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EXCITATION OF WAKE SURFACE PLASMON-PHONON
OSCILLATIONS BY A RELATIVISTIC ELECTRON BUNCH
IN APOLAR SEMICONDUCTOR WAVEGUIDE
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The process of surface wakefields excitation by the relativistic electron bunch in a polar semiconductor wave-
guide with a vacuum channel for electron bunch propagation is studied. The spectra and spatio-temporal structure of
the excited surface wakefield in such system are investigated. It is shown that the excited full surface wakefield in
the terahertz and infrared frequency ranges consists of the fields of LF and HF hybrid plasmon-phonon oscillations.

The amplitudes of them are determined.
PACS: 41.75.Lx, 41.85.Ja, 41.69.Bq

INTRODUCTION

The use of solid-state and, in particular, semiconduc-
tor plasma for the development of wakefield accelera-
tion methods [1 - 3] has a number of advantages over
gas plasma. The solid-state plasma has a high degree of
uniformity and stationarity. Besides, the carrier concen-
tration in a semiconductor plasma can take values with-
in a very wide range.

In [4], the process of excitation of bulk longitudinal
potential and transverse electromagnetic waves by a
relativistic electron bunch propagating along the axis of
a cylindrical waveguide completely filled with a polar
semiconductor was studied. To transport relativistic
electron (positron) bunches in the paraxial region, a
vacuum channel is required. In the presence of a semi-
conductor-vacuum interface, surface plasmon-phonon
electromagnetic waves are added to the spectrum of
bulk waves. Our goal is to study the intensities of wake
surface plasmon-phonon waves, their frequency spec-
trum and space-time structure of the excited surface
wakefield.

All crystalline compounds have a mixed covalent-
ionic bond. The presence of an ionic bond in polar sem-
iconductor compounds will affect the polarization prop-
erties of semiconductors and, accordingly, the frequency
dispersion of their permittivity. The appearance of a
phonon component in the permittivity, in turn, will lead
to a significant change in the spectra of longitudinal
(potential) and transverse (vortex) electromagnetic os-
cillations in semiconductors.

1. STATEMENT OF THE PROBLEM

The waveguide system is made in the form of a tube
of semiconductor material. The inner region r<a is a
vacuum cylindrical cavity. The region b >r >a is filled
with a homogeneous semiconductor. The outer surface
of the dielectric tube r =D is covered with a perfectly
conductive metal film that completely shields the elec-
tromagnetic field in the semiconductor waveguide. A
tubular relativistic electron bunch propagates in a vacu-
um channel with a current density

- _Qa(r-n)_(t—zlv, .
=8 < T C P = Ve, (@
Jo 'y 2nm, { b = o [ Vo (1)

where r is radial coordinate, r, is bunch radius, z is
longitudinal coordinate, v, is electron bunch velocity,
€, is unit vector in the direction of the longitudinal axis,
Q s full bunch charge. The function T ((t—z/v,)/t,)
describes the longitudinal profile of the bunch, t, its
characteristic duration. This function satisfies the nor-
malization condition
j T(r)dr =1.

Below we will consider only isotropic media. The
expression for the permittivity of isotropic polar semi-
conductors has the form [5]

2 2 2
() = 24y (Z’)r - —Z—J , @
Eqp I Optical permittivity, o, and @, are frequencies
of the longitudinal and transverse phonons,
®, = /\/a is plasma frequency,

@ =,/47znee2/me is Langmuir frequency, n, is free

carrier concentration, m, is effective mass of electrons,

e is electron charge. The first term in the expression for
the permittivity (2) is due to the contribution to the per-
mittivity of the electric polarization of the ion subsys-
tem of the crystal, and the second term takes into ac-
count the polarization of free carriers (plasma).

2. DISPERSION PROPERTIES OF SURFACE
PLASMON-PHONON WAVES
OF A SEMICONDUCTOR WAVEGUIDE

Let's stop briefly on the dispersion properties of sur-
face waves in a semiconductor waveguide with permit-
tivity (2). Surface waves of the considered waveguide
are described by the equation

_i Il(qva) qdaAO (qda’ qdb) ’ (3)
q2al,(qa = A(9,aq,b)

e(w) =

where

6 =K' =k, gy =k ~Kje(@)
k is longitudinal wave number, k, =w/c.
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A, (Qd a, qdb) = Io(qdb) K, (qd a)-—
—(=D"1,(a,2)K, (a3b) -

First of all, we note that on the plane @,k the region
of existence of slow surface waves is limited by ine-
qualities

9, >0, gi >0. (4)

These inequalities ensure the surface nature of the
waves in the vacuum channel and the medium, and on
the other hand, the permittivity must be negative

e(w)<0. (5)

Inequalities (4), (5) are equivalent to the following

w<ke, &) > 0>, o) >0>0, (6)

(%)

@, are frequencies of high-frequency and low-

frequency volume longitudinal plasmon-phonon oscilla-
tions. These frequencies

are determined from the dispersion equation
g(w)=0.
Note that at k — oo, the dispersion equation (3)
transforms into the equation
c=-1,
which determines the two limiting frequencies of HF
and LF surface plasmon-phonon waves

a1 2
o =3 of e = Jlof o] ~aotet |

Here

2 ‘9 +1 2 2 gopt 2

W =", Oy =——— O pr
gopt+1 c)pt+1

&4 = £, | @] s static permittivity (&, > &,,,).
Dispersion curves of HF and LF surface plasmon-

phonon oscillations at k — oo always reach limiting
frequencies (8). In the limiting cases of solid-state

plasma of low @ >>} and high plasma density

a)ﬁ << a)ﬁ, the expressions for the limiting frequencies

(8) are simplified
1 A
o =, (1+ - w'e}wu

26, +1a)

o) =w, . 011 @ >>
st
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Let us now stop on the behavior of the dispersion
curves of HF and LF surface plasmon-phonon oscilla-
tions near the left boundary of the region of existence of
a surface wave @ =Kkc. In this vicinity, the phase veloc-
ities of surface waves are close to the speed of light in

vacuum; therefore, these waves are of the greatest inter-
est from the point of view of their wake excitation by
relativistic electron bunches. In the vicinity of this
boundary, the condition
g,a<<1. 9
This condition makes it possible to significantly
simplify the dispersion equation (3) and represent it in
the form
8((0) — _MAO(qdalqdb) )
2 Al(qda' qdb)
At the boundary of the existence of surface waves
k =w/c, the quantity g, can be represented in form

0y :%1}1—5(0)) .

Together with equation (10), we have a transcenden-
tal equation for determining the initial frequencies {”,

from which the dispersion curves of HF and LF surface
plasmon-phonon waves begin. Each value of the bound-

ary frequency o’ corresponds to the longitudinal

(10)

wave number k& = /c.
If, together with condition (8), the condition is also
satisfied

gsa>>1, (11)
then instead of Eg. (10) in the vicinity of the boundary
@ = kc we obtain

o) = — o1 (@) ‘”;Mtanh(koL —e(@)). (12)

In the limiting case of a thick layer q,L >>1, equa-
tion (12) for determining the initial frequency is simpli-
fied and takes the form

el _ ka
1-(w) 2

Since the right side of this equation is large, then

from this equation we find the approximate values of

the frequencies from which the dispersion curves of HF
and LF plasmon-phonon surface waves begin

) — g [ 1440
o =or (142 ]

c 1/4
- _ opt
a)m - a)p [ j ’
R

a®/4c*. The applica-

(13)

(14)

(15)

where g = <<1 P= a)
T

bility condition of formula (14) has the form

Ka>>2 K a>> 2JAs,
o \F
and formula (15) is valid when
P, >>¢&,,

Thus, in the case of a thick layer, the dispersion
curve of the HF surface plasmon-phonon wave on the
boundary straight line @ =ck begins with a frequency
slightly higher than the frequency of transverse pho-
nons, and the boundary LF surface plasmon-phonon
wave is significantly lower than the plasma frequency.
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Consider now the limiting case of a thin layer
gL <<1. (16)

In this case, the equation for determining the bound-
ary frequency (12) is simplified and takes the form

glw) _ kjal

1-¢(w) T2

The right side of this equation is the product of the

large k,a>>1 and small k,L <<1 parameters. There-

fore, it can take, generally speaking, an arbitrary value.

However, the requirement &(@)<0 imposes a re-
striction on the value of the right side of equation (17)

kfaL/2<1.

To simplify the analysis, we will assume that the
layer is so thin that the more stringent condition

kZalL /2 <<1 is satisfied. In this case, instead of (17) we
have

17)

kZaL
>
It follows from this equation that the boundary fre-
quencies of surface plasmon-phonon oscillations are
close to the eigen frequencies of bulk longitudinal plas-
mon-phonon oscillations (7)

g(w)=—- (18)

(+)
1 2
(+) ENCO e 1— L(+) p , 19
=@, ( 26, v J (19)
(=)
2 2 o’ al
ot = ot 1110 P (20)
in Ip 2 Ip CZ
opt
(£)2 2
Lﬁi) @ T
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In the case under consideration, the initial frequen-
cies of the dispersion curves are close to the upper
boundaries of the regions of existence of HF and LF
surface plasmon-phonon waves (6).

Finally, consider the limiting case of the vacuum
channel of a small radius

gsa<<l q,b>1.

In this limiting case, dispersion equation (10) takes

the form
2.2
s(w) = - 32 |n[i] ,
2 vg,a

v is Euler's constant. Solving this equation by the
method of successive approximations, we find the val-
ues of the initial frequencies of the plasmon-phonon
oscillation branches

(2
o = | 1- |_<+)K a’ In—2t
" P 26,  vkya

1
a’ 1
o = 110 e 2 In——— 1|,
% [ S 2¢, vrq()a

opt

where k) =@ /v,. The initial frequency at which the

dispersion curve begins is slightly below the frequency
of bulk plasmons. In this case the initial longitudinal

wavenumbers are k7 = /c.

3. DETERMINATION OF THE WAKE
SURFACE ELECTROMAGNETIC FIELD IN
A POLAR SEMICONDUCTOR WAVEGUIDE

Let us determine the surface wake field of an elec-
tron bunch, which has the form of an infinitely thin tub-
ular bunch (1), which propagates in the vacuum channel
of a semiconductor waveguide. We will solve the prob-
lem by the Fourier transform method. We expand the
quantities in the Maxwell equations into the Fourier
integrals over frequencies

(EH)= [ (E,.H, f " do,

—o0

H Q5(r_r0) 8 1 T —iot
Py)=—=——256,— || T,e " do,
(Jb pb) t 2ar, v ;l; » 2
where T =t—2z/v,,

(E,H, )= % [(Ew.HOp=d,

175 i
T, =— | T(t)e"dt.
=2 1T

The longitudinal component of the Fourier ampli-
tude of the field E,, in the vacuum channel r <a is
described by the equation

Eir dEZ‘“ -
rdr

B Ziwg_r o(r—-r)
o TV

¥, is relativistic factor of the bunch. There is no elec-

tron bunch in a semiconductor. Therefore the equation
for the Fourier amplitude is homogeneous

(d)
1d dEw _KPE@ 0,
r dr dr
where &2 =k? —kZ =k’ 1y}, k2 =k? —Kle, k =@/ V,.

Let us divide the semiconductor waveguide into
three regions: two regions in the vacuum channel

EQ(r)=EY(r<r, <a), EY?(r)=EY@>r>r)

Z(U 0 0

and the third region b > r > a is a semiconductor tube
E9M=EPMb>r>a).

0
The electromagnetic field must satisfy the following
boundary conditions. On the surface of an ideally con-
ducting lateral metal film, the longitudinal component

of the electric field vanishes
EX(r=b)=0.
At the semiconductor-vacuum boundary, the tangen-
tial components of the electric and magnetic fields are
continuous

EO(r=a)=E"?(r=a),
@(r—g)=H(r
H,, (r=a)=H;"(r=a).

In the considered case of an infinitely thin bunch,
the Fourier amplitude of the magnetic field H)(r)
undergoes a jump on the surface r =r, along which the
ring electron bunch propagates

HYZ (r=1,+0)-H (r=r,-0)=— 2Q T,.
cryt,

The longitudinal component of the electric field on
this surface is continuous
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Ez(f) (r= ro) = Ez(Ll)(r = ro) :

Having obtained the solution of the boundary prob-
lem formulated above, we find expressions for the Fou-
rier components of the wake electromagnetic field in
each of the regions of the semiconductor waveguide. As
a result, for the components of the electromagnetic field
in the paraxial region of the vacuum channel, we obtain
the following expressions

E(r,T) :izz_Q T e-iwf-l-(w)d_a’ lo (%) |: () 1
a‘t ° o ly(x,a)| 1,(x,a) D(w)
(21)

+rcal A, (x, 1, Kva):| ,

W[y T _Qw —iat d_a)|1(er) () 1
H, (r't)_aztb _{e T(w)ch ]O(Kva){lo(/cva) D(®)

+r7a% Ay (1,1, %,3) | (22)
where
A, (i1, kb)) = 1, (i b) K (5, 1) —
—(-D"1 NEAL A CAIN
K =k —Ke(@) =k |7, + B [1- ()],
K, :.fklz —k? = K /%,
D(a))—i Il(Kva) _,’_iAl(Kda'de) (23)

Ckaly(ka)  Kka A (k,a,k,b)
Fourier integrals (21), (22) can be conveniently rep-
resented as a convolution. So, for example, for the lon-
gitudinal component of the electric field in the axial
region, we have the following integral representation

b —o b

E, (. T-t) = | iwwd_w'o(rcvr){l(xvro) 1

i
T,[e
arm:, o l,(x,a)| 1,(x,a) D(w)
(25)
The function E,(r,t —t;) has a simple physical

meaning. It describes the longitudinal component of the
wake electric field excited by an infinitely thin in the
radial and longitudinal directions of an electron bunch
that has entered into a semiconductor waveguide at a
time t=t, and has a unit charge (Green's function).

The integrands in (25) have only simple poles,
which are the roots of the equation
D(w)=0. (26)
The roots of equation (26) determine the frequencies
of the eigen waves of the dielectric waveguide, syn-
chronous with the relativistic electron bunch. Within the
framework of the considered model, a dielectric wave-
guide has a formally infinite number of branches of bulk
slow electromagnetic waves (bulk polaritons) and two
surface electromagnetic waves (surface LF and HF
plasmon-phonon oscillations). Cherenkov excitation by
a relativistic electron bunch of bulk polaritons was con-
sidered in paper [4] for the model of a semiconductor
waveguide with full filling. The presence of a vacuum
channel does not introduce qualitative features into the
picture of excitation of bulk polaritons. Below we will
focus on investigation the physical picture of excitation

izl A, (x, 1, Kva)] .

of only surface plasmon-phonon oscillations. We note
that there are no poles £(w) =0 in the integrands (21),

(22). Therefore, a relativistic electron bunch propagat-
ing in a vacuum channel does not excite longitudinal
bulk plasmon-phonon ocsillations. A similar situation
occurs with wake excitation of surface waves in a plas-
ma waveguide [6].

Calculating the residues in the poles @ =+ea{” —i0

corresponding to the surface HF and LF plasmon-
phonon waves, we find the expression for the Green's
function (25)

B 2 |0(K6:)r0)|0(l(‘\§:)|’) _
E,, (r, 1) = 9(T) cos )"t +
9 a’ A2 (D) iy
I (K(’)I’O) I (KHI’)
Vs Vs )F
> . cosa T |, (27)
AL (k57a)
where x5 =, (a), AY =A(&)),
2
Aw) = o’ D) (28)

a)Z

The field of a surface wave excited by an electron
bunch of finite dimensions is found by summing the
fields of elementary ring charges and currents according
to formula (24). As a result, we obtain the following
expressions for the longitudinal component of the sur-
face electric field in the vacuum channel

< | A i aa)
1 Io(Kég)r)lo(Ké;)ro)
A0 Is (<)
s 0

Vs

) Z(aT) +

Z(0{T) |- (29)

Here
Z(at) =tl [Tt /t,)cos ot —t,)dt,.
b —o

The function Z(wr) describes the distribution of the

wakefield at a frequency o in the longitudinal direction
at each moment of time.
Note that in the most interesting case
()
kPa= D8 g
V07/0
of a ultra-relativistic electron bunch, the longitudinal
component of the electric field of the surface field in the
vacuum channel is almost uniform over the channel
cross section. The expression for the longitudinal com-
ponent of the electric field (29) in the vacuum channel
takes the form
o 20| 1 e 1 -
EY == Z(oPT)+—5Z(ePT) | (31
=2 {Agﬂ @D+ 152 )} (31)
For an electron bunch with a Gaussian longitudinal
profile

(30)

1 i
N
the wake surface field in the “wave” zone @(’T >>1 is

a superposition of HF and LF plasmon-phonon mono-
chromatic waves.

T(to /tb) =
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EY =EXTH cos T + EVT cos T,

(+)" 42
) Wy’ b
" AG T, _exp[ —4 ]

Let us study expressions for the field components of
a surface wake wave in a number of limiting cases. First
of all, consider the limiting case of a vacuum channel of
small radius, when, along with inequality (30), the con-
dition xya <<1 is fulfilled. In this limiting case, the

frequencies of HF and LF surface waves are close to the
frequencies of bulk longitudinal plasmon-phonon oscil-
lations a),*) Accordingly, the structure of wake HF and

LF surface waves continuously transforms into the
structure of the field of volumetric longitudinal oscilla-
tions

(32)
where

(# —
Ew

v T 2Q + + + 2 +
EY(r,T) :g—[kl(p)szp)Ts( JIn—=— e Cosa),p)t +
opt |P
+kOPLT In—= 2 COSa)|(p)t

“a

Ip

The above consideration is valid when the radius of
the vacuum channel and, accordingly, the transverse
size of the electron bunch is significantly less than the
wavelength  of bulk plasmons a<<A4 /2r,

A, =2ncl w_. More realistic is the case when the di-

mensions of the vacuum channel and the electron bunch

are of the same order of magnitude or exceed the length

of the excited surface wave. We assume that the condi-
tion is satisfied

ka>>1. (33)

Then, the more the inequality x,a>>1 is fulfilled.

The bunch is strongly relativistic » >>1, so that re-

quirement (30) is still satisfied. Under these conditions,
the spectrum equation (26), (23) for determining the
frequency of the surface wake wave takes the form (12).
In the case of a thick layer
K,L>>1, (34)
equation (12) is simplified and takes the form (13). Ac-
cordingly, the frequencies of wake HF and LF surface
waves for relativistic electron bunches practically coin-
cide with the initial frequencies (14), (15) of the HF and
LF branches of surface plasmon-phonon oscillations.
The amplitudes of HF and LF surface waves take the
values
EW :‘;_?%, EO) :‘;_?.
Since the parameter s, is small (1 <<1), in the

considered case of a thick semiconductor layer, LF sur-
face plasmon-phonon wave is predominantly excited
and, in fact, a single-wave mode of excitation of the
wake surface field is realized.

Let us now consider the limiting case of a thin semi-
conductor layer x,L <<1. In this limiting case, the

spectrum equation has the form (18), and the frequen-

cies of HF and LF wake surface plasmon-phonon waves
are determined by expressions (19), (20) and are close
to the frequencies of longitudinal bulk plasmon-phonon
oscillations. For the amplitudes of wake HF and LF
surface plasmon-phonon oscillations, from formula (32)
we obtain

K KO
EO =20 L Eo - pqro s
opt opt
Here k{? = w” /v, . If the frequency of the HF sur-

face wave significantly exceeds the frequency of the LF
surface wave, then the amplitude of the HF wave will
also significantly exceed the amplitude of the LF sur-
face wave.

CONCLUSIONS

In the presence of a vacuum channel in a semicon-
ductor waveguide, surface HF and LF plasmon-phonon
waves appear in the eigenwave spectrum. Surface plas-
mon-phonon waves of a semiconductor waveguide exist
in the frequency range where the permittivity of a polar
semiconductor is negative. Note that there are no bulk
transverse polaritons in this frequency range.

The dispersion properties of surface waves in a polar
tubular semiconductor waveguide are studied. The pro-
cess of excitation of wake surface HF and LF plasmon-
phonon oscillations by a relativistic electron bunch
propagating in a vacuum channel has also been studied.
The amplitudes of excited wake HF and LF surface
waves and their dependence on the parameters of polar
semiconductors are determined. The ultrarelativistic
electron bunch will always excite wake waves with fre-
quencies very close to the initial frequencies of the cor-
responding eigen wave branches of a polar semiconduc-
tor waveguide.
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3BY/’KEHHS IOBEPXHEBHUX IIVIASMOH-®OHOHHHUX KOJIMBAHD PEJIATUBICTCBKUM
EJJEKTPOHHHUM 3I'YCTKOM Y ITOJIIPHOMY HANIBITPOBIZIHUKOBOMY XBUJIEBOJI

B.A. Banakipee, I. M. Ouiwienxo

Jocmimkeno nporec 30yHKeHHS TOBEPXHEBUX KUTHBATEPHUX IMOJIB PEIATHBICTCHKAM 3TYCTKOM €JIEKTPOHIB Y
MOJIPHOMY HAMIBIIPOBIAHUKOBOMY XBHJIEBOAI 3 BaKyyMHHM KaHAJIOM JJISI TPAHCIOPTYBAHHS 3I'YCTKa €JIEKTPOHIB.
JlocmimKeHo CIIEKTPH Ta MPOCTOPOBO-YACOBY CTPYKTYPY 30yKEHOTO IMOBEPXHEBOTO KUIBBATEPHOTO MOJS B TaKii
cucremi. [lokazaHo, mo 30y/KeHe MTOBHE NMOBEPXHEBE KUJbBAaTEpHE I0J€ B TEparepLoBOMY Ta iH(ppauepBOHOMY
Jliarma3oHax 4acToT ckiaaaeTbes 3 noiie HU- i BU-riOpuaHux mia3MoH-(GOHOHHUX KOJHBaHb. BH3HAYCHO aMILIITY-
1 30ymkennx HU- ra BU-noBepxHeBUX M1a3MOH-(DOHOHHHUX XBHJIb.
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