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Generation of hard twisted photons by charged particles in cholesteric liquid crystals
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We study the radiation from charged particles crossing a cholesteric plate in the shortwave approximation
when the wavelength of photons is much smaller than the pitch of the cholesteric helix, whereas the escaping
angle of the photon and the anisotropy of the permittivity tensor can be arbitrary. The radiation of photons is
treated in the framework of quantum electrodynamics with classical currents. The radiation of the plane-wave
photons and the photons with definite projection of the angular momentum (the twisted photons) produced
by charged particles crossing the cholesteric plate and moving rectilinearly and uniformly is considered. The
explicit expressions for the average number of radiated photons and their spectra with respect to the energy and
the projection of the angular momentum are obtained in this case. It turns out that in the paraxial approximation
the projection of the orbital angular momentum, /, of radiated twisted photons is related to the harmonic number
ne€ Zasl =2n+1,i.e., the given system is a pure source of twisted photons as expected. It is shown that in the
paraxial shortwave regime the main part of radiated photons is linearly polarized with / = =1 at the harmonics
n = {—1, 0}. The applicability conditions of the approach developed are discussed. As the examples, we consider
the production of 6.3 eV twisted photons from uranium nuclei and the production of x-ray twisted photons from

120 MeV electrons.
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I. INTRODUCTION

The vortex waves are called the electromagnetic waves
with a helical phase front characterized by the phase de-
pendence of the form e/’%, where [ is the projection of the
orbital angular momentum (OAM) and ¢ is the azimuthal
angle [1-7]. Evolving in time, this wave front twists around
the average direction of propagation of the electromagnetic
wave and so these waves are also referred to as twisted ones
[8]. The amplitude of the electromagnetic field of the vortex
wave vanishes on the axis of its propagation. The notion of
twisted waves is generalized to the nonparaxial regime [9-12]
where the photons constituting such an electromagnetic wave
possess the projection of the total angular momentum m and
the helicity s. In the paraxial regime, the twisted photons con-
stituting a vortex wave carry the projection of OAM [ =m — s
[1]. Because of their peculiar properties, the twisted photons
found many applications in physics, biology, and telecommu-
nication technologies [2-7]. For example, the use of twisted
photons in telecommunication increases the density of infor-
mation transfer by 2/ times, the quantum number / is used in
quantum cryptography, whereas in optics the twisted photons
were employed to overcome the diffraction limit (see the
references in Refs. [2-7]). To take advantage of the properties
of twisted photons in various fields of fundamental science
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and technology, there is a pressing need in the development
of new pure bright sources of twisted photons in various
spectral ranges.

Nowadays there are various methods to convert a plane-
wave electromagnetic radiation to a twisted one in the
radio and optical spectrum ranges (see the reviews in
Refs. [4,7,13]). The developing new materials allow one to
extend the spectrum range where such methods are applicable
[14]. The main advantage of such methods is their simplicity.
However, they possess certain drawbacks: low intensity, re-
strictions on the energy of created twisted photons, and poor
variability of parameters of the produced radiation. These
shortcomings beget the necessity in developing of alternative
approaches to generation of twisted photons. The more intense
sources of twisted photons do not rely on the conversion of
a plane-wave radiation into twisted one but are based on the
direct generation of twisted photons by charged particles. One
can distinguish the main of such approaches: undulator radia-
tion [15-21], the Compton effect [4,11,12,19,22], channeling
radiation [23,24], Vavilov-Cherenkov (VC) and transition ra-
diations [20,25-29]. These methods enable one to create an
intense hard electromagnetic radiation consisting of photons
with a definite projection of the angular momentum. Larger
projections of the angular momentum can be achieved by the
use of the coherent radiation from helically microbunched
beams of charged particles [17,28,30,31].

It was shown in Refs. [27,28] that even in the simplest case
of a Gaussian beam of charged particles transition and VC ra-
diations consist of twisted photons with nonzero projection of
the OAM [ = —s. Furthermore, employing the symmetry ar-
guments, it was shown in the paper [27] that the use of helical
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media allows one to produce the twisted photons with higher
values of OAM in the radiation from charged particles moving
in such a medium. In our recent paper [29], the theory of radia-
tion of twisted photons developed in Ref. [27] was generalized
to the case of anisotropic media. The approximate solutions of
the Maxwell equations for cholesteric liquid crystals (CLC),
which are a particular case of a helical medium, were found
in that paper for the two cases: the paraxial approximation
and the approximation of a small anisotropy. These solutions
were used to derive the explicit expressions for the probability
to detect plane-wave and twisted photons in transition radia-
tion generated by charged particles in these regimes. In the
present paper, our aim is to apply the shortwave approxima-
tion [32-39] to describe the radiation of photons produced by
charged particles moving in the CLC plate of a finite width
for such parameters where the approximate approaches used
in Ref. [29] are not valid.

The paper is organized as follows. In Sec. II, we
describe the optical properties of CLCs and discuss differ-
ent approaches to solution of the corresponding Maxwell
equations. Section III is devoted to the shortwave approxima-
tion employed to construct the mode functions of a quantum
electromagnetic field. The boundary conditions on the inter-
faces of the CLC plate are taken into account. In Sec. 1V,
we obtain the explicit expressions for the average number of
plane-wave photons radiated by a charged particle moving
in the CLC plate and investigate the spectral properties of
this radiation. In Sec. V, we deduce the average number of
radiated twisted photons using the expansion of the plane-
wave photons in terms of the twisted ones. The selection rules
resulting from a peculiar structure of CLCs readily follow
from the explicit expression for the radiation probability of
twisted photons. For the reader convenience some lengthy
formulas are removed to Appendices A, B, and C.

We use the system of units such that i = ¢ = 1 and ¢ =
4o, where « is the fine structure constant. We also suppose
(x,y, 2) = (x1, x2, x3) everywhere in the text.

II. ELECTROMAGNETIC PROPERTIES OF
CHOLESTERICS

At present, the liquid crystals are well studied and find
various applications in science and technology [40—44]. For
our purpose, the CLCs are of a particular interest since the di-
rector forms a helical structure in these nematic liquid crystals
[42—44]. This feature allows one to use the CLCs for gen-
eration of twisted photons, which are radiated from charged
particles passing through such a helical structure [27,29].
The other means of conversion of plane-wave photons into
twisted ones with the aid of liquid crystals including CLCs
were proposed in Refs. [45-47]. The peculiar electromagnetic
properties of CLCs are described by the permittivity tensor of
the form [40,41,43,44,48]

&ij(ko, z2) = 1 (ko)di; + ey (ko) — €1 (ko)]Ti(2)T;(2),

. (D
7(z) = [cos(gz), sin(gz), 0],

where ¢ is the permittivity along the director 7(z) and &
is the permittivity in the direction perpendicular to it. The
period of variations of the director, 2 /q, is the helix pitch

of the CLC. For the different CLCs, it varies from dozens of
angstroms to several micrometers [43]. The period of varia-
tions of the electromagnetic properties of a CLC equals a half
of the helix pitch Eq. (1). The applied electric field, changes
of the temperature and the pressure vary the parameters
of CLCs that makes their electromagnetic properties highly
adjustable [40-44].

The Maxwell equation for the electromagnetic potential in
a CLC are written as

[k3eij(ko, 7) — 8id; + A8i1A;(x) = 0,
0ileij(ko, DA j(x)] =0,

where kg is the energy of photons in the electromagnetic wave.
The second equation in the system (2) is a consequence of the
first one at kg # 0. It is a generalization of the Coulomb gauge
for anisotropic media. We assume further that the boundary
conditions for Eq. (2) are such that Eq. (2) do not have solu-
tions for ky = 0.

The permittivity tensor (1) is invariant under translations
in the plane (x, y). Therefore, the solutions to Eq. (2) can be
sought in the form

@

A(x) = e®XA(2), (3)

where k| := (ki, k») and x; = (x1, x»). Furthermore, the ten-
sor (1) possesses the helical symmetry, i.e., it is invariant
with respect to translations along the z axis and simultane-
ous rotations around this axis to the corresponding angle. In
consequence of this symmetry, it is useful to pass from the
Cartesian basis {e;, e;, e3} to the basis {e,,e_, e3}, where
e. = e; £ ie;. Any vector A is written as

A= %(e+A_ +e A )teA;, Az =e3-A, AL —es- A,
@

in this basis. Making use of Egs. (2), the third component of
A is expressed through the rest two ones

ik

A = 2—1%83((14,_ +a-), Eg = ]ES - ki’ &)
where k§ := & k3, ki = |k4|, and
ay = Ase™, @ :=argk,. 6)

To find ay, it is necessary to solve the matrix Schrédinger
equation

(35K 35 + V)[Zj —0. (7
Here
k2 k?
e |1tm o=
= » sk
BRI =17 [2+8e 8se2
v B RER e
2 2 |8ge” % 24 8¢

where 0 := gz — ¢ and 8¢ :=¢/e; — 1. The quantity 6
equals the angle between the director T and the component
of the wave vector k. The quantity de characterizes the
anisotropy of dielectric permittivity of the CLC. It can take
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positive or negative values and, as a rule, is small. In the
optical range, its modulus is of order 1072-10~" [43].

It seems impossible to find a general solution of the sys-
tem of Egs. (7) in a closed form for arbitrary values of the
parameters. The solution of Egs. (7) describing the electro-
magnetic wave propagating along the CLC axis is given in
Refs. [52-54]. This solution cannot be immediately used for
description of radiation of twisted photons since their ampli-
tudes vanish at k; = 0. The other limiting case where the
solutions to Egs. (7) can be found is the isotropic medium,
i.e., 6¢ = 0. The perturbative solutions of the system (7) with
respect to 8¢ and n, := k, /ky were considered in many pa-
pers [29,38,43,55-61]. We will employ the approach based
on the shortwave approximation [32-34,36,39] allowing to
find the solution to Egs. (7) in the regions of the parameter
space where the perturbation theories with respect to n, or de
are not applicable. To wit, it was shown in Ref. [29] that the
perturbation theory with respect to n is valid when

K2 K>
=<1, = 1 ,
ko k() |k0 - 5]|
K> 8e2k2 82k2
_ L C0 w1, for 20 « 1
lko — qllko — 24| 2564> 164> ©)
K> Selky k2
b, Rl
2 16lgl k2
2]22
fi 0 > 1;
or 16q2 >

where it is assumed that |6¢] <« 1. As for the perturbation
theory with respect to 8¢, |6¢| < 1, it was found in Ref. [29]
that it is applicable in the parameter domain

Sek3

s &) '
4qk? (k3 — %)

<1, <1.  (10)

A4 . _ 2
4 8l—nJ_

In particular, for k3 >> ¢” the last condition in the system (10)
implies

Sek3
‘ T« (11)

4qk?

The left-hand side of this inequality grows in increasing the
photon energy.

III. SHORTWAVE APPROXIMATION

To obtain the approximate solutions to Egs. (7), we shall
use the standard procedure of the shortwave approxima-
tion for matrix equations (see, e.g., Refs. [32-34,38,39]). In
Refs. [35-38], this method was applied to description of prop-
agation of the electromagnetic waves in CLCs. Unfortunately,
in those papers, these solutions are not presented in the form
that is needed for construction of a quantum electromagnetic
field in the CLC plate of a finite width. In particular, the
explicit form of the coefficients of linear combination of so-
lutions to Eqgs. (7) that provide a joining with the solutions
of the Maxwell equations in a vacuum is not given in those
papers for arbitrary parameters of the electromagnetic wave.
Therefore, for the reader convenience and conformity of no-
tation, we derive these solutions in this section and construct

the quantum electromagnetic field in the CLC plate of a finite
width employing the procedure given in Refs. [27,29].

We seek for the solution of Egs. (7) in the form of the
asymptotic series in powers of 1/ky:

W(z) == [Zﬂ = M@)e® = k", (e D, (12)
- n=0

where S(z) is a scalar function of the first degree of ho-
mogeneity with respect to kg. Notice that the matrix K is
of zero homogeneity degree with respect to ky and V is of
second degree. Substituting the expansion (12) into Eqgs. (7)
and gathering the terms of the same homogeneity degree with
respect to ky, we arrive at the infinite chain of equations. The
first two equations are

[—(S')’K + V¥ =0,
[—(S’)ZK + VI, + ikoK(ZS’\IJ() +S8"Wy) =0. (13)

In fact, the first equation is the equation for the eigenvectors
corresponding to the zero eigenvalue of the matrix standing in
the square brackets. Requiring that this equation possesses a
nontrivial solution Wy(z), we find the semiclassical momenta
S’(z). Then taking into account that the matrix in the square
brackets in the second equation in the system (13) is Hermi-
tian, we multiply this equation by \IJg from the left. Separating
the real and imaginary parts in the equation obtained, we
arrive at

(S'WIKW,) =0, Im(W]KW)) = 0. (14)

As follows from the Fredholm theorem (see, e.g., Ref. [62],
Sec. VL5), these equations are the necessary and sufficient
conditions for solubility of the second equation in the sys-
tem (13). The first equation in the system (13) determines
Wy(z) up to multiplication by an arbitrary function of z.
Equations (14) remove this ambiguity. As a result, W((z) are
defined up to multiplication by a constant.

Consider the other eigenvectors of the matrix appearing in

the first equation in the system (13):
[—(SVK+VIW, =v¥,, W[ =0, (5

where v # 0. Then it follows from the second equation in the
system (13) that

iko [ K (28" ¥ + 5" Wy)] v
v vy,

1= L (16)

where we have taken into account that the system of Eqs. (13)
is two dimensional and suppose that

Yiw, =0. (17)

In what follows, we will consider only the leading con-
tribution to the expansion (12). This approximation proved
to be adequate for the study of optical properties of CLCs
with large pitch and is in a good agreement with the
experiments [37,38,63].

The shortwave approximation holds if

ko/lql > 1. (18)

Moreover, as long as we keep the terms proportional to de
entering into the potential V as the leading contributions, the
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more stringent condition should be satisfied

koldel/1ql > 1. 19)

Therefore, the semiclassical mode functions derived below
are not applicable in the limit §¢ — 0. However, as is seen
from the condition (11), the standard perturbation theory with
respect to d¢ is not valid in the region defined by the inequal-
ity (19). As far as the perturbation theory with respect to ni is
concerned, it follows from the third line of the system (9) that
it does not hold in the domain Eq. (19) provided

kol8eln® > 16|qle}/>. (20)

For high photon energies, the components of the permittivity
tensor behave as

eLko) =1 -l /ks, 1)

where w, | are the plasma frequencies. Hence, the condition
(19) is violated for very high energies of photons. In that
region of the parameter space, the perturbation theories with
respect to 8¢ and n? work well, or one can apply the short-
wave approximation regarding the terms proportional to d¢ in
Egs. (7) as small corrections.

The solutions of the form (12) have a clear physical inter-
pretation. The vector M(z) found perturbatively by means of
the above procedure determines the polarization of the wave
and possible small phase corrections to its components. The
Hamilton-Jacobi action [the eikonal S(z)] is responsible for
the common rapidly varying phase of the wave. The general
solution provided by this approach is a linear combination
of the waves with different, in general, vectors M(z) and
Hamilton-Jacobi actions S(z).

Applying the above general formulas to Egs. (7), we obtain
the four linear independent solutions: the direct ordinary wave

o :ti]%eilzgz:tié

a, = — —
J2s(B — K2 cos? )

k, sin fe'sz

I — _ .
\/2k3 (k(% - ki cos? 9)
the reflected ordinary wave
al) = +ikyeikztid |
\/2123 (k3 — k3 cos?0)
A k, sin ée*”}_zz
Agl) _ 1 | )

J25(8 — & cos?d)

the direct extraordinary wave arising from birefringence
ina CLC

k2 cos 0 + ik} sin O

FON Si5@)
= DI2(F2 _ 12 co? ’
VPR (R — K2 cos? )
@ 3
Agz) _ k3"ky cosf eis(é), (24)

KPR (R — K2 cos? 0)

where

kY = \/(1 + 8¢)k3 + Sek? sin® 0,
— ];3 - —(SSki
SO) =1+8—E(0;,—————— ), 25
@ q < (14 8¢)k3 (25)
and the reflected extraordinary wave
e k2 cos O + ik} sin§

P = efiS(é)
JAPR(R — K2 cos? )

i K7k, cosf

= = eSO, (26)
VPR (R — K2 cos? )

‘We have introduce the standard notation,

1
E(0; ) :=/ dxv'1 — ssin® x, (27)
0

for the incomplete elliptic integral of the second kind. In
calculating the third component, Az, Eq. (5) has been used,
where, within the accuracy we work, one should take into
account only the leading in k;’ ! term stemming from the action
of 93 on the fast oscillating exponent. The solutions for the
reflected waves Eqs. (23) and (26) can be obtained from the
solutions (22) and (24) by using the symmetry,

a+(z) — a3.(2), (28)

of Eq. (7).

In the paraxial regime when the component A3 can be
neglected, the polarizations of the ordinary and extraordi-
nary waves are linear. In the case of the ordinary direct
and reflected waves, the plane of linear polarization lies at
an angle of

¢ =qz (29)

to the axis 1. As for the plane of linear polarization of
the direct and reflected extraordinary waves, this angle is
written as

¢ = ¢ + arg (k3 cos 8 + ikg sin8) ~ gz. (30)

In other words, the polarizations vectors of these waves are
directed along 7(2).

Notice that the expressions for the mode functions A(+?
and A2 agree with the symmetry property mentioned in
Sec. 5D of Ref. [27] devoted to helical media, the particular
case of which the cholesterics are. Namely, on performing the
Fourier transform with respect to ¢ = argk,, as in passing
from the mode functions of plane-wave photons to the twisted
ones in formula (58), the resulting mode functions have the
form given in formulas (129) and (131) of Ref. [27]. This is
a consequence of the fact that the dependence of the mode
function (22), (23), (24), and (26) on z is gathered into the
combination = gz — ¢ up to a constant phase factor at the
given mode. However, as we shall see further, this property is
violated by the presence of interfaces of the CLC plate which
spoil the helical symmetry of the system.

The Hamilton-Jacobi action S(6) for the extraordinary
wave (25) is convenient to split into the linear in # part and
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the periodic one, §(8), with the period 7:
SO) =: p3f/q+ 50), 3D

where the quasimomentum

2 - —8ek?
p3=_«/1+58k3E<( L
T

m), E(X) = E(Tr/2,x)

(32)

It is assumed for the extraordinary waves that the radicand of
kgz) is nonnegative for any 6, i.e., there are no turning points.
The presence of turning points means that there exist bound
states of photons in the CLC arising due to total internal reflec-
tion. In the papers [37,51,65,66], these states were thoroughly
investigated and it was shown that they leak from the CLC
plate only in the case when min(e |, &) < 1. In what follows,
we will consider such values of the momentum k of radiated
photons that the turning points are not realized.

Consider the CLC plate in a vacuum. This slab is perpen-
dicular to the axis z with the width L = &N, /g, where N, is
the number of periods of the CLC helix. Then we have to join
the solutions (2) of the Maxwell equations in the CLC plate
with the free waves in a vacuum using the standard boundary
conditions at z = 0 and z = —L:

[Pi]m0 = [P+].——L =0,
[£i(33P+ — 0+ DP3)];—0 = [Fi(03P+ — 3+ P3)].— L = 0.
(33)

For z > 0, the moge function ®(s, k; x) of the quantum elec-
tromagnetic field A(x) reads

® (s, k;x) = £(s, ke Hox"+kx, (34)

C
A 2koV

where the polarization vector of the plane-wave photon with
helicity s is written as

f(s,k) = (cos<pcos9 — issin @, sin ¢ cos 6 + is cos @,
— sin@)/ﬁ,

in the Cartesian basis. In the CLC plate, the mode function is
given by the linear combination

sinf :=k,/kp=n,, (35)

P(s,k;x) =

C
oy A
0

4 VzA(z) 4 IIA(I) 4 le(z))e_ikoxo-Heri, (36)

where C, r1,2,~and l;» are some constants and the components
of A2 and A1-? are given in formulas (22), (23), (24), and
(26). For z < —L, the mode function becomes

C )
®(s, k;x) = W[(dJrﬁJr +d_f_ )"
0

+ (hof + h_f__)e k3)e ko tikixL (37
where
fﬂ7 = f(S, kl,O'k3), o = =I. (38)

The general formulas for the joining coefficients are given
in Appendix A.

The final expression for the mode function ®(s, k;x)
should be normalized. This specifies the normalization con-
stant C. The normalization condition gives rise to (see for
details Sec. 5A of Ref. [27])

2 2 2y—1

ICP? = (ds > + 1d_ )" (39)

It is convenient to write the normalization constant in the form
ICI72 = v + [vye ikatpl ) p=2iksL

Fvge 2l oy iBmrIl e, (40)

The exact expressions for the coefficients vy, k = 0, 4, and the
joining coefficients r| 5 and /; , are rather cumbersome and are
given in Appendix B. In the paraxial approximation, n} < 1,
the expressions are greatly simplified (see Appendix C). We
shall show below that it is in the paraxial regime where the
radiation from a charged particle moving along the z axis is a
pure source of twisted photons.

Having obtained the mode functions, the quantum electro-
magnetic field A(x) and quantum electrodynamics (QED) in a
medium are constructed in the standard way as it is described
in Refs. [27,29,67]. The quantum electromagnetic field in the
interaction picture is written as

Ax) = Z / vdk & (s, k;x)als, K)+ Z ®,(x)a, + He.,

3
s==1 (27T)
41
where &, at denote the creation-annihilation operators
27)3 N
(a5, K0, 8", K01 = S5, 8k = K), [, )] = up.

(42)

The second term on the right-hand side of formula (41) de-
scribes the contribution of bound states with n; > 1. This
term can be omitted in the analysis of radiation detected out
of the CLC plate. The explicit expression for the quantum
electromagnetic field allows one to find the probabilities of
various QED processes evolving in the CLC slab or near it by
employing the standard techniques of QED. In particular, the
average number of plane-wave and twisted photons radiated
by charged point particles moving along arbitrary trajectories
can easily be found [18,27] and the formalism developed in
the papers [31,64] can be applied. Of course, by using the
quantum electromagnetic current one can find the probabili-
ties of other processes involving, for example, Dirac particles
[26,68—71] or atomic and nuclear phototransitions [72-76].

IV. RADIATION OF PLANE-WAVE PHOTONS

The peculiarity of the periodic structure of CLCs is re-
vealed in the VC [29,55-60] and transition [29,61] radiations.
As for any periodic dispersive medium, several Cherenkov
cones are produced by a charged particle passing through
a CLC plate [43,58,77,78]. Because of the constructive in-
terference of electromagnetic waves produced by a charged
particle, this radiation possesses the harmonics in energy and
has larger intensity at these harmonics than in the case of a
homogeneous medium.

We begin with the description of plane-wave photons cre-
ated by a classical current of the charged particle with the
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charge Ze moving uniformly and rectilinearly. The trajectory

of such a particle reads
xozl, X = ft. (43)

The average number of plane-wave photons radiated by
a charged particle during an infinite interval of time is
written as [27,67,78-80]

dP(s, k) = Z%¢*

oo 2
) Vdk
—ikox°(t) ¢ .
/;Oodte ' O%(t) - (s, K; x(2)) e

The expression on the right-hand side of formula (44) also
enters into the probability to detect a photon with the quantum
numbers (s, K) (see the details in Refs. [18,27,81]). The ex-
pression under the modulus sign, which is proportional to the
one-particle transition amplitude, splits into the sum of several
terms: the edge radiation from the part of the trajectory z > O,

C  iBf(s,k)
V2V ko(1 —m - B)’

(45)

(44) the transition radiation from the part of the trajectory z < —L,
J
iC |:ﬁ (Eidy fJF*d*)eiko(l—“ﬂ)L/ﬁz 4 B-(E i hy+f h) eiko(l—ﬂrﬂr‘rﬂsﬂs)L/ﬂ{I. (46)
V2k)V ko(1 —n - B) ko(1 =my - B, + n3p3) '
the transition radiation from the periodic permittivity in the CLC plate
C -« { s\ - Ban.
—i2n+1)¢ (1)
Z € (P(xn )}"1 <_> [ﬂ—cn - ﬂ+cn+1 - — (Cn - Cn+1)]
A/ 2](0‘/ H=—o00 Sk() ns
(X D), eip3¢ld n\ - _ n - s s
R (Bidnir + B-dn) = == (Bidy + Bdnyr) = f3ni(dn + dnyr)
~(1) 3 2 e Bany
+ o, Dh| —— [,chn = BiCnt1 + ——(cn — Cn+1)]
Sko ns
(D) emirsla n\ - _ n o _ ~ ~
—_t - - = d_,_ _d_,) — = (B+d_ —d_,— d_,+d_,_ , 47
(82 ko) 72 gL 5 (B+d—p—1 + B-d_»n) > (B+d—n + B 1)+ Bsni(d-n + 1) 47)

where B1 := Bre™, B = |B4|, and
p(x) = 2me TN gy, (x),
Besides,
2= ko(1 = fisps — L - By) — gBs(2n+ 1),
2V = ko(1 +7i3fs —mL - BL) — gBs2n + 1),
ii3 := ks /ko,

N, (x) = ———,

Sin(TuNux/z) Tu = JT/(LI/gS)~ (48)

X
X = ko(1 - ﬁ§2)ﬂ3 —ny-B)—gB2n+1),
2 = ko(1 4+ 7885 —ny - B1) — gBs2n+ 1), (49)

iy = ps/ko.

To obtain expression (47), we have expanded the periodic part of the integrand of formula (44) in a Fourier series and introduced

the notation for the Fourier coefficients

_Q@ln - DN

/n dx 872inx
Cp = — =
—x 27 (g1 — n3 cos?x)1/2 gi/2|n|!

672inx+iS(x)

2

Inl

n

ﬁ) F(lnl+ 1/2, |n] + 1/2;2|n] + 1307 Je1),
1

g e /” dx
" e 27 (g — 2 (1 + Se cos? x)) /4 (e — n? cos?x)l/2’

d~ R /ﬂ ﬂ872inx+i§(x) (8H - l’li(l + de cos2x))1/4

g 2 (g1 — n3 cos?x)!/?

(50)

The integral defining the coefficients ¢, can be found in Ref. [82]. In the expression on the last line of formula (47), we have

used the oddness of the function S(8).

In the paraxial limit, the last two integrals in formula (50) are readily evaluated. Namely, if the following estimates are

satisfied,
1/2 2
&' ko (n? 8¢
2 I L
1, — = 1, 51
ny < 327 ( o ) < (5D
then
_ ks _ —nﬁ_&s —nf_&s kin e . _
S@)=+1+68s—|E|(0;——— | — —E A — 26). 52
©) * 8q|: < (1 + o) (1 + o) 8qe 2 ) 62
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Therefore, we have

kin,ée kiyn,ée
~ oA —1/2 L7 r glAem1/2 1ny
dn ~ 6‘“ 8L an —1/2 s d SH L J, —1/2 (53)
8qg, 8gg
Furthermore, in the leading order in n, , we obtain
Qla| — D! !
Cp N —1/2 81_ . (54)

For n; — 0, the coefficients of the Fourier series ¢,, d,, and d, are proportional to §,0. In that case, the series over n in

expression (47) is terminated.

We shall be interested further in the case N, > 1. Then the modulus of the function ¢(x) possesses a sharp maximum at
x = 0. Therefore, squaring the modulus of the one-particle amplitude, one can neglect the contributions of the edge radiation
described by formulas (45), (46), and of the interference terms resulting from the product of the terms in formula (47) standing

at ¢(x) with different arguments. Hence,

dk &
dP(s,K) ~ |ZeC| —— { () |2
n=—00

327k

2
+ 81%, (x ) 2]

e1ko

=2
+ 8y, (%")1n P

,3
— Bicn +

|1 |?

e1ko

()

The energy spectrum of radiation is found from the re-
quirement that the argument of 81%,14 (x) vanishes. As a result,
formulas (49) imply the following four spectral series:

ko = gBs2n+1) ’ __ 4BCn+ D ’
l—n,-B, —n3ps l—ng B, +73fs

ko = gBs(2n+1) qB3(2n+1)
l—ny-B, —aPBs 1—n B+

(56)

where n € Z and ko > 0. In the case of CLC with small
electric susceptibility, xj 1 := ¢, — 1, in the paraxial ap-
proximation, the approximate radiation spectrum produced

by an ultrarelativistic particle, y > 1, B, < 1, takes a
simple form
ko = 2gy22n+1) _ q2n+1)
1+ (B, —ny)?y?— xiy?’ 24 x1/2
ko = 2gy*2n+1) ’ _ q(2n + 1)’ 57)
14+ (B —ny)y? = xv? 24+ x/2

As is seen from inequalities (18), (19), the shortwave approxi-
mation is not applicable for description of radiation induced
by the quantum field modes corresponding to the reflected
waves (23) and (26) when the harmonic number # is small.
For xj.1y? > 1, there are values of n, such that the de-
nominator in Eq. (56) for the spectrum of radiation induced
by the direct ordinary and extraordinary waves is negative. In
that case, g(2n + 1) must be negative. In the opposite case,
the quantity g(2n + 1) must be positive. Notice that all the
above formulas and properties are valid for both right-handed,
q > 0, and left-handed, g < 0, CLCs. The schematic repre-

B+Cn+1 -

2 2
<€J_ - %)(B+dn+l + B*dn) - %(Bern + B*dr&l) - ,33nJ_(&n + Jn+1)
(Cn — Cns1)

n\ - _
<5L - 7>(ﬁ+dn1 + p-d_,) —

2
ﬁ3n¢

(cn — Cpy1)

2

2

2

2
%(Berfn + B*dfnfl) + ﬁSnL(dtfn + d;nfl) } (55)

(

sentation of the possible experimental setup for observation
of the created radiation is given in Fig. 1. The plots of the
average number of plane-wave photons produced by the ura-
nium nuclei and electrons crossing normally the CLC plate
are presented in Fig. 2.

V. RADIATION OF TWISTED PHOTONS

Inasmuch as the translations in the plane (x, y) are a sym-
metry of the CLC permittivity, it was useful to start our

Beam
N

r.m

Ay

Detector

Cholesteric

FIG. 1. The scheme of the experimental setup. The beam of
charged particles falls normally onto the CLC plate and then passes
through the perforated mirror. The transition radiation created in
the CLC plate is reflected by this mirror and is brought out to the
detector. The second mirror is placed parallel to the first one so
that the spectrum of radiation over m is preserved. Notice that the
CLC is depicted only schematically. Actually, CLCs possess neither
sublayers nor periodic stricture in these sublayers.
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FIG. 2. The average number of plane-wave photons, dP/dkydk, , produced in transition radiation by charged particles traversing normally
the cholesteric plate. The shortwave approximation is used. The helicity of radiated photons is denoted as s and n; = k, /ky. The waviness of
the plots reflects the presence of resonances in the photon spectrum of the CLC plate. The insets on the plots represent the distribution over
n, at the maximum of radiation intensity. Upper plots: Transition radiation from the ions 2*¥J%** with the Lorentz factor y = 2 [49]. The plot
(a) is for s = 1 and the plot (b) is for s = —1. The width of the CLC plate L = 150 pm, the number of periods N, = 40, and the components
of the permittivity tensor are &, = 2.1 and g, = 2.49 (see, e.g., Ref. [50]). The parameter of applicability of the shortwave approximation
standing on the left-hand side of inequality (19) is 6.6 at the maximum of radiation intensity. Notice that the perturbation theories with respect
to k; and Se are not valid for these parameters. The maxima of the corresponding applicability parameters—the expressions on the left-hand
sides of (9) and (10)—are 3.5 and 4.2, respectively. Lower plots: Transition radiation from electrons with the Lorentz factor y = 235. The plot
(c) is for s = 1 and the plot (d) is for s = —1. The width of the CLC plate L = 40 pm, the number of periods N, = 40, and the components
of the permittivity tensor are &, = 1 — @7 /(3k3) and & = 1 — w} /k; with w, = 21 eV (see for details Ref. [51]). The parameter (19) is 0.89
at the maximum of radiation intensity. Therefore, the shortwave approximation describes radiation only qualitatively. The perturbation theory
with respect to 8¢ is not valid for these parameters since the maximum of the applicability parameters Eq. (10) is 2.3 x 10°. The perturbation
theory with respect to n; works well in this parameter domain. The maximum of the applicability parameters standing on the left-hand side of
inequalities (9) is 1.5 x 1073,

study with consideration of radiation of plane-wave photons. where the components of the mode functions of twisted pho-
Having obtained the one-particle radiation amplitude of plane- tons are [4,11,12,18]

wave photons, it is not difficult to find the radiation amplitude

of twisted photons. To this aim, one needs to take a linear 1 ki \*"? imargx,
combination of radiation amplitudes of plane-wave photons Vas.m. ks, kpix) = VRL. (2_]%> Tkl ])e ’

as in Refs. [4,11,12]. The expansion of the plane-wave photon "
wave function in terms of the twisted ones reads Vs, m, ks, ki3X) = skl—:lik% (s,m=+1, ks, ki ;%)
0 T K3
(59
f(s, k)ek> _sin Qeksz . —imp The parameters V, R, and L, characterize the normalization
V2V T JkV re volume for the system at issue.
5\ To find the average number of twisted photons radiated
x /RL, <_) U(s, m, ks, ki;x), (58) by a charged particle traversing the CLC plate along the tra-
in¢ jectory (43), it is sufficient to expand the plane-wave photon

m=—00
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wave functions entering in formulas (45)—(47) in terms of the
twisted photon wave functions employing the relations (58).
As in the previous section, we shall be interested in the leading
contribution to radiation at N, >> 1. Besides, we suppose that
B, = 0 and the estimates (51) are valid, i.e., we work in the
paraxial approximation. In the paraxial regime, the projection
of the total angular momentum m of the twisted photon splits
into the spin part s and the projection of the orbital angular
momentum / =m — s [1].

J

Under the above assumptions, one can neglect the con-
tributions proportional to n7 in the normalization constant
(40) and use the approximate expressions (C6) for the join-
ing coefficients. Applying formula (58) to the expression on
the first line in the radiation amplitude (47), we deduce the
following contribution to the one-particle radiation ampli-
tude of a twisted photon with quantum numbers s, m, k3,
and &k :

SPC (nL>3/2 i ()8 (1 + 672 ) (60)
- 5 @ (X0 )Om, 2n+14s5 & Cn — Cnt1)-
4./RL, 2 =
The other terms in Eq. (47) are transformed in the same way. Introducing, for brevity, the notation
kin,é -
J, =1, (Lﬁ/ﬁ neZ, Jx):=0,ndZ, 61)
8qg
we derive the average number of radiated twisted photons
00 i 1+ 81/2)2 i
dP(s,m, ks, ky) =|ZepsC* ) [aﬁu M) mans14s(1+ &1 2 (en — cn1)* + 63, <x<2>>ﬁm_zn_,_s>/zT<dn +du)
n=—00 o
) _ A—g? _ _ (nddkdk,
+ 8% B8 2ns 145 (1 — €122 (cn — cap1)* + 83 (x<2>)f5m,2,1,1,5)/2T(dn + d,,ﬂﬂ et
£
(62)

where d, and ¢, have the form (53) and (54), and x{-?,
%12 are given by formulas (49) with B, = 0. The photon
energy spectrum has the same form as for plane-wave photons
and is described by formulas (56) and (57) but with 8, = 0.
Since d, and ¢, are proportional to 8, in the paraxial limit,
the main contribution to radiation comes from the harmonics
with n = {—1, 0}. Notice that the average number of radiated
twisted photons (62) summed over m is independent of s. This
reflects the fact that the radiation is linearly polarized in the
approximation we use.

As long as the photon energy given by the expressions (56)
and (57) must be positive, the quantity g(2n+ 1) > 0 for
radiated twisted photons corresponding to reflected waves.
Furthermore, in the ultrarelativistic limit, one can introduce
the standard notation for the Cherenkov cone opening

n\ <= /x.L—v2 (63)

for the direct ordinary and extraordinary waves. In that case,
if nY€ is imaginary or n; > nY<, then ¢(2n —l— 1) > 0 for the
photons radiated in this mode. If 0 < n; < nYC, then ¢(2n +
1) < 0. Hence, in the both cases, only one Value of n from
{—1, 0} is admissible for a given n . For nY J_ > 0, the one
value of n from {—1, 0} is realized at n, < nL , whereas the
other value of n is realized at n; > n\°.

As is seen from expression (62), the photon radiated by
a charged particle due to ordinary waves obeys the selection
rule

l:=m—s=2n+1. (64)

(

This selection rule forbids the radiation of twisted photons
with even values of / by a charged particle traversing normally
a CLC plate. Moreover, taking into account that the har-
monics with n = {—1, 0} dominate, the twisted photons with
| = %1 are mostly radiated. The twisted photons radiated at
a given harmonic are linearly polarized and possess the OAM
projection /.

It also follows from the above analysis of the spectrum
that the handedness of the CLC helix determines the sign
of the OAM projection of radiated twisted photons. The sign
flip of the CLC helix chirality changes the sign of the OAM
projection of radiated photons provided other parameters are
not varied. Moreover, if the harmonic of the direct radiation
lies inside of the Cherenkov cone (63), then g/ < 0O (see
Fig. 3). If the harmonic of the direct radiation is outside of
the Cherenkov cone, then g/ > 0 (see Figs. 4, 5, and 6). This
inversion of the sign of the orbital angular momentum of
radiated photons is analogous to the sign flip of / due to the
anomalous Doppler effect in undulators filled with dispersive
medium [20]. The same properties are inherent to twisted
photons radiated by a charged particle due to extraordinary
waves when

kin,|e|

8lqle,

i.e., in the paraxial regime.

Recall that there is the selection rule [ = —s for twisted
photons produced by transition and VC radiations from
a classical charged particle crossing a plate made of an
isotropic homogeneous dielectric [27,28]. To observe the
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FIG. 3. The average number of twisted photons, dP/dkydk, , produced in transition radiation from the ions 23¥U°** traversing normally
the cholesteric plate. The shortwave approximation is used. The projection of the total angular momentum is denoted as m. The insets on
the plots represent the distributions over m and n,; at the maximum of radiation intensity. The parameters are the same as in Fig. 2. The
contributions with s = 1 and s = —1 are almost the same indicating that the radiation polarization is linear. Upper plots: Transition radiation
from the single ion 2*®U°**. The plot (a) is for s = 1 and the plot (b) is for s = —1. The selection rule (64) is fulfilled for n = —1. The negative
radiation harmonic is realized because n, is inside of the Cherenkov cone (63). Lower plots: Transition radiation from the Gaussian beam of
N = 10° ions with transverse and longitudinal dimensions ¢, = 1 um and o3 = 125 wum, respectively. The plot (c) is for s = 1 and the plot
(d) is for s = —1. As expected [31,64], the distribution over m becomes much wider than for the radiation from a single ion since k; oy > 1.
Nevertheless, the projection of the total angular momentum per photon, ¢, is the same as for the one-particle radiation.

twisted photons in those radiations, it is necessary to install
a homogeneous circular polarizer selecting the photons with
definite helicity. In the case of a CLC plate, such a polarizer is
unnecessary. This becomes especially important for the hard
twisted photons as long as it is difficult to select the photons
with definite helicity in this spectral range.

VI. CONCLUSION

Let us summarize the results. We constructed the quan-
tum theory of radiation of plane-wave and twisted photons
from classical charged particles traversing a CLC plate.
Investigations in this field are conducted for many years
[29,43,55-60]. However, these studies were mainly based on
the two wave approximation or on the perturbation theory with
resect to the anisotropy of the permittivity tensor or on the
paraxial approximation. In the present paper, we investigated
the radiation of twisted and plane-wave photons in the short-
wave approximation for which kg > ¢, the observation angles
are arbitrary and d¢ can be large.

The shortwave approximation was already used to describe
the propagation of electromagnetic waves in liquid crystals
[35-38]. This method showed a good agreement with experi-
mental data in the range of its applicability. Employing this
method, we obtained the explicit expressions for the mode
functions taking into account the boundary conditions on the
interfaces of the CLC plate for arbitrary parameters of the
radiated photon where the shortwave approximation is valid.
This allowed us to construct the operator of a quantum electro-
magnetic field in the CLC plate. The derived mode functions
can also be used for investigation of optical properties of the
CLC plate of a finite width and for description of radiation
produced by charged particles moving in CLCs along trajec-
tories of a general form.

Having the operator of a quantum electromagnetic field
at hand, the explicit expressions for the average numbers of
plane-wave, formula (55), and twisted, formula (62), photons
were deduced by the standard means [27,29,80]. As expected,
the radiation generated by a charged particle moving uni-
formly and rectilinearly possesses the harmonics in energy of
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FIG. 4. The average number of twisted photons, dP/dkodk,, produced in transition radiation from electrons traversing normally the
cholesteric plate. The shortwave approximation is used. The insets on the plots represent the distributions over m and n, at the maximum
of radiation intensity. The parameters are the same as in Fig. 2. Upper plots: Transition radiation from the single electron. The plot (a) is for
s = 1 and the plot (b) is for s = —1. The selection rule (64) is fulfilled for » = 1 with good accuracy. The contributions with s = 1 and s = —1
are of the same order of magnitude and so the radiation polarization is close to linear. Lower plots: Transition radiation from the Gaussian beam
of N = 10’ electrons with transverse and longitudinal dimensions ¢, = 1 um and o3 = 125 um, respectively. The plot (c) is for s = 1 and the
plot (d) is for s = —1. The distribution over m becomes wider than for the radiation from a single electron since k, o, >> 1. The projection of
the total angular momentum per photon, ¢, and the projection of the orbital angular momentum per photon are the same as for the one-particle

radiation.

radiated photons described by formulas (56). In virtue of
anisotropy of the CLC permittivity tensor and of the finite
width of the plate, there are four series of harmonics induced
by the direct ordinary and extraordinary waves and their re-
flected counterparts. The shortwave approximation proved to
be not applicable for description of photon radiation corre-
sponding to reflected waves at low harmonics. One needs
to resort to other methods [29] for a correct description of
radiation at these harmonics. Nevertheless the shortwave ap-
proximation gives a rather good qualitative description even
in the parameter domain where it is poorly applicable (see
Fig. 5).

We analyzed the radiation spectrum with respect to the
projection of the total and orbital angular momenta at the
given harmonics. It turns out that, in the paraxial regime,
there is the selection rule [ = 2n + 1, where [ is the OAM
projection of a radiated twisted photon and n € Z is the
harmonic number. In other words, the system at issue is a
pure source of twisted photons. Since the pitch of the CLC
helix can be changed easily by varying the temperature, the

external electromagnetic field, and the composition of CLC,
this source allows one to change quickly the energy of radiated
twisted photons in a wide spectral range. In the shortwave
approximation, the twisted photons radiated from a classical
charged particle traversing normally the CLC plate possess a
linear polarization. The peculiar form of the CLC permittivity
tensor gives rise to generation of twisted photons mainly with
| = £1 in the paraxial regime at the harmonics n = {—1, 0}
(see Figs. 3,4, 5, and 6). The radiation at the higher harmonics
is suppressed. The radiation harmonics corresponding to n
with larger absolute value can be amplified by making use
of the coherent radiation of microbunched beams of electrons
adjusted to such a frequency of photon radiation. Nowadays,
there are created the electron bunch trains with distinguishable
harmonics of coherent radiation in the X-ray range [83,84].
Furthermore, the distribution of radiation of twisted pho-
tons with respect to m can be shifted by the number of the
harmonic of coherent radiation [31] if one uses the coher-
ent radiation from helically microbunched beams of charged
particles [30].
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FIG. 5. The same as on the lower plots in Fig. 2 and on the upper plots in Fig. 4 but the paraxial approximation is employed [29]. The
insets on the plots represent the distributions over m and n, at the maximum of radiation intensity. For the parameters taken, the paraxial
approximation is applicable (the smallness parameter following from inequalities (9) is 2.1 x 1073) whereas the shortwave approximation [the
parameter (19) is 1.7] and the perturbation theory with respect to ¢ (the smallness parameter following from inequalities (10) is 3.2 x 10%) are
not. Despite this fact we see that the shortwave approximation describes the distributions with respect to m and n, quite well. The distributions
over ko agree only qualitatively. The selection rule (64) holds for both the approximations. Upper plots: Transition radiation of plane-wave
photons. The plot (a) is for s = 1 and the plot (b) is for s = —1. Lower plots: Transition radiation of twisted photons. The plot (c) is for s = 1

and the plot (d) is for s = —1.

In comparison with transition radiation from charged par-
ticles crossing the plate made of an isotropic homogeneous
dielectric or an ideal conductor where the OAM projection
| = —s, in the case of the CLC plate [ does not depend
on the photon polarization. This allows one to simplify the
experimental scheme proposed in Ref. [28] to observe the
twisted photons in transition and VC radiations. One needs
no a homogeneous circular polarizer in the case of a CLC
plate. The source of twisted photons based on the transition
radiation from a CLC plate can be used to rotate the micro-
and nano-objects in physics, chemistry, and biology and also
to excite the nondipole transitions in atoms [72-75] and
nuclei [4,76].
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APPENDIX A: GENERAL FORMULAS FOR THE JOINING
COEFFICIENTS

Let us find the joining coefficients for the mode functions
(34), (36), and (37) and the normalization factor. The joining
coefficients are obtained from the boundary conditions (33).
In evaluating the derivatives of the semiclassical mode func-
tions (22), (23), (24), and (26), one has to take into account
only the leading contributions in powers of k; !, These contri-
butions come from the derivatives acting on the fast oscillating
exponent. It is useful to write the corresponding conditions as

the matrix equation
aep | _ |1 8
a (ol

al =(dy,d_,hi, h).

U 0
|:UT —U,T’ (Al)

where

aly = (r1,m, I, b), (A2)
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FIG. 6. The average number of twisted photons, dP/dkodk,, produced in transition radiation from electrons traversing normally the
cholesteric plate. The paraxial approximation is used [29]. The insets on the plots represent the distributions over m and n, at the maximum
of radiation intensity. The width of the CLC plate L = 20 um, the number of periods &, = 25, and the components of the permittivity tensor
are £, = 1 —w}/(3ky) and &) = 1 — w} /k; with w, = 21 eV. The parameter (19) is 1.3 at the maximum of radiation intensity and so the
shortwave approximation does not work well. In particular, we see that the radiation at the harmonic is not linearly polarized. The perturbation
theory with respect to 8¢ is also not valid for these parameters. The maximum of the applicability parameters (10) is 2.5 x 10?. The maximum
of the parameters (9) controlling the applicability of the perturbation theory with respect to n; is 2.0 x 1072, Upper plots: Transition radiation
from a single electron. The plot (a) is for s = 1 and the plot (b) is for s = —1. The selection rule (64) is fulfilled for n = 1. Lower plots:
Transition radiation from the Gaussian beam of N = 10° electrons with transverse and longitudinal dimensions 0, = 1 wm and o3 = 125 um,
respectively. The plot (c) is for s = 1 and the plot (d) is for s = —1. The distribution over m becomes wider than for the radiation from a single
electron since k; 0, > 1. The projection of the total angular momentum per photon, ¢, and the projection of the orbital angular momentum

per photon are the same as for the one-particle radiation.

Besides,

T = diag(e_lk3L, e—lng’ elk3L, el[)3L)’

cosf —1 cosf +1 —cosf —1 —cosf +1
1 cosf + 1 cosf — 1 —cosf + 1 —cosf — 1
Uo = V2 | ko1 —cosB)  ko(1+cos®) ko(14cosf) ko(1—cosb) |’
ko(1 +cos0)  ko(1 —cosf) ko(1 —cosB) ko(l+ cosh)
U, U al? 4@
- [U; Uz], Uy = [aa) W ve=uva|
Uy = —iK93, Uy, Uy = —iKd,Up = —Uy ,
gT = [cos9 —s,c0860 + 5, ko(1 — scosB), ky(1 +scos9)]/\/§,
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where ag’z) and ag*” are the solutions (22), (23), (24), and (26). In the expressions for the components of the matrix U, all the

functions of z are taken at z = 0. Explicitly,

T 1 k2 1 1 2 2 k2 2 2
ks[aﬁr)+2—,§§(aﬁr)+a(_))] kﬁ)[ai)—kﬁ(ai)—i—a(_))]

Uz _ B > (A4)
ks [a(_l) + ;—é(a(_l) + aﬁrl))] K [a(_z) + ;—é(a(_z) + af))]
Then we have
agp, =U""g, a = (T 'U;y'UTU g, (A5)

for the solution of Eq. (Al).

Despite the fact that we work in the shortwave approximation, the solution Eq. (A5) obeys exactly the unitarity relation (see
for details Appendix A in Ref. [29]):

L4 Ay P+ b = |dy | + 1d_|. (A6)
This allows one to write the normalization constant in the form (see the details in Sec. 5A of Ref. [27])
ICI* =201 +aja)™" = (|d+* + |d_|2)“. (A7)

APPENDIX B: EXPLICIT EXPRESSIONS FOR THE JOINING COEFFICIENTS

The exact expressions for the joining coefficients a.;, defined in formula (A2) can be cast into the form

k _ i3(z> + 1) — (22 — 1)(71i3 cos O + sin® 6
20 (5 + cos ) 3(2; ) — (25 13( 3 )’
gL —n3 cos? g 47y 7

. ko i5-9) (22 + D7 + enf cos8) — e, (z2 — D(n + cosO)
2 = - 5 A5 b
g1 —n? cos? ¢ 4¢P (D)2
ko

. _ ﬁ3(ZS2+ 1)—(13— 1)(7i3 cos @ — sin” 6)
Iy =is ﬁ(m —cosf) 7
€1 — n7 cos? @ 4nllz,

b ko #iSC-0) (22 + D@3 — 8Ln§2) cosh) + e, (22 — 1)(n§2) —cos6)
2= )
£1 —ni cos’ g 4e' 2 (012,

where 7i3 := k3 /ko and ngz) = kéz) /ko. The exact expressions for the coefficients v, k = 0, 4, entering the normalization
constant (40) are

vo = [8A3(nP)2(1 — n2)e? (46,22 — i (22 + 1)) et @) R3[4 — w2 (2 +1)°]
+ [ (42 +nd (2= 1)) =262 @+ D+t + 1)
+ 62 (1) [e4 (422 + 12 (22 = 1)) = 867 [nh (2 — 12 + 203 (€ + 142% + 22) — 247
+ et [6nS(zf — 1)* 4+ nt (1328 + 12420 + 414z} + 12427 + 13) — 8n7 22 (132} + 50z + 13) + 162] ]

r1=is

(BI)

’

— 26,03 [n4 (2 + 1)* (132 + 5822 + 13) — 42 (2 + 1) (c* + 1822 + 1) — 162%]
+ 148 (22 + 1) =805 (2 + 1) (e + 52 + 1) + 16n% 2]}, (B2)

4 (4 _ 1) (7 2)
y = - XJ_nJ_(Zs )(n3 + 81_”3 ) — [Si(l _ ni)(zbz _ 1)2 _ ﬁS(ZAZ + 1)2
8i3ny” (1 — n? )ey (42261 —n2 (22 +1)°) (B3)

+ ok (2 = 1)(s + e0n?) + inPe 1 (422 — k(2 + 1)),

x4+ eind (7 = P = 2 (zf — 1)][42575 + eand (35 — 1)°]

” : (B4)
16/2(1 — 2 ) (4226, — 2 (22 +1)7)°
o [HE ) R () (2 - @ 1) — e (=) (E = 1))
-
16(n§2))2(1 —n?)et (4226, —n? (2 + 1)2)2
) [+ 1) = A0 - @ 1) — =& - 1) e )L ®9)
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2 @
xun (iz — e ns )@ —1) ., o
- n3\z +1 & n n —n
8iiny (1 — n? ey (42261 —n? (22 + 1)2)2[ o ) (ening 3)
— xund (&} = 1) (s — en?) — dinPe 22 + (1—n?) (22— 1)%3 ], (B6)

where, for brevity, we denote z; := €% As is seen, the dependence of v on s and ¢ is gathered into the combination s¢.

APPENDIX C: PARAXIAL APPROXIMATION
In the leading order in ni, the solutions (22)—(24) are written as follows: the direct ordinary wave,

(1) kJ_ Siné

(1) :np \—1/2 jiksz+if tsz.
ay’ = *xi(2ko) e s A3 (2]{3)1/2 ; ((&3))]

the reflected ordinary wave,

kisin ;.

~(1) _ 4 +n7 \—1/2 —iksz+i0 A zZ.
ay’ = *xi(2ko) e , Ay = (2E8)1/2 ; (C2)
the direct extraordinary wave,
o ko 81/2 2
af) — (2]{08‘1‘/2) / PO A(32) =k, cose( 2kH ) PAIOR (C3)
0
the reflected extraordinary wave,
o ko 81/2 172 B
~ -1/2 _; ; .
a? = (2k08|1|/2) 12 mis@id A(Z) =k cos@( 21{“4 ) e 5O, (C4)
0

Notice that we do not develop the arguments of the fast oscillating exponents as a series in n; and neglect the small terms only
in the preexponential factors. To discard the contributions proportional to ni in the fast oscillating exponents, the more stringent
conditions for large L must be satisfied,
e ko’ L <1, T+ 8ee] ko’ L < 1, (C5)
and not just n? < 1.
The exact expressions for r; », [} » are presented in formula (B1). In the paraxial approximation, neglecting the contributions
of the order of n% and higher, we obtain

1/2 l/2
[k g2 1 ko & +1 o
ry =18 1/2—, I = ]/2 — e s
EL 225 H 215

12 12 (C6)
I, =is ko :, I, = ko __eise(p).

We see that the coefficients at the reflected waves are proportional to x,  and, as a rule, are small. In the paraxial regime, the
coefficients specifying the normalization constant (40) become

2
n de 2.2 2 4 2 2
vo=1(12+e +e +o+e) - W[(sm —ep = xjen/2) (5 + 1) = (e — Dewz],
. . (81/2 1/2)(61/2 1/2+1)
v =npxi —1) 64726172 3/2 ’
ol
2 2,2
X nyx 1/2 172
L 64222 (e —ef" Dz eate P 1]
2 2
X n
V3 = — I =+ LXI {( ‘1‘/2 1)[({;"1'/2 —+ 1)(8“ + 81_) + 28ﬁ/2XL]Z? - 2(8“ + 1)(8” - EJ_)Z?

32e;  128ete, 2
+ ()2 + D[(g)? = D(ey + 1) + 26, x1 ]}
12 1/2 12 1)2
( +e/7)(e & €L —1)
64z2¢ %1

vy =nlx1(z} — 1) , (C7)
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Notice that the second term in vy and the expressions for v, k = 1, 4, are of order Xi. I i.e., they are small. The terms proportional

2
to n’ are suppressed even stronger.
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