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Transition radiation of a modulated electron beam in plasma with randomly distributed conductive dust particles is
studied theoretically. The problem is treated for the simplest geometry, i.e. thin electron beam of limited length is
injected into cold isotropic unbounded plasma. Dust particles are considered to be ideal conductive spheres with the
sizes of the order of Debye length. In this case the appearance of transition radioemission is a result of diffraction
scattering of electromagnetic field of electron beam on the dust particles. The solution for scattering of a single plane

wave from the spectrum of beam’s electromagnetic field on a single dust particle is derived.
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1. INTRODUCTION

The use of Mie scattering induced by the laser light
illumination is the elementary and typical method for the
detection of dust particles. Nowadays the development of
new diagnostic methods for dusty plasma is widely
discussed [1].

It is also well-known the investigations of influence
of beam-excited electromagnetic radiation on the
background plasma caused by injection of a modulated
electron beam [2]. The transition radiation of the
modulated electron beam on plasma fluctuations induced
by dust grains is one of the possible mechanisms of
radioemission. The dust particles perturb the background
plasma density leading to the appearance of random
plasma inhomogeneities.

In our previous work [3], the non-resonant transition
radiation was calculated for small plasma fluctuations and
simplified model of dusty plasma inhomogeneities
described as a system of equal and randomly distributed
spherical dust particles. The investigation of transition
radioemission for complex structure of highly asymmetric
dipole dust particles in the strong magnetic field was done
in [4]. It was shown that effectiveness of transition
radiation is determined by the beam current density and
depends on dusty parameters of plasma.

Transition radiation in [2, 3] was based on scattering
of electromagnetic beam’s field on random spatial
fluctuation of background plasma density induced by dust
particles. In this work we assume the size of dust grain to
be of the order of Debye length. In this case we propose
to calculate transition radioemission as a result of
diffraction scattering of beam’s field on randomly
distributed dust grains. Dust particles are assumed to be
identical ideal conductive spheres. Total radiation can be
determined by contributions from every scattering event,
ie. by a sum of scattered beam’s field from each
scattering center of full ensemble of dust particles. We
consider single incoherent scattering as a simple
approach. This is valid for small density of dust grains as
compared to background plasma density.

2. MODEL DESCRIPTION
AND INITIAL EQUATIONS

Let us consider cold collisionless isotropic plasma
with the random distribution of dust particles. We assume
the size of dust particles are of about Debye length. This
allows us to examine just the problem of diffraction
scattering of electromagnetic beam’s field on the dust
particles. For the model simplification the dust particles
are considered to be the same kind, i.e. ideal conductive
spheres of the same radius a,,.

The cylindrical modulated electron beam of the
limited length L is injected into background plasma from
the plane z=0 along the axis Oz. Its current density can be
predetermined as a given function:
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Here, a is the beam’s radius; k=w/vy, w is the modulation
frequency and v, is the beam’s velocity; w>w, — the
modulation frequency exceeds the Langmuir frequency of
background plasma. We consider that the beam is charge-
compensated and it does not perturb the density of
background plasma.

Let’s calculate the self-field of modulated electron
beam determined by the current density (1). The
problem’s solution will be built for the vector potential
under condition of Coulomb gauge. From Maxwell
equations we can get the following wave equation:
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Here, k/=cy’/c’, &, is dielectric permittivity of
background plasma.

The electromagnetic field of electron beam can be
expanded into plane modes by applying Fourier transform
for (2) in rectangular coordinates:
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where the respective spectrum amplitudes of vector
potential field can be determined via spectrum of current
density (1) as follows:
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Next, we consider scattering of plane wave (3) on a
separate dust particle.
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3. SCATERRING OF A PLANE WAVE
ON A DUST PARTICLE

Let’s move to the new coordinate system O'xyz’
related with dust particle where axis Oz is oriented

={k, k, k). We can
choose direction of axis O x " to be perpendicular to 4, s0

along fixed propagation vector k

that A lies in the plane O’y z". The rotation matrix from
old to the new coordinate system has the following form:
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The problem of a plane wave scattering

AV =K A=Ak, k,,k.)exp[~iot +ikz'] (5)

on a dust particle can be examined by the following wave
equation

A+kA=0, (6)

that describes propagation of electromagnetic waves in

the background plasma without external charges and
currents.

The solution of vector equation (6) can be expanded
into series:
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via orthogonal characteristic functions M and N with
the following properties:

M = rot(Fy), N =rotM ]k, , (7

where M and N are defined through scalar potential w.
The solution for (6) can be derived from the similar scalar
wave equation:
Oy + kozl// =0.

The scattered wave must propagate away from the origin
of system and vanish at infinity. Basing on this, we can
find out the following general solution for scattered field
in spherical coordinate system {7, 6, ¢}, whose origin
coincides with the center of dust grain:
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4. BOUNDARY CONDITIONS

The components of incident field (5) can be
expressed in the spherical coordinates as follows:
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In order to determine arbitrary coefficients in series
(8) we need to expand angular dependence for € in a
series of a similar form for associated Legendre functions
of the first kind P,"(cos6) and apply the boundary
conditions on the surface of ideal conductive dust particle
with the radius a,:

AP + 49 =0 and 4P + 4 =0, when r=a,. (10)
The axial dependence of incident field in (9) defines

the form of solution (8), so we can leave terms in series
with m=0 Ta m=1 only'
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Since the terms in the series expansions (11) are
independent of each other and the boundary conditions
(10) must hold for each corresponding terms in the series,
we can determine the following coefficients:
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h These expressions describe scattering of a plane wave on
where a single particle. In order to find out transition radiation
Jnlkr)y = 7[2kr T, (kr) induced by a modulated electron beam we need to
and primes near spherical functions denote argument integrate (13) over all possible plane modes and to
derivative. average the result for random spatial distribution of dust
grains.
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INEPEXOJIHOE U3JIYYEHUE MOJAYJIUPOBAHHOI'O 3JIEKTPOHHOI'O ITYYKA
B IVIASME C ITPOBOAIIUMU NIBIVIEBBIMUA YACTUINAMUA

HU.H. Boponoe, H.A. Anucumos

TeopeTnyeckn M3ydeHO MEPEXOAHOE U3IIyYEHHE MOIYJIMPOBAHHOIO DJIEKTPOHHOIO ITy4YKa B IIIa3Me CO CIy4alHO
pacupellelIeHHBIMU TIPOBOAAIMMY IIBUIEBBIMUA 4acTHLAMU. PaccMoTpeHa ynpoLieHHas reoMeTpust 3ajadd, Korua
TOHKUH 3JIEKTPOHHBIA IyYOK KOHEYHOH UIMHBI WHXKEKTHPYETCS B XOJOAHYIO H30TPOIHYI0 OC3rpaHHYHYIO IIJIa3My.
[Tpu1eBBIC YACTHUIIBI CYUTAIOTCS MICANTBEHO IPOBOIIMMHU chepaMul ¢ pazMepaMu ropsiaka JuHs! J{edas. B atom ciryuae
MOSIBJICHUE TEPEXOJHOTO M3JIY4YEHHsS SBISIETCS  pe3ylbTaroM JU(PaKIMOHHOIO paccesiHUs COOCTBEHHOTO
9IEKTPOMArHUTHOTO MOJA Myuyka Ha MBLIEBBIX uyacTulax. I[lomydeHo pelleHue A paccesHUus €AMHUYHOW IUIOCKOU
BOJIHBI U3 CIEKTPA 3JEKTPOMArHUTHOT'O TOJIS ITy4YKa Ha €AMHUYHON MBIJIEBON YaCTHLIE.

HEPEXIJHE BUITPOMIHIOBAHHA MOJAYJbOBAHOI'O EJIEKTPOHHOI'O ITYUYKA
B IIUTA3MI 3 IPOBIJHUMHU NNJIOBUMHU YACTUHKAMUA

IM. Boponos, 1.0. Anicimos

TeopeTyHO BHBYEHO IEpeXijHE BUIIPOMIHIOBAHHS MOAYJILOBAHOTO €JIEKTPOHHOrO IyYKa y IJIa3Mi 3 BUIAJKOBO
PO3MOAIICHUMH TMPOBITHAMHU IWIOBUMH YACTHHKAMHU. PO3TISIHYTO CHpPOINEHY T'SOMETPII0 3aladvi, KOJIH TOHKHIMA
CJICKTPOHHHIA MYyYOK CKiHYCHHOI JJOBXKHHH 1H)XXEKTYETHCS B XOJOIHY 130TPOIHY Oe3MexHy Ia3Mmy. [IMaoBi YaCTHHKH
BBKAIOTHCS 1/ICAJIFHO MPOBITHUMHU cdepaMu 3 po3MipaMy MOPSAAKY JoBxuHH [lebas. Y mpoMy BHUIAIKy NOsBa
MEPEXiHOTO BUIPOMIHIOBAHHS € PE3yJIbTaTOM AUPPAKI[IHHOIO PO3CIFOBAHHS BIIACHOTO EJICKTPOMArHITHOTO TMOJIs
My4Yka Ha MUIOBUX 4YacTHHKaX. OTPUMAHO PO3B’S30K Ui PO3CIIOBAHHS OJMHOYHOI IUIOCKOT XBHJIL 31 CHEKTpY
€JIEKTPOMArHITHOTO TOJIA ITyYKa Ha OJMHOYHIN TIJIOBIH YaCTHHIII.
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