3 OIS MpoaoibHbIX BU- 1 HU-rubpuaHbiX mia3mMoH-(QOHOHHBIX KO-
nebanwmif, a Taxoke moist BU- u HU-nonepeyHsIX MOJIIPUTOHOB, KOTOPBIE MIPEACTABISAIOT cO00i HaOop COOCTBEHHBIX
3JIEKTPOMArHUTHBIX BOJIH MOJIYIIPOBOJAHUKOBOrO BOJHOBOAA. IlonmydeHa HpoOCTpaHCTBEHHO-BPEMEHHAS CTPYKTypa
PE3yJIBTUPYIOIIETO KMIIEBATEPHOTO MOJIA, OTpeielieHa HHTEHCUBHOCTh BO30YKIaeMbIX KHIIbBATEPHBIX BOJIH.
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