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Transition radioemission caused by the injection of a modulated

electron beam into a dusty plasma with dipole dust particles

oriented by the strong magnetic field is theoretically studied. The

radiation pattern and the total radiated power are calculated for

typical experimental conditions.

Introduction

The development of diagnostic methods for dusty plasma

is under discussion. The use of Mie scattering caused by

the laser light illumination is the elementary and typical

method for the detection of dust particles. In the case

of small perturbations of the background plasma, other

external influences on dusty structures can be used, in

fact, as a base for alternative diagnostics. One of them

is beam-excited electromagnetic radiation as a result of

the injection of a modulated electron beam in plasma.

Recently, the excitation of waves which is caused by a

modulated electron beam has been demonstrated in the

laboratory experiment [1].

One of the possible mechanisms of radioemission for

a modulated electron beam is transition radiation. The

presence of dust particles leads to the appearance of

background plasma inhomogeneities, and it results in the

possibility of transition radiation. In our previous work

[2], the non-resonant transition radiation was calculated

for a simplified model of dusty plasma inhomogeneities

described as a system of equal and randomly distributed

spherical dust particles. It was shown that the intensity

of transition radiation is directly proportional to the

product of the dust particle concentration and the square

of the average charge of a dust particle.

Most theoretical studies and experimental researches

on dusty plasmas deal with spherical dust particles as

a typical model. Nowadays, the complex structures of

highly asymmetric dust particles are of special interest

[3]. Their longitudinal size is larger than the transverse

one. If they are ferromagnetic elongated particles, then

dusty structures can be described as a system of

dipoles which can be oriented by a magnetic field. It

is clear that dipole dust particles can be randomly

distributed in the plasma volume. They perturb the

plasma concentration causing the appearance of random

plasma inhomogeneities. Beam electromagnetic field

scattered on the plasma inhomogeneities results in

transition radiation. Below, we present the theoretical

study of transition radiation of a modulated electron

beam acting on dipole dust particles in the magnetic

field.

1. Model Description and Initial Equations

We consider a plasma in a constant homogeneous strong

magnetic field. Ferromagnetic dipole dust particles are

placed in the plasma randomly. To simplify the problem,

the dust particles are assumed to be similar. The

magnetic field satisfies the condition H0 � 4�nddm,

where nd is the dust density and dm is the magnetic

moment of a dipole dust particle. This means that

all dust particles are oriented along the magnetic field

[4]. Such an orientation has been recently observed

in the experiment [5]. Dust particles have a constant

dipole moment d = Z0el0 (Z0e and l0 are the dipole

charge and length, respectively; l0 � rd, rd is the

Debye length). The average distance between dust

particles n
�1=3
d is larger than the dipole length d, so the

magnetic interaction between dipoles can be neglected.

The dipole electric field of dust particles perturbs the

background plasma density and forms random plasma

inhomogeneities. The plasma quasineutrality balance is

assumed to be unaffected.

A cylindrical modulated electron beam of radius a is

injected along the magnetic field into plasma. The beam

is assumed to be charge-compensated. The beam effect

on the background plasma is neglected. The alternating

beam current density can be predetermined as a given

function

~j(r; z; t) = ~ezjm(r; z) exp (i!t� i�z) : (1)
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Here, � = !=v0, v0 and ! are the beam velocity

and modulation frequency, respectively. The beam

modulation frequency ! is larger than the Langmuir

frequency !p of the background plasma. Consequently

the plasma dielectric permittivity tends to 1. We use

the model of cold background plasma.

In our model, the beam appears in the plane z = 0,

and the alternating current relaxation along the beam is

considered to be exponential with relaxation distance L:

jm(r; z) =

�
jm exp (�z=L) ; r < a; z > 0;

0; r > a; z < 0:
(2)

The plasma dielectric permittivity has the matrix

form

"̂ = "̂(0) + "̂(1);

"̂(0) =

2
4 1 0 0

0 1 0

0 0 "0

3
5 ;

"̂(1) =

2
4 0 0 0

0 0 0

0 0 "1 ('; r; z)

3
5 ; j"1 ('; r; z)j � "0: (3)

Here, "1 is a small random perturbation of the

background plasma dielectric permittivity "0 ("0 ! 1)

caused by dipole dust particles.

The electromagnetic field of the modulated electron

beam is scattered by random plasma inhomogeneities. It

results in the appearance of transition radioemission.

A wave equation for the electromagnetic field excited

by current (1) in plasma with the random spatial

dielectric permittivity (3) has the form

rotrot~E +
"̂

c2
@2 ~E

@t2
= �

4�

c2
@~j

@t
: (4)

It can be solved by using the method of successive

approximations in the small parameter "1.

The zero-order equation

rotrot~E(0) +
"̂(0)

c2
@2 ~E(0)

@t2
= �

4�

c2
@~j

@t
(5)

allows us to find out the electromagnetic field of the

modulated electron beam caused by current (1) in

a homogeneous plasma. The non-resonant transition

radiation can be calculated from the equation

rotrot~E(1) +
"̂(0)

c2
@2 ~E(1)

@t2
= �

"̂(1)

c2
@2 ~E(0)

@t2
(6)

in the first-order approximation as a result of the

scattering of the beam electromagnetic field by random

plasma inhomogeneities.

The Fourier transformation with respect to z and

Fourier�Bessel transformation with respect to r are

used to build up the solution of (5) and (6). Additionally,

the Fourier series with respect to ' has to be applied

to (6).

2. The Spectral Intensity of Plasma

Inhomogeneities

Random spatial perturbations of the background

dielectric permittivity are considered to be a stationary

random process in all variables. Its spatial spectral

intensity G(kr; kz) can be introduced by the following

relation [6]:

D
"n(kr; kz)"

�

n0 (k
0

r; k
0

z)
E
=
G(kr ; kz)

kr
�

�Ænn0 Æ(kr � k
0

r)Æ(kz � k
0

z) (n = 0;�1;�2; : : :); (7)

where the broken brackets define the ensemble averaging

over realizations.

A single dipole dust particle is described as the

system of two equal point charges with opposite

signs. It is supposed that the contribution of each

point charge to the spatial perturbation of the plasma

dielectric permittivity falls off exponentially beyond the

characteristic Debye length rd. The spatial spectrum of

plasma permittivity perturbations caused by a single

dipole dust particle can be written as

�(kr; kz) = 8i
Z0

me

� e
!

�2 sin (kzl0=2)

1 + (k2r + k2z)
2
r2d
: (8)

It is assumed that every dipole dust particle is

located randomly and independently from other particles

as well as the spatial location and the total quantity

of dipole dust particles are statistically independent.

After generalizing the model of a random sequence of

pulses, one can obtain the spatial spectral intensity

for the stationary distribution of dielectric permittivity

fluctuations as

G(kr; kz) = 2�nd j�(kr; kz)j
2
=

= 128�nd

�
Z0

me

�2 � e
!

�4 sin2 (kzl0=2)h
1 + (k2r + k2z)

2
r2d

i2 : (9)
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Fig. 1. Radiation pattern R2
�(R;�) [W ] as a function of � [radian] and v0 [cm/s] calculated for !p = 2:5�10

9
s
�1

, ! = 7:6�10
9
s
�1

,

ne = 2 � 109 cm�3, nd = 2 � 105 cm�3, Te = 5 eV, Z0 = 103, rd = 3:7 � 10�2 cm, l0 = 7 � 10�4 cm, a = 0:5 cm, L = 100 cm,

jm = 1 A=cm2

3. Transition Radiation on Dipole Dust

Particles

Transition radiation is p-polarized in the model treated.

For the far zone of radiation and a stationary random

distribution of dielectric permittivity perturbations of

plasma, the radial component of the energy flux of

transition radiation has the form

�(R;�) =
c"

1=2
0

4�

D
E
(1)
� E

(1)
�

�
E
=

=
c

4

k6r(�)

"
3=2
0 k20R

2

�Z
0

d 

1Z
�1

dKz

1Z
0

KrdKr

���E(0)
z (Kr;Kz)

���2�

�G
�p

K2
r + 2kr(�)Kr cos + k2r(�); kz(�)�Kz

�
;(10)

where
���E(0)

z (Kr;Kz)
���2 is the spectrum intensity of the

electromagnetic field of the electron beam, k0 = !=c,

and

kr(�) =
"0k0 sin�p

cos2�+ "0 sin
2�

;

kz(�) = �
k0 cos�p

cos2�+ "0 sin
2�

are the components of the electromagnetic wave vector.

One can see from (10) that the effectiveness of

transition radiation depends on the overlap of the spatial

spectra of the modulated electron beam E
(0)
z (Kr;Kz)

and random plasma inhomogeneities G(Kr;Kz). After

the substitution of the explicit function E
(0)
z (Kr;Kz),

the flux of radiation can be presented as

�(R;�) =
(jma)

2

"
7=2
0 cR2

k6r(�)

k40
�

�

�Z
0

d 

1Z
�1

dKz

1Z
0

dKr

�
K2
z � k

2
0

�2
(Kz + �)2 + 1=L2

�

�
J21 (Kra)

Kr (K2
z +K2

r="0 � k
2
0)

2�

�G
�p

K2
r + 2kr(�)Kr cos + k2r(�); kz(�)�Kz

�
:(11)

The total radiated power of transition radiation can

be given by

P = 2�R2

�Z
0

�(R;�) sin�d�: (12)

It is clear that the magnitude of transition radiation

is determined by the beam current density, and it

depends on the parameters of dusty plasma.

Both integrals (11) and (12) can be numerically

calculated.
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Fig. 2. Total power of transition radiation as a function of the

beam velocity

4. Numerical Computations

The numerical computations of transition radiation were

made for typical parameters of the modulated electron

beam and dusty plasma.

Fig. 1,a,b shows the transition radiation pattern as a

function of the beam velocity v0 and angle �. The angle

� determines the direction to the observation point. Fig.

1,a indicates that there is the maximum of radioemission

that is normally directed to the beam motion and lies in

the narrow velocity range.

The maximum of transition radiation meets the

spatial resonance condition between the propagation

vector of the beam electromagnetic field and the

wave vector of the spatial spectral intensity of dusty

plasma inhomogeneities, when the overlap of the spatial

spectra of the beam electromagnetic field and plasma

inhomogeneities is more effective. For a non-relativistic

beam (�� k0), it can be reached when � � 1=rd in the z

direction and a � rd in the r direction. Fig. 1,b shows the

detailed fragment of Fig. 1,a, i.e. the radiation pattern

for an ultrarelativistic beam that is close to fulfilling the

Cherenkov resonance condition.

Discussion

The dependence of the total radiated power on the

beam velocity is shown in Fig. 2. It indicates the

reduction of radioemission for an ultrarelativistic beam

as a result of the spatial resonance condition violation.

The effectiveness of transition radiation caused by dipole

dust particles is essentially lower than that for spherical

dust particles with the same charge due to reducing a

perturbation of the plasma concentration.

Dust particles are located randomly and are

considered to have the same orientation of dipoles

under the model condition. In the case of the random

orientation of dipoles, the transition radiation is

expected to be even smaller than that obtained in this

work.

This work was partially supported by STCU grant

NN37. The preliminary results of the work were reported

at the International Conference on the Physics of

Dusty and Combustion Plasmas �Dusty Plasmas in

Applications�, Odesa, Ukraine, 2004 [7].

1. Starodubtsev M., Krafft C., Thevenet P., Kostrov A. // Phys.

Plasmas. � 1999. � 6. � P. 1427�1434.

2. Anisimov I.O., Martysh Eu.V., Voronov I.M. // Problems of

Atomic Science and Technology. Series: Plasma Physics. �

2002. � 7, N4. � P. 135�138.

3. Fortov V.E., Khrapak A.G., Khrapak S.A. et al. // Uspekhi

Fiz. Nauk. � 2004. � 174, N5. � P. 495�544.

4. Vladimirov S., Morfill G., Yaroshenko V., Cramer N. //

Phys. Plasmas. � 2003. � 10, N7. � P. 2659�2662.

5. Fortov V.E. // Proc. Conf. on Plasma Chem.� Moscow:

Nauka, 2002. � P. 51�54.

6. Akhmanov S.A., Dyakov Yu.E., Chirkin A.S. // Introduction

to Statistical Radiophysics and Optics., Moscow, 1981 (in

Russian).

7. Anisimov I.O., Martysh Eu.V., Voronov I.M. // Intern. Conf.

on the Phys. of Dusty and Comb. Plasmas, Odesa, Ukraine,

2004. � P. 112�115.

ÏÅÐÅÕIÄÍÅ ÂÈÏÐÎÌIÍÞÂÀÍÍß

ÌÎÄÓËÜÎÂÀÍÎÃÎ ÅËÅÊÒÐÎÍÍÎÃÎ ÏÓ×ÊÀ Â ÏËÀÇÌI

Ç ÎÐI�ÍÒÎÂÀÍÈÌÈ ÄÈÏÎËÜÍÈÌÈ ÏÎÐÎØÈÍÊÀÌÈ

I.Î. Àíiñiìîâ, �.Â. Ìàðòèø, I.Ì. Âîðîíîâ

Ð å ç þ ì å

Òåîðåòè÷íî ðîçðàõîâàíî ïåðåõiäíå âèïðîìiíþâàííÿ ìîäóëüî-

âàíîãî åëåêòðîííîãî ïó÷êà, ÿêèé iíæåêòó¹òüñÿ ó ïëàçìó ç äè-

ïîëüíèìè ïèëîâèìè ÷àñòèíêàìè. Îá÷èñëåíî äiàãðàìó íàïðÿì-

ëåíîñòi òà ïîâíó ïîòóæíiñòü âèïðîìiíþâàííÿ äëÿ òèïîâèõ ïà-

ðàìåòðiâ åêñïåðèìåíòó.
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