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Near-resonance three-photon excitation profiles in xenon with segmented conical beams

V. E. Peet W. R. Garretf and S. V. Shchemeljdv
Ynstitute of Physics, University of Tartu, Riia 142, Tartu 51014, Estonia
20ak Ridge National Laboratory, Oak Ridge, Tennessee 37831
and Department of Physics, University of Tennessee, Knoxville, Tennessee 37996
(Received 20 April 2000; published 8 January 2001

Multiphoton ionization profiles in xenon under three-photon excitation by azimuthally segmented conical
laser beams have been studied and analyzed on the basis of the interference-based cooperative shift of the
atomic resonance line. Segmentation of the conical wave front with various geometrical slits reduces the
possible three-photon azimuthal sub-beam combinations in the third order process and a ganthpaino-
geneous’} Lorentzian component can be selected from the overall excitation profile. This Lorentzian is iden-
tical to the pressure-broadened atomic line shifted by the cooperative shift. A possibility of controlling the
nonlinear response by spatial selection of interacting waves in conical beams is discussed.
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Multiphoton excitations of gas-phase atomic and molecutent treatment produces the well known wave-mixing inter-
lar transitions are old and well studied subjects. A novelference effect associated with resonant three-photon linearly
subset of the subject, also well studied, is that of linearlyPolarized pumping of optically allowed transitions.
polarized three-photon pumping of optically allowed reso- EXcitation profiles for three-photon pumping of the 6
nant transitions. The novelty is that at elevated concentrd€Ve! in Xe are quite different for Bessel as compared to
tions a resonant excitation profile may become completeh>2usSsian beams]. Though less tractable analytically, the

_ : . T : rofiles from Bessel beams were shown to be principally
zﬁgp;ei:neflag (I)i':u?)leed?:”gr}]((j:lilr? nge:ﬁggthé\l(l)trf;é(tifntgalhe describable from a simple picture of plane waves, crossed at
P P depending > 9 y o angle 2, together with the characteristic feature of the co-
pump bears) used in a given multiphoton excitation

. . - operative line shifting associated with noncollinear three-
schemd4-7]. The atypical behavior of three-photon excita- photon excitatior{5,7,12. It was shown in Ref[8] that at

t@on derives from internally gene.rated four-wave-mixing any gas pressure the location of the pressure-dependent,
fields that act coherently with the imposed laser t®ldo  sharply-peaked ionization profiles produced by a Bessel
produce the observ_ed _exutatlon profiles. It is the cohe_rqueam with inclination angle: matches exactly the value of
sum of the two excitation pathways that produces a giveRhe cooperative shift fotwo plane waves crossing with
profile. The excitation process becomes beam-geometryrossing angle @ The pressure-dependent peaks of the
dependent because the wave-mixing process is influenced kyrong ionization profiles registered with the use of Bessel
beam configuratiofs). beams correspond to the peak of the atomic line shifted by
In a recent paper, the unique beam geometries producatie cooperative shift7,12].

by focusing with axicon lenses were used to study three- In the present paper, we further demonstrate the underly-
photon-resonant-enhanced multiphoton ionization in xenoiing basis for resonant and near-resonant profiles from Bessel
[8]. In this instance, the laser field can be described as beams, and suggest possible implementation of the demon-
zero-order Bessel beam. The field distribution in a Bessestrated features. Here we decompose a Bessel beam into vari-
beam results from a superposition of infinitely many planeous subbeams by segmenting the conical light front with
waves all inclined by a constant angietoward the propa- dlfferent slit masks. By this technique, we select particular
gation axis. In the context of nonlinear optics, the BessefZimuthal components of a Bessel beam to produce selected
beams produce noncollinear interactions of the driving field$Patial configurations of the fields used to drive near-
and the anglex serves as an additional tunable parametef€Sonant three-photon excitation in Xe. This procedure very
[9]. But in addition to the inclination angle, which is the ~McelY illustrates how the overall near-resonant three-photon
same for all components of a conical beam, there is also th xcitation profiles of an optical transition are generated in

azimuthal angle of a particular fundamental wave on the essel beams. Again, the concept of the cooperative line
. 9 P . ; hift is used for the analysis of the excitation profiles and its
light cone. In a three-photon-induced process, the a2|mutha§

| f h of three i ing fund | d omponents in full-aperture and segmented conical beams.
angles of each of three interacting fundamental waves detef,o hresent results give more direct insight into the compli-

mine a given component of the nonlinear polarization of thecated analytical problem associated with three-photon pro-
medium and, in the present instance, the resultant thirdeesses produced by axicon focusing.

harmonic (TH) field. A complete analysis of the three-  The experimental arrangement in the present study was
photon-resonant ionization profiles for Bessel beams wouldimilar to that used in previous experiments with Bessel
require that all possible spatial combinations of interactindhbeams[8,13]. Briefly, the Bessel beam having inclination
waves be taken into account in the third-order process, inanglea=17° was produced with the aid of a quartz axicon.
cluding the simultaneous treatment of direct three-photon exthe beam of a pulsed tunable dye laser was focused by the
citation by the fundamental beam components and producaxicon into a gas cell filled with xenon. The laser was tuned
tion of and excitation produced by the TH fieldTH in a spectral region near the three-photas résonance of
production has been treated separatelplid,11].) A consis-  xenon. Resonantly enhanced ionization profiles were moni-
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FIG. 1. CCD pictures of the focal regions) full-aperture coni-
cal beam(Bessel beam (b)—(d) segmented conical beams. The
insets show the used slit masks.
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tored, where the ionization signals were due primarily to
generation and near-resonant absorption of TH photons ir]
ltg:etflri%ﬁ.gas with subsequent ionization of excited atoms b ooslits 90° (0.4 mJ: (d) three slits 120°0.9 mJ: (&) two slits
In the present study, we controlled the geometry of the120 (0.6 mJ. Xenon pressure 2 bar.
driving field within the excitation volume through the azi- maximum for the inner edges of the slits and in our case it
muthal selection of interacting waves. Different slit maskswas up to*=20°. The influence of this spreading on mea-
were placed close to the entrance surface of the axisea sured ionization profiles will be considered below.
masks depicted in the corner of each separate component of Results of experiments with segmented conical beams are
Fig. 1. The width of the slits was 0.6—0.8 mm. Selectedsummarized in Fig. 2. The upper trace shows results from the
radial slices of the laser beam were focused by the axicofull Bessel beam(no mashk. The shape of this profile is
forming segmented conical beams. As in the case of a fullknown from earlier studie$8,13]. For moderate values of
aperture conical beam, all the components of the segmentaghs pressure, the observed profiles have well-pronounced
beam were inclined by an angte toward the propagation sharp maxima followed by a tail toward the blue side. The
axis and crossed along this axis, but the composition as position of the maximum shifts linearly to shorter wave-
function of azimuthal angle was controlled. As we see belength with increased gas pressure. As was shov8lirthe
low, this provides a direct demonstration of how the lineshift of this maximum from the three-photors 8esonance
shapes are produced in near-resonant three-photon pumpingatches exactly the value of the cooperative shjiffor two
with Bessel beams. plane waves angled by«?[7,12]. That is, the main contri-
Figure 1 shows the focal regions of different conical bution to the profile(the Lorentzian maximujncomes from
beams used in the present experiméirizall cases the cen- excitation produced by planar two-beam combinations of
tral part of the axicon was blocked by a 1-1.5-mm obspacle fundamental waves entering the excitation zone from oppo-
The full-aperture laser beam focused by the axicon producesite sides of the axicon. This yields a Lorentzian profile at
the known pattern of a zero-order Bessel beam. For seghe predicted frequency for two beams crossing at angle 2
mented beams, this interference pattern was reduced to This is essentially at the frequency where phase-matched TH
pattern of a few crossed plane waves selected by the masksoduction for two crossed beams occusee below All
as shown in Fig. 1. In the description of a wave-mixing other two- and three-beam combinations of interacting waves
process from a full-aperture Bessel beam, all combinationalso contribute the excitation by the coherent sum of the
of particular waves having any azimuthal anglédrom 0° to  fundamental and the generated TH field at frequencies off
360° on the light cone are superimposed. For our segmentdgtie main peak, and with much smaller volume over which
beams, large parts of the field components are blocked argeneration occurésmaller gain length As a result, the TH
the input source is comprised of subbeams from a limitegrofile gains a long tail on the blue side and some, though
range of available azimuthal angles. Thus, for a segmenteghuch smaller, broadening on the red side of the Lorentzian
beam only some particular combinations of sources from thg8]. Note that no ionization peak is present at theréso-
initial light cone remain valid, while others disappear. Notenance(marked in Fig. 2 This cancellation results from the
that the finite width of mask slits and diffraction on mask well-known wave-mixing interference between the one- and
edges give some spreading in angles This spreading is the three-photon excitation proces$#és 3,14.

FIG. 2. TH excitation profiles(a) full-aperture Bessel beam
aser pulse energy 0.5 mJb) linear slit geometry(0.4 mJ; (c)
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The other four traces in Fig. 2 show results with the geo-neous components get spectral spreadeng., due to Dop-
metrical masks indicated in the figure. We note that for apler effec} and superposition of these components produces
linear-slit masKFig. 2(b)] the ionization profile is reduced to the overall inhomogeneous spectral profile. With this anal-
a single Lorentzian-like peak at the position of the TH maxi-ogy, the whole nonresonant-blue-side profile for a Bessel
mum in the initial unmasked Bessel beam. For other maskbeam can be viewed as the result of “beam-geometry broad-
allowing more than one spatial combination of subbeamsening” of the cooperative line, analogous to inhomogeneous
additional spectral components can be recognized in the THroadening of an atomic line profile. This broadening arises
profiles. For two crossed slif§ig. 2(c)], the same Lorentz- due to an infinite number of possible combinations of inter-
ian peak was registered together with an additional wealacting waves in Bessel beams, when every particular combi-
band on the short-wavelength side of the main peak. For theation gives its own “homogeneous” contribution to the re-
mask with three slits separated by 13@Fig. 2(d)], the TH  sulting excitation profile. Alternatively, the broadened profile
profile again has two components—a sharp Lorentzian peagan justifiably be ascribed to phase matched TH production
and a blue band. The Lorentzian peak is located closer to thiea the negatively dispersive region on the blue side of the 6
6s resonance than the peak for one slit or for two slits atresonance, since a detailed treatment reveals that this signal
right angles. When any one of the three 120° slits wads completely dominated by the TH contribution to the co-
blocked, the Lorentzian peak disappeared and only the brodterent sum of transition amplitudes from the fundamental
blue band remained in the spectriiFig. 2(e)]. and TH fields[15].

Now we ask what can be learned from these results. Note Now consider segmentation of the input beam, which re-
first that a description of TH generation in conical beamsduces the number of available combinations of interacting
requires consideration of two geometries of interacting subwaves. This results in easily predictable changes in the
beams. The first is the general case of photons from each &fessel-beam profile, as some combinations of the fundamen-
three interacting fundamental plane waves having differental waves are blocked and the corresponding parts of the TH
azimuthal anglesp;, ¢, and ¢5. The second is the two- Profile disappear. Again, this situation is in some sense
beam case, where two fundamental photons come with th@halogous to hole burning in an inhomogeneous spectral pro-
same azimuthal angles, = ¢, and the third photon comes file. Here one can extract a selected “homogeneous” com-

from another part of the light cone. The colline@ingle- ponent from the profile of superimposed Lorentzians. But,

beam cased,=b,= s is excluded as no resonant three- _because of axial symmetry of a full-aperture conical beam, it

photon excitation and no phase-matched TH generation i | impossible ftohform akhpmobgl]eneobLfs (|1(|p ”m th_e ;I_H pfr_o-
produced by a single plane wave. ile as none of the masks is able to block all spatial configu-

: . . . ations of a given geometry. Nevertheless, for conical beams
In our analysis of the data, we start with consideration of-r g g y

h b Thi i< identical to the i it is possible to separate some single configurations while
the two-beam geomeitry. This case Is identical to the 'meraof)locking all others. In this case, the overall ionization profile

tion of two crossed unfocused plane waves. It is knownghqid pe reduced to a single “homogeneous” spectral com-
[7,12] that for two angled plane waves the excitation profileponent. This is just the case illustrated in Figh)2 where a

has the shape of a Lorentzian line shifted to the blue side ofjit mask selected a single configuration of beam compo-
the expected atomic line pOSition. The shift of this atomiCnents_ That iS, beams entering the excitation zone from op-
resonance line profile is given by the analytic expression foposite sides of the light cone are selected. For this linear-slit
the interference-based cooperative shift, and the Lorentziamask, the TH generation proceeds via a planar combination
shape of the profile is identical to the unshifted pressureef two interacting subwaves, where two photons of the fun-
broadened atomic ling7,12]. Except for a small contribution damental are taken from one subbeam and the third photon
due to collisional energy transfer, the position of the shiftedcomes from another subbeam from the opposite side of the
peak coincides with the point where the real part of the phasaxicon (¢, = ¢, and ;= ¢, + 180°). Figure o) shows that
mismatch, Refk), between the driving field and generated for a linear-slit mask a Lorentzian-like peak appears at the
TH field goes to zer§15]. For beams at crossing angles that position of the TH maximum from the full Bessel beam of
are less than 100°-120°, the collisional term can be neFig. 2(@). The width of this very Lorentzian profile is pro-
glected, so the shifted peak appears essentially at the frgortional to xenon pressuf€.035 nm/bar full width at half
quency where Reé{k)=0. (Note that this does not imply maximum (FWHM)] and matches exactly the theoretical
thatAk=0 since the propagation vector of the TH field may value for pressure-induced broadening of the atorsice8o-
have a significant imaginary componenthus in the present nance of xenof4], and the shift is in agreement wiff,12)].
context we simply refer to the strong Lorentzian peak, dis- For two crossed slitg-ig. 2(c)], the same Lorentzian peak
placed from resonance by the cooperative shift, as being pravas observed together with an additional weak band on the
duced by phase-matched TH generation and subsequent dilue side of the main peak. For this case there are three
sorption. For the full-aperture conical beam there is arpossible combinations of subbeams. The first combination is
infinite number of pairs of interacting waves having differentrealized for each set of two slits similar to the case of a linear
crossing angles and, thus, different values of the cooperativeit geometry. These combinations produce the same Lorent-
shift. This leads to a large spreading of individual Lorentz-zian peak as in Fig.(®). In a second possible combination,
ians in the full Bessel-beam spectrum. The overall TH envetwo photons come from the opposite sides of a slit and the
lope for a Bessel beam builds up as a superposition of sucthird photon comes from another slithf= ¢, +180°, @3
Lorentzians[8]. This superposition of shifted lines has an = ¢,+90°). As it was shown ifi8], such a nonplanar three-
interesting formal similarity with inhomogeneous broadeningbeam combination is equivalent to a planar two-beam com-
of spectral response in a system where individual homogebination giving the main TH peak. The last is a two-beam
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combination, where two photons come from one side of a slit=90° the shift is§,=245,. This point corresponds exactly to

and the third photon comes from another sli; & ¢,, ¢3;  the maximum of the blue band registered with two crossed

=, +90°). This particular combination is responsible for perpendicular slit§Fig. 2(c)]. Similarly, for ¢=120°, &,

the appearance of the weak TH band to the blue of the maifF 5 8- Again, this point can be recognized in our spectra as

peak. the maximum of the band registered with two or three slits
For two crossed unfocused beams, the location of the puréeparated by 120fFigs. Zd) or 2(e)]. _

Lorentzian component in the spectrum is determined by the FOr any single two-beam combination, the TH profile

applicable value of the frequency shift given by[6,7,12 should have a Lorentzian shape with width independent of
v crossing angle. However, the spectral profiles produced by

9A, 9A, beams crossing at 90° and 120° were registered as broad-
0c=Ro| — 1AM T | =T coso =S en (1) bands instead of narrow Lorentziafsee Fig. 2 This effect
results from the angular spreading of the individual beams,

where A= mNoF 0:6%/2Mmws, Ny is the gas densityFy, is ~ Which was up to+20° in our case. The sensitivity @ to
the oscillator strengthys is the TH angular frequency, ad ~ the angular spreading¢ can be estimated by(5c)/d¢ as

is the angle between two waves. In the present context the 5o 5
small pressure-induced term1.11A, [12] can be omitted in  d(5.)=— — dp=— ﬁdqﬁ. 4)
the following considerations. From simple considerations of Sir? (¢/2) tan(¢/2) an(¢/2)

the conical interaction geometry, it is easy to see that two
particular waves with azimuth anglés and ¢, will cross at
an angled given by

This expression shows that the larger the valuepthe
less sensitive id(8.) to d¢, and thatd(d,)—0 at ¢
—180°. For the pure Lorentzian peak produced from a
60 P . linear-slit geometry, wheré.= &y, the angular spreading of
Sing =sinz sina, (2)  +20° leads to a negligibléabout 3% broadening of this
peak. By contrast, for beams crossing at 120° the same
where ¢= ¢,— ;. Using this expression, Eql) can be spreading leads to an asymmetrical broadening of the corre-
written as sponding Lorentzian by 08 to the red and by 0.3% to the
blue. For beams crossing at 90° the broadening is further
S.= 94 _ 940 _ %o 3) increased, being about @§and &, for the red and the blue
) sirk(6/2) 2 sir? (p/2) sirf a sin2(¢/2)’ sides, respectively. As a result, instead of narrow Lorentz-
ians, broader bands were registered for crossing angles 90°
where 8,=9A /2 sirf a determines the position of the main and 120°.
peak with6=2«. Thus, the shifted position of the Lorentz-  For the general case of three nonplanar interacting waves
ian peak for any given pair of subbeams can be determineftom the axicon, we determine the cooperative shift to be
in units of §y. For instance, for two beams crossing¢t given by the expression

18

Se=Ag| —1.11+—
SIN? a[ 3—cog ¢y~ ¢b3) — COL 1 — p3) — COL hy— b3) ]

(5

or, assumingp,; =0 and neglecting the small constant term, production for such symmetrical configuration. In full-
aperture Bessel beams the contribution from this particular
8:=46,/[ 3— COSh,—COSPh3—COS hr— P3)]. (6) combination gives a discernible broadening of the red wing
of the main TH peak.

For three beams separated by 120° this expression gives We note that the integrated intensities of the experimental
the values,= £ 8, for the shift. Among all possible two- and peaks in Fig. &) were found to have a ratio of very close to
three-beam combinations from segmented conical beams$;1 at any gas pressure. This ratio corresponds exactly to the
this is the minimum value of the cooperative shift. The cor-numbers of possible combinations of photons producing
responding peak was registered in experiments with th¢hose peaks: there is only one way to combine one photon
three-slit masKsee Fig. 2d)]. As expected, this peak had a from each of the three beams to produce the sharp peak, but
Lorentzian profile with the same width of 0.035 nm/barthere are six different 21 combinationgi.e., two photons
(FWHM). It should be noted that for this symmetrical three-from one beam and one from anothehat produce the
beam configuration the generated TH field is directed alondproader TH profile. Thus, since the excitation volufgain
the axis of the fundamental conical beam. For such a caséngth is the same for all combinations, one should register
the general expression for the TH generation in Bessel beanpseaks with 6:1 integral intensities, as we observed.

[10,11) gives zero TH intensity. However, the experiments The sensitivity of the three-bea to the angular spread-
with segmented conical beams have shown remarkable Thhg d¢ can again be estimated lolf 5.)/d ¢:
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40o{[Sin ¢+ SIN(Po— p3) Jdhp + [SiNp3— SIN( o — b3) |d b3}

d( 5(:): - >
[3—Cc0os¢p,—COSh3—COY ¢~ ¢3) ]

Y

For the symmetrical three-beam configurat(y,) — 0 can be produced, where particular configurations of the fun-
when¢,— 120° andg;— 240°. In our case of- 20° spread- damental waves are selected. This leads to a transformation
ing, the corresponding Lorentzian peak gets only a minoPf the overall nonlinear response according to the phase-
(about 5% broadening toward the shorter wavelength. matqhmg requirements for a selected conflggrat_lon. Thus, for

To conclude, the use of conical excitation geometry to_nonllnear optics of Bessel beams the apodization of the en-

gether with apodization of the entrance beam allows one t§2"C€ beam, or the azimuthal selection of interacting waves,

realize multibeam excitation schemes of a given spatial geglves a simple and reliable way to vary and to control the

. -2 nonlinear response.
ometry and to vary the nonlinear response of the medium in P

a controlled manner. For a given nonlinear process, the full-

aperture Bessel beam realizes all possible configurations of The authors thank V. Hizhnyakov and K. Rebane for
interacting waves on the fundamental light cone. With thehelpful discussions. This work was supported by the Esto-
aid of simple geometrical masks, a segmented conical beaman Science Foundation under Grant No. 3876.
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