PHYSICAL REVIEW A 67, 013801 (2003
Spectral and spatial characteristics of third-harmonic generation in conical light beams
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Generation of resonance-enhanced third harmonic in Bessel and other conical beams is analyzed from a
simple picture, where the fundamental light field is decomposed into elementary configurations of crossed
plain-wave sub-beams. We show that the overall harmonic output can be derived as a superposition of all
partial harmonic components driven by elementary configurations of the fundamental field. Good agreement
with experimental observations has been obtained in simulation of spectral and spatial characteristics of the
generated third harmonic. Some peculiarities of harmonic generation in conical light fields are discussed.
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[. INTRODUCTION ponent directed along the propagation axis of a Bessel beam.
However, significant on-axis TH was observed in Ré&f.in

Generation of third harmoni€TH) with Bessel beams in conditions near the maximum of conversion efficiency. Simi-
negatively dispersive media was the subject of several exarly, experiments with segmented conical bed®k have
perimental and theoretical studies. In experiments of Héf. shown efficient production of the on-axis TH, as well. In a
the conical excitation geometry of a focussed ring-shapedull-aperture Bessel beam, the on-axis TH is responsible for a
beam has shown its ability to support the phase-matched Tidiscernible broadening of the spectral TH excitation profiles
in a broad range of variations of refraction index due to thetoward the atomic resonan€8], whereas the calculated TH
so-called self-phase-matchinggPM) phenomenon[l]. A  profiles are always cut to zero at a point wh@e 0 [7].
theory of this SPM phenomenon was developed soon after- Similar problem arises with the analysis of spatial TH
wards[2,3] to analyze the results of Rdfl]. In this theory, profiles. If the generated TH field is idealized as a Bessel
the nonlinear response was derived from direct treatment dieam[2,3], the far-field TH profile should be a ring as a
the scalar wave equation with the conical source field repreeross section of the outgoing TH cone. It was the case for
sented as a Bessel beam. Similar approach was used in futenditions far enough from the maximum of conversion ef-
ther studies on generation of low-order harmonics withficiency, but near the maximum significant transformations
Bessel beam,5]. of spatial profiles were observétl]. Namely, the increase of

The excitation wavelength in experiments of Héff was  vapor density was followed by filling in the empty part of the
fixed and the phase matching was controlled by changing th&H ring without significant decrease in the ring diameter. At
alkali vapor density. Another experimental procedure wassome pressure the ring was transformed into a disk. In Ref.
used in Refs[6-8|, where the TH generation in Bessel [1] these observations were explained as due to the onset of
beams was studied through resonance-enhanced multiphottiie Kerr nonlinearity. However, the presence of an intense
ionization of the target gas. In those experiments a tunablen-axis TH seems to be the general feature of the TH gen-
laser source was used and the TH excitation profiles wereration with Bessel beams independent on the Kerr effect.
measured near the three-photon atomic resonance of xenon. The SPM theory is based on an integral representation of
lonization technique enabled the TH generation to be studiedoth the source field and the generated TH as Bessel beams.
in condition of very strong absorption when no TH photonsThis approach breaks down when the conical wave front of
exit the gas cell. It was found that the phase-matched THhe fundamental light field is disturbed and can no longer be
produced in Bessel beams is responsible for the appearanagproximated by a Bessel profile. Such situation occurs for a
of broad ionization bands in the negatively dispersive side ofamily of non-Bessel beams having conical wave front: seg-
the atomic resonand&—8]. The SPM approach was found mented[9] and Mathieu beamgl0,11]. Segmented conical
to be in satisfactory conformity with the observed behaviorbeams are formed when a part of the conical wave front is
[7]. blocked[9]. Special case of such segmented beams are the

Detailed experimental study with Bessel and other conicaMathieu beams with their amplitude profile described by ra-
beams, however, has revealed incrementally several disadial and angular Mathieu function40,11]. All these conical
vantages of the SPM theory in description of experimentalight fields are propagation invariant in the same sense as the
observations. First, this theory fails to explain the appearancBessel beams, but their amplitude profiles differ essentially
of the on-axis TH component in Bessel beams. For a Bessélom the Bessel pattern. This difference results in significant
beam having an inclination angle the TH is generated transformations of the TH excitation profiles when the coni-
along a cone with an inclination ang|@. Depending on cal wave front of a Bessel beam is segmented by different
excitation conditions, the angje can be tuned from O te. masks[9]. However, these observations are not readily ex-
In SPM equations the amplitude of generated TH is proporplained within the framework of the SPM theory.
tional to tang [2,3] and it yields a sharp cutoff of the calcu-  Recent paperg8,9] have shown another way to evaluate
lated dependences of the TH outpuBat-0 [2,3,7]. In other  the excitation problem for conical light beams. The Bessel
words, the SPM theory predicts the absence of any TH comand the other conical beams can be viewed as a superposition
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of plane waves with their wave vectors inclined by a con-value of the cooperative shift for two plain waves angled by
stant anglex toward the propagation axis. It has been shown2« [8]. In Ref.[9] the concept of the cooperative line shift

in Refs.[8,9] that the TH excitation profiles for Bessel beamswas applied to analyze the TH excitation spectra in seg-
can be analyzed from a simple picture of a few angled planénented conical beams. It has been shown that the overall TH
waves constituting the Bessel beam. In the TH generatiognvelope for a Bessel beam can be viewed as a superposition
process, every TH photon is made from three photons pickegf “homogeneous” Lorentzian profiles variously displaced
from the fundamental light cone. The source field can thus bgy the cooperative shift. These Lorentzians correspond to
decomposed into elementary spatial configurations of thregifterent spatial configurations of two and three plain waves
sub-beams having some azimuth anglas ¢, andés on om the conical wave fronfig,9]. We will use these results
the fundamental cone. For a given spatial arrangement Ethe present analysis of the TH excitation profiles.

sub-beams, the nonlinear response builds up according to the In the description of the wave-mixing process in a full-

phase-mafching requirements. Since every partial field Coné\perture Bessel beam, all combinations of partial waves hav-

figuration contributes the overall TH production, the TH out-.ng any azimuth angle from 0 to 2 on the light cone are

put can be found as a superposition of contributions from all . dF P i ftw th
possible elementary configurations of the source field. ASUPENMPosed. For every configuration of two or thrée cross-

will be shown below, such an approach gives simple and"d Plane waves the concept of the cooperative line shift
reliable way to evaluate the TH generation in conical lightPredicts the excitatiorionization profile as a Lorentzian
beams. peak. The location of this peak in the spectrum is determined
The format of the present paper is as follows. In Sec. jiby the applicable value of the cooperative shift. Remarkable
we consider the TH generation in an optically thick medium.feature of this elementary excitation profile is that for a fixed
This approach corresponds to the experimental conditions dpteraction length, the magnitude of the Lorentzian remains
Refs.[7-9], where tightly focussed conical beams were usediearly constant over rather large range of detunings from the
to generate near-resonance TH. In this case, the TH excit@tomic resonance positidii3,15. This is because the TH
tion profiles are monitored through resonance-enhanced mugiets stronger as the shift gets larger, while the absorption
tiphoton ionization of gas atoms. In Sec. Ill we consider thegets weaker at the same rate. Thus, the product of the TH
TH generation in an optically thin medium, when the TH intensity and the atomic absorption remains nearly constant
absorption is negligible. Such approximation is valid to som&see Fig. 3 in Ref[15]).
extent for experimental conditions of RéL]. The excitation(ionization signal from any partial TH
component depends on the interaction length of the pumping
sub-beamggain length and the overall excitation volume.
In a lowest-order Bessel beam, the light is concentrated
First, we note that the problem of the TH generation withalong the propagation axis forming beamlike region with
a few plane waves is the well-studied subject of nonlineamaximum light intensity. Any nonlinear process driven by
optics. In an optically thick medium no TH photons exit the such beam is confined to this narrow and extended core near
gas cell and the generation of resonance-enhanced TH {fe beam axis. The interaction length within this high-
monitored through three-photon-resonant excitation and sulintensity core isL =d/sin«, whered is the diameter of the
sequent ionization of gas atoms. In this excitati@mniza-  central lobe of the Bessel beam. Since all sub-beams from
tion) process the generated TH field plays a significant rolgne source field have the same inclination anglehe inter-
in determining the total transition _probablhty..For a certain 4ction lengthL is the same for any configuration of sub-
threshold product of number density and oscillator strengthbeams_ Additionally, in an optically thick medium the propa-

the TH field generat_ed by crossed b_eams e_volve_:s in amplbation distance of the TH light is very short and all the
tude and phas_e to mtgrfere destructively .W'th direct three'generated TH photons are absorbed entirely within the exci-
photon excitation of dipole-allowed transition everywhere? .. . o :

except for a region on the blue side of the resonance positiotnatlon region. It means that the excitation volume is also the

[12—14. At this region the interference becomes construc->2M€ for all subbeam combinations. Hence, the TH excita-

tive and it produces an ionization profile which is identical to 100 Profile in a Bessel beam can be evaluated from a simple

the expected pressure-broadened atomic [li&-15. This picturg of_ equally weighted Lorentzians, where any partial
Lorentzian profile is located essentially at the frequencycOmbination of the fundamental sub-beams yields the same
where the phase-matched TH is produced by crossed beam8rightness” of the corresponding TH peak. These Lorentz-
The shift of the Lorentzian from the resonance position islans are variously displaced by the cooperative shift, but all
given by the frequency expression for the so-called cooperepf them have equal amplitudes. In segmented and Mathieu
tive shift[12—14. beams the intensity profile differs significantly from the
Recently, the TH excitation profiles for Bessel beamsBessel pattern. In this case, the approach of equally weighted
were shown to be principally describable from a simple pic-Lorentzians may become incorrect since the gain length and
ture of a few angled plane waves together with the charactor) the excitation volume may be different for different sub-
teristic feature of the cooperative line shifting associatingbeams combinations.
with noncollinear three-photon excitatid8,9]. At any gas For the general case of three interacting waves from a
pressure the location of the pressure-dependent TH peak incanical wave front, the location of the cooperative line is
Bessel beam with an inclination anglematches exactly the given by the cooperative shiff, written as[9]

II. OPTICALLY THICK MEDIUM
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Se=Ao| —1.11+— ,
sifa[ 3—cog b1~ ) —COq p1— p3) —COL Ppr— b3) |

1

where A= mNFq,e%/2mw, N is the gas densityF; is the  where §,=9A/2sirfa determines the location of the
oscillator strengthe is the resonance angular frequency, and“main” TH peak. This peak corresponds to the excitation
&1, ¢,, and¢; are the azimuth angles of three fundamentalgeometry whenp,= ¢, + 180° ande4 is arbitrary[8,9]. The
waves on the light cone. The anglgs have all possible minimum value of the cooperative shift &= £, and it is
choices from 0 to zr. Neglecting the small constant term, realized for symmetrical configuration of three fundamental
Eq. (1) can be written as sub-beams separated by 120°. In this cge0 and the
generated TH is directed along the propagation axis of the

S.= 4% (2)  Bessel beam.
¢ 3—00g ¢~ ¢p,) —COS p1— p3) — COL o~ ¢b3)’ The inclination angle3 of the TH wave vector is given by
1
tang= 3 (tana) V3+2(Cog b1~ ) + COK b1 — b3) + COL b — b3)). 3

Thus, Eq.(2) can be written as

27 (27
S(w)=f f (w,0(h2,¢3))dPrd 3. (6)
0 0

86,
Oc=—FT——5 - 4 . I ' .
¢ tarf 3 @ Figure 1 shows the TH excitation profile calculated using
9| 1- tar Eq. (6) for 8;=18y. Suchéd, corresponds to the experimen-
o

tal conditions of Refs[8,9], where the Bessel beam with
=17° was used to generate TH near the résonance of
xenon. Calculated profile in Fig. 1 shows sharp near-
resonance peak followed by a tail toward the blue side of the
spectrum. Such shape of the profile has an excellent agree-
ment with the TH excitation bands registered at a moderate

Equation(4) couples the spectral variabls and the an-
gular variableB. The angleB changes from 0 tex when &,
changes from its minimum value & =3 &, to infinity.

The overall TH excitation profile in a Bessel beam builds
up from all elementary TH components. This profile is to be
found as a squared sum of all partial TH amplitudes. For an
optically thick medium, however, all the generated TH pho-
tons are absorbed within the excitation volume. One can sup-
pose that the integral excitation in such conditions can be
derived as simple incoherent sum of intensities rather than
coherent sum of amplitudes. It simplifies the calculation pro-
cedure very much and, as will be shown below, gives very
good agreement with experimental observations.

Every elementary TH profile, monitored in an optically
thick medium through atomic excitation and subsequent ion-
ization, is a Lorentzian cooperative line with the pressure-
dependent widthy and the cooperative shifi.. For an ex-
citation frequencyw, the contribution of a Lorentzian line
into the overall TH excitation envelope is given by 5

ionization signal (arb. units)

vl

l(w)=

(5) T T T T T T T

(w—wg— 8.)%+ ¥2 60 40 20 0
. . /

where wg is the resonance frequenayy+ &, is the central (o)
frequency of the Lorentzian line, anil is given by Eq.(2).  FIG. 1. Near-resonance excitation profiles associated with the
Cylindrical symmetry Of the Bessel beam allows one tC_) fiXphase-matched TH in an optically thick mediu(f) superposition
¢1=0 and the overall sign&(w) from the TH generation is of multiple Lorentzians in a Bessel bear®) single Lorentzian
then given by an integral over azimuth angtes and ¢5: peak(not scaled to JLlocated ats,.
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gas pressure in ionization experimefits8]. For a high gas
pressure, the experimental profiles show similar shape but
with less pronounced peak and more intense [&i8] be-
cause of additional molecular absorption in a dense gas. In
agreement with experimental ddi&,9], the location of the
TH peak coincides the location of the cooperative linéat Bs
(curve 2 in Fig. 1. Note distinct red wing of the calculated
profile, where according to the SPM theory the TH should
vanish. Red wing covers the region toward and beyond the
resonance position abgy. Again, it agrees very well with
experimental observatiorj—8].

The peak of the TH profile occurs at a wavelength where
8:.= 6y and the angleB satisfies the well-known condition
[2,3]

ionization signal (arb. units)

1
tanB= §tana. (7)

In the case here, E@7) follows from Eq.(4) at §.= 6.
Segmented and Mathieu beams share the propagation
properties of a Bessel beam, but their amplitude profiles dif- T - T y T ¥
fer significantly from the Bessel pattern. Thus, the Bessel- 439.5 440.0 4405 441.0
beam representation of the fundamental and the TH fields is
not valid for such beams. In segmented and Mathieu beams
the light energy also propagates along a cone surface, but the FIG. 2. Near-resonance TH excitation profiles for segmented
light field is comprised of sub-beams from a limited range ofconical beam. Upper trace, experiment; lower trace, numerical
azimuth angle§9-11. Thus, some subbeam combinations simulation. The inset shows the used slit mask.
and the correspondent TH components of a full-aperture | . . . .
Bessel beam disappear in segmented and Mathieu beams. GRt@ined forA¢=15°-20°, which agrees well with the
this sense, a Bessel beam is simply a particular case of thé/ue of spreading of up te-20° estimated in experiment
full-aperture conical excitation geometry when the azimut 9]. S o
anglesa; of sub-beams have any value from 0 ta-2With The TH profiles in F|g..2 havg tqu distinct spectral com-
the present approach, the source field of a non-Bessel conic@Pnents. Angular spreading of individual sub-beams yields
filed can again be decomposed into elementary subbeaffMe spectral broadening of the corresponding components
combinations and the overall TH excitation profile is then! the TH profile. This broadening increases rapidly with an

constructed from partial TH profiles. The general formalismincreasedé. [9]. Sharp near-resonance peak results from
is the same, except for a restriction of the azimuth angles t§rée-beam excitation, when all three sub-beams enter the

a limited extent. excitation zone from different slits. Spectral spreading of in-

Figure 2 shows the TH excitation profile calculated for gdividual Lorentzians in this case is small and the envelope is
8

conical beam segmented by symmetrical three-slit maskormed as a sharp and narrow peak locatedat 5 do. If

Such mask was used in experiments with segmented bear@8Y Pair of sub-beams enter the excitation zone from the

[9] and the experimental TH profile is also shown in Fig. 2.5@me sliitwo-beam excitatiop the range of. is larger and

Theoretical profile in Fig. 2 was obtained by numerical individual Lorentzians are spread over a more broad spectral
evaluation of the integral range. It yields a second component of the profile as a broad

band located at the blue side of the peak. Finally, when all
three sub-beams enter the excitation zone from the same slit
s(w):f f f l(w,8,)dp,dd,d s, (8) (single-beam excitationthe range of shift is5.>1548, and
b1J 2 &3 the corresponding TH components are located off the range
of interest. Such far wing of the TH envelope is very weak
wherel (w, &;) is given by Eq(5) and ;. is given by Eq(2). since the spectral density of Lorentzians is reduced rapidly
Being segmented by a mask, the range of possible azimutith an increased, .
angles is determined by two factors. First, this range is given Our simulation of the TH profile for segmented beam in
by geometry of the used mask. For the case shown in Fig. Zig. 2 was again based on the approach of equally weighted
the mask selected three sub-beams separated by 120°. Seerentzians. For the beam considered, such an assumption is
ond, a finite width of mask slits and diffraction on mask correct since the interaction length and the excitation volume
edges give some spreadingA ¢ of the azimuth angles for are nearly equal for all two- and three-beam combinations of
every selected subbeam. Thus, for the case considered all tiiee source field. For other segmented conical beams such an
azimuth anglesp; in Eq. (8) run over three ranges aof A ¢, assumption may be incorrect. However, an accurate account
120°=A ¢, and 240% A ¢. Best calculation results were for the gain length and the excitation volume will allow the

laser wavelength (nm)
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present approach to be applied to other conical beams, as 1 5
well. w= =1/ 9—8—sirfa=\1-sirfa(1—p?)
3 O¢
sirfa )
lIl. OPTICALLY THIN MEDIUM =1-——(1-p%, ©

In conditions of very strong absorption, the TH generaﬂonvvherep=tanﬁ/tana. For a Bessel beamy changes from
is monitored as an intrinsic process when no TH photons eXits minimum value of cos for the on-axis TH =0, p

the gas cell. The observable quantity in this case is the ion— 0) to 1 for collinear TH B=a, p=1). Any TH compo-
ization yield due to atomic excitation and subsequent ionizanent, regardless of its origin in one-, two- or three-beam
tion of the target gas. More interesting for practical applica-pumping process, can be characterized by parameter

tions is the case of weak absorption, when the generated TH |ntensity of the TH emission in crossed beams is given by
photons can leave the cell. In this section we consider the Tk syncfunction[15]

generation with conical beams in conditions, when the TH

absorption can be neglected. Sir? Eu
In experiments of Ref[1] on the TH generation with 2°¢
conical beams the excitation wavelength was fixed. Thus, the I(w)~ 02 ' (10

detuning of the excitation frequency from the resonance po-

sition was fixed and the phase matching was controlled byyhereu = (wL/c)(ns— ), andns is the refraction index at
changing the vapor density. To avoid the TH absorption, thehe TH frequencyfor the fundamental frequency the refrac-
detuning from the atomic resonance should be large enougkion indexn, =1 is assumed Spectral dependence of the TH
It suggests the use of beams with relatively small inclinatioroutput in crossed beams has a sideband structure with the
anglea. In experiments of Ref.1] this angle was 10 mrad principal maximum anh;= u (see Fig. 4 in Ref[15]).
or about 0.6°, being thus significantly smaller thar 10° For a two-level system the refraction index can be
in ionization experiments7—9]. For large detuning the reso- approximated asi;=1—2A,/(w— wy) [8]. Following the
nance TH absorption can be neglected and the approach términology of Ref[1], we determine the gas densi,
an optically thin medium can be used. Note, that the mediumvhen the TH is peaked along the propagation axis, Be.,
is negatively dispersive at the TH frequency. =0, p=0, andAy(Ng) =[(w— wg)sirfa]/4. It is easy to see

In order to analyze experimental observations of REf. that the densityN, corresponds to the frequency shijt
we again decompose the source field into elementary sub= § 8.
beam combinations and construct the overall response from The TH output is then written as
partial TH contributions. Observable quantity now is the TH

emission and we evaluate the spatial TH profiles and the Sir? Eu,I,)
pressure dependence of the TH output. | (@)~ (N/Nq)? 2 (11)
Generation of resonance-enhanced TH with crossed plane 0 u? '

w

waves has been analyzed in Réfk5,16]. It has been shown

that for two beams crossed at some angle, both the maximumhere u,= (wL/2¢)(1— p?—N/Ng)sirfa. Circular symme-

of TH radiation and the atomic excitation show frequencytry of the pumping beam results in a ring-shaped far-field
shift Aw. This shift is written in the present notations as profile of emerging TH. If the far-field radii of the fundamen-
Aw=4Aq/(1— u?), whereu= kc/w. Parametek is deter-  tal and the TH lights ar&R andr, respectively, them/R
mined as x=(}w/c)(20,+N,) so that k2= (w/c)[1 _=tan§/tana=p. The expression(11) deternjineg the TH

— 8sir2a], where 2v is the crossing angle. Frequency shift intensity as a fun_ctlon op and N/I\_IO and, being integrated
Aw can be written as\w=9Ay/2siffe and it is just the over radial coordinate, Eq.(11) gives the overall TH out-

: ; ut as a function oN/Ny.
value of the cooperative shiffy (see above Thus, for any put € o '
pair of sub-beams from conical wave front the generated Tl—|| Figure 3 shows spatial profiles of the TH qutput calcu-
emission can be characterized by parameteand corre- ated for different values oN/No. These numerical results
sponding frequency shitkw= were obtained with the use of E@ll) and experimental
=6..

The general case of the TH generation with conical beamnginaZfrs of Aliet'}]’ namely,L =;1hcn_?_,Ha_= 10 mrafl, danld
involves interaction of three pumping waves. For many of” ™ pm. Al a Iow pressure, the IS generated along

the three-beam combinations of the source field, however, atﬁg?enearseurf]:lv(\:/zrcg{i?nfso iahfhzmcdezlilmaennotla'!hbee?rrﬂ. imézlssitsa}ze’

equivalent two-beam configuration can be found on the Conlémall. With the increased vapor density the TH is increased

| wave front if tarB= tana. h three- and two-beam . . , .
cal wave 1ro amp=stana. Suc ee- and two-bea radually in intensity and decreased in cone angle. This evo-

fﬁ?gg‘;ﬂoggrzﬁ%ﬁigi ssaerzzt-li-:' t ;}inlagzzn;ngoaﬁqsulj\éﬁlen ution is followed by filling in the inner part of the TH cone.
3

- ] . t N=Ng the far-field TH ring is transformed into a disk.
TH components originate from a three-beam pumpmAg. Fo urther, the TH becomes peaked along the beam axis and

- —(2 . . .
these components we generaligeas «=(3@/C)(N1+N;  decreases rapidly. All these transformations follow exactly
+n3) and, using Eqs(3) and(4), we have the experimental observations of Rgf]. According to the
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106 FIG. 4. TH output as a function of vapor density.
1.1 .
R L achieved neaN=&N,, whenp=3 and tan3= itana. The
1.15 last again is the known relationship between anglend 8
[1-3]. After the peak is passed, the TH output is reduced
10 ST 0'0 T 0 rapidly till some residual level caused by the presence of

_ ] weak sidelobes in the TH output.

radial coordinate p=r/R The curve in Fig. 4 is remarkably similar to the experi-
mental dependendéd]. The use of the SPM theory results in

a much narrow profile peaked Bit=2N, and with a sharp
cutoff atN=N; [2,3]. Our calculations give more broad and
smooth dependence which simulates the experimental curve
SPM theory, however, no on-axis TH should be present intagther well. Further improvement of the present approach
the output beam and the overall TH emission should vanisheeds the TH absorption to be taken into account. This ab-
atN=Ng [2,3]. Note, that in the SPM theory both the source sorption is increased with pressure and it will reduce pro-
field and the generated TH are represented as Bessel bearjgessively the TH output. The peak of the calculated curve
This approximation, together with some window function wjll then be flattened and the residual TH at high vapor den-
(e.g., a Gaussiarto describe physically realizable beams, is sjty will be suppressed.

correct for the fundamental field but becomes questionable We add a few Conc|uding remarks on the TH generation
for TH. Any Bessel beam can be viewed as a superpositiofith conical beams. Noncollinear interaction of individual
of two conical beams or Hankel wavis7—19. One of these  waves in such beams induces nonlinear polarization wave
cones is slanting inwards toward the afiisgoing cong¢and  which travels with the phase velocity.,.= ¢/n;cosa along

the other away from the axi®utgoing cong For the fun-  the beam axis. Momentum conservation imposes the axial
damental beam the ingoing cone is created by some optic@hase-matching condition for the wave vectioyof the fun-

element(e.g., by an axicon lensand the outgoing counter- gamental anck; of the generated TH as
part appears on the intersection of the beam axis. Overlap of

these cones results in a Bessel profile of the fundamental kscosB=3k;cosa, (12

field. For the TH emission, however, the situation is changed.

The source of the TH light is the central lobe of the funda-or

mental beam. It gives the outgoing TH cone, but its ingoing

counterpart is absent or very weak. Thus, the Bessel pattern cosB— niCOSe €

for the generated TH is not established. Being approximated N3 Vexc N3’

by a Bessel profile, the generated TH is expanded artificially

over the whole source field. Such approximation may bevhich is the known Cherenkov condition, whegeis the

good enough to evaluate the TH generation for relativelycone angle of the Cherenkov emission. In other words, the

large B8, but it breaks down wheB—0 and the generated generation of conical TH proceeds as a Cherenkov-type pro-

TH has much of a character of a plane wave driven along theess[20—22 when phase velocity of the driven polarization

beam axis. In our approach the source field enters as a set vfx— C/n;CoSa exceeds the phase velocityn; of the gen-

different combinations of sub-beams and the TH output doesrated radiation. A{3—0 the Cherenkov emission disap-

not vanish ajB=0 since some particular TH components arepears. In the same manner, the TH emission vanish¢gs at

driven along the beam axis by symmetrical three-beam com=0 in the SPM approach.

binations of the source field. The threshold condition3=0 is achieved whenns
Intensity of generated TH as a function of vapor density is=n;Ccosa= cosa. It is easy to see that it occurs whéh

shown in Fig. 4. The calculated TH output increases gradu=Ny and 5,= 3 8,. If 8.>26, (N<N,), the phase velocity

ally with pressure and maximum conversion efficiency isof the driven nonlinear polarization,,. exceeds the phase

FIG. 3. Spatial evolution of the TH emission with pressure
(labeled in units oN/Ng).

(13
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velocity ¢/n5 of the TH emission. In this case, a Cherenkov-medium). The former corresponds to the generation of near-
type process is established and the TH output is identical toesonance TH, when no TH photons exit the gas cell. The
the Cherenkov cone. Whai< 55, (N>N,), the phase ve- elementary TH profile in this case is a pressure-broadened
locity of TH exceeds ... Phase-matched TH can still be Lorentzian peakcooperative linglocated on the blue side of
generated and resulting TH emission is directed along théhe atomic resonance. The overall TH envelope is formed as
propagation axis. These two regimes of the TH generatiom superposition of such Lorentzians variously displaced by
may be termed as superluminal.(=>c/n3) and subluminal the cooperative shift. Simulation of the TH excitation pro-
(vexc<C/n3) ones. Note that in all casegn;>c since the files for Bessel and segmented conical beams has shown very
medium is negatively dispersive. The evolution of spatial THgood agreement with experimental observations.
profiles in Fig. 3 can then be interpreted as a gradual transi- For an optically thin medium, the TH output can similarly
tion from superluminal to subluminal regimes of the TH gen-be found as a superposition of elementary TH components.
eration. When gas pressure is low, the TH is produced in &gain, good agreement has been obtained in the simulation
Cherenkov-type superluminal process and the TH output isf spatial evolution and intensity of the generated TH as
identical to the Cherenkov cone. This TH cone is squeezetlnctions of vapor density. Simple analysis of the TH gen-
toward the beam axis when pressure is increasedNAt eration in conical beams has shown that the phase-matched
>N, the cone disappears and the TH output, driven by alH in a negatively dispersive medium can be produced by
subluminal excitation process, becomes peaked along tH#o excitation regimes. When phase velocity of the driven
beam axis. nonlinear polarization exceeds the phase velocity of the gen-
erated TH, a Cherenkov-type superluminal process is estab-
IV. CONCLUSION lished and the TH output is similar to the Cherenkov cone. If
phase velocity of the TH light exceeds that for the nonlinear
Several spectral and spatial characteristics of the TH gerpolarization, the TH generation is driven as a subluminal
eration in conical light fields can be evaluated from a simpleprocess. The TH output in this case is peaked along the
picture, where the whole excitation problem is decomposegropagation axis of the fundamental beam. For a given gas
into elementary processes of interaction of a few wavespressure, the subluminal regime is realized on the red wing
With this approach, the source field enters a set of differengf the spectral TH excitation profile. If the excitation wave-
spatial configurations of sub-beams and the overall TH outtength is fixed, the subluminal process is established when
put is derived as a superposition of all partial TH compo-the gas pressure exceeds optimum for given excitation con-
nents. This approach does not require any integral represegitions. In any case, the maximum conversion efficiency is
tation of the generated TH field and can be applied for anyachieved with the realization of the Cherenkov-type superlu-
conical beam. minal process.
In many cases, which correspond to real experimental
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