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Three-photon resonant atomic excitation in spatially incoherent laser beams

Victor Peet and Sergei Shchemeljov
Institute of Physics, University of Tartu, Riia 142, Tartu 51014, Estonia

~Received 17 June 2003; published 22 October 2003!

Two-color excitation by spatially coherent and incoherent laser beams has been used to study three-photon-
resonant excitation and subsequent ionization of xenon in conditions, when internally generated sum-frequency
field plays an important role in excitation of atomic resonances through interfering one-photon excitation
pathway. We show that the incoherence in one of the pumping fields reduces the efficiency of generated
sum-frequency field, and thus suppresses the interference between the three- and the one-photon excitation
channels. The degree of suppression is controlled by varying the crossing angle between coherent and inco-
herent laser beams. We show that ionization profiles can be analyzed on the basis of the well-studied interfer-
ence of one- and three-photon transition amplitudes, but with pumping field decomposed into multiple small-
scale uncorrelated domains where coherent process of four-wave mixing occurs. The gain length for a coherent
process in these domains depends on the coherence degree and excitation geometry. It gives a possibility of
controlling the contribution of coherent processes to the excitation of multiphoton resonances.

DOI: 10.1103/PhysRevA.68.043411 PACS number~s!: 32.80.Rm, 42.65.Ky, 42.50.Ar
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I. INTRODUCTION

Resonance-enhanced multiphoton ionization~REMPI! of
atomic and molecular gases is a well-studied subject.
interesting REMPI phenomenon, also well studied, is t
three-photon excitation profiles for a dipole-allowed tran
tion may become completely suppressed@1–6# or shifted
@7–11# from resonance position. These effects result from
internally generated sum-frequency field. For a cert
threshold product of number density and oscillator streng
a sum-frequency field is generated under three-photon r
nance pumping. This field becomes an important source
additional coherent excitation of atomic transitions. T
overall excitation profile near the resonance results from
complicated interplay between interfering three- and o
photon excitation pathways@3,4,8–12#. At an elevated gas
pressure, destructive interference of these coherent proce
is able to suppress completely resonance excitation whe
ionization peak is registered in REMPI spectra at the loca
of atomic resonance. For intense atomic resonances of xe
and krypton the cancellation effect may start to develop a
pressure as low as 1022–1023 mbar @4#. This cancellation
persists also when two different excitation wavelengths
used to drive the atomic transition@13#.

In early experimental and theoretical studies, the can
lation effect was thought to be avoided with the use of co
terpropagating laser beams when the resonance peak
peared in the REMPI spectra@1–6#. However, such
‘‘restored’’ resonance was later found to have large press
dependent blue shift@7#. Again, this shift was explained a
due to the internally generated sum-frequency field@8–12#.
In any multibeam excitation geometry, a sum-frequency fi
evolves in amplitude and phase to suppress completely th
photon resonance excitation through a self-adjusted pro
of destructive interference everywhere except for a region
the blue wing of the atomic line. In this region interferen
becomes constructive and an intense ionization peak app
in the REMPI spectra. For unfocused beams this peak~or
cooperative line! has the shape and amplitude identical to
1050-2947/2003/68~4!/043411~8!/$20.00 68 0434
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pressure-broadened atomic line@8–11#. The location of the
peak in the REMPI spectra is closely associated with
point where the real part of the phase mismatch between
pumping field~s! and generated sum-frequency field vanish
@14#.

Multiphoton excitation and subsequent ionization of e
cited gas atoms could be a very effective method to st
modifications of atomic resonant lines in conditions of e
treme trapping of resonance radiation@7#. These transitions
involve ground atomic state and the absorption of reson
photons is very strong. It makes the medium opaque for o
photon absorption or emission spectroscopy. To avoid op
ity, the same dipole-allowed transitions can be driven b
three-photon excitation at a frequency where the medium
transparent. However, for such lines with large oscilla
strength the cancellation effect is easily established an
suppresses multiphoton resonance excitation starting f
relatively low gas pressure. With the use of counterpropag
ing beams an excitation profile can be registered but it i
shifted cooperative line produced in an essential manner
to the sum-frequency field, but not a ‘‘real’’ atomic peak.

Sum-frequency generation can be suppressed with the
of circularly polarized laser light. In this case, however, t
number of atomic levels accessible for multiphoton exci
tion becomes limited by a selection rule for the magne
quantum numberDM56K, whereK is the number of pho-
tons involved in multiphoton absorption. In rare gases
resonance transitions from the ground state to the lowestns,
ns8, and nd excited states haveDJ51, hence the three
photon excitation of these states by circularly polarized lig
is forbidden.

There is another way to diminish the influence of the su
frequency field on resonance excitation. Evolution of th
field in amplitude and phase along the propagation axis p
ceeds by a coherent transfer of energy from the pump
field~s!. This process should be degraded essentially if an
the pumping fields has a poor wave-front coherence. Fo
coherent laser beam, regular coherence relations persist
an entire excitation region. By contrast, in a quasimonoch
©2003 The American Physical Society11-1
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matic light with low degree of spatial coherence, the fie
components are correlated in a transverse plane within s
small-scale regions, but not over entire cross section of
beam. These local correlations decay after passing s
propagation distance described in terms of longitudinal s
tial coherence@15–19#. With the use of spatially incoheren
laser light, the excitation volume is thus decomposed in b
transverse and longitudinal directions into multiple sma
scale regions, where some degree of coherence persists
these coherent domains are mutually uncorrelated. O
ously, the effective length of coherent interaction is reduc
in incoherent beams to the mean size of coherent doma
Coherent light beams were the basis of previous experim
tal and theoretical studies on the interplay between the o
and the three-photon excitation processes. In the presen
per, we report experimental observations and analysis
these effects for the case of a mixed two-beam excitation
spatially coherent and incoherent laser beams.

II. EXPERIMENT

In REMPI experiments, the three-photon excitation a
subsequent ionization of gas atoms was measured in a s
gas cell. The cell was made of stainless steel and conta
xenon at a pressure up to 200 mbar. Photoelectrons resu
from multiphoton ionization process were monitored with
wire collector biased at120 V. Ionization signals were am
plified, digitized, and stored in a computer.

Two laser sources were used in the two-color exp
ments. The first source was a tunable dye laser operate
either 443–450 nm~Coumarin 120 dye! or 555–565 nm
~Rhodamine N dye! spectral ranges. The laser pulses h
energies of 1–2 mJ, a pulse duration of 8–10 ns, and spe
width of about 10 pm full width at half maximum~FWHM!.
Dye laser was pumped by a XeCl excimer laser. The exci
laser served additionally as a source of uv radiationl
5308 nm) synchronized with pulses of the dye laser. F
this purpose, a portion of XeCl laser output was taken fr

FIG. 1. Geometry of the two-color excitation: top, collinear e
citation; bottom, noncollinear excitation.
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the laser beam by a small mirror and directed to the gas c
Figure 1 shows two principal excitation geometries us

in experiments. Dye and uv laser beams were made copr
gating with the aid of a quartz splitter. The splitter had
small wedge angle and reflected about 4% of the uv pu
from every surface. One of these reflected uv beams
blocked and the second, with typical energy of 40–60mJ,
was directed to the gas cell. In the collinear excitation mo
both the uv and the dye laser beams propagated along
same axis. These beams passed through the windows o
gas cell and were focused back into the cell by an on-a
spherical mirror of~focal lengthf 530 mm. The use of the
mirror allowed us to avoid chromatic aberrations. The sa
optical arrangement was used in experiments with cros
beams. In this case, however, some distance between
beam axes was introduced and both beams were made p
gating in parallel. Focused by the mirror, beams crosse
the focal region. In this noncollinear excitation mode t
aperture of the cell windows allowed us to get the cross
angle up to 20°.

Divergence of the dye laser beam~full angle 2u) was 0.5
mrad and exceeded the diffraction limit by 1.5–2 times on
It means a high degree of the beam spatial coherence. It
checked with the use of a prism interferometer@20#. The
initial beam was split into two sub-beams and one of th
sub-beams was then rotated in its own plane by 180°. Be
superimposed, sub-beams produced an interference pa
which reflected mutual correlations of different parts of t
wave front. The experiments have shown very good visibi
of interference fringes, and thus a high degree of spatial
herence over the whole cross section of the dye laser be

Divergence of the uv beam from the XeCl laser w
2–2.5 mrad full angle and exceeded the diffraction limit
about two orders of magnitude. Such a beam had low deg
of spatial coherence and contained multiple wave-front
regularities with a characteristic lateral correlation given
the correlation radiusr c.l/(2u);0.1 mm.

Different degree of spatial coherence for the dye and
uv beams resulted in their essentially different focusabil
Figure 2 shows focal spots of the beams measured b
charge-coupled device camera in the focal region of a qu
lens. Because of chromatic aberration, the minimum size
focal spots corresponded to slightly different focal distanc
The size of spots was measured for different lenses ha
focal length from 450 mm to 100 mm and the results we
extrapolated to the focal lengthf 530 mm of the mirror.
Such an extrapolation gave the size of about 10mm and
about 70mm for the dye and the uv beam, respective
Simple estimate of the focal spot diameter 2w0 for incoher-
ent beams 2w0.(2u) f gives 60–75mm in good agreemen
with experimental finding. The confocal parameterb of the
focused dye laser beam was about 0.3 mm. For the uv be
an effective lengthb* of the focal region can be estimated
b* ;2w0 /u0.0.4 mm, whereu05D/2f is the focusing
angle, andD.10 mm is the size of the uv beam on th
mirror. Taking into account the losses on optical elemen
the light intensity in the focal volume was of abo
53107 W/cm2 for the uv pulse of 50mJ and about
531010 W/cm2 for the dye laser pulse of 1 mJ.
1-2
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THREE-PHOTON RESONANT ATOMIC EXCITATION IN . . . PHYSICAL REVIEW A68, 043411 ~2003!
According to the Van Citter-Zernike theorem@21#, the ra-
tio of the correlation radiusr c to the beam size remain
unchanged under propagation. It means that in tightly
cused incoherent beams the wave-front correlations can
squeezed in transverse directions to the size of a few w
lengths. These lateral local correlations decay after pas
some coherence distance along the propagation axis.
length of such correlated propagation is described by
longitudinal spatial coherence function@15–19#. For a focus-
ing angle 2u05D/ f , the characteristic size of transversed
and longitudinal Dz correlations can be estimated asd
52r c.2l/(2u0).2 mm and Dz.4l/(2u0)2.10 mm.
Thus, the overall excitation volume of the uv beam can
considered as a set of multiple mutually uncorrelated spa
regions or coherent domains, where some degree of cor
tion is maintained. Within these domains, the field comp
nents may have all possible propagation directions withi
cone with a characteristic angular spread ofu0. Note that the
correlation of field components increases the local light
tensity and it facilitates excitation and ionization of gas
oms in corresponding regions. The pattern of coherent
mains behaves like a transient speckled field, wh
correlation within a domain~or a transient speckle! is main-
tained during some timet;tc , where tc is the temporal
coherence time.

Figure 2 shows the lasing spectrum of the used XeCl
ser. This spectrum was measured with a 1-m double mo
chromator operated in the third order of a grating 1200 lin
mm. Two intense lines in the spectrum correspond
vibronic transitions 0→1 and 0→2 of the XeCl molecules
@22,23#. Two other lasing transitions 0→0 and 0→3 are
much weaker. Main laser lines are separated by 0.24 nm
25 cm21 and have the width of about 40 pm FWHM. Th
dip in one emission line is due to absorption by OH radic
@24#. The overall width of the lasing spectrum is abo
30 cm21 and it corresponds to the coherence time oftc
;10212 s and the temporal coherence lengthl c;0.1 mm.

FIG. 2. XeCl lasing spectrum and focal spots of the used
and XeCl laser beams.
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Note that in the focal regionDz! l c .
The two-color excitation and subsequent ionization of

target gas occurs in the focal region of the overlapped
laser and uv beams. The presence of small-scale tran
domains in the uv field restricts the distance of coherent
teraction of both beams to the mean size of these doma
The length of coherent interaction depends on the cros
angle since uv domains are extended along the uv beam
This length is maximum for copropagating beams and i
minimum for beams crossed at a right angle. In our exp
ments, the beams had crossing angles of up to 20° and
overall excitation volume, given by the focal volume of th
dye laser beam, contained an order of 103 domains from the
uv field.

III. RESULTS AND DISCUSSION

The lowest states of xenon accessible for three-pho
excitation by linearly polarized light are the 6s and the 6s8
states having excitation energies of 8.437 eV and 9.570
respectively. Since one laser source (L2) is fixed near 308
nm, the corresponding three-photon transitions 2vL11vL2
should be induced at the dye laser wavelength near 447
for the 6s8 state and near 562 nm for the 6s state. Excited 6s
atoms are ionized through the absorption of either one uv
two dye laser photons. Excited 6s8 atoms are ionized by the
absorption of one photon from uv or dye laser beams. F
ures 3 and 4 show the REMPI spectra measured in co
sponding spectral regions. The dye laser beam alone
duced several ionization peaks due to the four-pho
excitation of 6p8 ~Fig. 3! or the five-photon excitation of 6d
states of xenon~Fig. 4!. With a uv beam added, an intens
ionization band appeared in spectra. Note that the inten
of the uv light in the focal volume was by three orders

e

FIG. 3. Wavelength scans of ionization signal near 447 n
bottom, one-color excitation by dye laser beam; top, two-color
citation with uv beam added. Collinear excitation; xenon press
50 mbar.
1-3
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magnitude lower than the intensity of the dye laser bea
The ionization band had a distinct doublet structure w
peaks separated by 0.25 nm near 447 nm and by 0.4 nm
562 nm. In both cases this spectral distance correspond
12.5 cm21 and this is exactly one half of the 25 cm21 sepa-
ration of the peaks in the XeCl lasing spectrum~Fig. 2!.
Thus, the ionization bands are due to the three-photon r
nant absorption 2vL11vL2 as expected. The location of th
three-photon 6s8 and 6s resonances marked in Figs. 3 and
corresponds to the linel5308 nm in the XeCl laser spec
trum.

For the 6s resonance, the ionization band overlaps
peak of the five-photon 6d@7/2#3 resonance~Fig. 4!. This
peak is produced by the dye laser beam alone and it lead
some distortions of the ionization band registered under t
beam excitation. Therefore, a detailed study of three-pho
resonance excitation was carried out for the 6s8 resonance,
where the corresponding spectral region is free of additio
ionization features. Figure 5 shows evolution of ionizati
profiles with pressure in collinear excitation geometry.
low gas density, the ionization profile has two well-separa
peaks which correspond to two emission lines in the
beam. With an increased pressure, these peaks are broa
rapidly and overlap. Above 50 mbar the doublet structure
the band becomes unresolved and the ionization profil
registered as a single broad band. Broadening of profile c
ponents is followed by a distinct shift of the peaks from t
resonance position toward a shorter wavelength. Such
evolution of ionization profiles with pressure is a distin
indication for a well-known excitation process where inte
nally generated sum-frequency field dominates the reso
excitation @8–11#. Note that for collinear two-color excita
tion by coherentbeams no on- and off-resonance excitati
is expected in a dense gas@9–11,13#. In this case, the reso
nance peak is canceled and no phase-matched sum-frequ

FIG. 4. Wavelength scans of ionization signal near 560 n
bottom, one-color excitation by dye laser beam; top, two-color
citation with uv beam added. Collinear excitation; xenon press
50 mbar.
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field is produced in the vicinity of the resonance.
Figure 6 shows pressure-dependent ionization profiles

noncollinear excitation by beams angled by 18°. For pr
sures below 20 mbar no measurable changes in location
width of the peaks could be detected. The minimum width
the peaks was 0.1 nm which corresponds to 10 cm21 in a
two-photon scale. Compared with the width of 4 cm21 for
the uv laser lines, a significant contribution to the width
ionization peaks from the ac Stark effect can be stated.
the three-photon pumping of the lowest 6s resonance of xe-
non, the ac Stark shift constant of 0.44 cm21 G W21 cm2

was reported in Ref.@25#. For the case here, it means th
magnitude of the ac Stark shift for the 6s resonance of abou
20 cm21. For the 6s8 resonance some similar ac Stark sh
constant is expected. Thus, the broadening of the ioniza

:
-
e

FIG. 5. Evolution of the ionization band with pressure in colli
ear beams.

FIG. 6. Evolution of the ionization band with pressure
crossed beams. Crossing anglea518°.
1-4
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THREE-PHOTON RESONANT ATOMIC EXCITATION IN . . . PHYSICAL REVIEW A68, 043411 ~2003!
peak should be of the order of 10 cm21 in agreement with
the experimental observations. This broadening can be
duced through a decrease of the dye laser pulse energ
keep the overall excitation probability, this decrease sho
be followed by an increase of the uv pulse energy. In
case, however, we had to keep the uv light intensity l
since the intense uv light produced a strong parasitic ion
tion in the gas cell.

Above 20 mbar, discernible broadening and blue shift
ionization peaks become evident. This shift and broaden
were however much smaller than in the collinear case an
distinct doublet structure of the band could be detected
any gas pressure. Again, these transformations together
the sensitivity to the crossing angle are distinct indications
the excitation process where the sum-frequency field p
an important role.

Figure 7 shows plots of the shift with pressure of ioniz
tion peaks. For collinear beams, the shift and width of
ionization band were very sensitive to the shape of the
beam and mutual arrangement of uv and dye laser bea
The shift was linear with pressure and in different series
measurements a slope of 3.5-8 nm/bar was obtained.
dependence shown in Fig. 7 has the slope of 4.5 nm/bar.
noncollinear beams with a relatively large crossing angle,
sensitivity to the beam shape and adjustment was m
weaker. In this case, sharp ionization peaks were w
pronounced over the whole pressure range and the
could be measured with good accuracy. For crossing a
a518°, the shift becomes linear with the slope of 0.65 n
bar above 100 mbar, but distinct deviations from this line
dependence were observed for the lower pressure range
same behavior was observed in all other series of meas
ments with different crossing angles.

We start the analysis of experimental findings from pr
sure dependences. The shift of ionization peaks is linear w
pressure and has distinct dependence on the crossing a
These observations exactly follow the well-known pattern
the three-photon-resonant excitation by crossed laser be
@8–11#. For two angled beams with angular frequenciesvL1

FIG. 7. Pressure-induced shift of the ionization peaks.
04341
e-
To
ld
r

a-

f
g
a

at
ith
f
s

-
e
v
s.
f
he
or
e

ch
l-
ift
le
/
r
he

re-

-
th
gle.
f
ms

andvL2 the frequency shift of the ionization profile from th
resonance position is given by@9–11#

Dc5D0F lL112lL2

lmix~12cosa!G , ~1!

whereD05pNF01e
2/2mv0 , lmix52pc/(2vL11vL2), N is

the gas density,F01 is the oscillator strength, andv0 is the
resonance angular frequency. ParameterD0 and the widthG
~FWHM! of the pressure-broadened atomic line are coup
by the relationG54.66D0 @26#. For the 6s8 resonance of
xenonG/N and D0 /N are 3.2 cm21/bar and 0.7 cm21/bar,
respectively. The shiftDc is minimum ata5p and is di-
rectly proportional to gas pressure. When crossing angl
decreased the shiftDc becomes very large and starting fro
some minimum angleumin the ionization signal is decrease
rapidly. In high-pressure xenonumin is about 0.1 rad@11#. For
a.umin , the ionization peak has the appearance of press
broadened atomic line, i.e., it has the same amplitude
shape as the atomic line.

For a collinear two-color excitationa50 and no ioniza-
tion is produced near the atomic resonance since the ex
tion pathway through the atomic resonance is canceled
no phase-matched sum-frequency field is generated nea
resonance. It is a well-known observation in experiments
a collinear two-color resonant ionization in dense ga
@9,13#. Note, however, that the laser sources in Refs.@9,13#
had a high degree of spatial coherence as a common fea
of the narrow-band excimer-pumped dye lasers. Such reg
coherent beams maintain the collinearity conditiona.0
over the whole interaction region. In our case, one of
interacting light fields has poor wave-front coherence and
excitation region is irregular with multiple coherent domain
The angular spectrum of an incoherent light field determi
some range of different propagation directions of the fi
components and an essential local noncollinearity pers
even for a collinear propagation of the coherent and incoh
ent beams. According to Eq.~1! the slope of 4.5 nm/bar for a
collinear excitation~Fig. 7! corresponds to the crossing ang
a.9° which is very close to the focusing angleu0.10° of
the uv beam. For beams angled bya518° the slope was
0.65 nm/bar~Fig. 7!. Formally, such a slope corresponds
the crossing anglea.24°.

In order to simulate the excitation profiles, we used t
concept of the cooperative line shift together with a sim
geometrical consideration. The incoherent beam was con
ered as a set of small coherent domains having cylindr
symmetry and extended along the propagation axisz ~Fig. 8!.
The angular spectrum of the incoherent field determi
some range of crossing angles for the field components.
these components were assumed to have equal amplit
with uniform distribution within a range of angles from ze
to the maximum angleu0. In k space, such an approximatio
makes the wave vectorskL2 be distributed uniformly along
all possible directions inside a cone with the half angleu0.
The coherent wave enters as a regular Gaussian beam
for small-scale domains the length of the coherent four-w
interactionDz is much smaller than the confocal parameteb
of the focused Gaussian beam. Besides, transient inten
1-5
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spikes in a multimode dye laser pulse have a duration
10210–10211 s and such intensity changes are slow in
time scale ofDz/c. Thus, within the uv domains one ca
neglect all changes~associated with either focusing or spi
ing! of the dye laser beam in amplitude and phase, and c
sider the coherent beam as a regular plain wave. In a co
ear case, both the coherent and incoherent beams prop
along the same axisz but angular spreading of the field com
ponents results in some spreading of the crossing anga
between the wave vectorskL1 andkL2. Obviously, this range
of angles is from 0 tou0. A similar situation is valid for
crossed beams, where the crossing anglea* between the
wave vectorskL1 andkL2 is determined as

cosa* 5cosu cosa1sinu sina cosf, ~2!

wheref is the azimuth angle~see Fig. 8!. For a.u0, the
anglea* changes froma2u0 to a1u0.

Simple geometrical consideration shown in Fig. 8 allo
one to reduce the excitation problem for incoherent lig
field~s! to the well-known problem of the interaction ofco-
herentwaves propagated in an absorbing medium. Again,
a pair of crossed plain waves the concept of the coopera
line shift predicts the excitation profile as a Lorentzian pe
shifted to the blue side of the resonance position. The va
of this shift is given by Eq.~1!. For coherent beams th
interaction geometry is characterized entirely by a giv
crossing anglea, whereas for incoherent field~s! an addi-
tional angular variableu enters the excitation problem.

Every partial configuration of interacting waves produc
a Lorentzian excitation profile, but instead of a sing
Lorentzian peak for coherent waves a more broad excita
profile is expected for incoherent fields because of the an
lar spreading. In this sense, the excitation problem for in
action of coherent and incoherent waves is very similar
the three-photon excitation by coherent Bessel beams@27–
29#. For conical Bessel beams the three-photon excita
profile near the atomic resonance builds up as a superp
tion of multiple Lorentzians, where every individual Loren
zian corresponds to some spatial configuration of sub-be

FIG. 8. Wave-vector diagram for interaction of coherent a
incoherent light fields: top, collinear excitation; bottom, nonc
linear excitation.
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from the fundamental light cone@29#. In the same manner
the excitation profile for interaction of coherent and incoh
ent waves builds up from multiple configurations of angl
waves. This superposition includes all possible subscripti
of the wave vectorskL2 within the cone of the angula
spreading. Every elementary profile in this superposition
the same appearance of the atomic line, i.e., all profiles
Lorentzians having equal amplitudes and widthsG. This
situation has been analyzed in detail in Ref.@29# and we
have used here the same approach.

Figure 9 shows the excitation profiles calculated for t
collinear and noncollinear interactions of coherent and in
herent beams. For the incoherent beam, the maxim
spreading angleu0510° was assumed. For collinear beam
the angleu0 determines the red edge of the region~or the
minimum value of available cooperative shift! where indi-
vidual Lorentzians are located. This red edge is marked
Fig. 9. Note that the approach of equal Lorentzians is va
when a.umin . Thus, the detuningDc in calculations was
limited by the rangeDc,200G. For larger detunings the
ionization signal is reduced rapidly~and, thus the approac
of equal Lorentzians breaks down! since the medium be
comes transparent for the sum-frequency light. In this cas
phase-matched vacuum uv~vuv! emission nearl.129 nm
exits the excitation region. This weak low-coherent vuv lig
is confined within a range of anglesu,umin .

Superposition of multiple Lorentzians in a collinear ca
produces the excitation profile peaked very close to the
edge of the region, where Lorentzians are spread. It ag
well with the experimental observations, where the exc
tion profile for a collinear geometry demonstrated a disti
evidence of noncollinearity with an effective crossing ang
of 9°, which is very close to the experimental valueu0
.10°. The maximum of the calculated profile is located
Dc.125G which corresponds to about 400 cm21/bar. In

FIG. 9. Numerical simulation of near-resonance excitation p
files: 1, collinear excitation by coherent and incoherent beams
Lorentzian profile for two coherent beams with crossing anglea
518°; 3, coherent and incoherent beams with crossing angla
518°. The dashed line shows the resonance atomic line.
1-6
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terms of the dye laser wavelength, such detuning co
sponds to the pressure-induced shift of 4 nm/bar and it i
good agreement with experimental findings. Qualitative
formation of the peak near the red edge can be understoo
follows. First, for a uniform angular distribution of the fiel
components the spectral density of the Lorentzian peak
increased rapidly toward the resonance. Second, due t
axially symmetric excitation geometry, the Lorentzians fo
givenu enter superposition with an annular weighting fac
sinu. Thus, the envelope of superimposed Lorentzians g
intensity toward the region of largeu and small detunings
from the resonance.

Noncollinear excitation by two crossedcoherentbeams
produces an excitation profile as a Lorentzian peak loca
on the blue side of the atomic resonance. This profile
shown in Fig. 9 for the crossing anglea518°, when the
shift Dc.36G. For crossed coherent and incoherent bea
the crossing angle between the field components beco
spread within some range and a variable anglea* deter-
mines the excitation geometry instead of a fixed anglea ~see
Fig. 8!. Again, every partial combination of the interactin
waves produces a Lorentzian peak and these elemen
Lorentzian profiles are spread within some spectral ran
The crossing anglea* is given by Eq.~2!, whereu changes
from 0 to u0 and f changes from 0 to 2p. The overall
excitation profile is given by an integral of the Lorentzia
profiles over anglesu andf. This excitation profile is shown
in Fig. 9. Superposition of multiple Lorentzians produces
excitation profile which is peaked closer to the resona
than the Lorentzian profile for coherent beams. Again, it
sults from an increasing spectral density and weighting f
tors for elementary Lorentzians toward the region of
maximum crossing anglesa* , and thus the minimum detun
ings from the resonance. The peak of the calculated profi
located at Dc.20G which corresponds to the pressur
induced shift of 64 cm21/bar or 0.64 nm/bar in terms of th
dye laser wavelength. This value is in very good agreem
with the shift of 0.65 nm/bar observed in experiment. No
distinct similarity of the ionization profile 3 in Fig. 9 and th
ionization profiles for coherent Bessel beams@29# calculated
with the same approach of multiple elementary Lorentz
profiles distributed near the atomic resonance.

The angular spreading of the field components in incoh
ent light field is responsible for a red shift of the ionizatio
profiles with respect to the location of this peak in coher
beams. This difference is especially pronounced at sm
crossing angles, when the peak for a collinear geometry
a large shift. For interaction of the coherent and incoher
beams, the shift is smaller because of a significant local n
collinearity. The shift of the ionization peak in a colline
case corresponds approximately to the maximum angle
spreading of the field components in the incoherent beam

The sum-frequency field dominates the off-resonance
citation in an absorbing medium. Our evaluation of the e
citation profiles was based on a simple geometrical con
eration together with the phase-matching requirements
the generated sum-frequency field, but did not include
length of the coherent interaction. This gain length accou
for intensity of the ionization peaks but not for the shape
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the excitation profiles. The length of the coherent interacti
however, becomes a crucial factor for the on-resonance
citation, when the interference of the three- and the o
photon pathways determines resonance excitation. The
lution of the interfering sum-frequency field requires
certain ~concentration dependent! propagation distance into
the excitation zone. The drop in signal of the on-resona
excitation begins when the absorption length for the su
frequency field becomes comparable with the length of
coherent interaction@4#. If this distance is too short for an
evolution of the sum-frequency field in amplitude and pha
a complete cancellation is not established and the fundam
tal photons drive the three-photon excitation of the atom
resonance. For incoherent light fields, the length of a coh
ent interaction is determined by the mean size of cohe
domains. Since domains are extended along the propaga
axis, this length is reduced rapidly when crossing angle
tween the coherent and incoherent beams is increased~see
Fig. 8!. Considering the coherent domains as ellipsoids w
axesd andDz, the lengthL of the interaction as a function o
the crossing anglea can be written as

L5
dDz

ADz2 sin2 a1d2 cos2 a
. ~3!

For a590° the lengthL5d is minimum and can be a
short as a few wavelengths. For such extremely short g
length the contribution of the sum-frequency field to the tra
sition amplitude should be diminished significantly.

An incomplete cancellation of the atomic excitation is b
lieved to be responsible for the observed deviations of
pressure-induced shift of the ionization peaks from a lin
dependence~Fig. 7!. In all experiments with angled beam
the shift becomes linear at an elevated gas pressure, bu
tinct deviations from this linear dependence occurred wit
a low-pressure region, where the peaks always had a sm
shift. An explanation of these observations is that the ioni
tion signal at a low pressure contains a significant contri
tion from the uncanceled atomic resonance. At a low g
pressure, no cancellation occurs and a peak of the reson
excitation is registered. With an increased pressure, a s
frequency field starts to develop. This field suppresses p
gressively the resonance excitation and increases the ex
tion on the blue wing of the atomic line. The resonance pe
is very narrow~about 30 pm/bar in terms of the dye las
wavelength!, therefore both the on- and off-resonance co
ponents are registered together as a single peak with s
apparent shift. Further increase of pressure leads to a c
plete cancellation of the atomic resonance and the ioniza
profile becomes entirely due to the sum-frequency fie
Without contribution from the unshifted atomic peak, the d
pendence of the pressure-induced shift becomes linear.
periments have shown that a reduced apparent shift, and
some contribution to the ionization profile from the unca
celed atomic peak, can be traced up to a pressure of a
100 mbar for the crossing anglea518°. With an increased
a, the length of the coherent interaction is reduced rapi
and achieves a minimum ata590°. Thus, with an appropri-
ate spectral resolution, the use of crossed coherent and i
1-7
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herent beams may give a reliable possibility to detect
atomic resonance lines free of the interfering coherent
fects.

IV. CONCLUSION

Three-photon resonant excitation and subsequent ion
tion in dense gases proceeds in conditions where gene
sum-frequency field plays a crucial role in the on- and o
resonance excitation processes. The evolution of this s
frequency field in a four-wave mixing process requires c
tain coherence relations for the driving fields. If at least o
of these fields has low degree of the spatial coherenc
coherent four-wave interaction is maintained within sma
scale mutually uncorrelated domains. The length of the
herent interaction within these domains depends on the
herent properties of the pumping field and excitati
geometry. It gives a possibility of controlling the role an
influence of the sum-frequency field in excitation process

Three-photon excitation of xenon atomic resonances
coherent and incoherent laser beams has shown distinc
dications for the role of the sum-frequency field in the ex
tation processes. In a dense gas, this field is responsibl
the appearance of intense ionization peaks on the blue w
of atomic resonance. The shape and pressure-induced sh
these peaks follow the known pattern of the resonan
enhanced multiphoton excitation and ionization in cros
laser beams. However, with the use of an incoherent l
several specific effects have been observed. For excitatio
copropagating coherent beams no near-resonance ioniz
signal is expected. By contrast, intense ionization profi
were detected with incoherent light in any excitation geo
tt

s.

G.

ys

ys
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etry. The shift of the ionization peaks from the atomic res
nance for an incoherent light always was smaller than
shift of the corresponding peak in a coherent excitat
mode. These effects have been explained on the basis
simple geometrical consideration, where the incoherent li
field enters the excitation problem as a set of multiple pl
waves variously displaced within some range of angles. T
angular spreading of the field components supports a lo
noncollinearity of the four-wave interaction in any excitatio
geometry. Based on this approach, a numerical evaluatio
the off-resonance excitation profiles has been carried out
good agreement with experimental observation has been
tained.

A limited range of the coherent interaction in incohere
light beams may serve as a tool for diminishing the influen
of the coherent processes on the excitation of atomic re
nances in a dense gas. In experiments with angled cohe
and incoherent beams, an indication of the presence o
uncanceled atomic resonance peak has been observed
pressure range of several tens of millibars. In crossed be
it is quite easy to reduce the length of the coherent inter
tion to a few wavelengths, when the gain length becomes
short for evolution of the interfering sum-frequency field.
gives a possibility to avoid a complete suppression of
on-resonance excitation caused by destructive interferenc
the three- and the one-photon excitation pathways.
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