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The results of the theoretical and experimental investigations of excitation of oscillations by flows of charged
particles and its particles dynamics are represented at their motion as in a periodic potential and in a field of a plane
electromagnetic wave and in periodically inhomogeneous medium. The special attention is given to research of non-
relativistic motion. It was found conditions that under their fulfilling the maximum of radiation of nonrelativistic
oscillators fall at high numbers of oscillators harmonics. Linear stage of beam instability is analytically studied, the
increments of instability are determined. Nonlinear self-consistent theory of electromagnetic waves excitation by
flows of the charged particles is developed. By the numerical methods are investigated linear and non-linear stage of
excitation of a high-frequency wave with frequency corresponding to high number harmonics of external wave. Ca-
pability of effective excitation of harmonics by ensemble of nonrelativistic oscillators in SHF range and transforma-

tion of energy of external 10 cm of radiation to energy of ultraviolet radiation is shown experimentally.

PACS: 05.45, 41.60.-m, 02.60.Cb, 29.27.Bd

1. INTRODUCTION

It is known that in vacuum the oscillator effectively
radiate high numbers of harmonics only in the case that
it has a large energy. So, for synchrotron radiation the
maximum of radiation is obtained at harmonics with

number v ~ ;/3 [1]. Many authors (see, for example,

[2-6] and the literature therin) studied the radiation of
relativistic particles in periodically inhomogeneous me-
dium. The interest to such radiation is conditioned by
that due to Doppler effect there is a possibility to excite

effectively the short-wave radiation A ~d/ 7/2 .

The short-wave radiation can be exited not only rela-
tivistic particles. It is possible one more mechanism of
generating of short-wave radiation by nonrelativistic os-
cillators — excitation of high number harmonics. For this
purpose it is necessary, that the motion of nonrelativistic
oscillators occurred in periodic inhomogeneous medium.

This mechanism can be utilized for collectively in-
duced excitation of X-radiation in crystals. Really, to
create an ensemble of nonrelativistic oscillators it is
easier, than an ensemble relativistic. Such ensemble can
be produced with the help of external radiation, which
one transforms electrons of crystals into oscillators.
Density of such oscillators is limited only to density of a
solid. Than more the density of individual radiators, the
more effectively and faster develops process of induced
radiation. Keeping in mind peculiarities of the radiation
mechanism which we are investigated, (see below and
articles [7-10]), it is possible to expect on creation of
sources of an intensive coherent X-radiation with a
wavelength 1 <d .

In the given paper theoretical and experimental in-
vestigations of excitation of harmonics by ensembles of
oscillators — charged particles driving by an external
periodic in time electrical field, which moves in the
field of an external periodic in space potential or in pe-
riodically inhomogeneous medium are carried out. Ana-
lytical and numerical analysis of a full self-consistent
set of equations are performed. The analytical results
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are in the good agreement with results of the numerical
analysis and qualitatively well be agreed the data of
experiment (see, for example [11]).

2. RADIATION OF A PARTICLE
MOVING IN PERIODIC POTENTIAL

In the most of nonlinear Hamilton systems, which
describe the dynamics of particles, it is possible to sort
regions of phase space where trajectories have regular
character and where they are stochastic. We are inter-
ested with those particles, which are moving regularly,
only they can irradiate intensive collective coherent
radiation. Therefore in further we shall orient, first of
all, by particles with regular dynamics. The influences
of stochastic particles at this stage of analysis we'll be
neglect, although we will make estimate their number
and minimize it.

Let charged particle moves in external periodic in

time electrical field E(r)=E,, -cos(w,, ) and in the
field of periodic potential  with
U(z)=U,+g-cos(x-z).

For simplicity we’ll consider that motion occur only
along z-axis. Then, introduce dimensionless coordi-
nates, we we’ll get equations of motion of particles in
these fields

p+Q3 ~sin(§):—£~cos(QK -r)

C=pNi+p* =P

where: p=p,/mc,{ =Kz, Tt=KC"t, Qg =eg/mc2 R
g=eE,d/2zmc*,f=V,/c Q= /d, x=2r/d.
At sufficiently small intensities of these fields it is pos-

sible to consider nonrelativistic motion of particles in
such fields.

£ +05sin(¢) =—¢-cos(, 1) @)

amplitude

)

While passing
¢=¢ +g-Q,2( -cos(Q;1 -r) equation (2) takes form

into moving coordinate frame
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where J, () is the Bessel function, u=¢-Qp .
Equation (3) describe changing of “particle” phase
&, at which many of waves acts on. Amplitudes of
those waves QO -J, (1) are increasing with growing of
harmonic’s number and in region n ~ g have a local

maximum. Amplitudes of harmonics with number
n > u decrease exponentially [12].

To (1)~ (210)7 i(2) ~(2/n) (1 2NZ2)e, (@)

)2 (-, ¢=2/3)232,

Thus, it is possible to expect, that at motion of the
particles in external periodic in time electrical field and
in field of the periodic potential, radiation field will con-
tain harmonics with frequencies up to na,,, .

where: z=(2/n

Really, considering & >> Q(Z) (E >> g-k), the solu-

tion of the equation (2) can be found by a method suc-
cessive approximations:

£ =-eQ sinQ 'z

20 o (4) -
_ZQOQK%WSIH((zn-’—I)QK T) (5)
¢ = aﬂi cosQ;lr

n
—2Q%Qinle('L;)cos((2n +1)Q;11),
0 (271 + 1)

From this expression it is visible, that the velocity of
particles and its coordinates are contained odd harmon-
ics of the external electrical field.

Radiation intensity into space angle unit do with
frequency o= nw,,, is equal to [13]:

dz—c‘ﬁ ® R24 6
n_z_ n 0ao, ()
T

where H w=1 [l; Zw] , and Fourier component of vector

potential is defined by
. T
L explikR) 1T T .
i, T £ 0 exp[ln(a)extt—kr(t)ﬂdt (7
here T =27/

ext >

F(t), v(t) are particle radius-vector

and velocity, k is the wave vector, Ry is the distance to

point of observation. It is easy to see that in our case of
one-dimensional motion the radiation has dipole nature.

3. RADIATION SPECTRUM OF PARTICLE
AT MOTION IN PERIODIC POTENTIAL

In the common case, it isn't seemed possible to get
the analytical dependencies of spectral density from
parameters of external fields.

The investigation of spectral characteristic of fields
radiated by charged particle moving in external electri-
cal field and in the field of potential, was carried out by
the numerical solution of equations (2) and substitution
of'its solutions into (7), (6).
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For a case of nonrelativistic motion the amplitude of
an external electrical field is equal to E..=10* V/cm.
Frequency of the external electromagnetic field was
fixed.

Investigation was carried out for two value of poten-
tial period d=0.0025 A, and d = 0.00125 A. Value of
potential amplitude varied within g =(0+0.125)E,.x"".
Initial conditions for particles were equal to
¢(r=0)=¢y; £(r=0)=0. For that the right-hand of

(2) had been presented as: &- cos(Q;1 -r) .

Calculation accuracy was controlled with the help of
integral of motion.

1 =20 e £)on( o) o e e

its absolute values was less than M <1070,
In absence of the periodic potential influence
Q% =0.0 the equation (3) has a simple analytical solu-

tion. Motion of the particle is periodic with the fre-

quency o = @,,, , and spectrum of its speed and spec-

trum of the radiation field are linear.
Presence of space-periodic potential with amplitude

of Q% =0.025¢ (d =0.0025-4,,,) (Fig. 1) give rise to
originating multifrequency motion. Passing to variable
,Bp(z')z P(r)—eQ, sin(7) it is visible, that under the ac-
tion of the potential the particle performs high-frequency
oscillations (Fig. 1c), which results in the appearance of

external field harmonics both in spectrum of speed, and
in spectrum of power of radiated field (Fig. 1d).
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Fig. 1,c. Influence of po-
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Relative maximum fall at harmonic with number n=11,
that in order of magnitude is in very good accord as

position of relative maximum n~ y=¢- Q;z ~12, and
with condition of radiation A =d/f.

With growing of amplitude of periodic potential
03 =0.075-5 (d=0.0025-2,, ) (Fig.2) occurs the

growing of harmonics amplitudes in spectrum of veloc-
ity and its enriching at intermediate frequencies. Ampli-
tudes of high-frequency oscillations grow up at the in-
fluence of periodic potential. Amplitudes of all harmon-
ics in spectrum of radiated field are growing up too.
Kind of the spectrum practically has no changes.
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For potential amplitude Q% =0.125-¢

(d =0.0025-4,,,) (Fig.3) occur qualitative changes of

phase plane — the particle motion isn’t localized in lim-
ited region of space and represented series of oscilla-
tions near locally stabled state. Spectrum of particle
velocity and, consequently, spectrum of radiated field
lot enriching at all of intermediate frequencies.
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Further growing of potential amplitude leads to ap-
pearance of non-regular motion of particle hence the
spectrum of radiated field also becomes non-regular.

For a potential with period d =1.25-107 Aoy the

number of harmonics, both in the spectrum of velocity
and radiated field, are proportional to parameter s .
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Fig. 4,d. Spectrum of radiated
field

At amplitudes of potential QS =0.07-¢ (Fig. 4) the

motion of particle is quasiregular. Spectrum of velocity
and spectrum of radiated field have line structure. The
local maximum of spectrum fall on harmonics with
number 7n,,, =23, that is in very good accord as position

of relative maximum »n ~ ,u:g-sz =25, and with
condition of radiation A =d/f.

4. SPECTRUM OF OSCILLATOR RADIATION
AT MOTION IN PERIODICALLY
INHOMOGENEOUS MEDIUM

Let us consider the problem of the radiation of an
oscillator in a periodically heterogeneous medium. We
will describe heterogeneous medium, where the oscilla-
tor moves, by the permeability in the form:

n
=&+ ) & COSKT , 8)
i=1
where g; <<1, &; is the vector of the reciprocal lattice
of the heterogeneous medium. We shell restrict below
by the case n =1, when the electromagnetic field ef-
fectively interacts with one family of crystallographic
planes only, i.e. when only two wave diffraction is pos-
sible. A charged particle moves in this medium. The
trajectory of the particle can be described by the expres-
sion:

F =Vt + o sinQr . 9)
For non-relativistic particles from the conservation lows
it follows that o = £V, k >>k, k = k/ 3, i.e. radiation
is like a ‘long-wave’. Consider the case of x|/ v]| z,
where v is the oscillators velocity. Using Maxwell

equations we find for radiation losses of nonrelativistic
oscillator [7]

ow S P&t o
= N g sind)’dd (10
ot ( 3c ) 2 ,,Z:;mz n(m);[( ) (1o

where S| =r,/c is the ratio of oscillating velocity to
velocity of light, ky7 =+m (m>>1); ky =k+i .
The dependence of radiation power from harmonic
number 7 is most significant. It is easy to understand
that in this case of periodic medium efficiency of radia-
tion increase with grow of the harmonic number. How-

ever, for radiation losses of oscillator moving in vacuum

(see, for example, [1])

ow 0P & Lt :

W e—anjJ,f(nﬂl cos6’)sm49‘[an2 odo (11)
ot i

this effect is impossible because S, cos(f) <1. But as it

follows from equation (10), it is very easy to satisfy

conditions necessary for radiation of oscillator in the

presence of medium.

5. RADIATION OF FLOW
OF OSCILLATORS

The fullest description of self-consistent process of
interaction of charged particles with an exciting field
implies the simultaneous solution of Maxwell equations
for the electromagnetic field and equations of charged
particles’ motion in exited fields

(12)

é’—B = —crotE,
ot

dp _ - e_. = = . <
d_f:eE+§v><B+eEext sin w,;t —eVU,
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It is known, that in periodic medium solution for exited
wave is convenient to present in such form:

E =Re ) E;(t)exp(ikx +ilxz). (13)
Substitute expressions for fields (13) in the set of equa-
tions (12). Averaging the obtained equations on a space

phase of disturbance, we’ll obtain the set of equations
for finding fields and characteristics of oscillators:

dpy
dr

—v, Re )" hy,;exp(ike +ilxz),
l

=Re z &y explikx +ilkz)
/

d
% —ReY s, ; explikx +ilxz)
. :
!

+v, Re Z hy, ; exp(ix +ilkz)
/

. 14
+&9 c0s Q7 —QF -sin(xz), (14
dx dz - 2, 2
E:V’” EZVZ, v =P/\/1+Px +Dy
dh
»l ie,; —ilke, ,

E(gx,l + q€x,1-1 + q€x 1+1 ) = _ilKhy,l - jz >
E(gz,l +qE, 11+ 4E; 141 ) =ih,;—J-,

2(02 2721

Jz = b2 I I v, exp(—ix —ilkz)dxydk z,
27" % o

Q=aw,, ke

Kk =K, E=eE/mcke, h=eH/mcke, & =eEy/mcke,

where kct =71 , ki >7 , p/lmc—>p,

Q(Z) =egi/mc* | a)lf = 47ze2nb (ke)* . m,e, ny, are the
mass, charge and density of oscillators.

5.1. LINEAR APPROXIMATION.
DISPERSION EQUATION

Let's investigate a set of equations (14) on stability in
linear approximation. For these purposes we’ll present the
dependence of fields to time in (13) as:
EI (t) = &y exp(—iewt) . Also we’ll consider only nonrela-
tivistic oscillators for case of periodically inhomogeneous
medium with Q% =0.

Executing necessary transformations, we’ll obtain a
set of linear algebraic equations. The parity to zero of a
determinant of this algebraic system represents a disper-
sion equation. Besides allowing, that the maximum of
an increment of instability is reached, when the fre-
quency of excited waves meet to resonant conditions,
we in a general dispersion equation shall keep only

resonant members. @ = nw,,, . In these conditions dis-
persion equation gains enough simple view:

(@ -} ) o-o)0-0,)=q* 0" (0-nQ), (15)

o =Jk*? + o, w, =nQd—-aw,J,, &, :nQ+a)bJ'

Assuming @ = @y + 0,0y = 0,0 << wpJ,, from (15) we
can find increment of instability
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Imé =(q/2)\Joga,J, (16)

Thus self-consistent system of equations (14) have un-
stable solution with increment (16).

5.2. NONLINEAR ANALYSIS

The numerical analysis of self-consistent set of equa-
tions (14) has confirmed the presence of instability in the
considered system. System (14) was solved in two-wave
approximation, that is at equations it was taking into ac-
count main mode with /=0 and wave which is correspond
first order of diffraction with /=1. Conditions for the most
effective  excitation of wave for n=pu= 10,

nQ =41+ wg +ay,J, (1) also were selected. In these con-

ditions the excitation of 10-th harmonics was observed. It
is necessary to note, that it is carried out control calcula-
tions for / = -3, 0, 3. The result of calculations is in accord
with two-wave approximation. Here amplitude of spatial

; ]
harmonics reduces as ¢''.

5.3. EXPERIMENTAL RESULTS

Experimental investigations [11] were carried out in
two-frequency range: SHF and UV. The excitation of os-
cillations for SHF range was observed only at simultaneous
presence of oscillators produced by plasma electrons and
periodical inhomogeneity produced by artificial grating,
which immersed in plasma. If the grating or plasma were
removed, the radiation on harmonics missed. Moreover,
the plasma could be disposed from grating on different
spacing interval. Thus there is some critical spacing inter-
val (~2 mm), since which one of the signal on harmonics
disappears. The directional diagram structure of radiation
also is in the correspondence consent with the theory. The
polarization structure of radiation corresponds to radiation
of a dipole. Power of the magnetron ~ 750 kW
(7,9 kV/cm). In accordance with A =d/ S it is necessary

~4,9 kV/cm. The maximum gain, reached in experiment,
reached 20 dB.

For UV range experiments instead of plasma with grat-
ing instead of the chamber the resonator was placed, which
was load by high-frequency channel. In resonator the plates
of semiconductor crystals were placed. The radiation from
a resonator was fixed by the electronic multiplying tube
and photomultiplier with the scintillation converter of ra-
diation spectrum (for registration of ultraviolet). At pulse
duration 2 ms, the breakdown comes at 36 kV/cm. The
birth of harmonics in vacuum is possible at field intensity
below this value of breakdown. Therefore as effective
range for field intensity was selected 15...25 kV/em.

Fig. 5. The microwave signal amplitude (the upper
ray) and the radiation signal from the crystal (the lower

ray)



These results are in the good agreement with our repre-
sentations about the mechanism of radiation.

CONCLUSIONS

The main conclusion from theoretical considerations
is that - in all cases at presence of periodic heterogene-
ity's of medium or periodic potential the oscillators will
effectively excite high numbers of harmonics. Intensity
of harmonic radiation at local maximum is high enough.

High efficiency of harmonics excitation by ensemble
of nonrelativistic oscillators in SHF range is shown ex-
perimentally and it is shown the capability to convert
energy of external 10 cm of radiation to energy of an
ultraviolet radiation (10~ cm). Experimental data are in
the good agreement with our representations about the
mechanism of radiation.

Maximum of radiation will come in most cases on
radiation with a wavelength: 1=d/p.

These results allow to expect on creation of a new
type of beam generators similar to free electron laser,
key difference which one is the possibility of using of
flows of nonrelativistic charged particles.
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JIABEPBI HA CBOBO/IHbIX HEPE/ISITUBUCTCKUX 3JIEKTPOHAX
B.A. Byu, A.M. Ezopos, E.A. Kopnunos, B.H. Mapexa, A.Il. Toncmonyscckuii

[TpuBeneHsl pe3yabTaThl TEOPETHYECKOTO M 3KCIEPUMEHTAIBHOTO HCCIIeIOBaHUN BO30YKAeHHs KojiebaHuil 1o-
TOKaMH 3apsKEHHBIX YaCTHUIl ¥ IUHAMHMKM YacTHI[ IPHU UX ABWXEHHUU KaK B MEPUOJUYECKOM IOTEHLUANIE B IOJIE
IUTOCKOM 3JIEKTPOMAarHUTHON BOJIHBI, TaK W B MEPHOANYECKH HEOTHOpPOAHOW cpene. Ocoboe BHMMaHHE yIEIECHO
WCCIIEJOBAaHHIO HEPEJIITUBUCTCKOTO JBIDKCHMS. HaliieHBI yCIIOBHS, MIPY BBIIIOJHEHUH KOTOPBIX MAaKCUMYM H3ITyde-
HUSI HEPEISATUBUCTCKUX OCHIJUIATOPOB NPUXOJUTCS Ha BBICOKHE HOMEpA TapMOHUK OCIMJUIATOPOB. AHAIUTHIECKH
HCCIIel0BaHa JMHEWHas CTaaus [y4YKOBOM HEyCTOMYMBOCTH, ONPEAEIIEHbl MHKPEMEHThI HeycToitunocTH. IlocTpoe-
Ha HEeJIMHEHHas CaMOCOIJIaCOBaHHAS TEOPHs BO30YKAEHHS JIEKTPOMArHUTHBIX BOJH IOTOKAMH 3apsDKEHHBIX 4ac-
TUll. YUCIECHHBIME METOIAMH MCCIIEOBAHbI JIMHEIHAS 1 HEJIMHEHHAs CTaJuy BO30YXKICHNS BBICOKOYACTOTHOM BOJI-
HBI C YaCTOTOH, COOTBETCTBYIOIIEH BRICOKOMY HOMEpPY F'apMOHHUKH BHEIIHEH BOJHBI. DKCIIEPUMEHTAIBHO MTOKa3aHa
BO3MOXKHOCTh 3(P(PEKTHUBHOTO BO30YXKJCHUS TapMOHHK aHCAMOJEM HEpEIATHBHCTCKUX ociuisitopos B CBU-
Jiara3oHe 1 npeoOpa3oBaHus SHEPIUU BHEIHETo 10 cM-H3JIy4eHHs B SHEPIUIO YIbTPA(DHOIETOBOIO H3ITyYEeHUs.

JIABEPU HA BIVIBHUX HEPEJISITUBICTCBKUX EJIEKTPOHAX
B.O. byy, O.M. €z0pos, E.O. Kopnunos, B.1. Mapexa, O.11. Toncmonysccokuii

[TpuBeneHo pe3ynbTaTu TEOPETUYHOTO H EKCIIEPUMEHTAJIBHOTO JOCIIDKEHb 30Y/PKEHHS! KOJIHMBaHb MOTOKaMH
3apsPKEHUX YacTOK 1 JJMHAMIKH YacTOK MPH IXHBOMY PyCi SIK y MepioJMYHOMY HOTEHIiaJl B MO IJIOCKO] eJIEKTPO-
MarHiTHOi XBWJI, TaK i B MEPiOJMYHO HeoaHOpinHOMY cepenoBuili. OcobnrBa yBara npuaiIeHa JOCIIUKEHHIO He-
PEIATUBICTCHKOTO PyXy. 3HalIeHI YMOBH IIpY BHKOHAHHI SKMX MAaKCHMYM BHITPOMIHIOBAaHHSI HEPEJSTUBICTCHKUX
OCLWISITOPIB NpUIa a€ Ha BUCOKI HOMEPH rapMOHIK OCLHJISTOPIB. AHAIITHYHO AOCII/DKEHa JIiHIHHA CTais ITy4JKo-
BO1 HECTIMKOCTIi, BU3HAUEHI WHKpeMEHTH HecTiiikocTi. [1o0ymoBaHO HeNiHIHY caMOy3rOKEHY TEOpito 30yIKEeHHS
€JIEKTPOMATHITHUX XBHJIb TIOTOKAMH 3apsHKEHUX YacTOK. YrceIbHIMHI METOIaMu TOCIiKEeH] JiHiTHA i HemiHitHa
cranii 30y/KeHHST BUCOKOYACTOTHOI XBHJIL 3 YaCTOTOIO, IO BiATIOBia€ BUCOKOMY HOMEpPY TapMOHIKH 30BHIITHBOT
xBwiIl. ExcriepuMeHTalbHO OKa3aHa MOKIIMBICTh €()eKTUBHOTO 30YIXKEHHS TapMOHIK aHCaMOJIeM HepeJIsiTHBICTCh-
kux ocumraTopiB y CBU-niamasoHni i neperBopeHHs eHeprii 30BHIHBOr0 10 cM-BHIIPOMIHIOBaHHS B €HEPTril0 yiIb-
TpadioIeTOBOTO BUMPOMIHIOBAHHS.
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