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INTRODUCTION

The development of sensitive light detectors—photo-
multipliers—stimulated the rapid development of the
use of the radiation of fast particles in matter to obtain
information about the properties of the particles and, in
particular, to detect particles. Ten years after the dis-
covery and explanation of Cherenkov radiation by Cher-
enkov, Tamm, and Frank,'~® photomultipliers were
used to detect fast particles,* and the velocities of fast
particles in a beam were directly measured™® using the
radiation. Somewhat later, total absorption Cherenkov
counters were used to detect high-energy particles’; in
this case, the Cherenkov radiation of the secondary
charged particles of the shower initiated by the primary
particle is detected.

From the microscopic point of view, it is obvious that
the source of the Cherenkov radiation is not the particle
itself but the atoms of the matter which it excites. It
can therefore be said that the widely used scintillation
counters are analogous to Cherenkov counters and differ
from them only in that in scintillators there is incoher-
ent de-excitation of excited impurity atoms, whereas in
a Cherenkov counter there is coherent de-excitation of
excited atoms of the main material.?

Searches for new methods of detecting high energy par-
ticles have led to the discovery of new possibilities for
detecting particles from their radiation in matter. The
attention of theoreticians was drawn to the radiation,
predicted theoretically by Ginzburg and Frank,® of a
uniformly moving charge when it intersects the inter-
face of two media with different permittivities.

The theoretical investigation of this radiation, which
Ginzburg and Frank called transition radiation, showed
that in this case the radiated energy increases in pro-
portion to the energy of the particle.'® This was an im-
portant development in the theoretical investigations and
stimulated study of the transition radiation of particles
in layered and inhomogeneous media.'’ In particular, a
method was proposed for the detection of particles on
the basis of their radiation in layered media.'*** A
study was also made of the possibility of detecting par-
ticles from their transition radiation in a single crys-
tal,'** including the cases when the emitted photons
undergo Bragg scattering.’®™" During the last decade,
there has been a considerable growth of interest in tran-
sition radiation in inhomogeneous media in the x-ray
range. In particular, this is due to the fact that in a
streamer chamber one can observe visually the tracks
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of photoelectrons produced by transition-radiation x-
rays.’® It became clear that experimentally it is more
convenient to use not layered media but a porous sub-
stance with a large number of randomly distributed
walls as in styrofoam.!®*° Subsequently, it was suggested
that a material consisting of a large number of fine
superconducting granules should be used as a detector
based on the use of x-ray transition radiation, The
photoelectrons produced by the transition x rays lead to
the destruction of the superconducting state of the gran-
ules of a superheated colloid and thus strongly change
the electromagnetic properties of the detector.?® These
questions were considered in detail at the International
Symposium on Transition Radiation of High Energy Par-
ticles (Erevan, 1977) in the Proceedings of which® in-
formation about the present state of the art canbe found.

Note that transition radiation can be regarded as the
de-excitation of the atoms of the matter excited by the
fast particle. In the case of transition radiation, some
of the momentum is transmitted in the process of the
radiation to inhomogeneities of the matter, whereas in
the case of Cherenkov radiation the changes in the ener-
gy and momentum of the particle are, respectively,
equal to the energy and momentum of the emitted photon.
This is the difference between the two types of radia-
tion. The wave properties of particles have the conse-
quence that momentum cannot be transferred to matter
at one point?*: the effective length over which the mo-
mentum Ap is transferred to matter is of order (Ap)™
X (h=c =1). It is over this length that the process of
transition radiation effectively occurs, and the excited
atoms are de-excited coherently. In transition radia-
tion, not all the atoms along the path of the particle are
de-excited coherently but only groups of atoms over the
coherence length, i.e., over sections of the path of
length (Ap)~!; the radiation from neighboring sections
is incoherent and in a homogeneous material is mutually
suppressed, whereas in an inhomogeneous material this
occurs only partly, which results in the transition radia-
tion. In contrast, Ap=0 in the case of Cherenkov radia-
tion, and the coherence length increases unboundedly,
i.e., the de-excitation of the atoms along the entire path
of the particle is coherent. Since the intensity of coher-
ent de-excitation is N times greater than the intensity
of incoherent de-excitation (N is the number of emitting
atoms), it is obvious why the Cherenkov radiation is
readily detected while the incoherent de-excitation of
the atoms in the same material is unnoticed.

The question arises of whether it is possible to have
processes of coherent de-excitation of atoms of matter
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excited by a particle which are analogous but not identi-
cal to Cherenkov radiation, The advantages of such pro-
cesses with regard to the intensity are obvious. How-
ever, if such processes are more complicated electro-
magnetic interactions, their intensity must contain ex-
tra powers of the fine-structure constant e?=1/137.
Therefore, the main question is whether the increase

in the intensity due to the coherence can compensate the
decrease in the intensity due to the greater complexity
of the process.

As is shown in Ref. 23, there is such a possibility if
one considers the coherent de-excitation of atoms in
matter excited by a particle in a specially chosen ex-
ternal electromagnetic field. The consideration of such
a situation reveals an entire class of new types of elec-
tromagnetic processes in matter, and these are not only
of independent interest but also provide possibilities for
new methods of obtaining information about the proper-
ties of charged high-energy particles.

1. THE SELF-FIELD OF A CHARGE MOVING IN
MATTER AND THE OCCURRENCE OF RADIATION.
THE COHERENCE LENGTH

Before we consider the occurrence of radiation in mat-
ter, it is helpful to find the field of a charge e moving
uniformly with velocity » in matter with permittivity
£(w). It is well known that in matter with frequency dis-
persion of the permittivity the Maxwell equations can,
strictly speaking, be written only for the Fourier trans-
forms E(R, w) and H(R, ) of the fields. These satisfy
the equations (c=1)

(A +w% (w) E(R, 0) = —4nioj (R, 0)+4nVp (R, o): } 1)
(A+ w% (0)) H(R, w) = —4acurlj (R, ).

Seeking the solution of these equations in the form*

E (R, 0)= [ a*%E (a) exp (iqR); } @)
H(R, o)~ | &'H (q) exp (iR),

we readily obtain
H(R, o)=4ni Sd"’q exp (iqn)ﬂ‘;j_“‘T;:’”; 3)
E (R, v)=4ni | S exp (iqR) 2@ 0t @ 0) }

It follows that for a uniformly moving charge
E, (R, 1) = [ dE, (q) exp (igR— iqv1); |
E, (1) =gty YY) e=u, ' @

2nte g*—(qv)?e
Hy (R, t) = [ d'gH,, (q) exp (igR— iqvt);

e __fa,v]
o () =7 7o

We not find H(R, w) at large distances from the field
source. For this, it is convenient to use the well-known
asymptotic formula
i (q) exp (iqR) L

| 20w tinn e ~
where kR > 1; f(q) does not have singularities, and we
have introduced the notation n=R/R. Denoting k(w)
=nwVe (w) and using (5), we can obtain from (4) the

—2n%f (km) SELED 5)

*Translation Editor’ s Note. The Russian notation for scalar
and vector products is retained here and throughout the
article,

417 Sov. J. Part. Nucl. 12(5), Sept.-Oct. 1981

asymptotic behavior of the Fourier transform of the
magnetic field at large distances:

H(R, 0)= —i(2x)? (k(u), j (k(0), 0)] exp (ik (0) R)/R. (6)

The inverse proportionality of the field to the distance
R from the system of charges means that (6) is a radia-
tion field. It is well known that the energy radiated in
the direction n in the element d® of solid angle in the
frequency interval dw has the form

d€ (n, o) = ]/zi(éﬁ

Substitution of (6) in (7) gives

R2dQ do | H(R, o)2. (7)

d& (n, )= Ve (0) |(2n)[n, j (k(0), 0)]]2dodQ. ®)
We now assume that a particle with charge e moves with
constant velocity v between the times t=— 7 and ¢=+7
but is otherwise at rest. In this case,

T

i(q, )= T-% J. exp [i (0—qv) £] dt — —{2':). g sin{( {g’:q‘!v‘;) Ly (9)

-T

so that the radiated energy has the form

48 (n, 0) = 57 6 )/ 500 fovp B L0 k@D 4 4o (10)

First of all, we consider the limiting case 7—=, when
(1)

PR
For »®¢ <0, the argument of the 5 function never passes
through zero, and therefore j(k(w), w), and with it the
radiated energy, vanishes. For v”c>0 substitution of
(11) in (8) gives the Cherenkov radiation

ik (@), 0) =575 80—k (0) v) =

8§(1—vVecos ).

3 = 12
dEM = e2a dw (T/27) dQ [nv] |/ &6 (i—vVecos?), az)

for which the proton emission angle 9 is determined by
13)

We now consider the change in the radiation intensity
at finite 7. From zero and to 7.u=(7/2)(w- vk(w))™,
the radiated energy increases monotonically in propor-
tion to the square of 7, since the radiation emitted from
different points of the path of the particle arrives at the
point of observation with the same phase and is added
coherently. The decrease in the intensity for 7>7... can
be attributed to the fact that some of the radiated waves
arrive at the point of observation out of phase and there
is partial suppression of the waves. For 7=27.,, the
entire radiated energy is zero, which means that there
has been mutual suppression of all the radiated waves
at the point of observation. It follows that the maximal
interval of the particle’s path over which coherent radia-
tion takes place is

cos & =1/[v Ve ().

leoh® 20T o= 7w (@ — vk ()L

The qualitative picture of the radiation for arbitrary
motion of the particle can be obtained by assuming that
the entire path is divided into sections of length
~v(w-vk(w))™, the radiation from each such section
being coherent, while that from neighboring sections is
incoherent. The introduction of the coherence length L.
~v(w~vk(w))™ is convenient for the qualitative analysis
of the radiation of ultrarelativistic particles.?®? The
absence of radiation in the case of a uniformly moving
charge is due to the mutual suppression of the radiation
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from the different coherence lengths. Anything which
changes the interference of the fields at the point of ob-
servation must therefore lead to radiation. For exam-
ple, this could be a change in the velocity of the charge,
when the fields from the sections near the turning point
of the trajectory do not suppress each other and brems-
strahlung arises. In the case of uniform motion of a
charge in matter with inhomogeneous permittivity pro-
perties, the field of the charge excites atoms of the mat-
ter along the path of the particle, and the inhomogeneity
of the permittivity properties of the matter has the con-
sequence that the radiation from neighboring coherence
lengths is different in magnitude and does not cancel as
a result of interference. The radiation due to the scat-
tering of the self-field of the charge by the atoms of the
material has become known as fransition radiation.

Naturally, in the general case it is possible to have
radiation associated with scattering of the charged par-
ticle in the matter and the scattering of its field in the
matter. However, it is convenient to investigate the
properties of these two types of radiation separately.

An important difference between transition radiation
and bremsstrahlung is the different dependence of the
radiation intensity on the particle’s rest mass. Brems-
strahlung is inversely proportional to the square of the
particle’s mass, whereas transition radiation does not
depend on the particle’s mass. Therefore, transition
radiation is basic in the study of particles with large
mass, whereas bremsstrahlung is more important for
light particles.

Note that in the collision of a fast particle with an
atom recoil electrons are produced and there is radia-
tion by them. In such a process, the transfer of rela-
tively small portions of energy is more probable, and
therefore the motion of the fast particle can be approxi-
mately assumed to be uniform. Therefore, the radia-
tion of the recoil electrons must also be termed transi-
tion radiation.

It is necessary to point out specific features of the
emission of photons by ultrarelativistic particles. If a
charge is scattered elastically during bremsstrahlung
by atoms of matter at rest or if the properties of the
matter do not change in time, then exchange of energy
with the medium does not occur during the radiation
process, and only the momentum Ap is transferred to
the matter. The conservation laws for the process have
the form

Ey—E—w=0; p,—p—k=Ap. (14,
To find the coherence length, we determine the momen-
tum Ap, transferred to the matter in the longitudinal
(along p,) direction. It is readily shown that for p, > M

~ M2w/(2E.E)+p (1—cos )+ o —kcosd,

and for high frequencies, when £(w)=1- (w,/w)?, «?

> w?% =4mne’/m, and for small angles 9<<1, 9, <1 one
can obtain

(15)

el M3 o} B 0
A= (g +5e+-502+01).

It is readily seen from (15) that the longitudinal momen-
tum transfer cannot be smaller than the minimal value
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Apin = (0/2) (M2/EoE + o}/, (16)

The coherence length is determined by the reciprocal of
the longitudinal momentum transfer:
Leon ~ v (0 — Kk (0) v)™ ~ (1/w) (M E*+ oj/w?)™ amn
The most important thing for the radiation of ultrare-
lativistic particles is the circumstance that the coher-
ence length (17) can significantly exceed atomic dimen-
sions at superhigh energies. The formation of the quan-
tum of radiation occurs over macroscopic lengths, and
the influence of competing processes therefore becomes
possible. For the bremsstrahlung of fast electrons, this
circumstance was noted for the first time by Landau and
Pomeranchuk,? and for pair productionby Migdal.”” Co-
herence effects in bremsstrahlung and the influence of
competing processes are considered in Refs. 13, 22,
and 28.

2. EXCITATION OF LONGITUDINAL ELECTRIC
VIBRATIONS OF A FAST PARTICLE. WAKE CHARGE

The Maxwell equation

div E (R, o) =4np (R, 0) & (0) =47p (R, 0)44ap (R, o) (1/e (@)—1)

(18)
contains the permittivity €(w) in the denominator, and
therefore the result of integration on the transition to
time-dependent quantities depends on the position of the
zeros of the permittivity. It is well known that the
zeros of € (w) lie below the real axis of w. Therefore,
when the Fourier transformation (18) is inverted, we ob-
tain

oo

div E(R, ) =4ap (R, t)+4a { dvp (R, t—7) (19)
3
% \ g_:__w_‘:(x“” exp (i01),

where the lower limit of integration over 7 is replaced
by zero in the absence of zeros of £(w) in the upper half-
plane. The integral over the frequencies in (19) is de-
termined by the poles of the integrand, i.e., by the
zeros of €(w), and reduces to the sum of the contribu-
tions from the different poles, which makes it possible
to investigate the contribution of each pole separately.
The poles situated far from the real axis of w lead to
the appearance in the integral over 7 of a rapidly de-
creasing exponential, which makes it possible to take
p(R,#~7) in front of the integral over 7 at the point 7
=0. Therefore, the contribution from such a pole leads
to a term consisting of the product of p(R, ) and a factor
small compared with unity. This term will be small
compared with the first term on the right-hand side of
(19), and therefore the poles far from the real axis of
w make an unimportant contribution to (19). Therefore,
the main attention must be devoted to the poles near the
real axis. But because the real part of €(w) is even, the
zeros of £(w) along the real axis are situated pairwise
at the points + w, -i¥,, ¥, <w,. The contribution of
such poles gives from (19)

div E (R, t) = 47p (R, 1)+ 4sipyw (R, t), (20)
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where

exp(—y,7). (21)

p(R, ) = — 7§ dp (R, t—1) 3| —aﬁg—%’———

JpToNgy
For a charge Ze moving uniformly with velocity v, this
gives

ow (R, =280 850 (ot —) 3 2 H0nl—0p) | (9)
;

|9 Re e (@)/dul,_ ¥ ,

where ©(x) is the unit step function: ©(x)=0 for x <0,
©(x)=1 for x >0, It canbe seen from (22) that the behav-
ior of py (R, f) differs from that of p(R, ¢). After the
passage of the particle, longitudinal vibrations of the
electric charge density arise in its wake, and these ex-
ist for a time of order Y[;l. These vibrations arise be-
cause the moving particle excites in the matter longitu-
dinalvibrations—plasmons, longitudinal optical phonons,
and longitudinal excitons. It is well known that the fre-
quencies of suchvibrations are determined by the condi-
tion of vanishing of £(w). The charge density (22) has
become known as the wake charge density. Qualitative
arguments suggesting the existence of such vibrations
were put forward by Bohr,? and the wake charge den-
sity for a fast particle in a plasma was calculated in
Ref. 30. Attention was drawn to the wake charge when
a fast particle moves through a solid in Ref. 31, in
which bound states in the wake potential of an ion were
considered. This was followed by a large number of
studies devoted to the influence of wake charge on the
separation of ions produced in the breakup of fast mole-
cules passing through thin films of matter.3~%

It should be emphasized that the above macroscopic
treatment of the wake charge vibrations is valid only
when the spatial period v /w p of thesevibrations remains
macroscopic, i.e., exceeds the interatomic distance.
This imposes a lower bound on the velocity of the con-
sidered particles:

v > (wp/me?). (23)
If this condition is violated, a special study is neces-
sary. For a large class of solids, collective vibrations
of electrons—plasmons—are possible, their frequency
corresponding to vanishing of a permittivity of the form
& (0) =1—o}/0*+2iy,0), (24)
where w}=4mne’/m. For metals 7 is the number of con-
duction electrons per unit volume, and for semiconduc-
tors » is the number of electrons of the valence band
per unit volume.* For the existence of plasmons, it is
sufficient for (24) to hold in the region of frequencies w
~w,. But, asis well known, an expression of the form
(24) is valid at high frequencies for any material. De-
viations from (24) arise only at frequencies comparable
with the eigenfrequencies. Therefore, if (24) is to hold
in the region w~ w, it is sufficient if the eigenfrequen-
cies are less than w,. In semiconductors, the condition
w,>E,, where E, is the width of the forbidden band, is
satisfied, and therefore plasmons can exist.** For spa-
tial dispersion, i.e., a dependence of € on not only the
frequency but also the wave vector, the expression for
the wake charge density is somewhat more complicated.
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Instead of (18), one must proceed from the equation

ig:2:: (q, 0) E, (q, @) = 4np (q,0). (25)
Bearing in mind that the permittivity is given by

210 (9, ©) = (81— 019:97?) ¢* (g, ©) + 010:07%" (¢, 0), (26)
we can transform (25) to the form

4ap (q, ©) +4mp (g, o) (1/¢! (g, w)—1). @7)

iqE (q, ) =

For the wake charge density, this gives the formula
pw (R, ) = \' d*r 5 dip(R—r, t—1)

x| | o (srarer —

The vibrations of the wake charge produce the wake

potential, which acts on the original particle, decelera-
ting it. From Eq. (28) and

Agw (R, 8) = —4nPW (R, £) (29)

28
1) exp (10T —iqr). (B8

we can find the wake potential, which at the point 7,(t)
where the original particle is situated has the form

G (rp (2), £) = _ZF 5 = e’(q, @) 1)
3 (30)
X Y drexp {iot — ig (ro (£) —r, (£ —1))}.
b]

Assuming that the change in the velocity is small,
ry(t— 7)=ry(t) — TV, (£), we can obtain

P (80 (8), )= — 5 [T st (31)
The energy lost by the particle per unit time is deter-
mined by the deceleration force exerted on the particle
by the wake charge:

dé/dt = Zev, (t) Ew (r, (1), £) (32)
=i 2 ( do | ALt L,
7Lt ()03 + 05t (t o)

which agrees with the usual expression.®

The spatial oscillations of the wake charge
have the consequence that when one particle follows an-
other the vibrations of the wake charge can be mutually
enhanced or suppressed, depending on the distance be-
tween the particles. Accordingly, the wake potential
may be enhanced or suppressed and, with it, the energy
losses of the two particles. Thus, the wake charge vi-
brations lead to interference between the energy losses
of the two particles. This circumstance was investi-
gated theoretically in Refs. 34, 43, and 44 and has been
confirmed experimentally,** %

3. RADIATION OF A UNIFORMLY MOVING CHARGE
IN EXCITED MATTER

The energy and momentum conservation laws assoc-
iated with the radiation of a photon in matter by a charg-
ed particle were considered above without allowance for
energy transfer to the matter. We now take into account
the possibility that some energy is transferred to the
matter when the radiation occurs. Then instead of (14),
we can write?®

p—k=Ap. (33)

Repeating the arguments in the deviation of (16), we can

E,—E—w=AE; po—
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readily see that the minimal value of the longitudinal mo-
mentum transferred during the radiation process takes
the form

(Api) min = AE + (0/2) (m?* E? 4 0}/e?). (34)

If energy is transferred to the matter, the minimal
momentum transfer increases, which means that the
coherence length decreases and, therefore, so does the
probability of the process. Opposite results are obtain-
ed if energy is transferred from the matter during the
radiation process, i.e., if prior to the radiation the
matter is in an excited state and after the radiation the
energy of the matter is reduced. In this case,

(35)

At high energies of the particles and high frequencies
of the emitted photons, energy transfer has an influence
even at small |AE|. Of particular interest is the case
when the momentum transfer to the matter is zero. In
this case, emission of a photon is made possible solely
by energy transfer. Such a process can be realized in a
uniformly excited material. We shall assume that the
permittivity £(w) of the undisturbed material is known.
Let us consider what happens when matter containing
excited atoms is polarized by an electromagnetic field
E(R, t)=] dwE(R, w)exp(-iwf). Before the field is ap-
plied, the wave function of an excited atom is a super-
position of stationary states of the atom: ¥(r,?)

=) ,,a,¥%(r, t), where the expansion coefficients can be
assumed to be slow functions of the time. This assumes
that all the relaxation processes are slow compared
with the considered radiation process. Application of
the field changes the wave function by the small amount
& (r, 1)=27, C,({Y¥(r, ), in which the expansion coeffi-
cients C,(f) change in time much more rapidly than the
a,. In the approximation linear in the field, we can use
the Schridinger equation with operator of the interac-
tion with the field of the form —d* E (d is the operator
of the dipole moment of the atom) to express C, in
terms of a, (R is the coordinate of the center of mass of
the atom):

Co (B 2 04 j E%-d,,, E (R, o) exp {i (0ns—) L},

(AP min = (0/2) (MY E® + 0j/0*) — | AE|.

(36)

where it is assumed that the field is applied at the time
t=—_. The dipole moment induced by the field per unit
volume of the matter can be conveniently split into the
part Py (r, f) corresponding to the undisturbed matter and
the correction P, (r, f) to it due to the presence of the ex-
citations:

4nPy (r, t) = 2 5 dwQ,, (0) E (r, 0) exp {i (@,;— 0) £}, (37)

n,s

where
E=e|E[; Qn,(0)=4anaka, 2 (edny) (edys) [(0y,— @)t
‘ + (mmn + m)ul]; n=s.

It follows that the displacement D is related to the field
E by

D(r, o)==t (0) E(r, 0)+ = Qs (04 0,) E (1, 04 0,,). (38)

Thus, if in the unexcited matter the displacement oscil-
lates with the same frequency as the field, then in the
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excited matter there is a component of the displacement
which oscillates withthe combination frequencies w +w;.
This proves the equivalence of matter with excited
atoms to matter with nonstationary properties, i.e.,
with time-dependent permittivity.*” The radiation of a
particle in a medium with phenomenologically specified
dependence £=¢,+¢&,cos(k - r —2f) was studied in Ref. 48.

We now turn directly to the problem of studying a uni-
formly moving charge in a uniformly excited material.
The presence of the corrections due to the excitation in
the polarization and the displacement (37) has the con-
sequence that the field E, H of a uniformly moving
charge in excited maiter will differ from the field E,,
H, (4) in unexcited matter by E, and H,. Subtracting
from the Maxwell equation for excited matter the same
equations for the unexcited matter, we can, for exam-
ple, obtain an equation for H, (r, ») in the form

(A+ote)Hy(r, 0) = — e > (0+ 0n,) @ns (0 +05s) Wy (1, 0+ 04).
(39)
Adding this equation to (1), we readily see that the
right-hand side plays the part of the curl of the current
density, and therefore the solution (39) at large dis-
tances can be obtained in the same way as (10). The
energy radiated in a solid angle df2 in the direction n
=r/7 in the frequency interval dw can be obtained'” in
the same way as (12) and (k(w)=nwve(w))
T %’ (v) (kv)? [kv]?
Tw R — (kvDEe (kY)

2 N Qs (k) 126 (04 0,5 —kv) doo AR,

g =
(40)

where T ig the total time of flight of the charge through
the matter. It follows from (40) that to each value of
w,s there corresponds the emission angle 6, of the ra-
diation. This angle is related to the velocity of the par-

46, 47

ticle and the frequency of the radiation by

cos By, =[1/0 Ve (@)l (1 —| ons | ©), (41)

which goes over in the limit w,; =0 info the Cherenkov
radiation condition.

We emphasize that radiation for given w,s is possible
only if

['©ns | >0 (1—v Ve(a). (42)

4. COHERENT DE-EXCITATION OF ATOMS EXCITED
BY A PARTICLE IN A MATERIAL IN AN EXTERNAL
FIELD

As was noted above, when a photon is emitted by a
fast particle in matter, all the atoms within a certain
effective region of space participate in the process co-
herently. The longitudinal length of this region (along
the initial momentum of the particle)-the coherence
length—increases with the energy and at high energies
may reach macroscopic dimensions. Can one have a
situation when the atoms along the entire path of the par-
ticle participate coherently in the radiation process?
The widely known Cherenkov radiation is the simplest
example of such a process. Indeed, from the macro-
scopic point of view one can say that the source of the
Cherenkov radiation is not the charged particle itself
but the atoms of the material excited by it. Since there
is no energy or momentum transfer to the matter in the
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case of Cherenkov radiation, the longitudinal momentum
transfer to the matter tends to zero, so that the coher-
ence length increases unboundedly, i.e., the excited
atoms lying along the entire path of the particle are de-
excited coherently. Whenthe particle’s velocity changes,
v?c varies and may pass through the value unity. Above
this value, when v® >1, the Cherenkov radiation exists;
below it, it does not. This means that coherent de-ex-
citation of the excited atoms is possible (at given fre-
quency) at a single angle, which changes with the velo-
city, and for v?c<1 the direction of coherent de-excita-
tion disappears. Naturally, the direction of the coher-
ent de-excitation depends on the space-time distribution
of the excited atoms. It is this distribution that changes
with the particle velocity. It follows that the application
to matter of an electromagnetic field can change the dis-
tribution of the excited atoms and, therefore, change
the direction of the coherent de-excitation or lead to

the appearance of new directions of coherent de-excita-
tion.

The electromagnetic field must be such that the radia-
tion process takes place without energy or momentum
transfer to the matter. This is completely ensured by
the fact that an atom which participates in the radiation
process remains after the interaction with the particle
and with the field and the emission of the photon in the
same state as before the interaction. The action of the
field of an electromagnetic wave on an atom can be re-
duced to the absorption of photons of the wave by the
atom. Assuming that the fast particle which excites the
atom changes its momentum in the process from p to
P —q and that, in addition, the atom absorbs photons
with momenta k,, k,, ... and emits a photon with mo-
mentum k, we can write the energy and momentum con-
servation laws

q+ki+ky...=k; 43)
(P2 +mH2 —[(p—g) + M2t 0+ 0, ... =w; (44)

for g<<p, (44) takes the form
qQV 4+ O+ Wy + .0 = O, (45)

Substitution of (43) in (45) leads to an expression for the
emission angle 6 of the emitted photon®®:

cos8=[1/v Ve ()] {1 —(1/0) (0, — kv + 0, — kv ...)}. (48)

If the frequency of the absorbed photons tends to zero,
(46) goes over into the usual expression for the emis-
sion angle of Cherenkov radiation.?

This effect can be described as the result of the action
of three fields the field of the particle, the field of the
wave with frequency w,, and the field of the wave with
frequency w,, on the atom, i.e., as the result of nonlin-
ear interaction of the electromagnetic field with the mat-
ter. Phenomena of this kind are treated in nonlinear op-
tics by the methods of nonlinear macroscopic electro-
dynamics.®'% The nonlinear properties of the matter
are described in this case phenomenologically by the
introduction of nonlinear susceptibilities of various or-
ders. For not too strong fields, the dependence of the
nonlinear polarization of the medium on the total field
E'(r,t) in initially homogeneous, isotropic, and station-
ary matter has the form
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PYL (r, )

)
= 5 Sdm‘ do’y (0, o', 0") Bl (r, 0—0") B (r, o' — ") Ei(r, w),

where y(w, w', ") is the nonlinear susceptibility of third
order (for a number of materials, the values of y were
measured in Refs. 51 and 52). We now choose the ex-
citing electromagnetic field in the form?®?

Eq (r, £) = e{Eq cos (kyr — @ — @q) + Egp 008 (kar — 005t — @)}, (48)
so that the total field is
E(r, ) =Eo (r, ) + E(r, 1), 49)

where E(r, {) includes the particle’s self-field and the
field of the coherent de-excitation of the excited atoms.
If we consider frequencies not equal to the frequencies
of the excitingfield, then the linear part of the polariza-
tion of the matter depends only on the field E(r, {) and
can be taken into account by the introduction of a per-
mittivity of the matter.

It follows from (47)-(49) that in the indicated range
of frequencies the displacement is related to the field
byas
Dy (r, @) = &y5E; (1, 0) 7
Z 211 Qi; (0, o, B, Em) . (50)

2t e, p=1,12 §, n=
X exp (ilk,r — inkgr) E, (r, © —Ewg -+ Mwp),

where
Qij (o, &, B, & n)
= (1 —8ypBen) {8:s% (0, —Ewg 4 Nwp, M)
+e5ej (% (w0, 0 — Eng, Nog) (51)

+ % (0, 0 —E0q, ®—Fwg +nwp)) Loalog exp (e — ingp);

g5 =(e +u) 0;;+ee5b =2d;y
ta X2 Blalbin (e, 0, fod)

a=1, 2 f=+

(52)
+eie; (% (00, 0 —Eog, Eog) + 2 (0, ©—Ewg, w))}.
It follows from (50) that action of the exciting field

makes the matter anisotropic, inhomogeneous, and non-
stationary.

For the Fourier transform
E (q, @) =(2n)2 S d*E (r, o) exp (—igr)
of the field, Maxwell’s equations lead to the equation

(92011 — qigs— w2e4) E; (4, @)
= 4nivev; (2n)2 8 (0 —qv)
+ @? > v oy B
o a.s}z‘n.z o8 Qi (o, o, B, & m)
X E;j (q—&kq -- nkp, 0 — Ew, + nap).

(63)

If we ignore the anisotropy of the originally homogeneous
and isotropic matter induced by the field, we can obtain
an expression for the energy radiated by the coherent
de-excitation in the solid angle d€2 and frequency inter-
val dw:

d€ (n, ) = 0* Ve (0) do dQ T (213)
X {Qus (0) (8:e—niny) Qe (0) Eps (k (0) —ky—ky) (54)
X Ep;j(k(0) —ki—ky)} 6 (0— 0y — 0y — v (k (0) —ky —ky)),
where
k(o) =no Ve(o);
Qi.f ((’J) == QH ("” 1,21, _1) ar QH (&J, 2,41, —1).

The presence in (44) of the 6 function ensures fulfill-
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ment of the conservation laws (43) and (44) in the case
of coherent de-excitation. The angle between the direc-
tion of the coherent de-excitation and the velocity of the
particle is determined in (46).

Since the nonlinear susceptibilities are small (of the
order of the ratio of the external fields to the atomic
fields), the quantities @;;, whichare proportional to
them, are small. Therefore, the intensity of the coher-
ent de-excitation is fairly low. One must seek ways of
increasing the intensity of the coherent de-excitation.
One such possibility is to use resonance pumping fields.
But then the treatment used above becomes incorrect
and a new treatment is required.

5. COHERENT DE-EXCITATION OF ATOMS IN A
MATERIAL EXCITED BY A PARTICLE IN A
RESONANCE FIELD

As we have already noted, the change in the space-
time distribution of excitations under the influence of a
field may lead to the occurrence of directions of coher-
ent de-excitation of atoms excited by a particle in a ma-
terial.

However, the largest change in the populations of ex-
cited states of the atoms arises under the influence of a
resonance field with frequency equal to the transition
frequency of an electron in an atom.®” In this case,
when the field is in resonance with the transitions from
the ground to an excited state, the matter is excited by
the field more strongly than by the particle. If the main
excitation of the matter is to be by the particle, one can
choose the field in resonance with transitions between
excited states. Then the field hardly affects an unexcit-
ed atom, but in an excited atom the resonance field sig-
nificantly changes the population distribution of the ex-
cited levels. We therefore choose the frequencies of
the field (48) such that®®

0y =E,—E tej=woyte; oy=E;—E;-e, =051, (55)
where E,>E,>E, are the energies of the excited atomic
states.

The absence of sufficiently detailed experimental in-
formation about the behavior of the nonlinear suscepti-
bility ¥ (w, w’, w") in the region of the resonance frequen-
cies makes it impossible to estimate the effect by the
phenomenological method considered above. Therefore,
to estimate the effect, we can use a microscopic treat-
ment, calculating directly the nonlinear part of the po-
larization of the matter:

PYE (q, o) = (27) 5 d*rP " (r, ) exp (—iqr). (56)
This is related to the induced dipole moment at the point
r of the atom,

o (57)

d(r,t)= S d3q 5 dad (g, ©) exp (iqr — iof) ,
by

P (g, w) =ntd"" (g, ©). g

The coefficient £, which takes into account the deviation
from the mean of the field acting on the atom, has the

422 Sov. J. Part, Nucl. 12(5), Sept.-Oct. 1981

~ form*®

=T 4 (e (o0 +2. (59)

i=i
The nonlinear part d¥*(q, w) of the dipole moment can be
expressed in terms of the population amplitudes Cs(R, t)
of the excited states of the atom in the field:

4" (@, 0) = T (4L (@ 0—0u)

'i‘danciu.(_(h — o — )}y (60)

where

C,(q, ©) = (2m)~% H 43R g dt C, (R, t) exp (iwf —iqR), (81)

and it is assumed that the excitation of the atom is weak,
Cs<C,=1. It is well known that in a long-wavelength
field the C;(R, f) satisfy the equation

. 0Cs (R, t)- L0

T — 2 daE(R, 1) C, (R, 1) exp (i0gnt). (62)

In solving the system of equations (62), we assume that
the transitions 3= 2 and 2—1 are due to the resonance
field (48), the transitions 0~ 2 are forbidden, and the
higher levels E, (z = 4) do not influence the population of
the levelsE,, E,, E,. Wealsoassume that the resonance
field can transfer an electron from one level to another
during the lifetime of the excited state, i.e., that

[Vad| v i [ Vaa| 2 vivas Vo= —doyEqr/2;
Vo= —dgEp/2.
Under the assumptions we have made, we obtain from
(62) the system of equations

(63)

(0 +-ivs) C3(q, ©) = V3,0, (q—k,, 0 —e,) Uy, (q, o);
(@1yy) Co(gqy 0) =V Cy (4 —kyy @ —2y) + Vsl (g + kyy 0 +-24);
(0+iyy) Cy (4, ©) =VCo (q+ kyy 04-20) 4 Ugg (0, @),

(64)

where U, (q, w)=—d,E, (¢, ») and it is assumed that the
excitation of the atom from the ground state is caused
by the field of the particle. Ignoring the width of the
levels, we can obtain from (64) the expression®

4 1 5
Cy(q, w) = =T Uy (q, w)

o —e— ) [ Vs [2Uge (4. @)+ @V5aV Ui (g ky—ky 0—e;—8y)
: ofo(o—e)(0—&—e)—[VaPo—(0—e —e) [ Tal?

(65)

For frequencies near wy: |w - w, | < w,, the dipole mo-
ment induced in an atom in the presence of the reso-
nance field differs from the dipole moment induced by
the particle in the absence of the resonance field by the
amount

e (9, ©) dMC;‘}VL (q, ©— @)
_ dysV a0l sy (dyoE (q— ki — ks, 00— 07— 0,))
T {0 — 50) (0 — 030 €2) (0 — g9 — €y — 4) — | Vi [H{@ — @g9) — [Vgu [
H(@— gy —&,— &)

Note that the dependence of d%* on the amplitude of the
electromagnetic field (48) is much more complicated
than in the nonresonance case considered in the previous
section; the important thing is the dependence on the
field in the denominator of (66). We now give the final
expression for the polarization of the matter®®:

P(q, ®)=¢ (0) £ (q, 0)
i dg3VaeVor (d1oE (q—ky—ky, o —o, —w,)) §
(@ — @30) (@ — @39 — &2) (@ — w3q — &1 — £g) — | Va1 [2 (@ —wg9)
—| Va2 |2 (0 —00gp—8;—E3)
We give the expression for the energy d% acquired by
the particle during the complete time of flight T in the

(66)

(67)
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solid angle d® (in the direction n) in the frequency inter-
val dw for a field in exact resonance, £,=£,=0. In this
case, it is necessary to take into account the widths of

the levels® and the radiated energy takes the form
8 = 25 n2Twt Ve do dQ L2 [nel? | dogdsy [*

x| eE, (k(0) —k;—k,) |
s VB IVE
7 G {(0 — )2 4- T2}

6 (0 — 0, — w, — vk (0) + vky - vk,),

(68)
where 7, in the number of atoms per unit volume, E (k)
is the Fourier transform of the particle’s self-field (6),
and

G = (0 — 0g0)* — Q% Q2= | V3, P+ | V5, [%

Vgg = —2]1730!325:0:;
TG = (0 — 030)® (Y5 + P2+ ¥a) — V2 | Via [2— 74 | V3 |2
It is convenient to compare the intensity of the radiation
(68) with the intensity of Cherenkov radiation in matter
withe-1~1;

1
Vont: .= 2_‘;‘5' 21013

(dEIDE cr ) ~ (n,03)2 (0,7/Aw)2, (69)

where a is the dimension of the atom, w,r is the atomic
frequency, and Aw is the smallest of the quantities
(w=wy), G, Y, Y., ¥;. It follows from (69) that for a gas
(n, =10 cm™?) the intensity of coherent de-excitation in
the field will be comparable with the intensity of the or-
dinary Cherenkov radiation.

Let us now consider the limits of applicability of the
obtained expression. First, in consideringthe polariza-
tion of the maiter, we ignored the interaction of the a
atoms of the matter with each other and the dipole-di-
pole transfer of excitation to neighboring atoms. Allow-
ance for this circumstance leads to the appearance of
large levels widths, which significantly lowers the radia-
tion intensity. Therefore, from the point of view of the
radiation intensity the favorable case is still the one in
which one can speak of atomic energy levels rather than
bands, i.e., in a gas or when one is considering impuri-
ty atoms in a solid.

Another restriction is the following circumstance. In
considering radiation at frequency w~w,,, we assumed
above that the particle excites the transition 0—~1, the
field excites the transitions 1 ~2 and 2—=3, and then de-
excitation takes place. However, in some cases the op-
posite process takes place at the same time, namely,
excitation by the particle of the transition 0=~ 3, excita-
tion by the field of the transitions 3 — 2and 2~ 1, and de-
excitation at frequency w~w,,. When such processes
aretakingplace simultaneously, there is a nonlinear in-
teraction of the modes with the frequencies w,, and w,,,
and the mutual influence of the direct and inverse pro-
cesses reduces the radiation intensity compared with
(68) and (69). (This case is considered in Ref. 54.)
Therefore, the cases of interest are those when for
some reason the direct process takes place but the re-
verse process is suppressed. Then the above treatment
is valid.

6. COHERENT RADIATION OF IMPURITY ATOMS
EXCITED RESONANTLY BY WAKE CHARGE
VIBRATIONS

One of the cases when only one of the atomic levels is
excited by the particle is the case of resonance between
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the vibration frequency w, of the wake charge and the ex-
citation frequency w,, of the atom. Such a situation can
arise in matter with impurity atoms when the vibration
frequency of the wake charge is determined by the main
matter; then, for example, by varying the density of the
main matter one can achieve the equation w,=w,,. Then
for the impurity atom the situation considered in the pre-
vious section is realized. Indeed, if we study the excita-
tion of the matter by the vibrations of the wake charge,
we can ignore the excitation of the transitions 0~ 3,
since for them the vibrations of the wake charge are

not resonant, and we need take into account only the ex-
citation of the transitions 0 - 1. Therefore, the intensity

of the coherent de-excitation of the impurity atoms at
the frequency w ~w,, will be appreciably higher than at
the frequency w~w,,. It is important to note that even
if one takes into account the circumstance that the par-
ticle excites the transitions 0—3 and 0~ 1 about equally,
the resonance excitation of the transitions 0—~1 by the
wake charge vibrations ensures predominance of excita-
tion of the transitions 0~1. This means that the treat-
ment developed above can be applied directly to the giv-
en case,

The only difference which must be taken into account
is the replacement of the general expression for the
self-field of the particle

E, (r, 1) = | d°Ep (@) exp (iqr —igve);

__ie v(gve—gq
By (0= 3me p—(oyie

by the field of the wake charge. Since the wake charge
density p y is related to the charge density p by

(70)
(1)

pw (r, ©)=p(r, o) (1/e(0)—1), (72)
the field of the wake charge is
Ew (r, 8) = | *Ew (a) exp (iar — iqvi), (73)
where
: 0y (74)
-t 1—e(w)
Ew (0) = o S L2200

In the special case when £(w) has the form (24), we can
write
ie q @, (75)

Ew (@) =5 o o wp - 2w,
and the expressions for the intensity of coherent de-ex-
citation are obtained from (68) by replacing E fk(w) -k,
-k,) by Eyk(w) -k, -k,):

8 = == TtV & de d2 niG? [ne]? | dogdss [*

A [e, k(o) —k;—k]?
R

@48 (0 — 0 — 0, — vk (0)+-vk; +vks) A
G2 (@ — @g9)2 -+ I'?] {(0 — @y — mz)s—m§,+ 2iyp (0 — @, — 0,)}

7. COHERENT SCINTILLATOR

(76)

5
X

In the widely used scintillation counters for particle de-
tection, the incoherent de-excitation of impurity atoms
excited by the passage of a particle is used. The pro-
cesses which take place can be described as follows.

The original particle excites the atoms of the material,
and this excitation migrates through the material in, for
example, the form of an exciton. Prolonged migration
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of excitations occurs because in dense matter the excited
atom (or molecule) transmits the excitation energy with
overwhelming probability to aneighboring atom (or mole-
cule) and does not radiate it in the form of a photon.

The excitation energy w,, of an impurity atom is taken 1

lower than the excitation energy of the host ma-

terial but in its transparency region, i.e., Im&(w,,)~ 0.
If an impurity atom is in a region in which the matter
is excited, the excitation energy is transmitted to the
impurity atom. The presence of an energy difference
requires the participation of phonons, which carry away
the excess energy. The opposite transfer of excitation
from the impurity atom to the matter requires the ab-
gorption of phonons and is therefore improbable. Trans-
fer of the excitation to the nearest impurity atom can
also be ignored because of the large distance between
them. To ensure this, the concentration of the impurity
atoms is taken low. The only possibility of de-excita-
tion of the impurity atom is through emission of a pho-
ton. The emission of phonons in the excitation transfer
process has the consequence that the radiation from the
different impurity atoms is incoherent, and the process
itself takes place slowly. The creation of conditions for
coherent de-excitation of the impurity atoms would make
it possible not only to increase the radiation intensity
but also to decrease the de-excitation time. To obtain a
coherent scintillator, one can use the methods discuss-
ed above for creating the conditions for coherent de-ex-
citation of atoms of not very dense matter.”

As a very simple example, we consider dense matter
with impurity atoms, choosing atoms such that the exci-
tation energy of the first excited level of an atom (or
molecule) of the host material is equal to the energy E,
of the third excited level of the impurity atom. Suppose
alsothat inthe impurity atom it is possible to have tran-
sitions between the levels E; and E,, E, and E,, E, and
E,, E;and E, (E,;>E,>E,;>E,), but the transitions 32
and 10 are forbidden. The transition 3~0 is a reso-
nance transition with respect to the atoms of the host
material and leads to transfer of excitation to a neigh-
boring atom of the host material; the transition 31
leads to emission of a photon. Since the state E, of the
impurity atom is orthogonal to the original ground state
E,, the radiation of the impurity atoms at the frequency
wy =E; - E; will be incoherent. Transitions from the
state E, to the state E, proceed through the states E, or
E,, and are therefore improbable.

To ensure coherent radiation of photons by different
impurity atoms, we impose on the matter the additional
electromagnetic field

E (R, t) = Ey {exp (ikoR — iwyf) +c.c.}

G
+Eq{exp (ik, R—iot) +c.c.}, )
choosing the frequencies w, and w, in the form

[oD.:; m;IEE,—E,; Wmiﬂ-ms,EEa—E,. (78)

The resonance field E, gives rise to the transition 3= 1
of the impurity atom, and the resonance field E, gives
rise to the transition 1 ~2. After this, the impurity
atom is in the state 2 and can radiate a photon with fre-
quency w=w,,=E,-E.
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Thus, after the interaction with the particle and with
the fields E, and E, and the radiation of the photon, the
impurity atom returns to the ground state E;,. There-
fore, the energy w and momentum & of the emitted pho-
ton have arisen through a change in the momentum of
the particle, p, -=p,=q, and in its energy E, - E,
=q-v (g<<p,) and a change in the energy and momentum
of the fields E; and E,. Therefore, the energy and mo-
mentum conservation laws for the complete process can
be written in the form

q+k—ki=k; qvio—o=o0, (79)
from which there follows the relation
cosﬂ:—:/;[{—-(mo—kovu-mi-j— kyv)/w], (80)

which is the normal relation for processes of coherent
de-excitation of atoms excited by a particle in matter in
a field.

To estimate the intensity of the radiation of the im-
purity atoms, we assume first that the dipole moments
of the transition 0 =1 in an atom of the host material
and the transition 0= 3 in the impurity atom are equal
in magnitude. Bearing in mind that in accordance with
the assumption above the excitation energies for these
transitions are also equal, one can say that in such a
case the impurity atoms participate in the resonance
transfer of excitation and the migration of the excita-
tions on an equal footing with the atoms of the host ma-
terial. But inthis case one can say that the emission of
a photon by an impurity atom hardly changes the popula-
tion amplitude a,(R, f) of the level E, of the impurity
atom, since the population is maintained by the reso-
nance transfer of excitation from the neighboring atoms
of the host material. Therefore, in writing the eque-
tions for the population amplitudes a,(R, t) and a, (R, £)
of the levels E, and E, of the impurity atom, we can as-
sume that the amplitude a,(R, f) is given.

Bearing in mind what we have said, we can obtain from
the wave equation equations for the population amplitudes
of an impurity atom at the point R by retaining only the
resonance terms in the form

ida, (R, £)/0t = —dy,Eq exp (ik,R) @, (Ryl);
iday (R, 1)/0t = — d,E, exp(— ik,R)a, (R, 1) } (81)
—d;Ey exp (—ikyR) a5 (R, 2).
It follows that
(621982 - | dg By |) a, (R, 1) (82)
= — (dyEy) (dy3Ey) exp [—1i (ko —ky) R] a4 (R, £),
so that
s (R, 1) = j doay (R, o) exp (—iot); (83)
a (R,m)z‘;f—f‘l”a%‘%;—)us (R, ©) exp {i (k,—k,) R}. (84)

The existence of populated excited states leads to the
occurrence of a dipole moment of the impurity atom. As-
suming that the populations of the excited states are low,
we can obtain in the region of the frequencies w= w,, the
Fourier component of the dipole moment of the impurity
atom in the form

 dgs (dayEo) (@,3E;)
4B ) o il (9B

as (R, o — oy) exp {i (k,—k,) R}. 85)
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The dipole moment (85) is the source of the radiation.
The energy of such radiation from impurity atoms at
the points R, in the solid angle d© in the direction n in
the frequency interval dw near w,, has the form

— @21/ & | [ndee] (ds;Eo) (d,5E)
48 =9 VP. {0 — 0039) — | g Eq [

X 3 exp i (ky—ky—k (6) Rl 43 (R, 0— ) "dw.  (88)

Therefore, to find the radiation intensity it remains
to determine the excitation amplitude of the level E, of
the impurity atom, and in accordance with the assump-
tions made above in the considered special case this is
equal to the excitation amplitude of level 1 of a host
atom.

The fields E; and E, are resonant fields only for the
impurity atoms and have little influence on the host
atoms. Therefore, the excitation of the host atoms oc-
curs through the effect of the field of the particle:

E, (R, )= [ d%E, (q) exp (iaR— igvt);

— vigv)e—q
Ep (0 = g = qwre -

(87

(88)
An equation for a,(R, t) can be written down as for the
population amplitude of level 1 of the host atoms:

. dag (Rg, t 3
e (az - — d5Ey (R, 2) exp (iogt)

o 2 Vi (R, —Ry) ag (R, 1),
3

(89)
where

Va(R)= [ d%Vs (@) exp (aR); Ryp=ngy|Ruy| =R, —R,  (90)

is the potential of the resonance dipole—dipole interac-
tion, which at large distances has the form

Vs (Rop) = — R {0502 — (nayd%) (n0d2)). (91)

In homogeneous matter, summation over the atoms in
(86) can be replaced by integration, after which (89) is
reduced by a Fourier transformation to the algebraic
equation

d3.Ep (q)
©—ng (221)* V5 (g)

(92)

ag(q, ©)= — 8 (@ + wy—qv),

where #, is the number of atoms of the material per unit
volume, and

a3 (R, w) = | @qa; (4, ) exp (igR). ®3)
Substituting (77) in (86), we can obtain the total radiation
energy, which contains coherent and incoherent parts,
The coherent part of the radiation is due to the average
field, and therefore to obtain the coherent part of the ra-
diation it is necessary to average the sum in (86) over
the distribution of the impurity atoms. Assuming that
they are distributed in the material uniformly with den-
sity n, atoms per unit volume, we obtain

< 2 a5 (R,, ©— wy) exp (iAkRu)>

A
=n 5 d*Ray (R, ©— 04) exp (IAKR)
or
(Z a5 (Ray ©— g0) exp [ (ko —ky—k () Ro]>
=ny (2m)3a, (k (0) —ko+ k, 00—y 0. (94)

Before we substitute (94) in (86), we lift the restriction
associated with the assumption that the dipole moment
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of the transition 0 =1 in the host atom is equal to that of
the transition 0 =3 in the impurity atom, retaining
through the assumption that the frequencies of these
transitions are equal. Suppose the population amplitude
of state 1 of the host atom is b, (R, £). Obviously, the
equation for b, (R, ?) is identical to (89), and the equation
for a,(R, t) has the form

12080l _ _ g8, R, 0 exp (i0xf)

+ D) Va(Rg—Ry) By (R, 1), (95)
b

where £ is the ratio of the moduli of the dipole moments

of the transitions 0~ 1 in the host atom and 0 =3 in the

impurity atom. In homogeneous matter, we can obtain

instead of (92)

wag (4, ©) = —d5Ep (g) 8 (0 + 0z —qv) -

+nq (21)2 V (q) &by (4, ©) (96)
or, replacing b,(q, w) by the expression (92),
a5 (q, 0) = —dyE, (q) ~:-,-
@—(1—E&)n, 3 1
(T ) @+ ou—a). ©7)

Substitution of this expression in (94) and of the expres-
sion (94) in (86) gives for the energy of the coherent de-
excitation of the impurity atoms®
AE" = 3wt Ve (2n)° [ndgl? {(0 — 090)? + ¥3)* -
(d21Eo) (d15Ey) H
2 —
X [daoE (ka k[ k (@))iz (mfmﬂz)zn_ |1d2:En [E
©—Ws— (1 —E) no (B1)* V, (kg —hey —k () |2
O — @y9—ng (271)? V5 (ko — k1 —k (@)
* T8 (0 — wy+ 0, — vk (@) + vk, — vk,).

x|
(98)
It is readily seen that in dense materials, when w- w,,
already exceeds the width of the line w,, of the impurity
atom but still remains small compared with #,(27)?

X Vi, -k, —k), i.e., for ¥, < w— w, <n,(2m)*V(k,~k,
—k(w)), Eq. (98) simplifies considerably:

1 d*g

A _ 102 VE | [ndyy] (dayEs) (disEy) (doBp (ko —ky —K) |2
T dwdQ —

{(0— ©20)2 473} {{® —020)2 — | d;,Ep 3}
X (2n)°6 (0 — 0+ 0, — v (k—k, + k).

(99)
In this case, the coherent de-excitation of the impurity

atoms excited by a fast particle occurs with the greatest
intensity near the frequencies

O & g7 0 R Wy = | doyBy |

(100)

Thus, we have shown above that the creation of a co-
herent scintillator is in principle possible. Naturally,
the above model of a coherent scintillator is not the only
one possible and other modifications may be proposed.
It would appear that one thing must be common to all
models—a specially chosen electromagnetic field must
participate in the transfer of excitation from the host
material to the impurity atoms.

8. COHERENT COMBINATION RADIATION OF
PHOTONS BY WAKE CHARGE IN RESONANTLY
EXCITED MATTER

The participation of the wake charge of a particle in
the generation of coherent electromagnetic waves is
made difficult by two circumstances. First, the vibra-
tion frequencies w, of the wake charge correspond to
the zeros of the permittivity, S(wp)=0, and at such fre-
quencies transverse electromagnetic waves do not prop-
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agate. Second, the vibrations of the wake charge are
longitudinal, and this also hinders the-generation of
transverse waves.

To eliminate the first difficulty, it is necessary to
consider a substance in which the frequency is not con-
served, i.e., one with time-dependent dielectric pro-
perties, in particular, excited matter. The second dif-
ficulty can be eliminated if one takes matter in which
the direction of propagation of the waves is not con-
served, i.e., spatially inhomogeneous matter. In non-
stationary and inhomogeneous matter the transforma-
tion of longitudinal waves into transverse electromag-
netic waves with a frequency shift becomes possible.
The resulting radiation is a special case of transition
(in a wide meaning of the word) radiation in an inhomo-
geneous and nonstationary medium.

We consider matter to which a resonance pumping
field is applied:

E,(r, ) = 5 S @ kdoE, (k, ©) exp (iker — iogt). (101)
Suppose that twice the frequency of the pumping field,
2w,, is close to the transition frequency w;, of an atom
from the ground state 0 to the excited state 1:

| 200 — @y | € @4o- (102)
The polarization of the matter for such a pumping field
has been calculated exactly in a number of papers.®®
For the Fourier transform

Plg, ©)=@n)" [ [ aratp(x, oyexp(—tar+i0t) (103)
of the polarization, we have the relation
P; (0, ) =Wy VE; (1, o)+ Wy VE; (1, ©)
+ VA E; (9 —2ky, © —200) + V*UVE; (q+2ky, 0+ 20), (104)
where we have used the notation
Wo =4 (12 |A1/29); A= wg—upo—VEH—Vi:  (105)

V=2 ldmEol? (et o=V T A+ 10
(108)

(d1nEo) (dnoEs) , 1
L= ; m:.,ﬁm9 g |()| 1/1 4:2! (107)

W, and W, are the populations of the ground and excited
states, and d,. is the transition matrix element of the
atom between the states #» and s. The polarizabilities
Xi; are determined by the formulas
d1 di : dﬂ.kd‘il‘

ns 0
¢ Shiy =0 z {mu—-@+9 M mm+m+ﬂ] (108)

In the special case when the ground and excited states
have angular momentum 1=0 and projection m=0,

(109)

We now find the self-field of a charge Ze moving uni-
formly with velocity v in pumped matter whose polariza-
tion is described by (103)—(109). Substituting the ex-
plicit expression for the polarization in Mazwell’s equa-
tions, we obtain for the considered case the equation

X??"= 8, yme),

{¢#81; — q1q5— 0%, (0)} E; (4, ©) = 425 00,8 (0 — qv)

+ w2V E; (g — 2ky, 0 — 200) + @2V 45V E; (g + 2Ky, ©+20,). (110)
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Here, we have taken into account the circumstance that
the pumping field contributes to the permittivity &;;(w)
of the pumped matter, which differs from the permittiv-
ity £,(w)d;; of the unexcited matter:

&5 (@) =g

To avoid introducing irrelevant complications, we con-
sider the special case of spherically symmetric states
0 and 1 of the atom (I=0,m=0), when x}3=5;x'"

(o) 8;;+ 4“Wu')[u +4n W:'Xu g (111)

Equation (110) couples three Fourier components, the
fields with frequencies w, w-2w;, and w+2w,. Thenon-
linear susceptibilities are small (of the order of the ra-
tio of the pumping field to the atomic field), and the con-
tribution of the terms with the combination frequencies
w* 2w, is small. Therefore, we can usually regard the
terms proportional to y;; as small corrections.

However, in some cases one of these terms is not
small. This will be the case when

®— 20, = wp.

(112)

The field at the combination frequency contains in the
denominator the small quantity €(w;), which compen-
sates the smallness of the nonlinear susceptibility. The
second term, which is proportional to the field with the
frequency w+2w,, is small and can be omitted. Thus,
if the condition (112) is satisfied, Eq. (110) couples the
two Fourier components of the field with frequencies w
and w— 2w, by the system of the two equations

(g8 — 0191 — 0% (©)815) B3 (4, ©) = o 00,8 (0 —qv)
+ Vol (o) E; (40— 2ky, 0— 2%)-

{(q—2k,)26;; — (9: — 2koi) (g7 — 2ko;)

— (0 —2w)* & (@— 209) 847 B (g — 2Ky, ©— 20,)
=22 (0—204) ;6 (0 —20,— ¥ (q—2ky))

V% (0 — 200225 (0—200) E; (4, ).

(113)

The solution of this system of equations has the form

E;(q, ©) ={8;+(1+#%)7' Dy} Epy (a0, v)
A {8 + (120 Dy} 0By (01— 2k, 00— 20,), (114)
where n=-&,,;
Epi (1, 0)= gor 10§ (0—qv) (115)

2n%e q¢*—o%e

is the self-field of the uniformly moving charge in the
homogeneous and stationary medium with permittivity
that takes into account the influence of the pumping, and

@g5 = g (@) m (@850 — gye™ (0));

Oy = — (2 |V |? HB)
XU (@ — 2wp) %O () (95— 2kos) (gi — 2koi) (0205 —e~lyyq )
- @ ZhoPe (o200 (F— 0% (@] : 1)

Whenthe region of consideredfrequencies is determined,
not by (112), but by the equation

0+ 2wy =0y, (118)
the treatment is similar and the results can be obtained
from (114)—(117) by means of the substitutions w - w,,
ko v s kos X{ 01)((.0)" x(m)(w)_

We now analyze the expression (114) obtained for the
field E(q, ), which consists of two terms. The first of
these terms is proportional to the field of a umformly
moving charge in the medium with permittivity changed
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by the pumping. If at the same time 2% >1, this term
describes the Cherenkov radiation adjusted in the field
of the pumping wave. But if v2¢<1, then the first term
does not describe radiation at all.

In accordance with the condition (112), the second
term contains the field of the uniformly moving charge
at the frequency w,, i.e., the field of the wake charge.
Indeed, in the limit €(w,)~ 0 we can obtain from (115)
for E(q - 2k,,, w~-2w,) the wake-charge field:

iZe q—2ko 1

Ey (q—2ky, 0 —209) = —55 W=k B—uy) e, *

(119)
The field at large distances E(R, w) can be found by us-
ing (5). In the case v®*6<1, the field at large distances
is

B )= (i0 Ve R) 4miZex o (w) ©6;,—ki (0) ks (@) e (w)

R (9e/0wp) ©—2a9—wp
X (B1y— b1 (b ™) T 6 (0—20,—vk (0)+2k,Y),  (120)
where k(w)=nwve(w); and
Py = (ks (0) — 2hys) (ks (0) —2hio) [02855— K (0) ke (@) £ (0)71]. (121)

The energy radiated in the frequency interval dw in the
solid angle d? ig®®

g = 20| Q|28 (0 — 20, — VK (0) -+ 2vky), (122)
where
Q= 4n® " (@) (615 — 15 (W) ™)
(kn (@) —2kon) [0285n — k() kp (©) &1 (0)]
X (k (m)---Zlgn)ﬁ(m—JZwD:mp] (7e (w)/dwp) (123}

The radiation is due to the coherent combination scatter-
ing of the wake-charge field in the inhomogeneous and
nonstationary matter with transformation into a trans-
verse wave. The ratio of the intensity of such radiation
to the intensity of Cherenkov radiation in a medium with
(e-1)~1 is in order of magnitude

(d€/dEch) ~ noa® (0p/yp)?,

where «a is a scale of the atomic order, and n, is the
number of atoms per unit volume. For long-wavelength
longitudinal electric oscillations, wp/yp ~w* in accord-
ance with the estimates of Ref. 41. In this case, the in-
tensity of the radiation is comparable with the intensity
of Cherenkov radiation for 7,=10® cm™. This radiation
can be used for the experimental measurement of the
frequencies of the longitudinal vibrations [the zeros of
£(w)] of the investigated material.

9. COHERENT DEPOLARIZATION OF A LIGHT WAVE
IN THE TRACK OF A FAST PARTICLE

We consider the propagation in matter of an electro-
magnetic wave that is linearly polarized along the z
axis:

E (R, 1) = E jcos (k,R — o) . (124)

The polarization of such a wave is conserved because
of the dipole selection rules, which allow in an atom

or a molecule under the influence of such a wave only
transitions without change in the projection of the angu-
lar momentum onto the z axis. The excited state of an
atom (or molecule) resulting from the absorption of a
photon in the wave preserves information about the po-
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larization of the absorbed photon and emits a photon of
the same polarization. However, an additional field,
for example, the field a fast charged particle, can in-
fluence the atom excited by the wave and lead to transi-
tions in which the projection of the angular momentum
changes, so that photons with the opposite polarization
can be emitted.

We consider the case when the frequency w, of the
plane wave is equal to the energy difference of two ex-
cited states of the atom, w,~E,- E,, the first excited
state E, having angular momentum /=1, while the
ground state and second excited state have /=0. Under
normal conditions, the states E; and E, are not popu-
lated and the wave interacts with the atoms (or molecu-
les) weakly, propagating in the matter without absorp-
tion and depolarization. The field of a fast charged par-
ticle moving through the matter is determined by Eq.
(4). It excites an atom (or molecule), and the state E,
becomes populated. The plane wave interacts resonant-
ly with the electrons in the state E,, mixing the popula-
tions of the levels E, and E,. Important here is the cir-
cumstance that from the state E,, =0, m=0 one can
have not only a transition to the state E,, I=1, m=0 under
the influence of the resonance wave field but also the
spontaneous emission of a photon with different polariza-
tion as a result of transition to the states E,, I=1, m
=+1, It is this processthat is the source of the depolari-
zed photons.

The photons depolarized at different atoms will be add-
ed coherently at the point of observation only when neith-
er momentum nor energy is transferred to the matter in
the depolarization process. After all the interactions
with the wave and the particle and emission of the de-
polarized photon, the atom must return to the original
ground state. After emission of the depolarized photon,
the atom must go over from the state E,, I=1,m=z1 to
the ground state under the influence of the particle’s
field (4).

We denote the population amplitudes of the states
(E,,0,0),(E,,1,0), and (E,,1,£1), respectively, by
C,(R,t), C2R, 1), and CL(R, ), where R is the radius
vector of the atom (or molecule). Introducing the nota-
tion

Vo= dyBy (R, 2); VI =al{*VE, (R, 1);
dif="=(E,, 0, 0(x1) |d | Ey, 0, 0)

[d is the operator of the dipole moment of the atom (or
molecule)], we can obtain a system of equations for the
Fourier components of the population amplitudes. In the
resonance approximation for the wave field, this sys-
tem of equations has the form

oC, (R, ©)=nC (Ry@ 4 A) exp (ikoR);

ol (R, 0)=n*C; (R, o—A)exp (—ik,R)

+ V1 (R, 04 0g); (125)
oCE (R, 0)=V5 (R, o+ o0y),
where 2n=d, * E;, A=w, -w,.
The solution of the system (125) has the form
Co (R, @) =n L8 GO0 LR oxp (ik,R);
CLR, ©) = xR, 0+ 0u); (128)
CER, 0) == VAR, 0+0y).
M. I. Ryazanov 427



In the absence of a particle, the polarization of the mat-
ter is directed along the field of the wave:

PR, 0)=2C "' g &, o).

4n (12'7)

Depolarization of the wave in the particle’s track means
that under the influence of the particle additional polar-
ization arises:
P (R, 0)—=n, ”dm. do, (4% C, (h, ©3) C2* (R, )
+d5C (R, 0) CF (R, ©9)}8 (0 + 0, — 0;—0).
Substitution of (126) in (128) gives

J Vig(R, @— i (R,
P*(R, w)=nyndZ exp (ik,R) Jq ( (;,:,—-S—J:J?;)E#Q(P 1)

(128)

] 5 . Vid (R, ©;5—w,—w) Vi5 (R,
+ rondy; exp (— ik,R) —2 (mﬂl_"'_m_"m;;::g;, S

(129)
Writing the Maxwell equation
cutl H(R, w)=4nj (R, o)—ive(0)E (R, 0)—ioP* (R, 0)4n,

we can find the field of the depolarized waves as the ra-
diation field produced by the additional polarization
PYR, w). Assuming P*<P,, in finding P* we can ignore
the influence of the depolarization on the wave field.
Then - iwP*R, w) plays the part of the current density
which generates the depolarized component of the field.
The energy of the depolarized component of the field
propagating in the direction n in the solid angle df in
the frequency interval dw over a long interaction time

T has the form

dE€ = T2nnio Vev? | (d%), (d%);0, |2

1d.E, |71 e‘dﬁ 2

X mﬁ(m—momvk (w) + vk,) dw d2,

(130)
where
vivy

v

A A{E (1

vie

vigj—qivy 9idj
i T

)2} A=A e (1——);
A= (o) {KoGa) — 5 —F A}; ¢ = (L);

e Av o (VERRRGAY
VErs W Era A

o= A5 a=k (0) —ky— — (0 — 0g);

=0}, 0 2—e); A

a is a distance of the order of the atomic scale.

It follows from (130) that the frequency of the depolar-
ized photons can change, but the greatest probability of
depolarization in the case of exact resonance for the
field (w,=w, ) corresponds to frequencies w= w, 8 of
the depolarized photons, for which it is necessary to
take into account the finite energy width of the excited
states. Asg in all processes of coherent de-excitation of
atoms of matter excited by a particle, the emission an-
gle of the depolarized photon is strictly related to its
frequency:

vk
c(?sﬁ: 1_5‘2%)_ (131)

1
rd
It follows from (132) in particular that the process of
coherent depolarization has a threshold with respect to
the energy of the particle at a given frequency of the
depolarized photon, If coherent depolarization is to
occur, the velocity v of the particle must be greater
than

Uthe = (0Ve—k 005‘&0)/(‘"—(”0}- (132)
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CONCLUSIONS

The processes considered above have a common fea-
ture—the coherent de-excitation of different atoms ex-
cited by the combined influence of a fast particle and
the pumping field. The study of only coherent process-
es imposes similar conditions on the kinematics of the
processes. It follows from the conservation laws that
for such processes the photon emission angle is strict-
ly related to its frequency forgiven characteristics of
the fast particle and the pumping field. A change in the
characteristics of the pumping field can significantly
change the conditions of emission of the photon. There
is an energy threshold of the process, which is possible
at high particle velocities but impossible at low ones.

Although the considered processes have similar kine-
matics, their dynamics is different, and they may have
different intensities. The intensity of the process can
be raised by using resonance pumping fields, levels
with small width, and the wake-charge field of the fast
particle, In this case, the intensity is of the order of,
or may exceed, the Cherenkov intensity. The analogy
with Cherenkov radiation is clear, since these process-
es of coherent de-excitation can be regarded as a gen-
eralization of Cherenkov radiation to the case of matter
excited by a field.

I should like to take the opportunity of thanking D. B.
Rogozkin, with whom the results of Secs. 8 and 9 were
obtained, for discussions.
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