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Band—pass filter for Cherenkov radiation
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The influence of a simple nonlocal surface, a thin-wire fine-periodic grid of longitudinal wires, on the
characteristics of the electromagnetic field generated by a charged particle bunch moving along the axis of a
cylindrical vacuum channel in an unbounded dielectric is investigated. The grid is located in vacuum at a distance
of the order of the structure period from the interface. To solve the problem, the averaged boundary conditions
are used, taking into account corrections describing the influence of the interface on the averaged surface current
excited in the grid plane. It is shown that this configuration works as a band—pass filter, making it possible to
distinguish a rather narrow band of frequencies in the Cherenkov radiation spectrum.
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Introduction

A problem of generation of Cherenkov radiation (CR) in
a flight of a charged particle bunch through a channel in a
dielectric medium is a key problem for several promising
fields of modern electrodynamics, such as developing new
methods of noninvasive diagnostics of particle beams in
accelerators [1-4] and designing new types of radiation
sources [5-12].

A solution of this problem in the simplest formulation is
well known [13]. In particular, with a quite narrow channel
CR is generated almost in the same way as in an unbounded
dielectric and the influence of the channel can be generally
compared to a low-frequency filter, since high frequencies or
short wavelengths (of the order of a channel size and less)
are significantly suppressed in the CR spectrum [14,15].

As known, CR can be generated not only in the dielectric,
but in any other slow-wave structure as well. Therefore,
radiation of moving charged particle bunches in presence
of fine-periodic structures made of the so-called wires (i.e.,
elongated conductors of a various cross section) has been
quite actively studied. In particular, large interest was
attracted to the so-called wire medium, a three-dimensional
lattice of thin wires (a cross size of the conductors is
small as compared to a distance between them), which is
considered in a long-wavelength approximation (in this case,
a more precise term will be a meta-medium) [16-18]. Thus,
some studies have analyzed CR both in unbounded [19-
21] and semi-bounded wire meta-media [22] mainly in a
context of developing methods of diagnostics of the charged
particle bunches. The wire medium was also invariably
present in theoretical and experimental studies of left-
handed media [23,24], including studies on the subject of
radiation of moving charges [25-27].
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Generation of radiation by the moving charges in pres-
ence of the two-dimensional fine-periodic structures (grids)
also attracted significant attention of researchers [28,29].
In the long-wavelength approximation (ie. when the
wavelength significantly exceeds the distances between the
conductors; as applied to the grids, a term ,,fine-periodic™ is
synonymous to this approximation) and assuming that the
transverse sizes of the conductors are small as compared
to a period, these grids can be described by means of
Kontorovich averaged boundary conditions (ABC) [30-
32], thereby significantly simplifying an analysis. In this
formulation, the study [33] has investigated CR generation
in an open round waveguide (in vacuum) with a fine-wire
grid wall made of crossing wires. In particular, it was
shown in the study [33] that the wire waveguide made
only of longitudinal wires does not support Cherenkov-type
radiation generation.

We also note that one-dimensional grids made of
thick conductors can also be averagedly described in the
long-wavelength approximation by means of the so-called
Weinstein-Sivov equivalent boundary conditions [34], but
this situation is not considered in the present study. Nev-
ertheless, in this regard, one should mention, for example,
the study [35], which has investigated a wakefield dielectric
acceleration structure (the round waveguide filled with the
dielectric and provided with an axial vacuum channel),
whose external wall was not a solid metal housing, but
was formed by a dense one-dimensional grid of longitudinal
conductors. Besides, the study [36] has analyzed a multi-
layer frequency-tunable wakefield structure, in which a layer
of control electrodes (the constant voltage supplied to them
changes permittivity of an adjacent ferroelectric layer) was
a one-dimensional grid of longitudinal conducting tapes. In
both cases, such azimuthal segmentation of the conducting
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cylindrical layers results in suppression of azimuthal surface
currents and prevents excitation of spurious nonsymmetrical
modes.

In the present study, we deal with the key problem
(mentioned in the very beginning of the present review)
on CR generation in the flight of the charged particle bunch
through the dielectric channel and study the influence of
the fine-periodic grid made of parallel wires, which is
arranged in the channel near the dielectric surface, on
the radiation characteristics. It is necessary to note that
the discussed grid is the simplest example of the so-
called nonlocal surface, since the respective ABCs include
a tangential derivative of the averaged surface current (in
a Fourier representation it means a dependence of ABC
coefficients on components of a wave vector). In general,
the nonlocal surfaces have attracted close attention of
the researchers in recent years, since they provide wide
capabilities for controlling characteristics of electromagnetic
radiation [37-39]. However, the literature we know has
not investigated this issue in a context of control of the
structure of the CR field. Moreover, boundary problems
with ABC application in case when the grid is close to the
dielectric boundary (in this situation the ABC coefficients
are significantly modified [40,41]) and a field source is a
uniformly moving charged particle bunch, have not been
analyzed in the literature we know. The main physical result
of the study is detection and description of a new physical
effect that is called a band-pass filter effect for CR.

1. Formulation of problem. Field of the
charge bunch in the unbounded
dielectric medium

Let an homogeneous isotropic dielectric with ¢ > 1
(u = 1) have a vacuum cylindrical channel of the radius a,
along whose axis the charge bunch uniformly moves at the
velocity v = ¢f8 (c is a speed of light in vacuum) (Fig. 1)
(we use a cylindrical system of coordinates r, ¢, z), wherein
e > B2, ie. the CR condition is fulfilled in the dielectric.
We will assume that the studied bunch is an infinitely-thin
uniformly-charged disk of the radius of b (the influence of
longitudinal smearing is discussed at the end of Section 1).

At the distance i from the vacuum-dielectric interface,
there is the wire waveguide made of thin wires with the
cross-section radius rp, which are uniformly arranged at
the distance p = (a — h)A@ from each other (p is counted
along an arc, Ap = 2w/N, N > 1 is a total number of the
conductors) and oriented along the channel axis (along
the axis z). It is easy to realize the described structure
in practice by placing a layer of a material with near-unit
permittivity between the conductors and the dielectric.
This material can be, for example, a hydrophobic aerogel,
which is specially designed for beam applications, whose
refractive index n may be within a wide range of near-unit
values: 1.0026 < n < 1.26 [42].
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Figure 1. Geometry of the problem and main designations

For certainty, the wires are deemed to be round in the
present study, but this circumstance is not fundamental: the
wires of another cross section just require to replace rg
with an effective radius [30]. It is assumed that b <a —h
(the bunch is totally inside the wire waveguide) and the
following inequalities are fulfilled:

ro <K< p <4, (1)

where 1 is a wavelength. It is required to determine the
electromagnetic field within the entire space, but the main
interest lies in a dielectric domain IIT (r > a).

In the used system of coordinates, a charge density p
and a current density j = je, of the bunch in question are
written as

p=—=0b-r)8(z—vt), j=up, (2)

where 6 is a unit step function (a Heaviside function), § —
a delta function, Q is a full charge of the disk.

For further discussion, it is expedient to first consider the
electromagnetic field that is created by a source (2) in the
unbounded isotropic nonmagnetic medium with arbitrary
permittivity € (the further discussion will include cases
when &€ = ¢, 1). We will briefly provide respective calcula-
tions and make some remarks about a result. We assume
that the field components and sources are decomposed into
a Fourier frequency integral written as

+oo +o0
H, = / Hype ' dow = 2Re / Hype ' do, (3)
— 00 0

(due to he second equation it is enough to consider only
positive frequencies in (3), w > 0). In particular, for a
Fourier transform of the charge density (2) we have

0 9(b — r) itz
2(nb)? v e

Po = (4)
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A system of the Maxwell’s equations for Fourier harmon-
ics is written as follows

rotE"w =i koﬁw,

divE, = 4ﬂ§_1pw,
(5)

rotflw = —koéﬁw + 4ﬂc*1fw,
divH, = 0,

where ko= w/c =2mx/1, and the followmg material
relationships are taken into account: Bw = Hw, Dw = eE
It is convenient to introduce a single-component vector
potential Kw = A,¢, and a scalar potential &, through
which the field vectors are expressed in a standard way:
Ea, = rotﬁw, Ea, = -V, +i koﬁw. By applying a Lorentz
calibration condition 0A,/dz — ikoe®,, = 0, in the standard
way we will obtain two heterogeneous Helmholtz equations
for the introduced potentials, whence a relation between
them, A,, = ¢f®P,, which makes it possible to further
search for, say, only the potential ®,. The source (4)
imposes its dependence on z on all the magnitudes,
therefore, we factorize the required potential as follows:
D, (r,z) = o (r) exp (ikoz/B). As a result, we obtain a
heterogeneous zero-order Bessel equation for a radial part
of the potential ¢,,:

- 20 6
(& + ) golr) = — 2 20 1)
20 [

= =5 [ Jolnr)J1(bm)dn,  (6)

0
where Jo; — Bessel functions, A, = 98%/3r> +r~13/dr,
§2 = k3B72(¢f> — 1). An incident field that is of interest
to us is a particular solution of the equation (6), which
can be found by various known methods. In particular, the
right-hand part side can be decomposed into a zero-order
Fourier—Bessel integral (sce. (6), the second equation) [43]
and to search for ¢,(r) as a respective reciprocal
transformation, thereby leading us to the following result:

_ 20 OOJl(bn)Jo(nr) _ 10 ,J1bs) Ly,
¢w(r)_§ﬂbv/ n? —s2 dn= 2U£ bs Hy"(rs),
0
r>b, (7)
where Hf)l) — a Hankel function, s = \/5_2, Ims >0

(as usual, small absorption is taken into account in the
medium). It is also convenient to include a magnitude
6 =+v—52, Re6 > 0, wherein § =ié. As a result, the
potential of the charged disk ®,, can be written as follows:

®, = F,d°, (8)

where magnitudes in the right-hand part side of the
equation (8) can be written in two equivalent forms:

lQ (rs) 2]1(b§)
- o O ’ ~ >
@ = ote | 2E L N )
i[{o(r(g) 21,(bG)
TVE ’ b

Here, Ky — a Macdonald function, I; is a modified
Bessel function, ®, — a field potential of a point charge Q
that uniformly moves in the medium with permittivity &,
and Fj, is the so-called transverse form factor of the disk, i.e.
a multiplier, by which the potential of the moving charged
disk of the radius b differs from the potential of the moving
point charge. The same form factor will differentiate field
components of the point charge and the bunch, while the
latter are calculated as follows:

Eu. = ipky '§°®,, Hyp = EBE,, = —EB3D,/dr. (10)

In other words, in this case TM polarization is excited
relative to a z-coordinate [44], wherein the components E,,
and H,,, are zero due to axial symmetry, d/0¢ = 0. Finally,
the magnetic field has the only component H,, and the
electric field lies within the plane (r, @), as usual for the
field of an axisymmetric bunch in the isotropic medium [14].

A record according to the upper line in (9) is convenient
in a case (i), when € > 872, ie. when the bunch moves
in the medium at the velocity that exceeds a CR threshold.
According to the formulation of the initial problem (Fig. 1),
the case (i) would occur if the bunch in question moves in
the unbounded medium with permittivity of the domain III,
i.e. when € = ¢. At the same time, s is real and written as
§s=s=kof '\ /eB2 - 1.

The lower line in (9) is convenient in the case (ii), when
& < B2, i.e. when the bunch moves more slowly than the
Cherenkov threshold. This case is exactly realized in the
considered problem (Fig. 1), since the bunch moves in the
vacuum domain I, € =1 and the CR condition can not
be fulfilled, wherein 6 = o = koB~'\/1 — B2 = ko/(BY),
where y is a Lorentz factor of the bunch.

Fig. 2 show typical dependences of the form factor on an
argument (which is proportional to the frequency w). It is
clear that in both the cases F, — 1 when b — 0. However,
in the case (i) the form factor oscillates with a decrease
and turns into zero at the values of sb, which are equal
to zeros of the Bessel function J; (the field of the moving
charged disk is absent at these parameters due to destructive
interference). An upper limit of the CR spectrum can be
assumed to be a frequency that satisfies the relationship
sb = ji1 = 3.832, where ji; is the first zero of the Bessel
function J;. In other words, in this case transverse charge
smearing is equivalent to an effect of the low-frequency filter
with a cut-off frequency wo = ch™1Bj11//€B% — 1.

On the contrary, in the case (ii) the form factor
exponentially increases, since this case includes summing
nonoscillating evanescent waves, whose amplitudes have the
same sign, ie. interference is totally constructive. An
exponential growth of F, does not result in a physical
contradiction, since the field potential of the point charge @
is itself exponentially small and decreases with an increase
of o faster than the form factor (r > b): ~ exp(—or)
vs ~ exp(ob). A frequency cut-off induced by transverse
smearing of the bunch is absent in this case.

We note that it is easy to take into account a charge
distribution along the longitudinal coordinate z, which is
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Figure 2. Dependence of the form factor F, on sb when the CR condition is fulfilled, the case (i) (on the left), and its dependence

on ob when this condition is not fulfilled, the case (ii) (on the right).

different from a delta-like one, we designate it as n(z — vr).
For the longitudinally-smeared charged disk, instead of (2)
the charge density is written as

0

=—3 0(b —r)n(z —vt).

01 (11)

The Fourier transform of the density (11) is written as

Plo = PuF, where p,, is given by the formula (4) and

+o0

F = / n(E)e 4% de.,

— 0o

(12)

i.e. with accuracy to the multiplier 277 is a Fourier transform
of function of longitudinal charge distribution along a
difference coordinate ¢ =z — vf, which is calculated in
the point w/v. Physically, F; is the so-called longitudinal
form factor, ie. a multiplier, by which the field of the
longitudinally-smeared disk differs from the field of the
infinitely-thin (delta-like) disk (2). In particular, in case of a
Gaussian distribution with root mean squared half-width 7,

n(¢) = (Vamr) exp [-¢?/(21%)],
and the longitudinal form factor is written as
F, = exp [—w’r?/(20%)].
Since the main focus in the present study is set on the
influence of the transverse effects, we will not take into
account F; in further derivations (specific inequalities, at
which it can be approximately set that F; =~ 1, will be

written out below) and hereinafter the form factor will be
the transverse form factor.
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2. ABCs on the grid and solution of the
problem

Now we start to deal with a boundary problem shown in
Fig. 1. A boundary of the domains II and III has standard
conditions of continuity of the components E,,; and H,,, set.
Then the problem is solved in the approximation (1), which
makes it possible to use averaged boundary conditions
(ABCs) for describing the wire grid [30,32,41]. Using these
conditions, we actually calculate the averaged field (it is this
field that is of practical interest), which coincides with the
real one at the distance from the grid for about a period p.
In case of wires codirectional with the axis z (with ideal
conductivity) the ABCs are reduced to continuity of E,, at
the boundary » = a — h and a jump of the magnetic field
H,, in this layer, which is related to E,, in the following
way (a dependence of all the magnitudes on z is taken into
account as exp (ikoB~'z)):

—ipko
E‘Il’lz r=a—h E‘Il’Z r=a—h 2{;

1 (Hg(,, - Hi’(P)‘r:a—h'
(13)
The parameter I1 depends on geometrical parameters rg, p
and medium permittivity ¢ as follows:
e—1
e+ 1] ’

— P _ _l P _
l'I—ln(2 ro) 04 5 [1n(2 ro) 1)
14)

where correction coefficients 6, and § (a designation
assumed in the studies [30,40,41] is preserved; this should
not result in a confusion with delta function are induced
by proximity of the dielectric to the grid and describe its
influence on distribution of the average surface current in
the layer r = a — h, and they are written as follows [40,41]:

1. (p*+4n’ P’ 4h p
5=-1 M arctan (2) -2,
2 n(rg+4h2> AET TR an(2h)

(15)
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Figure 3. Dependence of the magnitudes |8*L0’ 1‘ (the left column) and |6€L0’ ! | (the right column) on the relationship %/ p at the various
values of r¢ (specified in the legend), ¢ = 2 (the upper row) and ¢ = 4 (the lower row), p = 1cm, 1 = 3p. The following designations

— £—

are introduced: Ly = In (L), €= .

27r

_ Oo%(é)[ (p2+(2h+éé)2) P
0y = |
/ & '\zynree) T3y

2h+ &2 p
+4 » arctan<2h+££> —4}(15,
(16)

where ¢ = iky'/v/e — 1. The integral (16) can be easily
calculated numerically.

We note that without taking into account the influence
of the dielectric the ABCs (13) for a cylindrical grid
considered herein are directly derived in the study [32]
and they also follow from a more general result for the
grid made of nonparallel wires, which is arranged on a
nonflat surface [31], wherein their kind is not different from
a kind of common ,,flat“ ABCs. Further on, as noted in the
study [30,41], the corrections (15) and (16) are equivalent to
the influence of certain reflection grids. Therefore, the kind
of these corrections for the cylindrical grid is not different
from the respective corrections in the flat case [40,41].

In order to illustrate the influence of the corrections (15)
an (16) on the ABCs, Fig. 3 shows typical graphs of relative

magnitudes
p e—1 / p
2m0)‘ and ‘SS—I—I In (2;7”0)‘

5. | ln(
in a dependence on a ratio h/p. It is clear that at the
quite small & (h < p) the influence of a vacuum—dielectric

interface turns out to be significant, but already when 7 = p

it is almost negligible. When & >> p, the formulas (15)
and (16) will also go over into relationships that determine
the ABCs in vacuum [32]. Thus, Fig. 3 confirms a
known fact that the influence of the dielectric that is
close to the grid on the ABC kind is significant only
when & < p [30,40,41]. In the future, during numerical
calculations, we will consider this inequality fulfilled.

A formal solution for the potential in the domain I
is taken as a sum of the disk potential in unbounded
vacuum (the formula (9), the lower line, € =1) and a
solution of the homogeneous equation (6), which has not
a singularity for » = 0. In the domain II, the potential is
taken as a sum of two linearly-independent solutions of the
homogeneous equation (6), so is in the domain III as one
linearly-independent solution that satisfies a requirement of
the exponential decrease when r — oo (small absorption is
taken into account in the medium). Taking this into account,
we have

o) = 2 gitp [Ko(ra) + C'Io(ra)],
Jav
o)) = % e'v*F, [C"Io(ro) + D"Ko(ro)] ,

(17)

where CM DM are required constants. Application of
the above-described boundary conditions when r = a and
r =a — h results in a linear system 4 x 4, which is solved

i0 o
(I)(gID = ﬁ e “ZFbDHIH(()l)(VS),
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Figure 4. Dependence of the form factor F, of the non-grid vacuum channel on the relationship po/2 = ko/(27/po) at the various &
and B (the CR condition is considered to be fulfilled) and the various values of the channel radius a (specified in the legend), po = 1 cm.

by standard methods. For brevity, we provide only a final
result for the most interesting domain III and write it as

follows:
(111)

O, ' = FpF, D5, (18)
where ®¢ is a potential of the point charge Q0 moving in
the unbounded dielectric ¢ (the formula (9), the case (i),
€ = ¢) and F,, is a form factor of the grid-modified vacuum
channel of the radius a:

we= ————<Ig|(a—h)o|1, (aoc)|ly|(a—h)o
= sk (ah)s ol(a=h)a]ly (ac)[lo[(a—h)o]
-1
ko k
x Hi (as) — aocA,Ay] — % ;" ﬁAaH} ,

(19)

where the magnitude IT is determined by the formula (14),
A, = H(gl)(as)ll(aa) _ gt Hgl)(as)lo(aa), (20)
s

Ah = Ko(aO')I() [(a — h)O'] — I()(aO')K() [(a — h)O'] . (21)

wherein A, — 0 when & — 0.

It is also expedient for further comparative analysis to
provide a known result for the case when the grid is
excluded from consideration and we have an empty vacuum
channel of the radius a in the dielectric € (we provide the
respective potential with an additional upper index ,,0°) [13]:

o’ = F,F, @, (22)

where F, is a form factor of the grid-unmodified vacuum
channel of the radius a (the study [13] designates it as 7):

2i oe 1
FL=—— . 23
mas s A, (23)
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3. Numerical results

Fig. 4 shows the dependences of the form factor of the
vacuum channel in the dielectric F, on the normalized wave
number ko (which is proportional to the frequency w) at the
various radii of the channel. The channel radius is expressed
in units of a limit period pg, whose meaning will be clarified
below. Besides, the wave number is normalized by the
magnitude 2s/po. Pairs of the magnitudes ¢ and B are
selected so that the CR condition is fulfilled in the dielectric,
i.e. the case (i) is realized in the dielectric. Fig. 4 illustrates
a literature-known fact [13] that introduction of the channel
results in limitation of the CR frequency spectrum from
above, i.e. it is equivalent to the effect of a certain low-
frequency filter. The increase of a results in reduction of
the cut-off frequency, while the increase of B results in its
increase. We also note that a behavior of the form factor
F, differs from the respective behavior of the form factor of
the transversely-smeared bunch (Fig. 2) by absence of strict
zeros and an exponential decrease (versus a power one with
oscillations) at the high frequencies.

Fig. 5 shows the dependences of the form factor of
the system ,the vacuum channel in the dielectric — the
grid“ F,, on the normalized wave number k¢ (which is
proportional to the frequency w) at the various values of
the distance / between the grid and the interface. A dashed
line in all the graphs corresponds to the non-grid case at
the selected a (Fig. 4). Pairs of the magnitudes ¢ and 8 are
selected so as to fulfil the Cherenkov radiation condition in
the dielectric. It is clear that the vacuum channel modified
by the simplest fine-wire fine-periodic grid has a form factor,
whose behavior is fundamentally different from the behavior
of the common form factor of the channel, which is shown
in Fig. 4. It is clear in all the listed cases that this structure
distinguishes a certain band in the CR frequency spectrum,
cutting off both the lower and upper frequencies. In other
words, its effect on the CR spectrum is equivalent to an
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Figure 5. Dependence of the form factor F,, of the z-grid-modified vacuum channel on the relationship po/A = ko/(271/po) at the
various ¢ and S (the CR condition is considered to be fulfilled), a = 3po, po = 1 cm and at the various distances & between the grid and
the dielectric (specified in the legend). The grid includes N = 19 conductors, p varies from 0.99po to 0.83po at the said A.

effect of the certain band-pass filter, which is just reflected
in a title of the present study. Three additional parameters
are available for controlling a position of a transmittance
band (as compared to the case of the simple channel) —
p,ro and h. For certainty, Fig. 5 fixes the radius of the
vacuum channel a and the wire thickness ry and varies
the parameter h. It also fixes a total number of the grid
wires N =19 (Ap = 1/3), wherein the structure period
p = (a — h)A@ also varies within 15% and when 7 — 0
it is close to po: p~ (a — h)/3 — a/3 = pp. Thus, py can
be interpreted as a limit (maximum possible) value of the
grid period.

With the small velocity of the charge (Fig. 5, the left
graph) and a small gap between the grid and the dielectric, a
modulus of the form factor F;zin the maximum is in several
times smaller as compared to F,, and the transmittance
band is comparable and differs only by absence of near-zero
frequencies. But with the increase of 4 the modulus of the
form factor Fy, increases and the width of the transmittance
band decreases, and when h = py/2 (h = 25r)) we have
values in the maximum of |F,,|, which are about 0.9. With
the higher velocity of the bunch (Fig. 5, the middle graph),
we have a weaker dependence of the form factor on a gap
value, but the general trend is preserved. A value in the

maximum of |F,.| is in 5—10 times less than the respective
value of |F,|.

The effect of suppression of the near-zero frequencies is
explained as follows. As it is clear from the ABCs (13),
the wire grid is characterized by certain impedance
%f[k” IT ~ koIl. At these frequencies Il ~ const, therefore,
when kg — 0 impedance is also close to zero, which at a
finite value of E,,; in the grid plane means excitation of the
strong surface current resulting in shielding of the field of
the charged particle bunch when k¢ — 0.

Finally, the most interesting situation is realized at a
relativistic velocity (Fig. 5, the right graph). In this case, the
transmittance band of the considered system is mainly in the
frequency range range that is significantly suppressed by the
non-grid channel. A curve is shaped almost symmetrically
relative to a transmittance carrier frequency. A gain in the
potential amplitude at this frequency, whose maximum is
realized at small values of the gap / (of the order of ry) can
be about a triple one.

However, in the right graph in Fig. 5 only the curve
for h=r¢ (more exactly, only its long-wavelength part
and a maximum neighborhood) formally falls within an
ABC applicability region: as it is known [30], acceptable
accuracy of results is already obtained when p <1/2.
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Figure 6. Dependence of the form factor F,, of the z-grid-modified vacuum channel on the ratio po/A = ko/(27/po) at the various r¢
and &, the other parameters are the same as in the right graph in Fig. 5.

The transmittance band can be shifted into a more low-
frequency range by reducing a cross-section radius r¢ and
approximating the grid to the dielectric, which is illustrated
in Fig. 6. It is clear that with doubly-thinned wires (Fig. 6,
the left graph) the first curve (h = ro, i.c. the grid is directly
on the dielectric) definitely falls within a region of allowable
wavelengths 4 > 2pg.  With reduction of rg, the curves
continue to be shifted to the left and when r¢o = po/400
all the three curves are within the formal ABC applicability
region. With this value of r¢ and the gap h = 5r¢ the gain
in the potential amplitude is approximately 2.

We remind that for simplicity in the above-given analysis
we have not taken into account the longitudinal form factor
of the bunch F; (12). In case of typical Gaussian longitudinal
charge distribution, F; = exp [—k37?/(28%)], it follows from
an explicit expression that longitudinal bunch smearing is
equivalent to an additional low-frequency filter with the
cut-off frequency ko = v2B/7. In order to neglect this
influence, ie. to assume that F; ~ 1 within the most
interesting frequency range, 0 < ko < 27/ py, it is necessary
that the bunch would be quite thin, ie. 7 < Bpo/(v/2n)
or 7 < po.

Let us discuss physical causes of origination of transmit-
tance peaks in an ultrarelativistic case § — 1 (Fig. 6). As it
is clear from the formula (14), in this case the magnitude IT
is almost completely determined by the corrections 6, J.
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and permittivity e, while logarithmic summands compensate
each other (we note that 8, is frequency-dependent and,
generally speaking, it is complex). If taking into account
that 6/ko — 0 when 8 — 1 as well as assuming that the gap
value is small, #/a — 0, then one can obtain the following
approximate expressions that are true at least in the range
1/6 < po/A < 1/2, into which the transmittance peaks that
are of interest to us fall:

e 1 1 o
T me—1 H\(as) (ako)® + 2iako ="
b4 e 1 1
“ o me—1 Hf)l)(as) (ako)? + 2iako A= — ‘z’—rf'
(25)

The approximate dependences (24) and (25) with a neg-
ligible error describe the behavior of the curves shown in
Fig. 6. As it is clear, unlike F,, the form factor F,, has a
denominator that is typical for a serial RLC-circuit, since the
current J excited in this circuit by an oscillator of voltage
Up is written as

Uy

I 2R/ =1/ (LO)
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Zero of the real part of the denominator in (25) determines
a frequency of the transmittance peak:

res\2 4ma
(aky®)” = Il (26)
(the dependence IT on the frequency in the range in
question is quite weak, II can be assumed to be a real
constant). Presence of a resonance frequency means that
in the ,.circuit® (25) has finite inductance and capacitance,
while in the ,circuit® (24) only inductance is finite and ca-
pacitance is infinitely high. A function of finite capacitance
obviously belongs to the gap between the wire grid and the
dielectric.

Thus, the band-pass filter effect is caused by the fact that
for the relativistic charged particle bunch this fine-periodic
grid near the dielectric is a resonance structure. The non-
grid channel functions as the ,circuit“ that includes only
active resistance and inductance, while the grid introduces a
non-zero capacitance load required for resonance formation
to the system.

Conclusion

The study has investigated the influence of the thin-wire
fine-periodic grid made of the parallel conductors on the
spectral characteristics of CR of the charged particle bunch
that uniformly moves along the axis of the vacuum channel
in the dielectric. The conductors are directed along the
channel axis and uniformly distributed along a cylindrical
surface near the vacuum—dielectric interface at the distance
about the structure period. We have considered a quite
low-frequency range (the respective wavelengths are much
larger than the structure period) that makes it possible to
describe the grid in terms of the Kontorovich ABCs. An
essential circumstance in the present study is that the gap
between the grid and the channel boundary is small, thereby
resulting in necessity of taking into account in the ABCs
the corrections induced by the influence of the dielectric
medium on distribution of the averaged surface current in
the grid layer.

It was shown that the influence of the considered
structure on CR is equivalent to the effect of the band-
pass filter. In other words, both the low (including near-
zero ones) as well as comparatively high frequencies (we
remind that consideration is within the framework of ABC
applicability, i.e. the upper frequency shall provide a small
ratio of the grid period to the wavelength) are suppressed in
the generated spectrum. The position of the transmittance
band, the transmittance coefficient’s maximum and the
shape of its profile (as a function of the frequency) depend
on the parameters of the grid and the gap value. The
most interesting situation seems to occur with the relativistic
velocity of the bunch and the small gap (of about the
conductor radius), when the transmittance band is quite
narrow and falls into the frequency range that is cut off
by the non-grid channel (as known, the vacuum channel

itself functions as the low-frequency filter). In this case,
the transmittance coefficient of the considered structure for
the field at the carrier frequency can exceed the respective
channel coefficient in 2—3 times, thereby corresponding to
the gain in power almost by an order. In other words, ceteris
paribus, one can select an emitting structure with a wider
channel (it is more easy to pass the charged particle bunch
therethrough, since transverse dynamics is less critical, and
it is possible to increase its charge, etc.), modify its internal
surface with the discussed thin-wire grid and at least keep
intensity of Cherenkov radiation. Moreover, a band-like
nature of the produced generator is generally deemed to
be quite attractive, since it makes it possible to record CR
in a mode that is more close to a monochromatic one.

Acknowledgments

The authors would like to thank S.B. Glyboskii for fruitful
discussions.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] A.P. Potylitsyn, S.Y. Gogolev, D.V. Karlovets, G.A. Naumenko,
Y.A. Popov, M.V. Shevelev, L.G. Sukhikh. Proc. Intern. Particle
Accelerator Conf. 07 (2010).

[2] R. Kieffer, L. Bartnik, M. Bergamaschi, V.V. Bleko, M. Billing,
L. Bobb, J. Conway, M. Forster, P. Karataev, A.S. Konkov,
R.O. Jones, T. Lefevre, J.S. Markova, S. Mazzoni, Y.P. Fuentes,
A.P. Potylitsyn, J. Shanks, S. Wang, Phys. Rev. Lett., 121,
054802 (2018).

[3] A. Curcio, M. Bergamaschi, R. Corsini, W. Farabolini,
D. Gamba, L. Garolfi, R. Kieffer, T. Lefevre, S. Mazzoni,
K. Fedorov, J. Gardelle, A. Gilardi, P. Karataev, K. Lekomtsev,
T. Pacey, Y. Saveliev, A. Potylitsyn, E. Senes. Phys. Rev. Accel.
Beams, 23, 022802 (2020).

[4] P. Karataev, K. Fedorov, G. Naumenko, K. Popov, A. Potylit-
syn, A. Vukolov. Sci. Rep., 10, 20961 (2020).

[5] T Takahashi, Y. Shibata, K. Ishi, M. Ikezawa, M. Oyamada,
Y. Kondo. Phys. Rev. E, 62, 8606 (2000).

[6] N. Sei, T. Sakai, K. Hayakawa, T. Tanaka, Y. Hayakawa,
K. Nakao, K. Nogami, M. Inagaki. Phys. Lett. A, 379, 2399
(2015).

[7] N. Sei, T. Takahashi. Sci. Rep., 7, 17440 (2017).

[8] SN. Galyamin, A.V. Tyukhtin. Phys. Rev. Lett., 113, 064802
(2014).

[9] SN. Galyamin, V.V. Vorobev, A.V. Tyukhtin. Phys. Rev. Accel.
Beams, 22, 083001 (2019).

[10] A.V. Tyukhtin, SN. Galyamin, V.V. Vorobev. Phys. Rev. A, 99,
023810 (2019).

[11] A.V. Tyukhtin, SN. Galyamin, V.V. Vorobev, A.A. Grigoreva.
Phys. Rev. A, 102, 053514 (2020).

[12] A.V. Tyukhtin, SN. Galyamin, V.V. Vorobev. J. Optical Society
of America B, 38, 711 (2021).

[13] B.M. Bolotovskii. UFN, 75, 295 (1961). (in Russian).

Technical Physics, 2026, Vol. 71, No. 1



Band-—pass filter for Cherenkov radiation

161

[14]
[15]

[16]
[17]

[18]
[19]
[20]
21]
22]
[23]
24]
[25]
[26]
[27]
[28]
[29]

[30]

[31]
32]

[33]
34]

[35]

[36]

37]

[38]
39]

[40]

[41]

[42]

11

Dzh. Dzhelli.Cherenkovskoe izluchenie i ego primeneniya
(IL., M., 1960) (in Russian).

VL. Ginzburg, LM. Frank. DAN SSSR, 56 (7), 699 (1947)
(in Russian).

W. Rotman. IRE Trans. Antennas Propag, 10, 82 (1962).
JB. Pendry, AJ. Holden, D.J. Robbins, W.J. Stewart. J. Phys.:
Condens. Matter, 10, 4785 (1998).

A.V. Tyukhtin, E.G. Doil’nitsina. J. Phys. D: Appl. Phys., 44,
265401 (2011).

V.V. Vorobev, A.V. Tyukhtin. Phys. Rev. Lett., 108, 184801
(2012).

A.V. Tyukhtin, V.V. Vorobev. J. Opt. Soc. Am. B, 30, 1524
(2013).

T.A. Morgado, D.E. Fernandes, M.G. Silveirinha. Photonics, 2,
702 (2015).

A.V. Tyukhtin, V.V. Vorobev. Phys. Rev. E, 89, 013202 (2014).
V.G. Veselago. UFN, 92, 517 (1967) (in Russian).

T. Koschny, M. Kafesaki, E.N. Economou, CM. Soukoulis.
Phys. Rev. Lett., 93, 107402 (2004).

J. Lu, TM. Grzegorczyk, Y. Zhang, J.P. Jr, B-I. Wu, J.A. Kong,
M. Chen. Opt. Express, 11, 723 (2003).

Yu.O. Averkov. Radiofizika i elektronika (Khar’kov), 10, 248
(2005) (in Russian).

S.N. Galyamin, A.V. Tyukhtin, A. Kanareykin, P. Schoessow,
Phys. Rev. Lett., 103, 194802 (2009).

A.V. Tyukhtin, V.V. Vorobev, SN. Galyamin. Phys. Rev. ST
Accel. Beams, 17, 122802 (2014).

V.V. Vorobev, A.V. Tyukhtin, SN. Galyamin. Rad. Phys.
Chem.,, 133, 91 (2017).

M.I. Kontorovich, M.I. Astrkhan, V.P. Akimov, G.A. Fersman.
Elektrodinamika setchatykh struktur (Radio i svyaz’, M,
1987) (in Russian).

M.I. Kontorovich. Radiotekhnika i elektronika, 17 (6), 1161
(1972) (in Russian).

S.B. Glybovski, V.P. Akimov, A.E. Popugaev. IEEE Trans.
Antennas Propag,, 62, 3348 (2014).

A.V. Tyukhtin. J. Phys. Conf. Series, 357, 012003 (2012).
E.M. Nefedov, AN. Sivov. Elektrodinamika periodicheskikh
struktur (Nauka, M., 1977) (in Russian).

E. Chojnacki, W. Gai, C. Ho, R. Konecny, S. Mtingwa,
J. Norem, M. Rosing, P. Schoessow, J. Simpson. J. Appl. Phys.,
69, 6257 (1991).

AM. Al'tmark, A.D. Kanareikin, LL. Sheinman. Pis’ma v
ZhTF, 29 (20), 58 (2003) (in Russian).

O. Luukkonen, M.G. Silveirinha, A.B. Yakovley,
CR. Simovski, I.S. Nefedov, S.A. Tretyakov. IEEE Trans.
Microwave Theory Techn., 57, 2692 (2009).

S. Bankov, K. Klionovski. Waves in Random and Complex
Media, 1 (2022).

D. Vabichevich, A. Belov, A. Sayanskiy. IEEE Antennas and
Wireless Propagation Lett., 22, 2808 (2023).

V.P. Akimov, M.I. Astrakhan, G.I. Polikarpov. Koeffitsienty
otrazheniya elektromagnitnykh voln ot slozhnykh setchatykh
struktur, parallel’'nykh granitse razdela sred. Voprosy elek-
tromagnitnoi sovmestimosti i rascheta antenn i radiolinii.
(Voennaya akademiya svyazi, SPb.,, 1991), s. 101—110 (in
Russian).

V.P. Akimov. Elektrodinamika setchatykh struktur (Dokt.
diss., SPbGTU, 1998) (in Russian).

M. Tabata, I. Adachi, H. Kawai, M. Kubo, T. Sato. Phys. Proc.,
37, 642 (2012).

Technical Physics, 2026, Vol. 71, No. 1

[43] B.G. Korenev. Wedenie v teoriyu besselevykh funktsii

(Nauka, M., 1971) (in Russian).

[44] Dzh.A. Stretton. Teoriya elektromagnetizma (Gos. izd-vo

tekhniko-teoret. lit-ry, M., 1948) (in Russian).

Translated by M.Shevelev



