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Uniform electromagnetic field as viscous medium for moving particles
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The mechanism of transverse radiation viscosity acting on free charges, atomic, and small macroscopic
particles in uniform electromagnetic fields is analyzed. It is shown that in the process of light scattering by
these particles, besides the force accelerating them in the direction of propagation of the radiation, there is a
force in the transverse direction slowing them down. The general expression for this force is obtained. It is
considered how this force can influenég:the motion of ultrarelativistic electrons in transverse photon fluxes;

(ii) the behavior of a beam of nonrelativistic electrons moving in a copropagating uniform electromagnetic
field; (iii) the transverse motion of atoms under the action of resonant radiatiotivaride motion of small
macroscopic particles.
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[. INTRODUCTION Herem s the mass of the chargejs the velocity of light,6
is the angle between the directions of the incident and scat-
There are two qualitatively different optical forces that acttered light waves. According to E€L), the total momentum
on an atomic particle in an electromagnetic figld-3]. One  of the scattered radiation is equal to zero in the coordinate
of them is the force due to elastic scattering of photonssystem centered at the point relative to which the charge
which accelerates a particle in the direction of propagation obscillates. Therefore, the total momentum of the incident ra-

the light wave. The other one is the dipole force due to thejiation is absorbed by the particle, and the average force due
interaction of the induced atomic dipole moment with theto the pressure of light on the particle[i3]
electric-field gradient of the light wave; this leads to the fo-

cusing or defocusing of the atomic beam. These optical 5\ 2
forces were used in experiments to defleg], focus[6—8], = :8_77 & h )
and acceleratf9] atomic beams, as well as in laser cooling 1773 mc2 '

[10,17] and the deceleratiof12] of single atoms. For
charges without a proper or induced dipole moment the Se%’vhereW[J cmi 3] is the energy density of the electromag-
ond force is absent. Therefore, the single dissipative sponta- ~ ~~ “ . i ) o

neous force that acts on a charge in the field of a planélet'F flgld,n is the unit vector det.ermmed_ by the direction of
monochromatic electromagnetic wave is the force due to théhe incident wave. Under the action of this forceﬁthe center of
elastic-scattering radiatiofi3]. It is normally assumed that oscillations, initially at rest, starts to move along There-

the scattering of a photon by a free charge leads to its accelere, on the average, the charge itself is accelerated along the
eration along the direction of propagation of the electromagdirection of the incident radiation. This is a manifestation of
netic wave. In the present paper we analyze the other featugge pressure of electromagnetic radiation. The force,(Bq.

of elastic scattering of a photon by a charge, namely, thes well known and is described in books of classical electro-
effect of the “viscosity” of light that influences the motion of dynamics(see, for example Ref§13,14).

the charge in the directions perpendicular to the axis of the™ | gt ys analyze how this physical picture changes when

beam of light. the charge is initially not at rest but is moving perpendicular
The physical reason for this effect is obvious from theto the axis of the beam of light with veIocitS/L . The motion

following qualitative consideration of the scattering process. ¢ the ch i the el ic field b idered
Let us consider a charge that is initially at rest in the labora®! the charge n the e ectromggnetlc Ield can be considere
S a superposition of two motions. The first is the oscillatory

tory coordinate system. Under the action of a plane wave ofts @ der th ) f the electric field of the liah
light the charge makes small harmonic oscillations near thig"0tion under the action of the electric field of the light wave

point. Assume that the velocity of the oscillatory motion of and the progressive motion with velocity of the center of

the charge in the electric field of the light wave is small oscillations. The scattering cross section in the coordinate
compared to the velocity of light. Then the scattering proces§ystem relative to the center of oscillations is described by
can be considered in the dipole approximation. In this cas&d- (1), in which the total momentum of the scattered radia-
the scattering cross section of the unpolarized light wave b§ion is zero. In the laboratory coordinate system the trans-
the charge in the solid angt) is given by[13,14] verse momentum , % w/c? is transferred to each of the scat-
tered photons with the masiss/c2. This momentum transfer

to the scattered photons decreases the velocity of the particle

Ji in the direction perpendicular 1o, which is equivalent to

2
(1+cos6)dQ. )

d ¢
772\ me
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the action of a transverse for(feL upon the charge. The Y

magnitude ofF, is determined by the momentum 7 w/c?

and the time interval during which this momentum is trans-
ferred to the scattered photon. This time interval is defined
by the flux density of the photow /% and the total cross
section (87/3)(e*/mc®)? of the scattered radiation. There-
fore, the transverse force, that slows down the charge is
given by

IE . 8 e2 2W1;L 3

Thus, in addition to the longitudinal forcéu, a specific

Stokes forcelfl due to radiation viscosity acts on a charge ) ) _ _ .

that moves in a spatially uniform electromagnetic field slow- FIG- 1. Coordinate system of a particle moving with veloaity

ing down the particle in the directions perpendicular to therelative to a radiating source at rest in the laboratory reference

propagation of the light. It is clear that the existence of this™ame-:

force is due to the Doppler effect, since it causes the photons ..

scattered in the direction of the oscillatory motion to bedinate system and=kn is the wave vector of the incident

harder than those emitted in the opposite direction. electromagnetic wave located within tkg plane at an angle
In spite of the fact that the physical concept of the phe-e relative to thex axis (Fig. 2). Thus, the four-dimensional

nomenon of the viscosity of light is simple, the effectl-zoj wave vector of the incident radiation has in the laboratory

on the processes caused by the pressure of the electromc’;ﬁf;’-ord'nate system the componeqis/c, k cosa,ksina,0}.
In the moving (primed reference system, connected to

netic radiation has, to our knowledge, never been considereolﬁ ; Iati hich the ch i his f
Perhaps, this is because this force is relatively weak in comt'€ Point relative to which the charge oscillates, this four-

parison with the longitudinal force. In the present paper welimensional vector is defined §y.3]
analyze what physical effects result from this force acting on o o ©
free charges and atomic particles in strong fluxes of electro- —=—1v(1-Bcosa); k,=—y(cosa—p);
magnetic radiation. ¢c ¢ ¢
In Sec. Il we derive the general expressions for the forces w
of the pressure of light acting on particles moving with arbi- k{,z—sin a; k,=0, 4
trary velocities, including those close to the velocity of light. ¢
In Sec. Il we consider some examples of the action of th§yhich follows from the Lorentz transformation of four vec-
force of viscosity on electrons, atoms, and macroscopic paty s, HereB=wv/c and y=(1— 82)~ Y2 The components of

ticles. Namely, in Secs. Il A and Il B we discuss the effect . S e, . , —
of the viscosity of light on ultrarelativistic electrons moving the unit vectom=k'/k’, which defines the direction of the

in an electromagnetic field and the possibility of collimating Wave-vectork’ in the primed coordinate system, are
nonrelativistic electron beams in the coaxial fluxes of laser L )
a,{ Ky Ky kz] Q,[(COSQ—B) sina
—_— = n

radiation, respectively. In Sec. 1l C we analyze the influence 0
1-pBcosa’y(l—pBcosa) |’

of the force of the viscosity of light on the behavior of atoms k' 'k" k'

in resonant electromagnetic radiation. The effect of the vis- (5)
cosity of light on macroscopic particles is briefly touched

upon in Sec. Il D. The energy density of the electromagnetic field in the primed

coordinate system is related to the radiation density in the

laboratory system throughi 3]
Il. GENERAL FORMULAS FOR THE FORCE

OF LIGHT PRESSURE W' =Wy?(1— B cosa)?. (6)

For a charge moving with a velocity<c the force of

viscosity Eq.(3) is small compared to the longitudinal force If the velocity of the oscillatory motion of the charge is

: \ small compared ta, the total momentum of the scattered
Eq. (2). As will be seen below the relation between the forcesradiation in the dipole approximation is zero in the primed

becomes ?un;ehdllffere'?t d\{vhele}—>c. LEtd Liﬁ dferlve tr;(?[hex—' coordinate system. Hence, the average force of light pressure
pressions 1or the longitudinal force and the 1orce of IN€ VIS-ing on the charge in this coordinate systerfils]
cosity of light by calculating the electromagnetic pressure

upon the particle in the coordinate system of the moving Er=W a(w’)ﬁ’ @

charge. Suppose that the particle is moving with veloﬁity
relative to a radiating source which is at rest in the laboratorywhere o(w’) is the total cross section of the scattered light
coordinate systemy is the radiation frequency in this coor- by the free charge. The components of the four-vector force
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g’ in the primed coordinate system are expressed in terms of The change of the electron’s kinetic energy due to the
the three-dimensional force E() as[13,14] force of the viscosity of light in the area under irradiation is

> > — — 2
g’ ={F"-uyIc?F}ylc,F}ylc,F,ylc}. ®) AE=F,D=Woy'D. (1)

_ 2 - -
Transformingg’ into the laboratory coordinate system, we Here, o= (8m/3)rg is the Thomson elastic-scattering cross

. o 2 .
obtain for the Cartesian components of the usual three forcg€ction of the photon by the free electropr=e /mc? s the
classical electron radius aridlis the distance traversed. Let

Fy=F.=Wo(')y?(1— B cosa)(cosa—B), us estimate the energy denslty of the irradiation field for
the AE to be of the same order as the energy of emitted
synchrotron radiation on the same part of the electron orbit.
The intensity of synchrotron radiation of the ultrarelativistic
electron is defined bj13]

Fy=F,/y=Wo(w")(1-Bcosa)sina,

F,=F./y=0. 9
. . 2e’c
According to Eq.(9), the longitudinal and transverse forces | = Y. (12
of the light pressure are expressed as 3R?

HereR is the radius of the circular orbit of the electron in the
magnetic field. On the side of the trajectory with length equal
=Wo(w')y*(1— B cosa— B3sirfa)(1—- B Cosa)ﬁ, to D, the energy emitted by the electron moving with veloc-
ity v~c is ID/c. Equating these energies, we obtain the

,fl =(F,sina— chosmﬁ energy densityV of the radiation field

F|=(Fxcosa+Fysina)n

= —Wo(o')y?*Bsina(l-Bcosa)®p.  (10) We 2e?y° 13

R 3R%

Here p is the unit vector. This vector is located in thg

plane and is perpendicular t In the limiting casev<c,  For estimation, let us assume tHat 10° cm and y=10.

Egs. (10) reduce to Egs.(2) and (3), because,BE sina 'I_'hen,_from Eq.(13) we_osbtam Igr the_energy density of the

— Ic light field W=0.23x10"> Jcm *, which corresponds to a

TELT . . R radiation intensityP~10° W cm™ 2. Such an intensity is eas-
Let us compare the forqes in Eq4.0) in the relat|y|§t|p ily accessible in current experiments with laser radiation,

case. For the parallel motiomy=0, of the ultrarelativistic

; particularly if we take into account that the resonator mirrors
particles (y>1) and photons both forces are equal to zero. . :
. . can effectively increas@.
For o= 7 (opposite to the motion of photons and chajges
the transverse force is zero. The longitudinal force is defined
by F|=4Wo(2wy)y. For angles & a<7/2 we have, as in

the nonrelativistic casdF, |/|Fj|~|v,|/c<1. For the per- o .
pendicular crossingg= /2, of the ultrarelativistic charges ~ How can the force of the viscosity of light act on beams
and photon beams we haifél|/||fu|%72|lﬁ|/c>l- Thus of nonrelativistic electrons moving in a copropagating uni-

. - . form strong electromagnetic field? Such a problem may have
in the latter case the forde, strongly dominates the force practical application§16]. Suppose that the electrons are

Fy. This is connected with the so-called “projector” effect injected into the light beam along its axitaken as the x
according to which an ultrarelativistic charged particle emitsaxis) with an initial longitudinal velocityv, [v,(0)=v,(0)

B. Viscosity effect on beams of nonrelativistic electrons
moving in a copropagating uniform electromagnetic field

I’adiatiOI’l in'[O a Sma” cone in the direction Of |tS m0t[dr$] :0] Let us Consider, for examp|e, the e|ectron motion
along they axis. In the preceding section we have derived the
[ll. SOME EXAMPLES OF THE EFFECT OF THE LIGHT formulas for the forces acting on particles which appear due
VISCOSITY ON THE MOTION OF ELECTRONS, to the transformation of the incoming electromagnetic wave
ATOMS, AND MACROSCOPIC PARTICLES into the scattered one. This derivation was based on the clas-

sical picture for the scattering of electromagnetic radiation.
Since the quantum nature of the electromagnetic radiation

Let us assume that the ultrarelativistic electron, whichwas not taken into account, the forces given by HA$)
moves along a circular trajectory in a magnetic field, crossesorrespond to the medilassical action of the field on the
many times a radial light beam. Moving in the area underparticles. In fact, because of the quantum character of the
irradiation, as in a medium with viscosity, the electron losesscattering, the particle in every scattering act gets a recoil
part of its kinetic energy. If this energy is comparable to themomentum which is randomly orientated in space. Because
energy of the synchrotron radiatigi3,14] emitted by the of this reason the transverse motion of the electrons in the
electron on this part of its trajectory, we can expect signifi-uniform electromagnetic field is quite similar to the motion
cant corrections to the rate of change of the energy, whiclef the Brownian particles and can be classically described by
can be experimentally observed. the Langevin equatiofsee e.g., Ref.17])

A. Ultrarelativistic electron motion in transverse photon fluxes
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dvy lengths were considered e.g. in REf6)), v,=0.1c and P
Mg =~ oy T, 19 _\We~105Wem 2, we obtaink ~+3~1.7. Thus, in the
case under consideration the effect of the viscosity of light is
The first term on the right-hand side of Ed4) is the force  quite substantial. Of course, the value of the field intensity
of viscosity with »=Wa/c. f,(t) is the stochastic force was taken to be quite large. However, modern lasers make it
which is introduced to describe that part of the action ofpossible to reach intensities oP~210%—10?° W cm 2
radiation which is related to the statistical nature of the sponf18,19 and even higher. This, in principle, permits an ex-
taneous emission in the process of the Thomson scatteringerimental observation of the predicted effect of the viscosity
The latter force has the well-known propertigse e.g., Ref. of light for electrons. Already, the scattering of laser radia-
[17]): tion by free electrons under laboratory conditigqnaere the
size of the region of the electron and photon interaction is
(fy())=0(fy(t+7)fy(1))=Dyyd(7). (15  thousands times smaller than that we considereas ob-

served experimentall}20-23.
Here and below() denotes the averaging over the electron P b20-23

ensemble. FurtheD,, is the coefficient of the electron dif-

fusion in the momentum space which, in this case, is ap-

proximated byD,,~#AkWo.

Using Egs.(14) and(15) and the initial conditiorv(0), The reason for the appearance of the forces in(EQ). is

one can obtain that the mean-squared deviation of the elethe fact that the scattering indicatrix is symmetric in the ref-

trons from their initial positions,/{(y(t) —y(0))?), is given  erence system connected with the scattering particle. Conse-

by quently, our consideration is applicable also to the scattering
of the monochromatic radiation by a single atomic particle.

C. Viscosity effect on atomic particles moving in resonant
electromagnetic field

Dy, 2m In this case, instead of the differential cross section (&Y.
Ly —y(0)]3)=—7|t— 7[1—exp(— nt/m)] we have[24]
Y
m do— (%)’ 2(1+ co29)dQ) 19
+a lime—2ntm]|. (16 o3|/ lad@ (1 +cosddl. (19

Here,w is the frequency of the scattered radiatie( ) is

the dynamic polarizability of the atom. According to Eqg.

? 9), in this case the total momentum flux of the scattered
photons is zero in the reference system centered on the
atomic nucleus. Replacing in Ed®), (3), and(10) the cross
section for the scattering of light by the charge by the total

There are two different limiting cases where the solution Eq
(16) has an especially simple form. These are the cases
small (t<m/») and large {=m/ ) timet. In the former one
has

(Iy()—y(0)]3)~ %t? t<miz, (17) cross section of the scattering of a photon by an atom
m
B 87 w\? 5
whereas in the latter one obtains o(@)=—5| ¢/ lad@)] (20
5 Dyy we obtain the longitudinal force and the force of the viscos-
(y() =y(0)])~—t, t>m/7. (18 ity of light that act on a single atomic particle in a uniform
7 field of light.

In experiments aimed at observing the effects connected
with the pressure of light on the atomic particles, resonance
laser radiation(with w~wg), which saturates the atomic
ransition, is usually used. To reach this saturation the aver-

ge intensity of the laser radiatio of about tenths of
cm 2 is sufficient. As we shall see further, this limitation
of P substantially restricts the possibility of observing ex-
perimentally the effects of the viscosity of light.

Within the range of resonance frequencies for the dynami-
cl;al polarizability of the atomyy(w), Eq. (20), we can take
into consideration only the pole term corresponding to a
g_iven resonance excitation of the atom. In this case the lon-
gitudinal force of the pressure of light, E(2) can be repre-
sented in the forni1,25]

It is clear that the solution similar to Eq4.6) and(18) holds
also for the electron motion along thzeaxis.

The mean-squared deviation in the electron coordinate
given by Eq.(16) (and the similar equation for thecompo-
nend give an estimate for the size of the electron spot on th
target in the case if initially the electron beam is narrow
enough. Neglecting the viscosity of light, one would obtain
that the spot size is given by EqLl7), because only the
region of the small time can be realized whes 0. On the
other hand when the light viscosity is present and the time o
the electron propagation, estimated tgs-L/v| (L is the
distance which the electrons travel before they reach the ta
geb, is comparable or higher than/ »=mc/(Wo) the spot
size is estimated by Eq18). Assuming that the latter con-
dition is fulfilled, we obtain that under the action of the ra- 7KGT
diation viscosity the radius of the electron spot decreases by FA= _ _ (21)
a factor A~ nt/m. Taking that L=10° cm (such beam | [1+G+(w—wy—k-v)2/T?]
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Here,G=0.5(d-E,/AI')2, whered is the atomic dipole mo- Measured in energy unjt/ould increase linearly with time

ment, EO is the amplitude of the field strength of the radia- until thethlong|tu;j|nfatlhmot|on of the a:ﬁr?; a}Iong th(e?x;_s
tion field. Further,I’= rs_pl is the natural width of the reso- oy oo (NEM out O fhe resonance wi € 1aser radiation.

T i _ We now show how the above conclusion changes after the
nance line,v is the velocity of the atom an@ is the  force of viscosity Eq(22) has been taken into account. Let
radiation frequency. For the transverse force of the viscosity,s consider the stationary solution of E@3) that corre-

of light acting on the atom in the field of resonance radiationsponds to the case when the diffusive expansion in the ve-

we have now the following expression: locity space is compensated by the viscosity of light. Setting
- the time derivative in Eq(23) to zero we obtain the follow-
> > UL 1 i .
Ff= —|Fﬁ|?. (22) Ing equation:
The forces, Eq921) and(22), have the Lorentz dependence d’d dd
- . - Cyyv— +Bvy—+Bd=0. (24
on the projection of the velocity of the atagmonto the wave Y 4p? Ydv,

N y
vector of the photoik, typical for the resonance interaction

with monochromatic radiation. These forces reach maximall_h . . L . S
values in the case of resonance whek=w— wo. AS be- e solution of trys equation is t_he Maxwelha_n dl_str|but|on
fore, we assume here that the beam of light propagates alorf§(Vy) =Aexp(-vy/2T,), whereA is the normalization fac-
the x axis. The maximal values of the forces E¢gl) and  tOr- Taking into account the explicit form @&, andB the

. . . - temperature can be estimated &g~%w. (The same, of
(22) are restricted, owing to the saturation effect/ikgl” and course, holds for the motion along taexis: T,=T,~7a.)

hkI'vlc, respectively. _ o Thus, the viscosity of light of @patially uniform electro-
The evolution of the atomic velocity distribution for an agnetic wavean lead to the stabilization of the transverse
atomic beam moving in a copropagating laser beam, whege|qcity distribution of the atomic beam. The time, which is
only thedl_or(ljg!tudlnal fzrce ](EQ(-ZD was taken I'Qntoz‘icgount' necessary for the transverse distribution to stabilize, can be
was studied in great detaffor a review see Ref24,26). o ey as=(Mc/|Ff)|). From this expression it follows

There it was shown that, for sufficiently long time of the .
interaction of the radiation with the atomic beam, the forcethat’.Wh.en the resonance transition ;atura@%(L) and the
longitudinal force reaches its maximal value, one has

Eq. (2D t f initially wid locity distributi . .
d. (21) transforms an initially wide velocity distribution (Mc?/hw) Tsp- FOr example, in the case of Na atoms irra-

into a narrow one. Thus, the action of this force results in the:_ ted b lect " ith tf
monochromatization of the atoms in the velocity space. Ow;[ Iatr? $y3arj[ € eqt.romagrféclwe\l;/e W'N 1';?38?2 requency
ing to the existence of the diffusion of the velocity due to the'© \N€ S-9p transition (ow~2.1eV,75,~1. s) one

statistical nature of spontaneous radiation of the excited al Obtains 7~ 1(]12 I?j -_Il—_rr]]e ]Egaspns this t'm? tu:jned out to bde sho
oms, the monochromatization of the velocities of the atom©N9 @€ twotold. The first is, as was already mentioned, the

along the axis of the beam of light axis proves to be possibl@ﬁecrive limitation on the intensity of the laser radiatiBn

only up to some definite limit. Because of the same reasof€t PY dthe saturgtlonhof the z?tom|c tranS|t|gnCﬁ>h1. The H

the motion of the atom transverse to the beam of light, as th@€cond reason Is a huge value, compared to the case wit

motion of the electron considered earlier, has the diffusive®!€Ctrons, of atomic masses. Such large valuesr,obf

character as well. course, restrict th_e pOSS|p|I|t|es of (_)bservm_g the effects of the
Let us analyze how the force of the viscosity of light Eq. VISCOSity of light in experiments with atomic beams.

(22) can influence the transverse motion of atoms in the

beam coaxial with the beam of laser radiation. Assume that b Effect of the viscosity of light on macroscopic particles

both the beams propagate along ¥exis and that the initial ) ) ) ) ]

atomic velocities along thg axis are equal to zero. Then,  The scattering of light by macroscopic spherical particles,

owing to the diffusion of the atoms their velocity distribution When the radius of the latter is much smaller than the wave-

along this axis®(v,,t), initially having the formd(v,,0) length of the radiation, is analogous to nonresonant scatter-

~&(vy), obeys the following Fokker-Planck equation ing of light by isolated atomf27]. The shape of the scatter-
ing indicatrix for these Rayleigh particles is symmetric as
b g 920D seen from Eq(19). Therefore, these particles move in strong
i E(BUV(D):CW_Z' (23 electromagnetic fields as in a viscous medium. The effect of
y vy the viscosity of light can be particularly important for radia-

. tion frequencies corresponding to the Mie resonanf@@s
HereB=|F{{|/Mc, M is the atomic massC,,~ (ik/M)°I'"  Obviously, the effect considered can influence the behavior
is the coefficient of the velocity diffusiof25]. If there would  of the cosmic dust, the shape of a comet’s tail, etc. Note that
be no light viscosity, then instead of E(R3), one would  a similar phenomenon is well known in astrophysjés],
have the usual equation of diffusion in the velocity spacewhere it acts as a mechanism of decelerating small celestial
According to this equation the mean-squared deviation of thgodies moving around the Sun or other sources of strong
atomic velocities from their initial ones would increase lin- radiation. Owing to this effect, a body in space moves along
early with time:<v§)=nyt, i.e., the “temperature’T, of  a spiral trajectory, which gradually approaches the source of
the atomsT,~M(vy) (here and below the temperatdfgis  radiation.
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IV. CONCLUSIONS of the viscosity of light and estimated the magnitude of the

In this paper we have shown that when the scatterinngreCtS due to this phenomenon.

indicatrix of the electromagnetic radiation is such that the
total momentum of the scattered radiation is equal to zero,
then two forces act upon the particle moving relative to the
radiation source. The first accelerates the particle in the di- A.S.B. is grateful to Professor V. S. Letokhov and Dr. A.
rection of propagation of the radiation and is well known V. Zinoviev for useful comments. The work of A.S.B. was
[13,14). The second acts on the particle as a specific Stokesupported by Grant No. ZP1-2449-TA-02 of the Civilian Re-
force and decelerates the moving particle across the radiatisearch and Development Foundation for the Independent
field. Therefore, the particle moves in a strong electromagStates of the former Soviet Unid€RDF). A.S.B. acknowl-
netic field as in a viscous medium. The force due to theedges the hospitality of Professor V. Gontar from the Ben-
viscosity of light is a factor@ smaller for nonrelativistic Gurion University of the NegeVsrae). The U.S. DOE, Di-
particles, but it can be much larger than the first one in thevision of Chemical Sciences, Office of Basic Energy
case of ultrarelativistic charges. We have analyzed and prdsciences, Office of Energy Research, and NSF supported the
posed plausible experimental conditions for the observatiomesearch of A.Z.M. and Z.F.
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