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RADIATION SPECTRA OF CHARGED PARTICLES MOVING
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The expression for the averaged radiation power of the charged particles moving in a spird in
transparent isotropic media and in vacuum are studied by using the Lorentz's self-interaction method.
Specia attention is given to the research of the structure of the synchrotron radiation spectral
distribution of two electrons moving in a spiral in vacuum. The spectra of synchrotron, Cherenkov,
and synchrotron-Cherenkov radiations for a separate electron are analyzed.
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1.INTRODUCTION

Investigations of the radiation spectra of charged particles moving in magnetic fields in transparent
isotropic medium and in vacuum are important from the point of view of their applications in eectronics,
astrophysics, plasma physics, physics of storage rings [1-3].

A question requiring further investigations is the coherence of synchrotron radiation [2]. At moving an
electron beam through a spiral undulator a laser radiation takes place [4]. Properties of free-electron lasers
were considered in papers [5-7].

Using the exact integra relationships for the spectral distribution of radiation power of two eectrons
moving one after another along a spira in vacuum, the structure of the synchrotron radiation spectrum was
investigated by means of analytical and numerical methods. The Doppler effect influence on peculiarities of
the radiation spectrum of a separate electron at its motion in a spird in transparent media and in vacuum is
investigated.

2. INSTANTANEOUSAND TIME-AVERAGED RADIATION POWER OF CHARGED
PARTICLES

The instantaneous radiation power of charged particles prad (t) in an isotropic transparent medium and
in vacuum [8, 9] is expressed as
ﬂADir (r—’t)
qt

prad (1) = c‘gﬂr,t) : r(f,t)%(”)gdr. M
t (%]

Here j (7.1 isthe current density and r (Ft) is the charge density. The integration is over some volumet .

According to the hypothesis of Dirac [9-12], the scalar j °" (7 t) and vector A" (f,t) potentials are defined
as a haf-difference of the retarded and advanced potentials:
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j Dir i(l ret _ J adv) , ADir =E(Aret _ A'adv) (2)
2 2
After substituting (2) into (1) we obtain the relationship for instantaneous radiation power of charged
particles moving in isotropic transparent media as the function of spectral distribution
¥
P (t) =W (t,w) dw: 3
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where m, (w)=m (w)m, is the absolute magnetic permittivity, n(w) is the refraction index, wis the cydic
frequency, and c isthe velocity of light in vacuum.
The time-averaged radiation power of charged particles is defined by the expression
prad = mﬁ_c}w (t) dt. ©)
It can be obtained after substitution of the instantaneous radiation power expressed by relationships (3)
and (4) into (5).

3. SYSTEMS OF NON-INTERACTING POINT CHARGED PARTICLES

Let us consider a system of point non-interacting particles with charges q;, gs,..., qN and rest masses
, Moy Moving along an arbitrary defined trgjectories. Then the source functionsof N charged

Mp1, Mooy -t
point particles are defined as
T(f,t)zlg Vi) r(r,t)=|§1r (R0 i g dl- 7 @), ©

where fj (t) and Vj (t) are the motion law and the velocity of the 1™ particle, respectively.
Substituting relationships (6) into (3) and (4) we obtain the expression for the instantaneous radiation

power of charged particles system in transparent media (relative magnetic m, (w) and relative didectric
e, (w) permittivities are real):

|
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The time-averaged radiation power can be obtained from expression [13]
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Let us consider a system of point non-interacting electrons (g, =e, m, =m,) moving one by one

along an arbitrary defined trgjectory. Then the motion law and the velocity of the |t

are determined by the relationships

particle of this system

[(t)=rot+Dt) Vi (t)=V(t+Dy). ©

In this case we obtain the averaged radiation power after substitution of expressions (9) into (8):

2 L Qn}MW| r‘p (t )— T’p ('[(1:)|l:I
pac=® jim Ll Ot ety (w) 2w, (w)—— 4
p b 21 O Ot 4p |7, (t)- 7, (t9) (10
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where the coherence factor Sy (w) is defined as

N
Sy (W)= cosw(oy, - ot )}. (12)
lj=1
The coherence factor Sy (w) determines a redistribution of the charged particles radiation power
between frequencies.

4. STRUCTURE OF THE RADIATION SPECTRA OF TWO ELECTRONS
MOVING ALONG A SPIRAL IN VACUUM

Peculiarities of the radiation spectra of two eectrons moving one by one in a spira in vacuum can be

investigated combining analytica and numerical methods. The law of motion and the velocity of the th
electron are given by the expressions

£ (1) =, cosfu, (D8 7 + 1o sinfwy 0, )} T+V) (¢ + D8 )R ,V,(t):%t(t). 1)

Here r, =Viwg!, w, =ec?B™E™*, E=c\/p? + mic? , the magnetic induction vector B®||0Z, V, and V,

are the components of the velocity, p and E are the momentum and energy of the electron, eand m,, are
its charge and rest mass, respectively.
The time-averaged radiation power of two electrons in vacuum we obtain after substitution expressions
(12) into (10). Then
¥
P = v (w)dw, (13

0
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2 ¥ Slnl Wh( )
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2
where h(x) =\jV"2X2 + 4V2 Snga’vo
wg e?2 o
The coherencefactor S, (w) of two eectronsis defined as
S, (w)= 2+ 2cos(wDt). (15)

Here Dt = Dt, - Dxt; isthe time shift of the electrons moving along a spiral.

At the frequencies w = 2ip /(Dt) (i=0, 1, 2,...) the coherence factor of two electrons (15) is equal to 4
and at the frequencies w = (2i +1)p /(Dt) (i=0, 1, 2,...) the coherence factor is equal to zero. The andogous
expression for the coherence factor was investigated by Bolotovskii [14].

From relationships (13) and (14) after some transformations the contributions of separate harmonics to
the averaged radiation power can be written as

prad = - naélo vvzzzdw @quq Zg_+cos(1 Dt} ? %e%vh:os qg-mu °§ "
2 VLTI 2 (g
[ve a8 - ) 2 (a

where =Y~ " snq, J(a)and Ig(q) are the Bessd function with integer index and its derivative,
c w,
respectively.

Each harmonic is a set of the frequencies, which are the solution of the equation

1 ,
Wﬁ— =V cosqg— mw, =0. 17)
e C a

The limits of the m™" harmonic are determined by the frequencies
min _ MWp max _ MWp
Wn o = , W = ,
" Vi vi (18
1+— 1- —
c c

and the total radiation power emitted by a separate electron moving in a spira in vacuum is determined
according to [15] as

, B
po =28 M2z = (19

m T3¢ 4p
ext 2
8 h-Y
m, c
Our numerical calculations of the radiation power spectral distribution were performed at
B =10"*T, ¢ =0.2997925 x10° m/s.
For the velocities components V, _=0.2 x10® m/s and VWac =0.12X10° m/s the radiation power

spectral distributions of two electrons in vacuum depending on their location along a spira are shown in Figs
1-3 (curves 1-5).

where w, =
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It is interesting to compare the radiation power spectral distribution for two electrons with the radiation
power spectral distribution of a separate electron (curve O in Fig.1). The radiation power of the separate

electron in vacuum P = 0.8455x10 %*W cal culated according to relationship (19) is in good agreement to

ac0 —

the power P! = 0.8527 10 2*W determined after integration of relationships (13) and (14). For the time
difference Dt, = 0.01p/ w,, the coherence factor S,(w)=4 and two eectrons radiate as a charged particle
with the charge 2e and the rest mass 2mg, i.e. by afactor of four more than a separate €lectron.
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Fig. 1. Spectral distribution of radiation power for two electrons moving one by onein aspiral. (V, e = 0.2X0%ms,

Vvac =0.12x0° m/s, curves 0-5). Curve 0 — the radiation spectrum of a separate electron, P\, = 0.8455 X10° 24\,

vaco —

P =0.8527 R0 2*W, Curve 1: Dt; = 0.01p/ Wy, Pim, = 0.3409 X10"*®W. Curve2: Dt, = 2p/ Wy,
PIM, =0.1409 40 2 W, Wy, =Wy, =W, =Wy =W, =Wy = 0.1607 X10° radis,

loo = To1 = Fo2 =Tog = o4 =los =1.244m.

In the case Dt, =2p/w,, the function of the radiation power spectra distribution has the maxima
approximately at the frequencies wqg, whereas the radiation at 1.5wg is absent.
For the time difference Dt; = 4p/wgg(curve 3 in Fig. 2) we have found the maxima of the spectral

distribution function located approximately at the frequencies W3, 1.5wy;, 2w,y;, 2.5w,, and 3wgybut at
the frequencies 0.75w; , 1.25w;, 1.75w,,, 2.25w,, and 2.75w,, the radiation is absent.

5
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Fig. 2. Spectral distribution of radiation power for two electrons moving one by onein aspiral. Curve 3: Dtz = 4p/wp3,

P =0.1844%0 W

vac3 T
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For the time differences Dt, = p/w,, (curve 4 in Fg. 3) and Dt; =3p/w,, (curve 5 in Fg. 3) the
radiation at the basic frequencies w, = w, is absent.

[ W(w) >w01_>10'24w

0 1 2 3 w/' WOj 4

Fig. 3. Spectral distribution of radiation power for two electrons moving one by onein a spiral.

Curve4: Dt, = p/w,,, PI™, =0.1053X10 #w. Curve5: Dt, =3p/w,, PiM. =0.1530 X10" 2 w.

vac4 vach

At the basic frequency wp; the function of the radiation power spectral distribution of two electrons is
equal to zero if the time difference between them in aspiral isequal to (2i +1)p/wp;j (=0, 1, 2....).

5. SPECTRAL DISTRIBUTION OF SYNCHROTRON-CHERENKOV RADIATION POWER IN
LOW- FREQUENCY RANGE

Let us consider a Doppler effect influence on synchrotron-Cherenkov radiation in transparent media.
The synchrotron-Cherenkov radiation in a medium is the only process [16]. The expressions for the
synchrotron-Cherenkov radiation power in such a medium can be obtained starting from (10). Then for the
separate electron moving in a spiral we have

¥

Pad = v (w)dw, (20)

_inw)w,_, 0
snj h(X)y
_2e" i ( )%

W(W)—Togix m(W)ZE)W (Y

(21)

V2 ;
where  h(x)=_[V?x? +4—-sin 2802
W, €2 g
In the case of transparent media in low-frequency spectral range, i.e. at e, =const and m, =1, the
power of the Cherenkov radiation at rectilinear motion in amedium (n isthe constant) is determined as.
c 0

2
2
Par' =2yt ana(gl- R
2 4p Von® 5

(22)

For the refraction index n=2 a the velocities V., =0.15x10°M/s, V,, =0.1493:40° m/s, and

Vi,=012 X108 s, Vim =0.149% ¥10° m/s (curves 6 and 7 in Fig. 4) the conditions for existence of the
synchrotron-Cherenkov radiation are fulfilled.
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The power of the Cherenkov radiation at rectilinear motion P.% =0.6979 XL0 '*W (relation (22)) isin

good agreement to the power of the synchrotron-Cherenkov radiation P:™ =0.699X10"**W caculated in
conforming the relationships (20) and (21) a the motion of the charged particle having a small

(V.,, =0.1x10° m/s) transverse velocity component (the absolute values of the velocities are the same).
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Fig. 4. Spectral distribution of synchrotron-Cherenkov radiation power with relative frequency.
(For thecurves 6-8: n =2, B®' =10"*T, wps =Wy, =Wy =0.1523 10%rad/s). Curve6: V. , =0.1530° m/s,
Vi, =0.149340° mis, Py = 0.4688>10 * W, rys =0.985m. Curve 7: V, , = 0.1240° mis, V,,, =0.149640°mis,
fo7 =0.788m, P =0.469 10" *W. Curve 8: V, ;, =0.1x10° mis, V), =0.1500839 0° mis, g’ =0.699x10°W,
Pi% = 0.6979%10 **W, rge = 0.007 m.
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Fig. 5. Spectral distribution of synchrotron-Cherenkov radiation power with relative frequency. For curves 9-11

Vam = 0.12x10° /s, Vi, =0.1496X10° /s, Wog =Wg0 =Woq; = 0.1523 X10°radls, Iog = g0 =gy, = 0.788 m,
Curve9: n=2.003, P =0.1469 X10" "' W. Curve 10: N =2.005, P = 0.2099 x10 "*" W, Curve11: n=2.01,
P =0.3450<10" W.

The performed high-accuracy calculations of relationships (20) and (21) for the spectra distribution of
the synchrotron-Cherenkov radiation power of electrons showed that the spectral distributions a V; <c/n

(curves 6 and 7 in Fig.4 and curves 7 and 9 in Fig. 5) essentialy differed from that at V, >c/n (curves 10
and 11 in Fig. 5). The analytica studies and numerical calculations showed that the Doppler effect influence
on the peculiarities of the radiation power spectral distribution of the electrons was essential near the
Cherenkov threshold.

The allowance of frequency dispersion does not change essentidly the radiation power spectral
distribution in low-frequency range in transparent media. In the case of the Cherenkov radiation in non-
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transparent media the allowance of frequency dispersion leads to some interesting peculiarities in high-
frequency spectral range [17, 18].

6. CONCLUSIONS

The coherence factor leads to essential changes in the radiation power spectral distribution of a system

of charged particles depending on charged particles location in orbit.

The Doppler effect influence on the form of spectral distribution power is essential near the Cherenkov

threshold.
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