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Third-harmonic generation and multiphoton ionization in Bessel beams

V. E. Peet and R. V. Tsubin*

Institute of Physics, Riia 142, Tartu EE2400, Estonia
~Received 10 March 1997!

Three-photon resonance enhancement of third-harmonic generation and multiphoton ionization have been
studied in xenon under excitation by the Bessel and the focused annular laser beams. It has been shown that the
transformation of a Gaussian beam into a Bessel or an annular one leads to significant changes of third-
harmonic excitation profiles and ionization spectra. These changes result from a principal difference of the
beams, where either collinear~Gaussian beams! or noncollinear~Bessel and focused annular beams! excitation
geometries are realized. It has been shown that the noncollinear ring-type phase matching shifts the maximum
of the generated third harmonic to the longer wavelength toward the atomic resonance. Numerical calculations
of third-harmonic excitation spectra have been carried out and compared with experimental results. The
efficiency of frequency tripling in collinear and noncollinear excitation geometries have been compared.
Cancellation of the three-photon 6s resonance and the influence of harmonic photons on the excitation of the
four-photon 4f resonance in the Bessel beams are discussed.@S1050-2947~97!06508-6#

PACS number~s!: 42.65.Ky, 32.80.Rm
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I. INTRODUCTION

Frequency tripling of the fundamental laser light is a we
known phenomenon of nonlinear optics. Third-harmo
~TH! generation in gases has long been established
method for the generation of coherent UV and VUV rad
tion. For intense laser beams the process of TH generatio
accompanied by the multiphoton ionization of gas atoms
changes the properties of the gaseous medium and the
of intense ionization is one of the limiting factors for triplin
efficiency. On the other hand, gas-phase multiphoton ion
tion and resonance-enhanced multiphoton ionizat
~REMPI! are effective and widespread techniques of la
spectroscopy. A large number of experimental and theor
cal works on REMPI have shown the importance of the h
monics of the fundamental laser light in the response
atomic system under excitation~see, e.g.,@1–10#, and refer-
ences therein!.

In recent years the generation, properties, and interac
with matter of new types of non-Gaussian and modifi
Gaussian laser beams have been of great interest. So-c
‘‘diffraction-free’’ Bessel beams, introduced by Durnin an
co-workers@11#, show a number of interesting effects in th
field of nonlinear optics@12–16#. Due to a sharp intensity
peak and an extended excitation region the zero-order Be
beams are able to induce a variety of nonlinear effects, bu
many cases these effects are manifested with significant
ferences as compared with the ordinary Gaussian beams
differences result from the principal difference between
Gaussian and the Bessel beams. In the beam waist
Gaussian beam the nonlinear processes are driven in a
linear excitation geometry. The Bessel beams, in contr
realize noncollinear geometry and the cone angle of
Bessel beam serves as an additional tunable param
@13,15,16#.

*Also at Department of Physics and Chemistry, University
Tartu, Tähe 4, Tartu EE2400, Estonia.
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There is another way to realize noncollinear excitati
geometry. A Gaussian beam can be transformed into an
nular one, where the intensity distribution has the form o
ring. A focused annular beam forms a cone of waves lik
Bessel beam and the intensity profile in the focal spot of
annular beam is very similar to the central part of a Bes
beam. Recently it has been shown that the annular be
provide an efficient generation of TH due to self-organiz
ring-type phase matching@17#. A theory of this self-phase-
matching~SPM! phenomenon has been developed in@18,19#,
where the conical beam was considered as a superpositio
the Bessel beams.

Frequency tripling in SPM geometry was studied in@17#
for the fixed laser wavelength and the phase matching
achieved by changing atomic vapor density. This experim
tal situation was treated in theoretical works on SPM@18,19#.
Several specific effects of SPM geometry were observed
REMPI experiments@20,21#, where a tunable dye laser wa
used and both the gas pressure and the laser wavelength
variable parameters for the phase matching. In those exp
ments, however, the TH photons were not detected dire
but through the appearance of additional ionization pa
ways. Therefore, there are still a number of questions c
cerning the efficiency of tunable TH generation in SPM g
ometry, the role of harmonic photons in REMPI, the tuni
range of resonance-enhanced TH, the influence of diffe
geometrical factors~focusing angle, the length of the Bess
beam, geometry of an annular beam!, and others. In the
present paper, we report experimental observations and
merical analysis of some of these topics.

II. EXPERIMENT

In experiments both the resonance-enhanced TH
REMPI were measured with the aid of the experimental
paratus shown schematically in Fig. 1. The output of
excimer-pumped tunable dye laser was focused into a s
gas cell. The cell was made of stainless steel and conta
xenon at pressures ranging from 1 to 1500 mbar. The
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1614 56V. E. PEET AND R. V. TSUBIN
laser was operated in the 430–442-nm spectral ra
~Coumarin-120 dye! and the laser pulses had an energy
1–2 mJ, a pulse duration of 8–10 ns, and a spectral widt
0.01 nm full width at half maximum.

Photoelectrons resulting from the multiphoton ionizati
process were monitored with a wire collector biased at115
V. The ionization signal was amplified, digitized by a 12-b
analog-to-digital converter, and stored on a computer.
VUV emission of TH was collected by anf 520 mm
MgF2 lens and directed onto the entrance slit of the VU
monochromator. The VUV signal was measured by a so
blind photomultipler. This signal was amplified by a charg
sensitive radiometer, digitized, and stored on computer
some experiments the TH generation was registered by
ionization method similar to that used in@2,22#. In this case
a tantalum foil was placed behind the MgF2 lens and the
signal of ejected photoelectrons was measured.

Figure 2 shows different excitation configurations used
experiments. The Bessel beam was produced by a qu

FIG. 1. Schematic diagram of the experimental apparatus.

FIG. 2. Focusing geometries and the focal spots of the u
laser beams:~a! Bessel beam,~b! Gaussian beam,~c! annular beam,
~d! off-axis beam. CCD pictures are shown negative with an
hanced contrast.
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axicon @Fig. 2~a!#, which was mounted as an input windo
of the gas cell. The axicon had the cone angle of 120°
the produced Bessel beam had an inclination angle of 17°
experiments with counterpropagating Bessel beams a pa
identical axicons was used, where the second reflective
con was mounted inside the gas cell~see Fig. 3 in Ref.@20#!.

The amplitude profile of the dye laser beam was close
a Gaussian one. The beam was focused via a quartz win
into the gas cell by anf 535 mm lens~Fig. 1! and the pro-
duced focused Gaussian beam@Fig. 2~b!# had a confocal pa-
rameterb of about 100mm. The annular beam@Fig. 2~c!#
was formed with the aid of an iris diaphragm and a cen
mask. We used a fixed geometry of the annular beam, wh
had inner and the outer diameters of 3 mm and 5 mm,
spectively. The samef 535 mm lens was used to focus th
annular beam into the cell. In some experiments with axic
the laser beam was shifted off the axicon’s axis@Fig. 2~d!#.
Such an off-axis beam was focused by the axicon into a
focal line, which was twice as long as for the on-axis geo
etry.

Figure 2 shows also the spatial distributions of light i
tensity in the focal regions of the beams used. The fo
spots were projected by a microscope and the magnified
ages were recorded by a charge-coupled device~CCD! cam-
era DIC-HR ~World Precision Instruments!. The maximum
light intensity in the beam waist of the Gaussian beam wa
the order of 1010 W/cm2. For the annular beam used the me
sured intensity was about two times lower than for the init
Gaussian beam of the same pulse energy. This ratio ag
well with the calculation results of@23#, where the same
geometry of the annular beams has been considered. In
Bessel beams the light intensity was by at least an orde
magnitude lower than in the Gaussian beam.

III. RESULTS AND DISCUSSION

Both REMPI and tunable TH generation were studi
near the three-photon 6s resonance of xenon. The gener

d

-

FIG. 3. Wavelength scans of REMPI and TH signals. Left c
umn: xenon pressure 20 mbar; right column: 100 mbar. From to
bottom: ionization signal for the Gaussian beam; TH output for
Gaussian beam; ionization signal for the Bessel beam.
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56 1615THIRD-HARMONIC GENERATION AND MULTIPHOTON . . .
picture of the excitation processes for this system has b
well studied in a broad range of excitation conditio
@1–8,24#. For a Gaussian beam the ionization signal a
moderate xenon pressure closely follows the TH excitat
profile. An example of simultaneously recorded REM
spectra and TH is shown in Fig. 3. For the xenon pressu
used the three-photon 6s resonance in ionization spectra
absent as a result of the well-known cancellation effect~see,
e.g., @3–6#!. Resonance-enhanced TH with a pressu
dependent excitation profile is generated near the 6s reso-
nance. When TH overlaps the four-photon 4f resonances, a
distinct reabsorption dip appears on the TH excitation pro
~Fig. 3!. In REMPI spectra it results in an intense ionizati
peak at the resonance position. Further increase of pres
shifts TH off the 4f resonance and the 4f peak is deen-
hanced. The ionization signal continues to follow the T
excitation profile, but resonance ionization near the 4f is
suppressed. Such interplay between the TH generation
resonance ionization has been studied in several w
@1,5,7,8# and our experiments with the Gaussian beams h
shown similar results.

Ionization spectra undergo significant changes when
laser beam is focused by the axicon~Fig. 3!. For the Bessel
beam a prominent ionization peak appears very close to
6s resonance. Instead of an intense 4f resonance a wea
peak is registered at 20 mbar for the Bessel beam. At
increased xenon pressure the situation is inverted and a
tense 4f resonance is developed for the Bessel bea
whereas a very weak peak, if any, can be registered with
Gaussian beam.

The peak near the 6s resonance is similar to an intens
ionization band registered in high-pressure ionization exp
ments with the Bessel beams@20#. That band was produce
by TH photons, generated in conditions of SPM@20#. Keep-
ing in mind such an intense ionization feature, an effici
TH generation could be expected for the Bessel beams. H
ever, all the attempts to detect the VUV emission from
cell failed if the axicon was used to focus the laser beam.
comparison, for the Gaussian and the focused annular be
the VUV signal was very intense and TH emission cou
easily be measured even by a simple ionization cell. T
absence of VUV signal did not allow us to carry out dire
measurements of TH excitation profiles for the Bes
beams. Such information has been obtained from the ion
tion spectra and from experiments with the annular beam

One of the reasons why the VUV emission was not
tected in the Bessel beams is obvious: an increased inte
tion length of a Bessel beam is obtained at the expens
power. An axicon gives a maximum light intensity 1–2 o
ders of magnitude lower than the corresponding spher
lens @25#. It reduces the tripling efficiency because of t
I 3 power dependence for the TH generation. Another rea
is reabsorption of the TH. As will be discussed below, fo
tightly focused Bessel beam the maximum of generated
is always located very close to the atomic resonance. In
region the absorption of TH photons is very strong. T
absorption produces an intense resonance-enhanced io
tion but no measurable VUV light exits the gas cell.

Figure 4 shows the evolution of ionization spectra w
xenon pressure. These spectra were measured with
Bessel beams in two excitation geometries: in the comm
en
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unidirectional one and in counterpropagating Bessel bea
With an increased gas pressure the ionization band shifts
the atomic resonance and a distinct long tail is developed
the band toward the shorter wavelength. From the lo
wavelength side the band has a sharp cutoff and a gap a
between the atomic peak and the band. A remarkable fea
of the spectra for unidirectional Bessel beam is the prese
of a quite intense ionization signal at the position of thes
resonance. A similar effect was observed in high-press
ionization experiments, where the 6s resonance could be
seen at a pressure of several bars@20#. These observations
are in a sharp contrast with the case of the Gaussian be
where the three-photon 6s resonance vanishes for xeno
pressure above a few mbar. We will come back later to t
remarkable point.

The use of counterpropagating beams is a common too
observe the canceled resonances. In this case the coh
field at the sum frequency is not able to suppress the re
nance ionization, as the laser photons have two trave
directions and no sum-frequency field is generated when
photons are absorbed from the opposite beams. As a re
in counterpropagating Bessel beams an intense 6s resonance
appears in the spectra. Besides, in counterpropagating be
the TH generation is suppressed. It leads to suppressio
the corresponding ionization band near resonance@20#. In the
case here, however, such suppression was not well
nounced. The reason for this is very simple. The experime
with counterpropagating beams are extremely sensitive to
overlap of the beams and in real experimental conditions
beams are far from being completely overlapped. In las
induced breakdown experiments@20# the optical signal of
plasma emission came out of the spatial regions with ma
mum light intensity, i.e., the regions with a good overlap
the beams. In the present experiments there was no
spatial selection and a reduced ionization in the overlap
parts of the beams was covered by the total ionization sig
from the individual beams.

In order to consider the generation of TH in the Bes

FIG. 4. REMPI spectra at different xenon pressures: left c
umn: unidirectional Bessel beam; right column: counterpropaga
Bessel beams.
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1616 56V. E. PEET AND R. V. TSUBIN
beams we applied the theory of SPM developed for con
beams@18,19#. In a simplified manner the results of@18,19#
have been used in@20,21#, where the spectral width and th
position of TH maximum have been calculated. The goa
the present numerical work was to get the spectral dep
dence of the tunable TH generation and to compare the
culation results with experimental observations.

The intensity of the TH field is given by the expressi
@18,19#

uE3u252pE uc3
1u2rdr, ~1!

where the amplitude of the generated TH

c3
1;

v3
2

k3
x~3!~v1 ,v1 ,v1!tanbS sinu

u D IJ0~k3sinbr!, ~2!

u5
L

2
~k3cosb23k1cosa!, ~3!

I 52pE
0

`

rJ0~k3sinbr!@J0~k1sinar!#3dr. ~4!

Herex (3)(v1 ,v1 ,v1 ,) is the nonlinear susceptibility fo
TH generation,r is the radial coordinate,L is the length of
the medium,a(b), k1(k3), and v1(v3) are the inclination
angle, the wave vector, and the angular frequency of
fundamental~TH! light, respectively. In expression~2! we
leave out some terms that are independent on the w
length.

In our numerical calculations we made a simplificati
with the treatment of the Bessel functions. In experime
the Bessel beams are realized within a finite aperture. Th
fore, theJ0 amplitude profile is actual for some limited sp
tial volume but vanishes elsewhere. This feature is e
more enhanced in a nonlinear optical process, where
main contribution comes from the central part of the be
with maximum light intensity. It allows one to treat the fun
damental beam as a Bessel-Gauss beam@26# rather than a
Bessel one. For a Bessel-Gauss beam the functionJ0 is mul-
tiplied by the Gaussian term exp@2(r/w)2#. This term sup-
presses outer oscillations ofJ0 but, at a proper choice o
w, makes no essential influence at smallr. Such an approach
simplifies the treatment of the transverse-phase-matching
tegral ~4!, as for the Bessel-Gauss beam the integral can
solved over a finite volume without oscillations of solutio
Besides, it eliminates the divergence of the integral~4! at
T51, whereT5(k3sinb)/(k1sina) @18,19#. In our calcula-
tions the integration was carried over the first 20 rings of
fundamental beam and the parameterw was arbitrarily cho-
sen to suppress the 20th maximum ofuJ0u below 0.01 of its
value. For the TH beam we did not apply the Bessel-Ga
representation and it was treated as a Bessel one. Fo
nonlinear susceptibilityx (3) we used the calculation resul
of @27# and only the resonant part ofx (3) was taken into
account. The refraction indices for the fundamental be
and for the TH light were calculated by using the Sellm
formula and the data of@28# about the oscillator strengths fo
xenon transitions.

Curve 1 in Fig. 5 shows the TH excitation profile calc
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lated for the Bessel beam. This curve represents the resu
direct numerical treatment of Eqs.~1!–~4! without any fitting
parameter. A close similarity of the calculated curve and
ionization peaks in REMPI spectra~Figs. 3 and 4! is obvi-
ous. The calculated dependence of TH generation reprod
well the sharp maximum near the atomic resonance, the l
tail toward the shorter wavelength and the cutoff at the
edge.

The maximum of TH corresponds to the maximum spa
overlap of the cube of the fundamental Bessel beam with
Bessel beam of generated TH. In this caseT51 and the cone
of TH light has the inclination angleb0 given by @18,19#

tan~b0!5 1
3 tan~a!. ~5!

In our caseb055.8°. The long tail of the TH tuning curve
corresponds to 1,T,3 and in this regionb0,b,a. Near
the long-wavelength edge 0,T,1 and 0,b,b0.

For comparison, Fig. 5 shows the TH excitation profi
calculated for the Gaussian beam with the confocal par
eterb5100 mm. This dependence was obtained by nume
cal calculation of the well-known phase-matching integ
for a tightly focused Gaussian beam@29#

uF~bDk!u25H p2~bDk!2exp~bDk!, Dk,0

0, Dk.0,
~6!

where Dk5k323k1. It is interesting to note that for the
Bessel beam the spectral dependence of TH can be quite
reproduced by the phase-matching integral~6! if an ex-
tremely short~3–4mm! confocal parameterb is assumed. In
this case the calculated curve shows a very similar sh
peak near the resonance but without a long tail. It is diffic
to say whether such a formal similarity has some phys
background. At least, it may be useful for a qualitative co

FIG. 5. Calculated spectral dependences of the TH genera
1: Bessel beam witha517°; 2: Gaussian beam withb5100 mm.
Xenon pressure 50 mbar.
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56 1617THIRD-HARMONIC GENERATION AND MULTIPHOTON . . .
parison of nonlinear optical effects in the Gaussian and in
Bessel beams. Below we show some examples of such c
parison.

Figure 6 shows the calculated shift of the TH maximu
from the 6s resonance as a function of xenon pressure. F
tightly focused Gaussian beam the maximum of TH
achieved atbDk522 and with an increased gas pressu
the maximum shifts rapidly off the resonance~curve 1 in Fig.
6!. For the Bessel beams~curves 2 and 3 in Fig. 6! the
position of the TH maximum shows larger tolerance aga
the pressure and for the beam witha517° the TH bands
remain in the vicinity of the atomic resonance for the who
pressure range. Note the good agreement of the calcu
dependence 3 in Fig. 6 and the data of present experim
In high-pressure experiments@20# a shift of 0.26 nm/bar for
the ionization band has been reported and it agrees well
the slope of 0.3 nm/bar for the curve 3 in Fig. 6.

Extremely different pressure dependences reflect the
ferent phase-matching conditions for the TH generati
which are realized in the Bessel and the Gaussian beams
a Bessel beam the SPM phenomenon compensates
variations of the refractive index. It makes it possible to p
duce tunable TH in a more broad range of excitation wa
length and gas pressure as compared with the Gaus
beams@20,21#. However, there are other important facto
that can spoil such a formal advantage of the Bessel be
for frequency tripling. For a Gaussian beam the pha
matching curve rapidly shifts off the atomic resonance w
an increased gas pressure. For some pressure range i
serves relatively high TH efficiency, as due to the pressu
induced shift the maximum of generated TH avoids an
creased absorption near the atomic resonance. In contras
a tightly focused Bessel beam the maximum of TH is alwa
located near the atomic resonance, where the absorptio
TH photons is very strong. For the excitation wavelength
enough from the resonance the efficiency of TH generatio

FIG. 6. Calculated shift of the TH maximum with pressure.
Gaussian beam withb5100 mm; 2: Bessel beam witha53.3°; 3:
Bessel beam witha517°. Full circles show the measured positio
of the TH ionization peak in REMPI spectra.
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much lower~the tail of the TH excitation spectrum!. To shift
the maximum of TH off the resonance the inclination ang
a must be reduced. Such Bessel beams, however, lose in
sity because of an increased excitation length. In this case
I 3 power dependence will lead to a significant decrease
efficiency in spite of reduced TH reabsorption. Thus, for t
Bessel beams two contradictory conditions are encounte
To get a high light intensity the beams with largea should
be used, whereas small anglesa are required to avoid the
reabsorption of TH. In this sense, for the Bessel beams
generated TH field is to be considered mainly as an inte
one. The TH photons are generated and they participate
variety of excitation and ionization processes, but the out
of TH light is very weak.

Focused annular beams provide noncollinear excita
geometry like the Bessel beams but with much higher li
intensity. Therefore, using annular beams seems to be a m
efficient method of frequency tripling in SPM geometry. Fi
ure 7 shows the spectral dependences of the TH output m
sured with the Gaussian and the annular laser beams. In
cases the laser pulse energy was kept constant and the lo
energy for the annular beam was compensated by attenu
the dye laser output in the measurements with the Gaus
beam. Again, as it was observed with the Bessel beams
SPM geometry shifts the TH excitation profile toward t
longer wavelength and the maximum of generated TH
achieved closer to the atomic resonance. As a result, wi
some spectral range the VUV output for the annular be
exceeds that for the Gaussian beam. This observation ag
with the results of@17#, where the efficiency of TH genera
tion was increased by 4–5 times when a ring-shaped b
was used instead of a disk-shaped one. Note that the ex
ments in@17# were carried out at a fixed laser waveleng
where the shift of TH excitation profile can give a significa
rise of efficiency.

The maximum of TH generation for a Gaussian and
annular beam is achieved at different wavelengths and w
different conversion efficiencies. In our case the maxim
VUV output for the Gaussian beam was four times high

:

FIG. 7. Spectral dependences of the TH output. 1: Gaus
beam; 2: annular beam. Xenon pressure 50 mbar.
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1618 56V. E. PEET AND R. V. TSUBIN
than that for the annular beam of the same energy. Suc
advantage of the Gaussian beam comes mainly from a g
focusability of these beams and a high power density in th
beam waist. For the annular beam used the light inten
was about two times lower than in the corresponding Gau
ian beam. Thus, being normalized in light intensity and t
ing into account theI 3 dependence, the efficiency of th
annular beam is, actually, about two times higher.

Experimental dependences in Fig. 7 were simulated
numerical calculations of the TH generation. Again, t
theory of SPM@18,19# was applied, where the annular bea
was treated as a set of thin-ring slits@19#. Every slit produces
an individual Bessel beam and these Bessel beams overl
the nonlinear medium. The generated TH photons come f
all combinations of the three photons of the fundamen
beams. The output TH radiation results from a superposi
of multiple Bessel beams with different anglesb. We calcu-
lated the TH output as a superposition of ten Bessel bea
Such an approach corresponds to an annular beam, re
sented by three ring slits@19#.

Figure 8 shows the calculated phase-matching curves
the Gaussian beam withb5100 mm, for the annular beam
and for a single Bessel beam. The last corresponds to a s
ring slit having mean diameter of the annular beamdm5 4
mm (a53.3°). For this single Bessel beam the position
the TH maximum coincides with that registered in expe
ments, but the calculated TH excitation profile is too sh
and narrow. Superposition of multiple Bessel beams
creases the width of the TH profile and the calculated cu
reproduces much better the shape of the experimental s
tral dependence. With an increased gas pressure the sp
distance between the TH maxima for the annular and
Gaussian beams increases, as can be seen from Fig. 6~curves
1 and 2!. Note again that the TH output for the annular bea
can be quite well approximated by the phase-matching i
gral ~6!. In the case here, the phase-matching curve 2 in
8 formally corresponds to that for the initial Gaussian bea
~curve 1! but with b reduced by 5–6 times.

FIG. 8. Numerical simulation of experimental TH dependen
in Fig. 7. 1: Gaussian beam; 2: annular beam as a superpositio
ten Bessel beams; 3: single Bessel beam (a53.3°).
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As mentioned above, for the Bessel beams the thr
photon 6s resonance in REMPI spectra is partially cance
but, in sharp contrast to the Gaussian beams, the resi
uncanceled peak is always quite intense. This remarka
difference between the Bessel and the Gaussian beam
sults from spatial effects in TH generation. The cancellat
of resonant ionization is caused by destructive interfere
between the three- and the one-photon excitation proces
where the one-photon process is driven by the TH field
complete suppression of resonant ionization occurs if
cancellation effect works point by point everywhere with
the excitation volume. For the amplitudes of interacti
fields it means that the TH fieldE3 and the cube of the
fundamental fieldE1

3 should have the same spatial distrib
tions. In this case the interference between the three-ph
excitation process~driven byE1

3) and the one-photon proces
~driven by E3) is able to cancel resonant ionization in an
point of the excitation volume. Apart from some propagati
effects@24# such a situation is realized for the beam waist
a Gaussian beam, where the transverse profiles ofE1

3 and
E3 coincide.

For the Bessel beams both the fundamental and the
fields haveJ0 amplitude profiles and the spatial periods
these oscillating functions are, in general, different. This
illustrated in Fig. 9, where the spatial distributions ofE1

3 and
E3 are shown for the fundamental beam witha517° and the
TH beams with three different values ofb. Certainly, large
absorption of on-resonance TH transforms the profiles
E3, but for demonstration purposes it can be neglected. E
at b5b0 the profiles ofE1

3 andE3 differ and this difference
is even more enhanced forb.b0 andb,b0. Therefore, for
a Bessel beam there are always some spatial regions nea
beam axis, whereE1

3 is close to zero butE3 is nonzero and

s
of

FIG. 9. Normalized spatial distributions of the amplitudesE3

~solid lines! and E1
3 ~dashed lines!. From top to bottom:

b514°; b5b055.8°; b53°. Wavelength of the fundamenta
Bessel beaml5440 nm, inclination anglea517°.
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vice versa. In these regions the cancellation is spoiled
eitherE1

3 drives the three-photon transitions orE3 drives the
one-photon transitions. It is clear that the total ionizati
signal, integrated over all values ofb and over the whole
excitation volume, will show an uncanceled peak at the re
nance position.

We will now consider the effects of generated TH on t
excitation of the four-photon 4f resonances. For a Gaussia
beam the 4f peak in REMPI spectra is enhanced when
TH overlaps these resonances. In this case a dip appea
the TH profiles~Figs. 3 and 7!. When the TH band is shifted
to the shorter wavelength, the cancellation occurs and
4 f peak is deenhanced~Fig. 3!. This cancellation can be
considered in terms of an off-resonance destructive inter
ence, which interrupts the excitation pathway to the 4f states
@7,8,27#.

For the Bessel beam the 4f peak shows similar behavior
Starting from some pressure the peak is enhanced and it
appears with an increased pressure~Figs. 3 and 4!. Note,
however, that the pressure necessary to enhance or to
press the resonance is much higher than in the case o
Gaussian beam. Besides, for a Gaussian beam the can
tion occurs at a smaller detuning from the 6s resonance than
that of maximum TH@27#. This means that to cancel th
4 f peak the gas pressure must be high enough to shift the
tuning range off the 4f resonances. For the Bessel beam
TH excitation band is always located near the 6s resonance.
Therefore, for any pressure the 4f resonance is overlappe
by the tail of the TH phase-matching curve and the can
lation occurs without the shift of TH off the 4f resonance.

For a Gaussian beam the pressure condition for canc
tion to work can be written as@27#

uIm~Dk!ub@1. ~7!

The condition~7! means that the cancellation occurs wh
the absorption length for the TH light is much smaller th
the length of the excitation region. As mentioned above,
spectral dependence of the TH generation in a Bessel b
corresponds formally to that for a Gaussian beam hav
very small b. Such formal similarity explains qualitativel
the need of higher gas pressure to cancel the 4f peak in a
Bessel beam. For an extremely smallb the pressure condi
tion ~7! requires very short absorption length, i.e., a high g
density. Again, it is difficult to say whether such an approa
is correct, though it explains qualitatively the large diffe
ence in pressures necessary to cancel the 4f resonance.

Interesting transformations of REMPI spectra were o
served in experiments where the laser beam was focuse
axicon. Within some pressure range the main spectral
tures were very sensitive to the position of the laser beam
the axicon. This is illustrated in Fig. 10, where the wav
length scans of the REMPI signal are shown for on- a
off-axis excitation geometries. If the laser beam is cente
on the axicon, the Bessel beam is produced and the TH p
is the most intensive one. When the beam is shifted on
axicon, the TH peak is gradually reduced and vanishes un
off-axis excitation. On the contrary, the 4f peak increases
and it is the most intensive one under off-axis excitation.

For an off-axis excitation geometry the cone of the fu
damental Bessel beam disappears, as the off-axis beam
d
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-
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duces only a part of this cone. Therefore, there are no c
binations of the wave vectors to generate TH near the ato
resonance and the TH peak in the REMPI spectrum dis
pears. Nevertheless, the TH light still can be produced
other spectral regions and, probably, this causes an enha
ment of the 4f peak. The off-axis beam behind the axico
has a new propagation direction, which is inclined by t
anglea with respect to the initial beam. It is easy to see fro
simple geometrical consideration that the maximum inclin
tion angle for the wave vectors in the refracted beam
a* 5(d/2h)a, whered is beam diameter andh is the dis-
tance between the axes of the beam and the axicon. Fo
off-axis excitation geometry (d/2h),1, thereforea* ,a.
Reduced inclination angle shifts the maximum and the t
ing range of TH to the shorter wavelength, where genera
TH photons enhance resonance ionization via the 4f states.

IV. CONCLUSION

Three-photon resonance-enhanced TH generation
REMPI of xenon in the Bessel and the focused annu
beams show several specific features as compared with
case of the ordinary Gaussian laser beams. For the Be
and the annular beam the nonlinear optical processes
driven in a noncollinear excitation geometry. In this case
TH generation proceeds in ring-type SPM conditions. T
experiments have shown that the SPM expands the TH
ing range toward the three-photon atomic resonance and
maximum of generated TH is achieved closer to this re
nance. For the Bessel beams it leads to the appearance
intense ionization band near the resonance. However,
generated TH for the Bessel beams is to be conside
mainly as an internal one, as the output of VUV emissi
from the tripling cell is very weak. The low yield of TH is
caused by reabsorption of the VUV photons, as for a tigh
focused Bessel beam the maximum of TH is always loca
near the atomic resonance. To shift the TH maximum
resonance the Bessel beams with small inclination an
should be used. Such beams, however, lose light intensity
this sense, the Bessel beams are hardly competitive with
Gaussian ones in overall efficiency of frequency tripling.

FIG. 10. Wavelength scans of the ionization signal: left colum
on-axis excitation~Bessel beam!; right column: off-axis excitation.
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Focused annular beams represent a more effective wa
realize SPM geometry. It has been shown that the trans
mation of a Gaussian beam into an annular one shifts
maximum of generated TH to a longer wavelength. As
result, within some spectral range the TH output for an
nular beam can exceed that for the initial Gaussian be
This circumstance is important for frequency tripling at
fixed laser wavelength, where such a shift of the TH exc
tion profile can increase the tripling efficiency@17#. The
overall efficiency can be even more enhanced by using m
effective schemes to produce the annular beam. For exam
a pair of refractive axicons can transform a laser beam
an annular one without loss of energy on the central ma

Numerical simulation of the TH excitation spectra h
shown a good agreement with the experimental data. In
calculations we used the theory of SPM developed in@18,19#
and the fundamental Bessel beam was treated as a Be
Gauss one. Such an approach has proved valid and the
culation results reproduce well the ionization band in REM
spectra, the shift of this band with pressure, and the
excitation profiles for an annular beam.

The cancellation of the three-photon 6s atomic resonance
in the Bessel and the Gaussian beams is pronounced
different manner. For the Gaussian beams this resonan
canceled for xenon pressure above a few mbar. On the
tt
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trary, for a Bessel beam the REMPI spectra always sh
quite an intense ionization signal at the resonance posit
This difference can be explained by spatial effects in the
generation. In a Bessel beam the fundamental and the
lights have, in general, different spatial profiles. This leads
remarkable variations of the excitation conditions and
interference between the three- and the one-photon pathw
is not able to suppress resonant ionization in every poin
the excitation volume.

The enhancement and the cancellation of the four-pho
4 f resonance in the Bessel beams are manifested similar
the case of the Gaussian beams. The main difference
higher gas pressure necessary to observe these effects
the Bessel beams. In this sense the Bessel beam form
behaves like a Gaussian one having very short confocal
rameter. The same similarity can be stated from the spec
dependences of the TH generation in the Bessel and
Gaussian beams.
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