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The motion of relativistic charged particles beam in an external periodic field is considered, taking into account
the influence of incoherent fields produced by particles on this motion. On the basis of the dynamics of individual
particles motion under the action of the pair interaction forces each of them we derived the coefficient of friction.
The expression for the friction force, which describes the average change in the momentum of charged particles per
unit time, in the case of motion of an initially monoenergetic particle beam, is obtained.

PACS: 41.60.—m, 52.25.Gj

INTRODUCTION

As is known, charged particles moving in external
periodic fields emit electromagnetic radiation. For parti-
cles with very high energy, the main part of the intensity
of the radiation is concentrated in the region of high
frequencies [1]. The effect of this radiation on the mo-
tion of charged particles leads to a change in the rms
value of the momentum of the particles. These effects
are significant in the case when the system of charged
particles is homogeneous in space, and the self-
consistent fields are negligible. The flow of relativistic
electrons moving in an external periodic field
(undulator), which is a source of intense ultrashort-
wavelength electromagnetic radiation, satisfies just such
conditions. The change in the rms value of the longitu-
dinal momentum of electrons moving in an external
static and periodic in space magnetic field is considered
in [2, 3]. These studies are of particular importance in
connection with the work aimed at creating X-ray free
electron lasers (FEL) operating in the mode of self-
amplified of spontaneous emission (see, for example,
[4]). The question naturally arises of how the incoherent
field of spontaneous electromagnetic radiation affects
the change in the mean value of the electron momen-
tum. This work is devoted to the study of this issue.

1. BASIC EQUATIONS

We consider an external field that is periodic along
the z-axis of the Cartesian coordinate system and uni-
form in the transverse direction (perpendicular to the z-
axis). Let the flow of relativistic charged particles move
along the z axis in this periodic field. We will assume
that the forces of pair interaction between particles are
known. The equations of longitudinal motion of an in-
dividual charged particle can be written in the form:
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where p, and z are the momentum and the longitudinal

coordinate of a particle, FZ(S) is the force of pair interac-

tion between particles, X(t,Xgs)= {X(t)t; Xs(t, Xo5 )}

=(r,p) is the set of coordinates and momentum of a
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particle, x, =(ro,p,) are the initial values of coordi-
nates and momentum of a particle, y is the relativistic

factor.

We will consider the motion of particles in the time
At , when the trajectory of the particles does not change
significantly Then, on the right-hand side of equation
(1), expanding the expression for the force in a series in
small parameters Az =1z, - 729(t) and

Ap, =p,— P, (0) we obtain the following equation

9~ [+ [a—Fm]]

dt

where £=(z,p,), A& =(Az,Ap,).
The change in the momentum and coordinate, ac-
cording to (1) and (2) is determined by the equations

- jdt'Fz (x©,1), (4)
to
Az, =%j%(t—t’)Fz (x©,1). )

Substituting (4) and (5) into (3), we obtain the fol-
lowing equation describing the change with time in the
average value of the momentum of the particle

S (pa) = (Rl + A, ©)

where
A :jdt’<FZ (X () V)L (xt=t)F, (X (0).4)), ()

I:(x,t):L£+i the angle brackets denote en-
my® oz op
semble averaging.

The first term in equation (6) describes the average
force acting on the test particle, or the deceleration force
of an individual charge by the field of its own radiation.
The second term in equation (6) is the radiation friction
force.

Averaging in the right-hand side of Eq. (7) is per-
formed using the distribution function of dynamic states
of the particles in the phase space of the coordinates and

momentum of the particles at initial time t, (in the co-
ordinate z=0) [5, 6]. We consider the influence of
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average forces on the motion of particles insignificant if
these forces are not equal to zero.

Averaging in the integrand of Eq. (7) in the same
way as it was done in [2, 6], neglecting the particle cor-
relation at the initial moment of time, and taking into
account Eq. (1) for the microscopic force, we obtain

A = jdt'j FOTX, (%) ]
fo

)LOGE=t ) F X (1% ) ] F (X )Xo
where f(xy ) is the one-particle distribution function.

To calculate A, we note that the force of pair interac-
tion in the integrand (8) is determined by the motion of
the charged particles along equilibrium trajectories in an
external periodic field.

2. FLOW OF PARTICLES
IN A PERIODIC FIELD

Let charged particles move in a static and periodic in

space magnetic field

H=H,le, cos(k,z)+e, sin(k,z)|, 9)
where  H,, A, are the amplitude and period of the
magnetic field, k, =2m/A, .

We consider the interaction of charged particles via
the electromagnetic field produced by them. The trans-
verse equilibrium velocity of charged particles in the
magnetic field (9) has the form

V(J(_)s) (t): €V, COS[ku Zg (t)]_ ey Vi Sin[ku Zs(t)]'

The expression for the force of pair interaction be-

tween particles under the assumption of a small value of
the amplitude of the external periodic field

(eH OQ\O/anc2 << 1) can be written in the form [3]

212
F(s) __ e K,k .
z (X't) YR*(I’,I) G(I’,t, qu)’

@)

(10)

where

R R¢
G(rvt;qOS):[st'*’ﬁ_ sy -2 Oljsin\v+

R cos
+ st+ 0z 4 ,
R* kOSR*

v :Ygsku (ROZ +BZSR*)’ R = \ Rgz + Rgl/ygs )

ROL :\/(X_XOS)Z +(y_YOs)2 ! ROZ =Z_Zs(t)'

e(H
Kos :ﬁzsygskwvi :%1 K :H—ZO'
Yo mc -k,

Let's consider the initial (pre-Brownian) stage of
charged particles diffusion in momentum space, assum-
ing that particles are monoenergetic at the entrance to
the external periodic field. Furthermore, we are interest-
ed in small changes in the energy of charged particles

due to their radiation friction Ay <<y, .

Substituting the expression for the force (10) into
right-hand side of Eg. (8), after integration over the
momentum, we obtain the following equation for the
radiation friction force
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t
A, =—e* Kk [dt'x
0 (11)
G[X S (t” Xos )]G[X S (t’ Xos )]
X J. quS nb ; [l
alt) TR (t', Xo5 JRe(t, X5 )
where dgg, = V,0s OXosdYpsdts, Q is the range of inte-

gration over the initial coordinates of the emitting
charges.

We assume that the beam is a solid cylindrical of ra-
dius r, with a uniform average density n,.

On the right-hand side of equation (11), it is conven-
ient to pass from the integration variables Xgs, Yos, tos tO
new variables r', ¢, 6, using the formulas:
Xos =Xo—VzI'C0SQSING, Yoo =Yo—7v,I'SiNQsING,
Az,(z;)=r"c0s0, 0<@<2m, 0<O<T.

The limits of integration over the initial coordinates
in equation (11) can be written in the form (cf. [2]):
at z<z,

z
r' (z,,0)=r,(z,,0)=———1 (12
max( 1 ) 1( 1 ) ng(ﬁzm_’_cose) ( )

at z>z,

n(z,,0) 0<0<6.(z)
Max (21: 9) = I (13)

Yo SINO’

where 0.(z)=2arctg(z,/2), z; =B ¥l -
Substituting the expression (10) into equation (11)
and integrating over the initial coordinates using bound-

ary conditions (12), we obtain the following expression
for the radiation friction force at z<z,

(14)

e
where rp =—.
mc

For z>z,, calculating the integrals on the right-hand
side of Eq. (11), taking into account the limits of inte-
gration (13), we obtain

A, = —me’r, K* kuznbrsz(iJ , (15)
Zr
where
B(x):§(1—£j+§(arctgx—£j—
3 x) 16 4
2 (1+x*) 15
—ZIn +—.
X 2 32x
Let's note that in the limiting case z>>z,
Bx)=2+ 22
3 162

CONCLUSIONS

Thus, an expression for the force of radiation friction
of relativistic charged particles passing in an external
periodic field is obtained in this work. The pre-
Brownian stage of charged particles motion is investi-
gated, when the difference in the initial velocities of
particles at the entrance to the undulator can be neglect-
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ed. It should also be noted that expression for the fric-
tion force in the case of the pre-Brownian motion of
Coulomb interacting charged particles was obtained in
[71.

As follows from (14, 15), the radiation friction force
is proportional to the beam density. This force increases
as the beam of particles moves in a periodic field.

At distances z>z, this force increases in proportion
to the distance in the first degree. At distances z<z,, the
radiation friction force increases in proportion to the
square of the distance passed by the beam. This depend-
ence of the force on the distance is due to an increase in
the number of particles in the field of which the test
particle is located, as the beam passes through an exter-
nal periodic field.

From formulae (14, 15) and the expression for the
diffusion coefficient D,, obtained in [2], the relation

follows

A =Dz

2 ,
P:

which relates the force of radiation friction and the dif-

fusion coefficient.

As follows from formulae (14, 15) for
ultrarelativistic electron beams, which are used to obtain
ultrashort-wavelength radiation in the FELs, the radia-
tion friction force must be taken into account along with
the radiation damping force of an individual charge. In
addition, explicit expressions for the radiation friction
force make it possible to kinetically describe the relaxa-

tion of relativistic flows of charged particles in external
periodic fields.
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PAJIIAIIIMHE TEPTSI PEJISITUBICTCHKUX 3APSJIVKEHUX YACTHHOK,
IO PYXAIOTBHCS B IEPIOJJMYHOMY ITOJII

B.B. Oznigenxo

Po3risiHyTO pyx mNyd4Ka pEeNsTUBICTCHKMX 3apsDKEHHX YAaCTHHOK y 30BHINIHBOMY MEPIOJUYHOMY IIOJi, 3
ypaxyBaHHSM BIUIMBY Ha Il pyX HEKOI'€pPEHTHHX IOJIiB, CTBOPIOBAHMX YaCTUHKaMHU. Ha OCHOBI JUHAMIKH pyXy
OKPEMHUX YaCTHHOK ITiJl JAI€I0 CHJI MapHOI B3a€MOIIT KOXKHOT 3 HUX OTPHUMAaHUi KoedirieHT Teptsa. OTpuMaHO BHpa3
JUISL CHJIM TEPTsl, IO OIUCYE CEPEAHIO 3MIiHY IMITYJIbCY 3aps/DKCHUX YaCTHHOK 33 OJMHHIIO Yacy Yy BUIAAKY PyXy
MOYaTKOBO MOHOCHEPIeTHYHOI0 MyYKy YaCTHHOK. YCTAHOBICHHH B3a€MO3BSI30K MDK CpPEJHBOKBAIPATHYHHM
PO3KHIOM MO IMIyJIbCaX i CHIIOK0 rabMyBaHHS YaCTHHOK.

PAJIMAIMOHHOE TPEHUE PEJATUBUCTCKHUX 3APAKEHHBIX YACTHIL,
JABUKYIINXCA B IEPUOAUYECKOM I10JIE

B.B. Oznueenko

PaccmoTpeHO IBMKEHHE MTydKa PESTHBUACTCKUX 3apsOKCHHBIX YACTHII BO BHEIIHEM MEPHOJUYECKOM MOJE, C
YYeTOM BJIMSHUS Ha 3TO JBIKCHHE HEKOTEPEHTHBIX IIOJICH, CO3MaBaeMBIX dacTUIlaMH. Ha OCHOBE TUHAMWKH ABU-
JKCHHS OTHEIBHBIX YaCTHII O] NeHCTBHEM CHJI MAPHOTO B3aWMOJESHCTBUS KaXKIOU M3 HUX MOIyYeH KOA(DPUIHECHT
TpeHus. [TorydeHo BbIpaskeHUE NJISl CHIIBI TPEHUS, OMMCHIBAIOIIEEe U3MEHEHUE CPETHETO 3HAUYCHHUS UMITYJIbCca 3apsi-
YKEHHBIX YAaCTHUII 33 CIUHUITY BPEMEHH B CIydae IBIKEHUS MEPBOHAYATHLHO MOHOYHEPTETUIECKOTO MOTOKA YACTHIIL.
YcraHOoBIIEHA B3aMMOCBSI3h MEXKIY CPEIHEKBAIPATHUECKUM Pa3OpoOCOM MO UMIYJIbCaM U CHIIOH TOPMOXKEHUS dac-
THIL.
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