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The Vavilov-Cherenkov effect in a dispersive and resonant absorbing medium is substantially modified by
the presence of an external electromagnetic field. Depending on the field parameters and configuration we
anticipate a remarkable increase of the emission yield at resonance. Our predictions are implemented by
numerical estimates for cuprous oxide EO) where the yield turns out to be one to two orders of magnitude
that obtained in the absence of the field.
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[. INTRODUCTION the role of phase and group velocity in the emission process
[14] as well as intriguing emission features in media with
In a transparent uniform medium a charged particle movnegative group velocitiegl5], or apart from some more re-
ing with a constant speadabove a critical velocity emits an cent work predicting drastic narrowing of the Cherenkov
unusual type of coherent radiation that was first observed bgroup cond 16] in a coherently driven ultracold atomic gas
Vavilov [1] and Cherenkoy¥?2] in liquid media. The phenom- [17] as well as the possibility of emission at speeds below
enon was later interpreted by Frank and Tarf@h They threshold 18]. Cherenkov emission at subluminal speeds, in
showed that a charge traveling faster than the speed of lighgarticular, has recently been observed experimenita8y by
in a medium with frequency-independent refractive indexusing optically generated moving dipoles in nonlinear crys-
emits radiation displaying a shockwave singularity at the surtals at very low temperatures.
face of a circular cone. The angle subtended by the cone is The present work focusses on the influence oésiernal
directly determined by the ratio between the speed of light irelectromagnetic field on the Cherenkov effect for a certain
the medium and that of the particle through the familiarclass of dispersive and resonant absorbing solid media. The
Cherenkov coherence conditidd,5]. This cone is essen- presence of the field alters the form of the dielectric function
tially analogous to the Mach cone that characterizes a shocley modifying the medium’s absorptive and dispersive prop-
wave produced by the motion of a supersonic source in air ogrties and by reducing its symmetry, which makes the actual
other medid 6]. dielectric function, in general, anisotropic. We here antici-
The study of such an effect was further extended to othepate that both modifications may lead to a significant change
materials where the emission of Cherenkov radiation turnsf the resonant emission yield as well as to a change of the
out to be a very small fraction of the total energy lost by theemission coherence and threshold conditions that the me-
moving chargd7]. The loss of the particle energy in trans- dium would otherwise exhibit in the absence of the field.
parent solids, e.g., mainly arises in fact from the ionizationModifications of the medium dispersion, in particular, give
or excitation of the polarizable mediuf@8—10], yet the small rise to propagation at rather slow group velocities that also
fraction of energy loss due to the emission of Cherenkowaffect the Cherenkov emission pattern; this effect, which has
radiation can still be singled oui7,11] from the particle’s already been predicted to occur for a charged particle mov-
total losses owing to its directionality. ing across an ultracold cloud of alkali atomic dag], will
The situation becomes furthermore involved in dispersivenot be addressed here.
media. Expressions for the emission yield and threshold con- The purpose of this paper is thus twofokirst, we adopt
ditions in a dispersive and transparent medium were firsa classical electrodynamics approach based on the dielectric
derived by Tamn{12] and partly by Ferm[13]. Budini[7]  function to develop a general theory for Cherenkov energy
further showed that in a dispersive and absorbing mediunosses in the presence an external laser field in dispersive and
described by a complex dielectric functiefw) it is neces- resonant absorbing materialBecondwe provide numerical
sary to take into account the damping of the bound electrongesults for CyO where the presence of the field allows for a
of the polarizable medium in order to account for the energysubstantial increase of the emission yield in the resonance
lost by Cherenkov emission besides that lost by excitatiomegion where the observation of Cherenkov radiation would
and ionization of the polarizable medium. Following ratherotherwise be more difficult. We examine, in particular, the
general arguments he introduced the threshold conditfon dependence of the emission enhancement on the external
>c?/Rd e(w)] and an expression for the radiated energyfield configuration and on the particle incident direction.
which reduces to the Frank and Tamm res{®42] in the We derive in Sec. Il the field radiated by the charged
case of a perfectly transparent medium. Over the years thgarticle via a straightforward solution of Maxwell equations.
effect of Cherenkov emission in dispersive media has drawiThe particle energy loss function and the relevant coherence
very little attention apart from some work aiming to clarify and threshold conditions are derived and discussed in Sec.
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[ll. We give in Sec. IV the dielectric functions for GO
appropriate to two different external field configurations of
experimental interest while the relevant numerical results are
presented and discussed in Sec. V. Detailed calculations
needed to derive the general results of Secs. Il and Il are
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reported in three appendixes.

Il. THE RADIATED FIELDS

The external electric field modifies the dielectric function

S0 as to make it anisotropic in place of the isotropic one that
the medium would have in the absence of the external field.

The specific configurations that we will examine in the fol-
lowing sections are amenable to experiments with@and
amount to considering aniaxial [20] dielectric function. We

will then restrict our analysis to the case of a dispersive and

resonant absorbing uniaxial medium whgrg, andz denote

the medium principal axes. We take the external electric field

linearly polarized alond which determines the direction of
the opticalc axis (See Fig. L. We assume in the following

that the particle velocity has a positive component alang

and a non-negative component aIcingThis, along with the
particular case of a velocity orthogonal to the opticalxis

treated separately in Appendix B, is expected to exhaust

most common experimental situatioj#g. Taking advantage

of the medium’s cylindrical symmetry about theaxis we
find it convenient to express the electric fidtdr,t) as

1 ' '
— ik -r—iot
E(r,t) (277)3J dklfdwe Ex, (%), (D)

wherek, = (k,y+k,z) denotes the projection of the emitted
radiation wave vectok in the principal plane. Analogous
expansions hold for the field3(r,t), B(r,t), andH(r,t) as
well as for the free charge density

p(r,1)=0ed(2) S(X—vyt) 8y —uvyt), 2
and for the free current density

J(r, 1) =Qqev 8(2) S(X—vyt) S(y —vyt). 3
The particle is here assumed to be a point chaggeoving

with velocity v along a direction that is perpendicular to the
z axis as shown in Fig. 1.

FIG. 1. Afast charged particle traverses a layer of thickhesk
a medium coherently driven by an external laser field which makes
the mediumuniaxial. The principal axeg, y, andz are oriented in
the direction[1,1,1], [1,—1,0], and[1,1,—2] (upper fram¢ and
[1,0,0, [0,1,0, and[0,0,1] (lower frame with respect to the crystal
cubic axess,, ,, ande,. The external field propagates in the
plane (principal plane and is linearly polarized along (optical ¢
axis). The particle velocity lies in thex-y plane making an angle
0 (shaded sectprbout the opticat axis. Cherenkov emission oc-
curs in the direction of the wave vectkrat an angley about the
optical ¢ axis whilek, denotes the wave vector projection on the
principal plane.

The energy lost by the charge through the medium is typi-

cally much smaller than its kinetic energy and we may then

neglect the small decrease of the charge velo@tyrn ap-
proximation. The Maxwell equations for these charge and

current densities and a uniaxial dielectric tensor character-

ized by longitudinal and transverse componeg)(s») and

€, (w) can be solved and after some lengthly algebra, which c?

we report in Appendix A, they acquire the form

Ex(X)= e,

(4)

+w

_ €| 2 w? 2 4’7Tiqe —kXC2
—dy 6”—2+|(J_ >
€ c c

Ux€;

2 -
w 47i
( —&f—el—erkf) Ey(X)=iky€ d,Ex— —qu
c c
k,c? _
x| ——“’”y)e'kxx, (5)
Ux€) Ux
2 w’ 2 :
(—8X—el§+kl)EZ(X)=Ikzeré’xEx
47iq. | k,c?\ .
_ qu( z )e'kxX’ (6)
Ux€

where we introduce the reduced dielectric tensor

A

I
=

)

€r
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We also recall here the component of the wave vektor
along the opticat axis as given in Eq(A7),

)

—f drf dtReJ(r,)]- REE(r,1)]
Vlayer -
L/2

wef di [ o
—x —L/2
and relating[21] the frequency and direction of the emitted

radiation to the charged particle speed. The frequency depeyj;pon inserting Eqs(10) and(11) into Eq.(13) and using the
dencies of all dielectric functions are not shown here, Wh”eproperty

Je
(2m)®

kx:w—kyvy,

Ux

v ik,
(8) dxv—X-EkL (X)X,

(13

Epy.z(X)= EkJ_ w(X) |{x,y,z} 9 qﬁ:ﬂqi e kf (14)
€ ’

is a shorthand notation for the electric field components.

Equations(4) and(5) can now be solved and the correspond-the probability that the charge loses energy subsequent to the
ing single Fourier components of the electric field can beexcitation of a mode of frequenay and wave vectok can

written as be written after some algebra in the form
Qe[ kc?|4mi dw  giel [ L P
€ _ 7 aixky = m — €
Ex(X) 2<w vxq) 7 e (10 dodk, 2722 | e, ¢? c%qf ‘
k2
and X( 1- q—;) Sinzﬁl ] , (15
1
qe| vy kyc® € where
s ent o
X X
, _ k,=k, cosp=Kk sin y cose (16)
X[ - 2 )kay AT g, (1)
Uy€| qﬁ qf ' andk, are, respectively, the projectionslotlong thez axis
and on the principal plane. The second term in the square
with brackets depends both on the reduced dielectric tensamd

on the angled between the charge velocity and the optical
axis. Such a term is therefore absent either for an isotropic
medium (g;= €, ) or for a charge moving along the optical
axis (#=0). When incidence does not occur along the opti-
cal ¢ axis (##0) the # dependent term in Eq.15 may,
however, cause appreciable modifications of the loss spec-
trum.

2 2
w € w
af=k: —¢— +|<>2(—H . qi=kl—e — ki (12
(o € C

The solutions(10) and (11), along withE,(x) which is not

reported here as it will not be required in the following sec-
tions, refer to bulk excitation§22] of the electromagnetic
field in an infinite medium and comprise both longitudinal
and transverse waves.

Ill. THE ENERGY LOSS

In this section we derive the energy lost by the moving

In the limit 3—0 the rate(15) reduces to the nonrelativ-
istic energy-loss function for uniaxi25] media, i.e.,

dWyr qiL

dwdk, a 272w cos o

€ (1+ ercoszx)] ’
17

SZ(X,QD,0)|m|

charge. This is calculated within a thin layer of an infinite \where we introduce the functias,

medium and for a particle velocity directed at an arbitrary

angle with respect to the opticalaxis. We find it convenient
here to take a system of coordinaf@8] whereby the wave
vector k of the excited bulk mode is characterized by the
polar and azimuthal angleg and ¢ with the polar axis di-
rected along the optica axis as shown in Fig. 1.

The energyW lost by the charge can be evaluaié&d as
the work done by the electric fie[@4] on the charge moving
within a layer of volumeV,,,., and thickness, i.e.,

2
S x,¢,0)= ( %) =(cosf cosy+sin@siny sing)?
=cosy, (18)

denoting the projection of the bulk mode wave veckor
along the direction of the particle velocity. Pronounced
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maxima in Eq.(17) occur for vanishing values of the de- electron energy loss in anisotropic graphi&/] was just
nominator of the imaginary part and correspond to losses dueased 28,29 on this result.

to the excitation of longitudinal modes, i.e., plasmon losses With the help of Eqs(14) and (8), we can rewrite the
[26]. In particular, the interpretation of early experiments ondifferential energy-loss functiofll5) as

dw qg,@2v2L52 | 1- (B%,) + sirO(1— B2e, S>—sir? ycode) Dt
= X1im

dodk, 2772a)v>2< Deo

; (19

whereD,=1— %€, S? andDy,=1— B%¢,S?+ ¢,cogy with  effective thickness traversed by the particle but it gives rise
the functionsS defined in(18) and as usugB=v/c. Maxima  to a new type of volume excitation.

of this function occur at the poles of the imaginary part of

Eq. (19). Apart from the plasmon pole contributidB0] al- A. Cherenkov ordinary waves

ready discussed in E@Ll7), it is possible to show, by carry-

ing out the imaginary part on the right hand side of B),  qyer which Cherenkov radiation is emitted and for ordinary
that the two other denominatorB, and D, yield two dis- | ovas this is obtained by solving EQO) for vy at a given

tinct po!e c_onditions that correspond_ instead to losses due Qe frequency and particle speed. By further requiring that
the excitation of transverse modes, i.e., Cherenkov losses. o2y be real and less than unity we obtain the threshold

In the absence of the external field, the imaginary part Oﬁondition
the dielectric function of cuprous oxide (€D), the sample '
material that we will examine below, is in general quite o on
smaller than its real part for frequencies around the medium B*=Bc :z' (22)
resonancef31,32 while the imaginary parts of the two ten-
sor componentg; and e, turn out to be even smaller than whereB=v¢/c determines the critical velocity for emission
the corresponding real parts when the external field is omf Cherenkov ordinary waves determined by settiyrgO.
[33]. The medium can be shown to exhibit in this case large=or a particle moving at the critical velocity?, ordinary
degrees of transparency at resona83 so that Cherenkov Cherenkov radiation is emitted in the directinalong v
emission will not be substantially hampered by absorptionwhich is then the Cherenkov cone axis. For a particle moving
To a good approximation, resonant Cherenkov emission ifvith velocity in thex-y plane the emitted ordinary Cheren-
the presence of the external field can then be thought tRov wave has the same geometrical properties as the one
occur in a nearly transparent regime so that strongest Chegmitted in an isotropic medium of dielectric functien .
enkov emission would occur at the maxima of the Cherenkov
energy loss in Eq(19). B. Cherenkov extraordinary waves

We now proceed to discuss Cherenkov emission within . e .
this approximation so that, in the limit in which the imagi- For a given _ve_locfty d'"?c“or!" the cone over which ex-
nary parts of the relevant dielectric tensor can be neglected/@ordinary radiation is emitted is now determined bothyby
one obtains from the vanishing of the denominator of Eq@nd ¥ satisfying the conditior(21) and hence in this case

(19) the two coherence conditions in the forma, ¢+ /2) emission occurs over conical surfaces _that_ are, in general,
noncircular. Such surfaces are symmetric with respect to the

1— B2, co2v=0 20 x-y plane so that for a particle moving at critical velocity
Be. 4 20 extraordinary waves are emitted in the directionat an
angle . different from 6 (cf. Fig. 1) and given by

Coherence conditions determine the angle of the cone

and

€
1— B%¢jcos y+ €,cosx=0. (21 '[an)(ezf—|| tane. (23)
1

Because the propagation of emitted ordinary waves is chafFhis result can be obtained by minimizing given in Eq.
acterized only by, and that of extraordinary waves by both (21) under the assumption that bathande, are positive. It

e, and ¢ dielectric functiond20], it follows that Eqs.(20)  is worth noting that when both of them are negative the
and(21) yield, respectively, the conditions for the emission coherence condition cannot be satisfied, whereas if either one
of ordinary andextraordinarywaves in the process of Cher- of them is negative it can be satisfied even for a negligible
enkov emission. Notice that the conditidB0) no longer gt an angley, given by tany,=\/— ¢ /¢, , independent ob
exists atnormal incidence(#=0) in which case only ex- and corresponding to the nonrelativistic pole of ELj7). At

traordinary waves can propagate wherealatque inci-  the critical speed the coherence conditi@l) becomes
dence(#+#0) ordinary and extraordinary waves can both

propagate. Oblique incidence does not simply change the 1-B€coS(0— xe) + €.COS x=0, (24)
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so that upon eliminatingy, from Egs. (23) and (24) the  sion of extraordinary Cherenkov waves and reduces to unity
threshold condition for extraordinary waves takes on theas §— 0. Appreciable reductions of the threshold condition
form are then expected to occur for large and positive values of
the reduced dielectric functiog and for oblique rather than
ﬁzalgezzi 1 (25 normal incidence. Both condition®2) and (25) further re-
¢ € 1+esirPg duce to the Cherenkov threshold conditigie>1 for an
isotropic mediunt5].
The angular term on the right hand side of E&5) is the The integrated energy loss spectrum can be obtained from
obligue incidence contribution to the critical speed for emis-the differential losg15) and that is,

2

1
f d’k 6(k-v—w)lm{—2— B—Z
€qr 9

dW  qiol’

do 2w

2
1- ﬁ) sin20”, (26)

2
L

1+e€

whereL’ is the thickness traversed by the particle along its From the A-type model Hamiltonian describing such a
path. The expressiof26) also applies to the case of a par- coherently driven system we can calculate the dressed me-
ticle moving perpendicular to the opticalaxis (¢=w/2) in  dium dielectric tensor that turns out to dep€i@®] on the
which case it can be shown to agree with the re$BIf) external beam polarization as well as on the detailed struc-
derived separately in Appendix B. ture of the exciton levels. The external beam reduces, in fact,
Ordinary and extraordinary Cherenkov waves see differthe cubic symmetry of GO so that the form of the dielectric
ent refractive indexes and can simultaneously be emitted @esnsor will depend on the orientation of the external beam
th_e cha_rge traverses th_e m_edmm. Ordm_ary waves are emittegblarization with respect to the cubic axes, éy' ande,.
with uniform IntenSIty distributed over circular cones WhoseFor an externa| beam |inear|y po'arized a|d:m0,0]1 e_g_7
generatrices make an angleabout the direction ob which the system is reduced to a uniaxial crystal havﬁaggas op-

IS defce_rmmed for a given speed and wave frequem_:y by _thﬁcal axis and similarly for an external beam polarized along
condition (20). Extraordinary waves are instead emitted, in -

general, with a nonuniform intensity distribution and over & ©F € [37]. For a polarization along the diagorfdl,1,1],

noncircular cones with generatrices determined by the set 6Fe.SYSte”.‘ Is redqced_to a uniaxial_ cry_stal havid,1] as
angles{y, x} aboutk, through Eq.(21). optical axis and likewise for polarizations along the other

two main diagonals. The form of the dielectric tensor further
depends on the specific exciton levels; this is treated exten-
sively in Ref.[36] and will not be discussed here.

We now proceed to discuss the enhancement of resonant

It follows from the above analysis that Cherenkov emis-Cherenkov emission for a specific configuration in which the
sion occurs in correspondence to the maxima of @§)  external beam is polarized either alofig0,q or along the
subject to the coherence conditiof2®) and(21) and thresh- main cubic diagonal1,1,1] while the 2P (I';) states are
old conditions(22) and (25). well separated from the other states of tHe rdanifold[36].

We here investigate the possibility of increasing the resoThe external beam instead resonantly couples tBeI1.)
nant yield of Cherenkov light in a crystal of cuprous oxide and the 2 (') exciton levels[36]. Cubic, principal, and
(Cu,0) when this is coherently driven by an external light optical axes for the two external beam configurations that we
beam. Cuprous oxide exhibits exciton resonances and weonsider here are shown in Fig. 1
will examine, in particular, Cherenkov emission at frequen- For an external beam polarized alofig0,0, the dressed
ciesw close to the P “yellow” exciton line [31,32 when dielectric tensor can be shown to be uniaxia8,36 with
the external beam of frequeney; is tuned to the P t0 1S yggpect to the principal axess=[1,0,0], &,=[0,1,0], and

exciton transition of frequency,p— ;5 [33-35. The ex- o _ . . o
ternal light beam and the emitted Cherenkov light couplinge3 [0.0,1] with optical ¢ axis directed along1,0,0],

the 2P state, respectively, to theSland to the ground states €11=€|, €xp=€xn=¢€,, €.=0. (27)
realize aA configuration leading to a narrow transparency

window for Cherenkov light emitted at about the 2xciton ~ Here

line, justifying the treatment of Cherenkov emission in Qe =¢(Q)

nonabsorbing regime adopted in the preceding section.

IV. RESONANT EMISSION ENHANCEMENT
IN DRIVEN Cu ,0

Transparency occurs for an external beam Rabi frequéhcy A Yop(we— 0+ w15—iY1s)

larger than or of the order of y,5y»p [33], wherey;s and =€t : N 2
v2p are the linewidths of the dipole forbidderState and (wop—w—iyp)(wc—wtwis—iyg) Q4

of the second class allowedP2state. (28
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wheree is obtained by setting)— 0 in the above equation
while e,,=6.5+i 2x 102 denotes the background dielectric
constant. For the yellow exciton series of bulk,Quone has
hwop=2.148 eV andi w,5=2.033 eV for the energy of the
levels and Ay,p=1meV [34,35 and ‘7iyig
=0.05-0.1 meV[34,35 for the corresponding linewidths.
From the measured values g5 [34,35 and of the oscilla-
tor strength[ 38,39 the coefficientA can be estimated to be
A=0.02[33]. The external beam Rabi frequen€yis pro-
portional to the B-2P transition dipole matrix elemerd,;
and to the external electric field amplituf&3,36.

For an external beam alomd,1,1], on the other hand, the
dielectric tensor is uniaxial with respect to the principal axes
e;=[1,1,1]/\3, e,=[1,—1,0//\/2, and e3=[1,1-2]/\/6
with the opticalc axis directed alon§1,1,1], i.e.,

2
Ell: 6”: e( QOC \/;D21> )

1t 7 e Jp—
1 ]5 ,,”/ ”””” // 2 -
€yp= €33— €, = e( O« \/:D 21) , (29 /¢f" l e
6 -7/ A it
B N
with ;=0 and where the form 0&({2) is given in Eq. ’ // | /l(/\
(28). Note that the expression fé} is scaled with appropri- X / Y S~
ate numerical factors shown in E9) with respect to the / ‘ 2 N
one in Eq.(28). Unlike in the case of an external beam po- 0514 : — \\ —=—=
larized along[1,0,0], the principal axe®;, e,, ande; are ,,"\ ~ S
not parallel to the crystal cubic axes as shown in Fig. 1. e e
The substitution of the tens¢27) along with Eq.(7) into 0 Werr e
Egs.(19) and(21) gives, respectively, the charge energy loss ] It
and the coherence condition associated with the emission of (b) 0 0.5
Cherenkovextraordinary wavesLikewise when the tensor ¢

(29), representing the other beam configuration, is used.

The coherence conditiai21) for resonant emission in the FIG. 2. (Upper framg Cherenkov coherence conditi¢1) for
[1,0,0 configuration is reported, e.g., in Fig. 2 for polar andtwo different velocitiess =0.9 (outer red surfadeand v =0.45
azimuthal angle$y, ¢} spanning an octant of the scattering (inner green surfageResonant radiation is only emitted for angles
solid angle and various degrees of oblique incidence includef incidence ¢) and wave vector orientatiods, ¢} lying on these
ing the limit case of incidence that is parallel and nearlysurfaces(Lower framg Horizontal section fo¥=0, 30°, 58°, and
perpendicular to the optical axis. Apart from the case of a 86° forv=0.% (black and forv=0.45 (gray). Increasing angles
charged particle moving parallel to the optical axis, in whichof incidence correspond to increasing dash lengths. The straight line
no dependence on the azimuthal angldés exhibited, the corresponds to normal incidence= 0) in which case light is emit-
coherence conditiof21) depends orp and hence at oblique ted over a circular cone making a fixed anglg about the optical
incidence Cherenkov emission occurs over conical surface®Xis and determined by the intercept with the vertjgaixis.
that are, in general, noncircul@#]. For a given angle of
incidenced, each pair of angleSy, ¢} defines in fact a gen- field and to depend, in particular, on the direction of the field
eratrix of the surface and it further follows from E49) that  orientation with respect to the crystal cubic axes and to the
the emitted intensity is different on different generatrices,incident charged particle direction. In tfi#,0,0] configura-

i.e., the radiated intensity is not uniform over the Cherenkowion, in fact, large enhancements are only observed for a field
conical surface. not polarized along the direction af (oblique incidence

We compare instead in Fig. 3 the differential 10d®)  whereas in the other configuration enhancements of compa-
around the resonance region for bfth0,0] and[1,1,1] con-  rable magnitudes are instead observed regardless of whether
figurations. The external field intensity, the incident particlethe field is polarized alongnormal incidencg40]) or not
geometry, and the scattered wave direction set by the condalongv. Depending upon the field configuration the largest
tion (21), are held fixed for each configuration. In this region emission yields in the presence of the field turn out to be 100
plasmon poles in the numerator of H§.9) are absent and to 150 times that obtained when the external beam is instead
the large Cherenkov losses that are observed anticipate savitched off.
considerable enhancement of the Cherenkov emission within Larger yields could be obtained with stronger external
this region. This is seen to arise only in the presence of théelds that would, in turn, allow one to observe larger yields
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200 3
150
100 2
50 Q
0 1
-2 —1 0 1 2
300
(b)
250 0
200 =2 -1 0 1 2
150 W2p=®
FIG. 4. Differential loss contour profiles at 50, 100, 150, 200,
100 and 250 for an external field of variable intensity and polarized
50 along[1,0,0]. Units, particle and field parameters are the same as in
. Fig. 3. The darkest area corresponds to the smallest loss while in-
0 creasingly lighter areas correspond to increasing losses.
= =1 0 1 2
mp—® waves are emitted will be nearly overlapping though the two

FIG. 3. Differential energy los&l9) in units ofqi/wsz in the different types of V_Vavefs may_ still be_dis_tinngheq frF’m one
absence(dashed curveand in the presencésolid curve of the ~ another as they differ in their electric field p_olarlzatloej’s
external field vs the frequenay that is measured with respect the ande®. These are given in their general form in Appendix C.
exciton resonance frequeneyp with i w,p=2147 meV. The field
with Rabi frequency)=2 is polarized along the main cubic diag-
onal[1,1,1] (upper framg¢and alond1,0,0 (lower frame. All fre-
quencies are in units of,p, with fiy,p=1 meV. The particle The Vavilov-Cherenkov effect has been studied exten-
impinges with velocityp =0.9c at an angleg=80° while {x,¢}  sively ever since its discovefyd—3]. Mainly because most
~{17°,58% (upper frame and {x,¢}={18°,56% (lower fram¢  part of the applications refer to high-energy detector materi-
denote directions corresponding to a local maximum of the losg|s for which dispersion and absorption may, in general, not
(19). Gray curves, multiplied by a facto_r f _10 to allow for compari- be importan{4], Cherenkov emission is usually referred to
son, correspond to the case of normal incidere Q) for amaxi- a5 occurring in nondispersive transparent media and hence
mum loss occurring in the directiop=64°. only little attention has been devoted to the emission in other

materials.
over a wider range of frequencies in the resonance region. In the present work we show that for a certain class of
Both effects are shown in Fig. 4 for a fixed incident particledispersive and absorbing solid media the Cherenkov effect
geometry and scattered wave direction in[th®,0] configu-  can be largely modified by the presence of an external elec-
ration. Similar results hold essentially unchanged for theromagnetic field 44]. As an illustrative example we study
other[1,1,1] configuration and hence will not be discussedsuch modifications in the absorbing region of thie 2yel-
here. Note that the largest value Qf used in Fig. 4 corre- low” exciton resonance in GiD in the presence of an exter-
sponds to an electric field amplitude= 25 KV/cm which  nal field that is resonant with theSL2P transition. Our
is well within the range of intensities used in common ex-numerical estimates anticipate a large increase of the reso-
periments with CpO [41]. nant Cherenkov emission yield. This is shown to depend on

The discussion on the coherence conditi@®) for the  the external electric field strength and orientation, with re-
resonant emission afrdinary wavescan be carried out in spect to the medium cubic axes and to the incident charged
much the same way as done for the extraordinary waveparticle direction, which induce changes in the complex ten-
counterpart. This leads to quantitatively similar results: insor components of the dielectric function and in the geo-
Eq. (21) the reduced tensok,, which determines the metrical factors both contained in the differential loss func-
strength of the medium induced anisotropy, turns out to bdion (19). The resonant emission yield can then be controlled
small in fact for coherently driven GO [42] owing to the  directly by varying the intensity and orientation of the exter-
fact that this material exhibits a weakP2exciton transition nal field so that fairly small enhancements taking place for a
with a concomitant fairly large bulk dielectric constant sufficiently intense field polarized both aloagand along the
[31,32,43. Because of such a weak anisotropy it follows medium cubic axes are seen to alternate with very large ones
directly from Egs.(20), (21), and(23) that the two conical that can instead be attained when the field is not polarized in
surfaces over which ordinary and extraordinary Cherenkovhe v direction.

V. SUMMARY AND CONCLUSIONS
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In particular, we have provided in Secs. Il and Il a de- Dy 0¥ |x=€Ek o(Xlx: Dk o(Xly.,
tailed analysis of the Vavilov-Cherenkov effect in a disper- - o . '
sive and resonant absorbing uniaxial medium, as required by =€, oEx, wMy.z (A4)

the presence of the external field, with inclusion of the case

of a particle impinging off the optical axis. The results of Where we set

the_se_sec_tions e>_<tend _those developed for the _Cherenkov Exx0=€lor  Eyyo=€120= €L - (A5)
emission in nondispersive and transparent uniaxial crystals ) )

for particles moving both parallel and perpendicular to theUsing the same expansion proced(iteand with the help of

optical axis[45]. Eqg. (2) we expand both sides of the first equation in ER)
so that using Eq(A3) we obtain
ACKNOWLEDGMENTS IBk, WXk ATpr W(X) e,

. - [kyEki,w(X)|y
We are grateful to F. Pegoraro, E. Arimondo, and M. X €0 €0

Giuntini for enlightening discussions and we greatly ac- +K.E X A6
knowledge support by the INFMProject PRA “Photon- Ei ol ], (A6)

Matter”) and the European CommunityContract No. \which gives the variation of the electric field component

HPRICT1999-00111L along the opticat axis. The transverse Fourier component of
the charge density2) on the right hand side of EGA6) is
APPENDIX A obtained in a similar manner, i.e.,

The electromagnetic field radiated by a fast charge in an (X)= %ex ix w—ky, — %eixkx( K :“’_kyvy)
anisotropic nonmagnetic mediunx & 1) is described by the Pk, o Uy Uy Uy X Uy '
Maxwell’'s equations (A7)

dB(r,t) aD(r,t)  4mJd(r,t) whereas
V-E(r,t)=— ,  V-H(r,t)= + ,
cot cot c e iy i
(A1) ‘]'& ’“’(X):vv_xe X, (A8)

V-D(r,y)y=4mp(r,), V-B(r,t)=0, (A2) " We can now combine the first two equations in E&l) to

with the (free) charge andfree) current densities given by get the following wave equation:

Egs. (2) and(3), respectively. Ifx, y, andz denote the me- R 5 3°D(r,t) 4 9I(r,t)
dium principal axesthe dielectric tensor is diagonal along ~ V[V-E(r,t)]=V7E(r,t) + ==

242 2 ot
. . ceot c
this set of axes, i.e., (A9)
Exx, 0 0 By first expandingg(r,t), D(r,t), andJ(r,t) according to
€,=| 0 €yo 0 |, (A3)  Eq. (1) and then using EqA6) to eliminate in each of the
0 0 €170 three components of the gradient on the left hand side of Eq.

(A9) spatial variations of the electric field not occurring
In particular, for an uniaxial medium with optical axis  along the opticat axis where, for instance, one has for the
alongx the displacement Fourier transverse components areomponent

. " . 41 &PkL,w(X) azEkL,w(X)
V[V-E(I’,t)”X: f dli do e'kir-iot — €. , (A10)

(2m)3 € 0 X x>

we obtain with the help of EqgA4), (A7), and (A8) the limits as #— «/2. In place of Eq.(1), it is convenient to
wave equations4), (5), and(6). write the electric field as

21 3f J' dkxdsz’ dweikxx+ikzzfithkxsz(y),
For completeness, we discuss here the specific case of a (2m) (B1)
particle moving perpendicular to the optiaabxis (v,=0).
This case has to be considered separately because the expres-
sions for the electric field, Eq410) and (11), obtained in  so that using the same approach of Appendix A, one arrives
Sec. Il as well as the energy lo€k5) do not admit simple  at the following Maxwell equations:

APPENDIX B E(r,t)=

046609-8
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2 .
T _ AmiQeke gy
qu ay+k; €||C2)Ex(y)— e,
(B2)
2
2 ¢ L i |E
_(?y_eig_l_ x Kz [Ey(Y)
ke, dE(y)—Amiqd —L — Z|eky, (B3
x€rdyEx(Y (e ve, o2 )
C02
—aﬁ—qg+k5+k§ E,(y)
4migk, .
= kzkxfr Ex(y)— %elkyy, (B4)

where ky=w/v and again with the shorthand notation

E{x,y,z}(Y): Ex (y)|{x,y,z}-

X,Z,®

Such equations can be solved and one obtains for the
electric fieldEy(y), the only component needed in this case

to calculate the energy loss,

A7igew . 2 2
Ey(y)=— T iwroy| 1 - ¢, ——€&—|, (BY)
€.v°q; c qdj
where, similarly to Eq(12), one has
2 2 2 2
2 @ 2 @ 2 € 2 @ 2 @ 2
q‘l—;‘l'kZ—EH?‘l'kxa, qj__?_}'kz_ej_?_}'kx'
(B6)
The differential loss function takes now the form
dW  geol’ | [ 1 B € k2 ] 67
dodke 27%2 | e, o° €.0°qf)

PHYSICAL REVIEW E67, 046609 (2003

d*¢.n=0, (C1)
d°-d=0, (C2

while a relation analogous to E¢A4) holds for the corre-
sponding unit vectors.

Ordinary wave polarizationlt follows directly from Eg.
(C1) that

n+ni+ni=1,
dy?+dy?+d?=1,

dyn+dyny+dzn,=0, (C3

so that taking advantage of the fact that for ordinary waves

the displacement vector is perpendicular to the opticatis,
we can solve this system of equations to obtain

d°=0, (C4)

These can in turn be used to obtain the electric field polar-

ization components upon inverting E@\4), namely[47],

n, . ny ~
= y— z (CH
eixll—n?( elxll—nf
and hence
1
d°= —¢€°. (Co)
€

Extraordinary wave polarizationThe polarizations are in

this case obtained by solving a system of equations similar to

Eq. (C3) and by further using the propert€2). One obtains
for the displacement field polarization components

whereL’ is here the length of the sample traversed by the

particle in they direction and whose poles lead to the coher-

ence condition$47]
1— B%e, sirfy sife=0 (B8)
and
1- B2¢sinty sinfe+ €,c0s xy=0. (B9)

As for those obtained in Eq&20) and(21), these correspond

nen nen
y xz
dé=+1-nZ dy=— , ds=-—

V1-n2

and again by inverting EqA4) one getd47]
Vi-n2 Ny n,n,
X— y—
| EL\/l—ni elxll—ni

z, (C9

€°=
€

to the conditions for the emission of ordinary and extraordi-
nary Cherenkov waves, respectively, and again recovesnd hence
known results for a particle moving perpendicular to the op-

tic ¢ axis in a nonabsorbing mediufd].

APPENDIX C

We give here the explicit form of the electr&®¢ and
displacementd®® field polarizationsfor either ordinary or

de=\1—n2x—

(C9)

nyny nynz
y— z.
Vi-n2" J1-n2

Note that the electric and displacement field polarizations are

not parallel to one another which implies theaveandray

extraordinary waves. Ifi is the unit vector in the direction of vectors, perpendicular @® and tod®, respectively{46], are

the radiated wave vectds, one has from the general prop- in general not along the same direction for extraordinary

erties of plane waves in a uniaxial mediyAb6]

waves.
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