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We present a theoretical analysis of the electromagnetic radiation (transition scattering) 
emitted when a permittivity wave is incident upon a stationary charged source. We report the 
first experimental observation and measurement of certain characteristics of the transition 
scattering by a charged filament of a permittivity wave generated by a high-power laser pulse in 
a nonlinear medium. 

1. INTRODUCTION 

In a paper published in 1973,' Ginzburg and Tsytovich 
examined so-called transition scattering, the electromag- 
netic radiation emitted when the electric field due to a 
permittivity wave is incident upon a charged source (see 
also Ref. 2). The permittivity wave can result from the 
propagation of high-power electromagnetic or acoustic 
pulses in the medium. 

One of the most interesting aspects of this phenome- 
non is the feasibility of radiation from stationary charges or 
other sources of a constant electric field. The energy that is 
radiated away ultimately comes from the source of the 
permittivity wave. 

Despite widespread interest in transition scattering and 
its importance as an investigative tool, the first experimen- 
tal observation of the phenomenon did not appear until 
recently (see Ref. 3). In the present paper, we describe 
experimental observations of the transition scattering of a 
permittivity wave produced by a high-power laser pulse 
passing through an isotropic nonlinear medium. The sta- 
tionary electric-field source in these experiments is a long 
charged filament, which gives rise to a number of interest- 
ing features in the resulting scattered radia t i~n.~ 

In Sec. 2 we discuss the theory of transition scattering 
from a charged filament, and in Sec. 3 we describe the 
experimental procedure and results. 

results5 show that the spectral distribution of the energy 
emitted by an electric-field source in a medium carrying a 
permittivity wave of the form 

is given by 

where P ( k , o )  is the Fourier transform of the source's 
electric field amplitude in the "unperturbed" medium, 
E~ (k,o) is the Fourier transform of the variable part of the 
dielectric constant, o is the frequency of the radiation, k is 
the wave vector of the emitted wave, and eA is its polariza- 
tion vector. 

We thus need to find the Fourier components of the 
source electric field and of the variable part of the dielectric 
constant. To find the former, given a charge density p(r ) ,  
we use the Poisson equation for the scalar potential q: 

where ~ ~ ( 0 )  is the static value of the dielectric constant. 
We expand g, and p in Fourier integrals of the form 

2. TRANSITION RADIATION FROM FIXED SOURCES OF 
ELECTRIC FIELDS g,= ~ld@lq(kl,~~)exp[i(k~r-olt) ] ( 5 )  

Suppose that a stationary charged source of constant 
electric field with charge density p(r) resides in a medium 
with dielectric constant EO, and that a permittivity wave is 
incident upon that source, where the time and space de- 
pendence of the wave is given by 

E = E ~ + A E  cos(k,g-~~t) ,  where A&<5eo. (1) 

Note that A&<&, holds for all cases in which an actual 
permittivity wave is generated. The incidence of that wave 
upon the source should give rise to electromagnetic radia- 
tion (transition scattering). It is extremely convenient in 
calculating the characteristics of that radiation to use per- 
turbation theory, which makes it simple to calculate the 
spectral and angular distribution of the radiation in weakly 
inhomogeneous and nonsteady media.5 Our previous 

(the equation for p is the same as for q ) .  Substituting (5) 
into (4), we obtain an expression for q (k, , a  ) . Since E = 
-gradq, we can easily obtain an expression for E(kl  , a l  ) 
if we multiply g,(kl,wl) by -11,: 

where 

is the spatial Fourier transform of the charge density. 
The Fourier transform of the variable part of the di- 

electric constant ( 1 ) can easily be expressed in terms of the 
6 function: 
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Substitution of (6) and (7) into the general equation 
( 3) yields expressions containing the factors S (w + oo) and 
S(w-wo). Terms with S(o+oo)  vanish, however. The 
reason is that o and o, in the argument of the S function 
are real frequencies (oo is the frequency of the permittivity 
wave, while w is the frequency of the radiated electromag- 
netic wave), which are naturally positive (in contrast to 
o l ,  the Fourier expansion variable, which can also be neg- 
ative). The 6 function argument o+ oo is thus always pos- 
itive, and the S function itself vanishes. Substituting (6) 
and (7) into (3), we easily obtain the general expression 
for the emitted energy. This expression diverges, however, 
by virtue of the square of the 6 function. The reason is 
obvious: the transition scattering process lasts an infinitely 
long time, and an infinite amount of energy is thereby emit- 
ted. We therefore need to specify the energy emitted per 
unit time, i.e., the power. Representing one of the S func- 
tions in the form T/27r, where T is a long time interval, we 
obtain for the angular and spectral power distribution of 
the scattered radiation 

The radiation is therefore monochromatic at the fre- 
quency oo of the permittivity wave, and the polarization 
vector lies in the plane formed by the vectors k, and k. 

We now introduce a spherical coordinate system in 
which k, is aligned with the polar axis. The angular power 
distribution for transition scattering then takes the form 

( A E ) ~ w % ( ~ T ) ~  I p(k-ko) I 2 ~ k Z  sin3 Bdedq, re,@ d8dq = 
4 , / E ~ ( W ~ ) $ ( O ) C ( ~ Z + ~ Z , - ~ ~ ~ ~  cos 8)2 ' 

(9) 

where 8 and q, are polar and azimuthal angles. 
Note now that if we choose a stationary point charge q 

as the electric-field source, Eq. (9) immediately yields the 
results obtained in Ref. 1. The Fourier component of the 
charge density then becomes 

Inserting this expression into the general equation (9) 
gives the result obtained in Ref. 1. 

We next use Eq. (9) to calculate the characteristics of 
transition scattering, considering first an infinitely long 
charged filament of infinitesimal thickness. Assume that a 
permittivity wave of the form given by (1) propagates 
along the z axis in some medium, with the filament ori- 
ented at an angle P to that axis (Fig. 1 ). The x axis (from 
which the azimuthal angle q, is measured in the spherical 
coordinate system) is so chosen that the filament lies in the 
xz plane. The permittivity wave should then give rise to 
scattered radiation from the filament. 

In the cartesian coordinate system defined above, the 
charge density of the filament is 

FIG. I .  Geometry of the interaction of a laser beam with a charged 
filament in a nonlinear medium. I: charged filament; 16: wave vector of the 
permittivity wave. 

p(r)  =aS(y)S(x cos 8-z sin B), (10) 

where a is the linear charge density of the filament. The 
spatial Fourier transform of that charge density is 

p(k) =a6(kz+kx tan p ) / ( 2 ~ ) ~  cos P. (1 1) 

Inserting ( 11 ) into the general equation (9) yields an ex- 
pression for the angular distribution of the scattered 
power. It is clear from ( 1 1 ) that this expression contains 
the square of a 6 function, S2( kz- ko+ k, tan B), which 
makes it diverge. Obviously, the reason for the divergence 
is that the filament is infinitely long. We must therefore 
consider instead the radiated power per unit length of the 
filament: 

( A E ) ~ W ; ~ ~ ~ G  sin3 Bd8dpS(kz- ko+ kx tan B) - - 
4 , / ~ ~ ( ~ ~ ~ ~ ~ ( 0 ) ~ ( k ~ + k Z g - 2 k k ~  cos 8)2 cos fl 

(12) 

where k,= k cos 8 and kx= k sin 8 cos p. 
It can be seen from (12) that the filament has the 

remarkable property at infinity that radiation is only pos- 
sible when kz- ko + k, tan B= 0. Upon further consider- 
ation, this can be shown to be equivalent to requiring that 
the velocity of the intersection between the permittivity 
wave and the filament, which is equal to o d ( k o  cos B), be 
greater than the phase velocity of the emitted wave, wdk. 
This is particularly obvious for a permittivity wave that 
propagates along the filament (P=O). The radiation re- 
quirement is then satisfied when 
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where v, is the phase velocity of the permittivity wave. 3. EXPERIMENTAL SETUP AND PROCEDURE 
~ ~ u a t i o n  (13) is-precisely the analog of the condition for 
Cherenkov radiation. 

Omitting the details of a lengthy but straightforward 
integration over angles 8 and 9, we quote the final expres- 
sion for the power radiated per unit length of the filament: 

If the permittivity wave is produced by the passage of 
a high-power laser pulse through a nonlinear medium, and 
the permittivity depends (in a medium with a center of 
inversion) on the electric field strength E of the wave as 

then the wave vector k,, and frequency wo of the permittiv- 
ity wave will be equal to twice the wave vector and fre- 
quency of the incident laser wave, and the phase velocity of 
the permittivity wave will be c/ d m .  The phase ve- 
locity of the radiated wave will then be c/ dm. Thus, 
the filament invariably radiates in a medium with a normal 
dispersion law ( k >  ko), while it only radiates when the 
"Cherenkov" condition (13) is satisfied in a medium with 
anomalous dispersion ( k < ko) . 

We can summarize the principal properties of transi- 
tion scattering by a long charged filament, first of all, by 
pointing out that it is monochromatic and takes place at 
the frequency of the permittivity wave (when the permit- 
tivity is given by (15), the filament radiates at twice the 
frequency of the incident laser wave). The radiation is po- 
larized (in the plane defined by vectors k and k,,) and 
directional (all radiated wave vectors lie on the genera- 
trices of a right circular cone whose axis coincides with 
both the z axis and the filament itself). The radiative in- 
tensity is not uniformly distributed about the cone, how- 
ever, since with the exception of the special case 8=0,  the 
problem is not cylindrically symmetric about the axis iden- 
tified with the filament. The rate at which photons are 
emitted is independent of w. 

In actual transition scattering experiments, the fila- 
ment cannot be assumed to be of infinitesimal thickness: its 
diameter always far exceeds the wavelengths of the inci- 
dent and scattered waves. The power scattered by a fila- 
ment of finite thickness should obviously decrease with 
increasing filament radius R, the physics here being that 
the static field strength decreases with increasing R. 

Calculations based on (9) for a filament of finite radius 
R show that all features of transition scattering described 
above are preserved, except that (for large enough R )  the 
radiated power is reduced by a factor proportional to l/kR 
that is especially simple when 8-41: 

where dI/dL is given by ( 14). 

To produce the permittivity wave in the medium we 
employed a Y A ~ O ~  : ~ d ~ +  picosecond laser (A. = 1.06 pm ) 
consisting of an optical cavity, a system to isolate a single 
pulse, and two amplifiers. We used a spatial filter to im- 
prove beam quality between the amplifiers and the pulse 
Isolator. The master oscillator used traveling-wave ring 
resonator to improve mode synchronization. The resonator 
was passively Q-switched by a solution of No. 2972y poly- 
methine dye in a pumped cell. The laser output energy E 
was approximately 0.1 J per pulse, the duration was r z  30 
ps, and the beam diameter was approximately 5 mm. 

In this experiment, the system consisting of the me- 
dium and the charged filament was modeled as a cylindri- 
cal capacitor filled with a nonlinear fluid. The inner plate 
was a taut conductor of diameter d z  100 pm; the capacitor 
length was I =  65 mm, and its outer diameter was D z  60 
mm. The capacitor faces were made of optical glass and 
served as the input windows for the laser beam. Using such 
a system, it was possible to produce electric fields of ap- 
proximately lo6 V/m near the filament. The linear charge 
density in Eq. ( 14) is given by 

where q, is the potential at the capacitor plate, R1 and R2 
are the radii of the inner and outer capacitor plates, EO is 
the permittivity of the vacuum, and ~ ( 0 )  is the static per- 
mittivity of the medium. At q~ = 1 1 kV, the linear charge 
density is uz2.6X lo-' C/m. A high-voltage pulse lasting 
TZ 50 ns was applied to the cell, which contained nitroben- 
zol, at the same time as the pulse of light. The optical 
spectrum emerging from the cell was observed spectro- 
graphically and recorded on photographic film. Energy 
measurements were made with an FEU-30 photomultiplier 
calibrated at the second harmonic of the neodymium laser. 

In this experiment we investigated the angular distri- 
bution of transition scattering, making use of a set of ap- 
ertures of various diameters to cover the photomultiplier, 
which then enabled us to check the validity of the Cher- 
enkov condition on the angular distribution of the scat- 
tered radiation [see Eq. (13)]. In the present setup, 
e= 12.6". 

The foregoing theory [see Eq. (14)] predicts that the 
scattered power will increase as the nonlinearity of the 
medium rises [i.e., as E* in ( 15) increases], which is why we 
chose nitrobenzol as the nonlinear fluid: it has an e2 several 
times greater than other well-known media. (In our initial 
experiments3 we used benzol, which is much less nonlinear 
than nitrobenzol, and with which we were therefore ob- 
serving at the limit of our instrumental sensitivity.) Insert- 
ing the parameters of the medium into Eq. ( 14), and using 
the factor in ( 16) and the transition-scattered (TS) pulse 
duration, which is governed by the effective interaction 
length and the propagation velocity in the nonlinear me- 
dium (T, ,~z  130 ps in the present case), we can easily 
obtain the dependence of the scattered energy on the laser 
energy for a given potential difference (specifically, for 11 
kV) : 
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FIG. 2. Dependence of transition-scattered energy on the square of the 
filament potential, for QL=0.0717 J (W),  QL=0.0696 J ( A ) ,  
QL=0.0635 J (v), and QL=0.0584 J (e). 

When we take reflection and absorption losses in the 
optical elements of the detection system into account, ( 18) 
becomes 

In these experiments, we studied the dependence of the 
scattered energy on the linear charge density of the fila- 
ment and the laser pulse energy. The results have been 
plotted in Figs. 2 and 3. 

4. DISCUSSION OF EXPERIMENTAL RESULTS. 
COMPARISON WITH THEORY 

We can summarize our experimental results as follows. 
1. Application of an electric field gives rise to a polar- 

ized component of the transition-scattered radiation at the 
frequency of the second harmonic, with directional prop- 
erties described by ( 13 ). 

2. The radiated energy is a quadratic function of the 
charge density on the filament. In particular, at a potential 
of approximately 11 kV and a laser energy of approxi- 
mately 1 J, the total scattered energy is ~ 2 .  J. 

3. The scattered energy is proportional to the square of 
the laser energy producing the permittivity wave. 

4. In addition to transition-scattered radiation, we also 
see unpolarized cooperative scattering of the laser radia- 

FIG. 3. Dependence of transition-scattered energy on the square of the 
laser energy at U= 1 1  kV. 

tion at the second ha rm~nic ,~  which has a different angular 
spread than transition scattering, thereby allowing the ef- 
fects to be discriminated spatially. 

It is worth mentioning that the scattered energy is 
roughly twice the theoretical value suggested by Eq. (19), 
possibly due to self-focusing of the laser radiation, which 
would increase the intensity and thus the nonlinearity of 
the medium. 

5. CONCLUSION 

In this paper we have presented a theoretical analysis 
of the possibility that electromagnetic radiation may be 
generated when a permittivity wave is incident upon a sta- 
tionary charged source. We experimentally investigated the 
transition scattering of laser radiation by a charged fila- 
ment in a nonlinear medium. Our results (in particular, the 
dependence of the scattered energy on the filament's charge 
density) leave no doubt that we have confirmed the feasi- 
bility of transition scattering from an arbitrary charged 
source. 
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