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The radiation emitted by a fast charged particle in a medium whose inhomogeneity and the nonstationarity of 
whose dielectric properties are due to the action of the field of an electromagnetic wave resonantly exciting 
the atoms of the material is considered. The nature of the radiation in the region of the combination 
frequencies o = op *h, (ap is the frequency of the longitudinal vibrations in the ma5rial and o, is the 
frequency of the electromagnetic wave) is analyzed in detail. It is shown that, besides the Cerenkov radiation, 
there is emitted in this frequency region coherent radiation due to the Raman scattering of the field of the 
particle's wake charge by the excited atoms ofvthe material. Furthermore, the presence of the coupled waves 
may lead to a restructuring of the Vavilov-Cerenkov radiation itself in the indicated frequency region. 
Expressions are presented for the Cerenkov- and Raman-radiation intensities, and the possibility of using the 
investigated phenomenon to study the spectrum of the longitudinal vibrations of various materials is noted. 

PACS numbers: 78.45. + h, 78.30. - j 

1. As was f i rs t  pointed out by ~ o h r , '  collective elec- 
tron oscillations occur along the path of a fast charged 
particle in a material. To these oscillations corre- 
spond longitudinal waves whose frequencies a re  the 
zeros of the permittivity of the medium, i. e . ,  the solu- 
tions to the equation c (o, - iy,) = 0. Examples of the 
elementary excitations connected with the longitudinal 
oscillations a re  plasmons, longitudinal optical phonons, 
and longitudinal excitons. * Of greatest importance i s  
the fact that the phases of the longitudinal oscillations 
a r e  uniquely determined by the coordinates, the fly-by 
instant, and the velocity of the particle. This allows 
the computation of the space-time dependence of the 
electric-charge oscillations along the path of the parti- 
cle after i t s  transit. These oscillations along the par- 
ticle's track were called wake charge, and their inten- 
sity in a plasma was f i rs t  computed by Neufeld and 
Ritchie. The existence of wake-charge oscillations 
has been experimentally confirmed in analyses of the 
separation of the products of the Coulomb disintegration 
of molecules after the loss of the outer electrons in 
thin films. 4-'0 

One of the most interesting problems is the elucida- 
tion of the possibility of the appearance of a wake 
charge in interactions with a transverse electromagnet- 
ic  field. Two circumstances- the longitudinal charac- 
ter of the wake-charge oscillations and the vanishing of 
the permittivity at the oscillation frequency-prevent 
the direct participation of the wake-charge in the emis- 
sion of electromagnetic waves. But the emission be- 
comes possible in a spatially inhomogeneous and non- 
stationary material because of the transformation of 
the longitudinal field of the wake-charge into transverse 
electromagnetic waves a s  a result of scattering. Of 
special interest here i s  the possibility of a coherent 
transformation of the field of the wake-charge into 
transverse waves. The radiation that is generated in 
this case i s  a particular case of transition (in the broad 
sense of the word) radiation in an inhomogeneous and 
nonstationary material. "-15 

Below we consider the emission of coherent Raman 
radiation by a wake-charge in a material whose inho- 
mogeneity and the time dependence of whose dielectric 
properties a r e  produced by the action of a resonance 

For a charge Ze moving uniformly with velocity v in plane-wave field. 
an isotropic material of permittivity e(w), the wake- 2. Let us  now consider the polarization of an iso- 
charge density canbe represented in the forms4 tropic material acted upon by, besides a weak field 

Ze a - I  

p.(r. t)=-C2 I - R ~  r ( U )  I sin L ( u t - . z )  
a Y = u p  [: I 

P 

E(r, t ) ,  a resonance pump field 

Eo (r, t )  =Eo cos (k.r-ootj. 

The doubled pumpfield frequency 200 is close to the 
frequency wio of the atomic transition from the ground 

where q( t )  = (t + It 1)/2 1 t I is the unit step function; each state 0 into the excited state 1: 
term of the sum takes account of the contribution of 
two zeros of E(O) a t  the points iw, - iy,. 1200-0,0 1 <wro. (2.2) 

Thus, a fast particle leaves behind in a material a The polarization of the material for this case has 
trail of wake-charge oscillations whose length is de- been computed in a number of papers (see, for example, 
termined by the lifetime of the longitudinal electric 0s- Refs. 16 and 17). We have for  the Fourier transform 
cillations. The wake-charge-related change in the di- of the polarization 
electric properties of the material can be used to ex- 
tract  information about the particle, the interaction of P ( ~ , W ) = ~  jj d3r dt P (r, t )  mp(iwt-ikr) 

(2n) 
(2.3) 

the particle with the material, and the characteristics 
of the longitudinal electrical excitations of the material. the relation 
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where poo and pit a r e  respectively the populations of the 
ground and excited states; poi =pie* a r e  the off-diagonal 
elements of the density matrix. 16*" 

The polarizabilities xTL(w) a r e  defined by the formu- 
la 

Here no is the number of resonance atoms in a unit vol- 
ume, w,, is the frequency of the atomic transition from 
the kth into the rth state; d,, is the matrix element of 
the dipole moment of the atomic transition between the 
kth and r th  states. In the particular case in  which the 
ground and excited atomic states a r e  spherically sym- 
metric ( I  = 0, rn = O), the polarizability tensor xi j  is di- 
agonal: xU(w) = x(w)~,, .  

3. Let us now find the self-field of a charge Z e  uni- 
formly moving with velocity v in a material whose po- 
larization is described by the formulas (2.4) and (2.5). 
By substituting the explicit expression for the polariza- 
tion into the Maxwell equations, we can derive for  the 
case under consideration the equation 

(k26i , -k ,k , -oZei j (o))Ej(k,  o )  =4ni(2n)-SZeouiG (o-kv) 

(01) 
+4no%,.~, j  ( a )  ~ j ( k - ~ k , ,  0-20,) + 4noZpm~::' (01 

X E,(k+2ko, of Zoo). (3.1) 

Here we have taken into account the fact that the pump 
field makes a contribution to the material's permittivity 
E,,(w), which differs from the permittivity E ~ ( w ) ~ ~  of 
the unexcited material: 

( i l l  
~ij(O)=eo(o)b,j+4np,1[xij (o)-x.(,") (o) I .  (3.2) 

In order not to introduce unimportant complications, 
let us find the self-field of a uniformly moving charge 
for the particular case of spherically symmetric 0 and 
1 states of the atom, when xU(w) = 6,,x(w). 

It is easy to see from (3.1) that the field component 
with frequency w is coupled to the field components with 
the combination frequencies w i  2wo. Let u s  consider 
the frequency 

Whereas, generally speaking, the smallness of the 
quantities ~ ( w )  allows us  to consider the contribution of 
the terms with the combination frequencies to be small, 
this is not the case in the region of the frequencies 
(3.3). Indeed, in this case the field 

is strong because of the small quantity ~(w,) contained 
in the denominator. This circumstance compenstates 
for the smallness of ~ ( w ) ,  and to determine the field 
E(k, w), we must solve simultaneously the system of 
two equations for E(k, w) and E(k- 2 b ,  w- 2wo). (The 
other components with the combination frequencies can 
be discarded. ) Allowing for the foregoing, we can de- 
rive from (3.1) the se t  of two equations for E(k, w) and 
E(k- 2&, w - 2wo) in the form 

Transforming this system, we obtain the following 
equation for the particle's self-field E,(k,  w ) :  

=4ni(2n)-'Zeov,b (o-kv) + 4n02p,o~'o" ( o )  E:' (k-2ko, o-Zoo), 
(3.7) . . 

o e  ( o )  v,-ki 
E, '"(k, o )  =4ni (2n) -'Ze 6 (o-kv) , (3.8) 

E ( o )  [ kt-o'e ( o )  1 

As can be seen from Eq. (3.7), the presence of the cou- 
pled waves leads to the appearance of an effective an- 
isotropy in the optical properties of the medium in the 
frequency region w= w, + 2wo. 

The solution to Eq. (3.7) has the form 

Here we have used the notation 
Ze6 (o-kv) 

E.(k, o )  =4ni(2n)c3 [ o e ( o ) u ,  
e ( a )  [kZ-02e ( o )  ] 

x (kike-erm2e) (ke-veoe) 
e [k2+ ( k e ) 2 x ~ ~ - o ' ( e + x )  ] 

A similar expression is obtained for the particle's self- 
field in the frequency region w = w, - 2wo by making the 
substitution ko - ko, wo - wo; ~ ' ~ " ( w )  - x"O'(w). 

4. As follows from (3.9), under conditions of strong 
interference of the modes with frequencies w = w, i 2wo 
and w r 2w0 = wp, the Fourier transform E ,(k, w) of the 
field consists of two terms. The f i rs t  i s  proportional 
to the self-field of a charge uniformly moving in a medi- 
um with permittivity lij(k, w). The Fourier transform 
of this field contains the delta function 6(w - kv), which 
guarantees the existence of a radiation field only when 
the condition for the emission of the Vavilov-Cerenkov 
radiation is fulfilled. This implies that the f i rs t  term 
describes the Vavilov-Cerenkov radiation, restructured 
in the field of the pump wave. 

The second term in (3.9) contains the field produced 
by the uniformly moving charge at the frequency 
w,(c(w, - iy,) = 0). The vanishing of the permittivity 
corresponds to the excitation of longitudinal electric os- 
cillations and, consequently, to the production of a 
wake-charge. It is not difficult to see  that, by treating 
&(up) a s  a small quantity, and retaining the leading- 
with respect to E"(w,)-terms, we can derive from the 
general formula (3.8) for the self-field of a uniformly 
moving charge the expression 

iZek6 (o-kv) 
~ / ' ( k ,  o)= - 2nzkz(o-o,+iy,) de/do, ' 

which coincides exactly with the field produced by the 
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corresponding component of the oscillations of the wake 
charge (1.1). It follows from the foregoing that the 
wake-charge-density oscillations can be regarded a s  
the source of the radiation described by the second term 
in the expression (3.9) for the field. 

Let us  now find the expression for the Fourier trans- 
form E(r, w) of the field a t  large distances. It is con- 
venient here to use the well-known asymptotic formula 

which is valid for pr >> 1. Notice that, a s  noted above, 
in the case of a material in which the condition 4c(w) 
> 1 for the emission of the Vavilov-Cerenkov radiation 
is fulfilled, both terms in (3.9) lead to the appearance 
of a radiation field a t  large distances, while in the non- 
Cerenkov case (v2c(w) < 1) only the second term in 
(3.9) contributes to the radiation field. 

As indicated above, the dielectric properties become 
anisotropic in the frequency region w = wp 2wo. Con- 
sequently, ordinary and extraordinary waves can exist 
in the medium at  frequencies lying in this region. In- 
deed, the poles of the expression (3.9) for the parti- 
cle's self-field E,(k, w) determine two types of waves: 
the pole 

describes ordinary waves, while the pole 

corresponds to extraordinary waves. Notice that the 
quantity x cmi(w* 2w0) has a large imaginary part in 
the frequency region w = w,& 2w0, where the E,(k, w) 
and E,(k* 2ko, w * 2wo) waves can be strongly coupled. 
Therefore, in the case in which the anisotropy in the 
dielectric properties of the medium is appreciable 
( I  n I -  E), the extraordinary waves a r e  strongly ab- 
sorbed. On the other hand, when l x l << c, and the ab- 
sorption of the extraordinary waves is slight, the aniso- 
tropy in the dielectric properties is insignificant, and 
the investigation of the extraordinary waves is of no in- 
terest. Therefore, we limit ourselves below to the in- 
vestigation of only the ordinary waves. 

Let us, taking all the foregoing into account, repre- 
sent the field a t  large distances a s  a sum of two fields, 
i.e., a s  E = E i  +E,: 

It is not difficult to derive from (4.3) and (4.5) an ex- 
pression for the energy emitted into the solid-angle 
element &? in the direction n in the frequency range dw: 

The angular and spectral distribution of the Vavilov- 

Cerenkov radiation, retuned in the field of the pumping 
wave, has the form (T is the total transit time): 

The wake-charge-density oscillations yield for the radi- 
ation an angular- frequency distribution of the form 

M2,=4nplo~(01) ( a )  kij- - "j ) (8i.-njna) 
611$11 

5. Let us  now discuss the cause of the generation of 
the additional radiation (4.8). As has already been 
noted, i t  is due to the presence of wake-charge-density 
oscillations. The wake-charge field of frequency w, 
can be Raman scattered by an excited atom of the ma- 
terial, changing in the process i t s  frequency by 2wo 
(the lat ter  circumstance is due to the fact that the pump- 
field frequency wo is lower than the resonance-transi- 
tion frequency wio by a factor of two). As a result of 
this Raman scattering, the longitudinal field of the 
wake-charge is transformed into a transverse emitted 
plane-wave field of frequency w =  wp + 2w0. The atom of 
the material is f i rs t  excited by the pump field, and, 
after the Raman scattering, undergoes a transition back 
into the ground state. The process leading to the gen- 
eration of the radiation with frequency w =  wp - 2wo OC- 

cu r s  in similar fashion. 

Thus, the atom changes neither i t s  energy nor i t s  mo- 
mentum, and i t s  participation in the process is not re- 
flected in the laws of conservation of energy and mo- 
mentum. Notice also that the wake-charge oscillations 
can transfer the energy w, and the momentum q related 
by the condition W, = q .v. Therefore, using the con- 
servation laws 

2ko+q=k, 200+0p-0,  (5.1) 

we can derive the relation 
o-2oO= (k-ZL, )~ ,  (5.2) 

which is in fact guaranteed by the argument of the delta 
function in (4.5). The process under consideration oc- 
cu r s  without energy o r  momentum transfer, which en- 
sures  i t s  coherence with respect to the various atoms, 
i. e. ,  the coherent addition a t  the observation point of 
the radiation fields arising in the Raman scattering of 
the field of the wake-charge by the various atoms. The 
coherence of the process ensures the growth of i t s  in- 
tensity in comparison with the possible noncoherent 
processes. 

Naturally, for the radiation to be observed, i t  is ne- 
cessary that the radiation frequency w lie in the trans- 
mission band Im c(w) - 0 of the material. 

To estimate the intensity of the process, let  u s  com- 
pare (4.8) with the intensity of the normal Cerenkov 
radiation emitted in a material with permittivity c - 1 
- 1. The ratio of the intensity (4.8) to the intensity gVc 
of the Vavilov-Cerenkov radiation has, in order of 
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magnitude, the form 

where a is of the order of the atomic dimension and no 
is the number of resonance atoms in a unit volume. 

According to Pine's estimates,' for the long-wave 
longitudinal electric oscillations, which a r e  precisely 
the oscillations that participate in the considered pro- 
cess,  the ratio w,/~,-105. In this case the intensity of 
the radiation emitted by the wake-charge is comparable 
to the intensity of the Cerenkov radiation when no- loz0 
cmd. 

In conclusion, let  u s  note that the above-considered 
effect of Raman emission of electromagnetic waves by 
a wake-charge can be used to investigate the spectrum 
of the longitudinal vibrations [i.e., the zeros of &(w)] 
of various materials. 
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