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Nonlinear-optical processes in the near-resonant two-photon excitation
of xenon by femtosecond KrF-excimer-laser pulses
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The nonlinear response of xenon gas due to a near-resonant two-photon excitation at the
5p 'Sn~6p [—']o transition with a femtosecond KrF-excimer-laser system is investigated for the intensi-

ty range 10' -10"%/cm . Stimulated hyper-Raman scattering and amplified spontaneous emission of
atomic xenon are observed at wavelengths around 823 and 828 nm. These emissions are superimposed
by four-wave parametric-oscillation processes leading to strong ultrashort continuum radiation in the
visible and near-infrared (650-850 nm), uv (185-400 nm), and vacuum ultraviolet (147—155 nm) spectral
ranges with output powers up to 100 MW. From difference-frequency-mixing experiments microscopic
nonlinear susceptibilities in the range of ~y"'~ =10 ' to 10 'n m'/V' have been determined, which are
in good agreement with calculations.

PACS number(s): 32.80.Wr, 42.55.—f, 42.65.Ky, 42.65.Hw

I. INTRODUCTION

In the interaction of intense radiation fields with
matter, multiphoton excitation and ionization processes
occur. Basic investigations and reviews about these pro-
cesses are given in Refs. [1—3]. Also the nonlinear
response of the medium is the subject of studies and
research [4,5] and is applied for the generation or radia-
tion at shorter wavelengths [6—8]. If the pump laser is
operated near or at an allowed two-photon transition,
multiphoton-absorption and -ionization processes are res-
onantly enhanced. In combination with multiphoton ab-
sorption, other phenomena such as amplified spontaneous
emission (ASE), stimulated hyper-Raman scattering
(SHRS) [3], and four- or six-wave-mixing processes
(FWM, SWM), driven by ASE, SHRS, or additional
external pump laser fields can be observed [9,10].

The generation of coherent tunable vacuum ultraviolet
(vuv) radiation by frequency mixing is an established
technique for nanosecond pump-laser pulses. The most
commonly used techniques are difference and sum fre-
quency mixing or frequency tripling in gases and vapors.
Metal vapors [11—13] as well as noble gases [14—16] are
suited as nonlinear media. FWM has also been observed
in molecular gases and vapors [17,18]. In these four-
wave-mixing schemes three pump fields are applied to
generate a fourth short-wavelength coherent field. For
nonresonant mixing processes conversion efficiencies typ-
ically in the range of 10 —10 have been realized,
whereas for the two-photon resonantly enhanced mixing
schemes efficiencies up to l%%uo have been measured.

Recently FWM processes in atomic and molecular
gases have also been observed by applying only two
pump-laser fields, in general of the same frequency
[18—21]. In these parametric four-wave-mixing or four-
wave parametric-oscillation schemes (PFWM, FWPO),
two coherent fields are generated simultaneously from
quantum noise, comparable to the optical parametric os-
cillation (OPO) in solids [22,23]. The generated frequen-
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FIG. 1. Relevant energy-level diagram of atomic and molec-
ular xenon. Molecular absorption bands are indicated by the
hatched areas (after Refs. [24,25]).

cies are determined by the energy conservation law and
the phase-matching condition hk =0.

In this paper we report the observation of ASE, SHRS,
FWPO, and FWM in xenon pumped by a femtosecond
KrF-excimer-laser system. The observed nonlinear pro-
cesses are due to a near-resonant two-photon excitation
of the xenon 6p states by the 248.5-nm pump-laser radia-
tion (Fig. 1). ASE is detected on 6p~6s transitions at
823 and 828 nm, broadened by SHRS. The oscillations
occur in forward and also in backward direction with
respect to the pump laser. In addition to these emissions,
intense continua in the visible, uv, and vuv spectral range
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are observed, which correspond to FWPO and secondary
FWM. These processes are noncollinear phase matched;
no anomalous dispersion is required for optimum conver-
sion. In the experiments output powers up to 100 MW
and spectral widths exceeding 4000 cm ' have been mea-
sured [26]. Similar emission characteristics but at less
output intensity, to our knowledge, have only been ob-
tained so far in connection with the generation of super
continuum radiation in the interaction of ultrashort
pulses with solids, liquids, and high-pressure gases [27].

The dependence of generated coherent emissions on xe-
non pressure in the intensity range 10' —10' W/cm is
studied. For the investigated FWM schemes conversion
eSciencies up to several percent have been measured.
Due to the high peak intensities of the KrF-pump-laser
system, a resonant enhancement of the SHRS and the
four-wave-mixing processes has been observed, as the 6p
states are shifted into the two-photon resonance by the
ponderomotive potential. Experimental results are dis-
cussed and compared with theoretical estimations.

Output energies in all investigated wavelength ranges
were measured by calibrated pyroelectric power meters.
The beam profile of the emitted radiation could be exam-
ined by a charge-coupled-device (CCD) camera system.

III. RESULTS AND DISCUSSION

By irradiating the xenon cell with the fs KrF-excimer-
laser pulse, a variety of distinct coherent emissions in
different spectral ranges are observed. Depending on the
xenon pressure, the radiation consists of atomic line oscil-
lation in the near infrared at wavelengths of 828 and 823
nm, an intense continuum in the uv around 280 nm, and
a broadband emission between 650 and 850 nm in corre-
lation with vuv radiation around 148 nm.

The line oscillation was found to result from ASE and
SHRS. Experiments on this process are described and
discussed in Sec. III A. In Sec. III 8 investigations on the
continuum emissions, which are due to FWPO and FWM
processes are presented and analyzed.

II. EXPERIMENT

For the experiments a femtosecond KrF-excimer-laser
system, described in detail in Ref. [28], was used, yielding
10 mJ in 360 fs at a fixed wavelength of 248.5 nm. The
pulse duration of the linear polarized pump laser was
controlled by an autocorrelator based on two-photon ion-
ization of NO [29] and on-line by a single-shot autocorre-
lator using a two-photon ionization process in cadmium
[30]. In the focused beam intensities up to 10" W/cm2

(spot size: 4=50 pm; confocal parameter: z„=16 mm)

are reached. By dielectric attenuators the pump-laser ra-
diation could be diminished continuously. The spectral
bandwidth of the KrF-pump-laser pulse is about Xv= 100
cm ' (bandwidth product: 1.23; Fourier-limit sech
pulse: 0.31).

The radiation of this laser system was focused by an

f=1000 mm lens into a cell filled with xenon gas. The
cell was equipped with LiF windows and has been operat-
ed at gas pressures between 0.05 and 760 Torr. The gen-

erated radiation was investigated parallel (forward), anti-

parallel (backward), and transversal to the pump-laser
direction. The radiation emitted in the direction of the
pump-laser beam was collimated by an f=300 mm LiF
lens. The transversally emitted fluorescence could be ob-

served by windows in the focus region of the pump laser.
The spectral range A, =115—1200 nm was examined by
different monochromators in connection with multipliers
(CsJ, multi-alkaline-earth, and 51 characteristic). Spec-
tra were taken by a boxcar averager, controlled by a com-
puter system. The temporal characteristics were studied

by a transient digitizer (ht )0.8 ns) or in the visible and
uv spectral range by a streak camera and Michelson-type
autocorrelators. In order to cover different spectral
ranges, the autocorrelator was equipped with frequency
doubling crystals or an ionization chamber as nonlineari-

ty. The purity of the gases used was on the order of
99.99%. The optical pathways outside the xenon cell
could be evacuated to less than 10 Torr, in order to
prevent an absorption of the generated vuv radiation.

A. Ampli6ed spontaneous emission and stimulated

hyper-Raman scattering in the atomic xenon

Upon the excitation of the xenon gas with the fs KrF-
excimer-laser system a strong fluorescence transversal to
the pump-laser direction is obtained in the near-infrared
spectral range [Fig. 2(a)]. At a pump-laser energy of
about 6 mJ (I ) 10' W/cm ) the emission consists of five

atomic lines that can clearly be attributed to the xenon

6p —+6s transitions. The intensity of the 823- and 828-nm
Auorescence line corresponds well to the oscillator
strengths of the transitions [31],indicating a direct popu-
lation of the upper levels with the same excitation rate.
These strong fluorescences can only be observed at high
intensities, due to the small two-photon absorption cross
sections of the pump-laser radiation at the given detun-
ings b,E from the resonances (two-photon absorption
cross sections around 10 cm /W have been measured

[32]). Because of the high peak intensities of the pump-
laser system, it has also to be assumed that the levels are
shifted transient into the two-photon resonance, resulting
in an enhancement of the excitation rates (see below).

On two of the 6p ~6s transitions, the 6p [—,
'

]o

~6s[—,']; transition (A, =828 nm, b,E =363 cm ') and the

6p [—,
'

]2~6s [ —,
'

]z transition (A, =823 nm, AE = 1270

cm ), stimulated emission parallel [Fig. 2(b)] and also
antiparallel [Fig. 2(c)] to the pump-laser direction occurs.
In these laser spectra the intensity ratio is reversed in

comparison to the Auorescence spectrum. This is due to
the disadvantageous degeneration factors of the upper
and lower laser levels for the 823-nm transition compared
to the 828-nm transition, leading to a strong reduction of
the inversion density. In addition, the 6s [—, ]2 state is not

dipole coupled to the xenon ground state, which

results —because of the metastability of this lower laser

level —in a self-terminating laser scheme. The output en-

ergy of the two laser transitions was found to increase
first nearly exponential with the pump power, but then

starts to saturate at a pump energy above 2 mJ. The
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ressure dependence for the emission is given in Fig. 3.
A slight saturation can be observed for xenon pressures
above 2 orr.00 T At the maximum used xenon pressure of
760 Torr and for optimum pump-laser energies o . m,
output energies o a ouf bout 45 pJ are detected in forward

~ ~ ~

direction, whereas in backward direction the output in-
tensity was less by a factor of more than 50, which is typ-
ical for short pulse traveling-wave excitation sc emes.
The temporal characteristics of these emissions have been

la of thestudied by a streak camera. No significant delay
infrared emission with respect to the excitation pulse
could be observed. A typical pulse shape is shown in Fig.
4. The pulse duration was found to be about 70 ps, w ic
is much larger than the pump-laser pulse and indicates
again that a population transfer process into the 6p evels
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FIG. 3. Output energy at A, =828 nm vs xenon pressure.
Pump-laser energy: 5 mJ.
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occurs, resulting in amplified spontaneous emission at the
6p ~6s transitions.

The spectra wi1 'dth of the forward and backward emis-
etricallsions at 828 and 823 nm strongly increases symmetnca y

around the atomic resonances with the xenon pressure as
Fi . 5 in contrast to the transversal fluores-

the s ectralcence. xAt xenon pressures above 700 Torr e sp
thewidt excee sh ds 50 cm ' and becomes comparable to

bandwidth of the pump-laser system. At these pressures
the two laser lines overlap. In addition, the degree of
linear polarization, corresponding to the pump-laser po-
larization, increases from almost zero at lower pressure

h 40% at xenon pressures above 500 Torr.
The olarized emission contribution occurs li e t e
oscillation coaxial to the pump-laser beam p

e poa
arallel and

antiparallel to the pump-laser direction) and behaves al-
most identically on both laser transitions. To exp ain the

d f the emissions and the increase of linear po-
f SHRSlarization, we assume that an increasing amount o

parallel and antiparallel to the pump-laser direction is
dd d th ASE emission on both transitions Fig.

F th 828-nm emission no reduction of the SH is o-
ledtained, although the lower 6s [—,']; level is dipole coup

to the xenon p grounh 5 round state which should lead to a
suppression of SHRS as has been observed in nanosecon

~ ~

ump-laser experiments [19,21,33]. The suppression inpump- aser
these experiments was due to interference
the olarization induced by the pump laser and the gen-ep
crated hyper-Raman pulse, an effect which cou ld not be
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FICx. 2. Near-infrared emission spectra of atomic xenon at a
gas pressure of 150 Torr and a pump-laser energy of 6 mJ. (a)
Transversal; (b) parallel; (c) antiparallel.
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FIG. 4. Streak camera recording of the parallel infrared line
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observed in our experiments, probably because of the fast
transients in the examined system and group velocity
dispersion effects.

In addition, no indications for contributions from
four-wave-mixing processes have been found. Such pro-
cesses can be excluded for this collinear emission because
the necessary phase-matching condition hk =0 can only
be satisfied for a collinear emission in a regime of anomal
dispersion above the 6s levels, whereas here the transi-
tions are broadened symmetrically around the atomic res-
onances. In addition, no coherent emissions in the corre-
sponding vuv spectral range have been observed.

A hyper-Rarnan pulse should be emitted in a time scale
corresponding to the pulse duration of the pump laser.
However, we cannot yet observe such a short pulse com-
ponent within the strong picosecond ASE enussion (see
also Fig. 4), but regarding the spectral bandwidth of the
emission, fs-pulse components should be possible. For a
clear separation of ASE and SHRS, experiments with
tunable pump-laser radiation would be necessary.

In the experiments a population of the 6p [—,
'

]0 and the
6p[ —,']z levels is observed, leading to fluorescence, ASE,
and near-resonant hyper-Raman emission. The transver-
sal fluorescence of the 6p levels [see also Fig. 2(a)] de-
pends quadratically on the pump-laser energy as can be
seen from Fig. 7, indicating a two-photon excitation pro-
cess.

In the experiments the emissions occur at resonance,
although the pump laser is detuned from the two-photon
resonance by about 363 and 1270 cm ', respectively.
Therefore the energy detunings for the assumed hyper-
Raman emission must be neutralized during the interac-
tion process. An intensity-dependent process must shift
the 6p levels and also the 6s, because the emission wave-
lengths of the two transitions at 828 and 823 nm are not
changed in this process. Such a behavior is observed in
above-threshold-ionization (ATI) experiments by Shake-
shaft and co-workers [4], where energetically high-lying
states are shifted by the ponderornotive potential U
[34,35]. In the approximation of loosely bound electrons
the energy shift U of the upper and lower laser levels,
corresponding to this pondermotive potential in the case
of the xenon atom (reduced mass Itt), for different pump-
laser intensities (I) at the KrF-laser wavelength
()I,=2rrc /ro) can be calculated from

e I
U =

2E'Opto c

where eo is the dielectric constant, e the elementary
charge, and c the velocity of light. For the neutralization
of the energy detuning of the 6p states (see also Fig. 6) a
pump-laser intensity of 8X10' W/cm (DE=363 cm ')
and 3 X 10' W/cm (BE=1270 cm '), respectively, is
necessary, if the energy shift of the electronic states is
mainly determined by the shift of free electrons. From
these values it can be concluded that with increasing
pump-laser intensity an emission out of the 6p[ —,']o state
should be detected first, whereas an emission out of the
6p[ —3]z level should occur at a much higher intensity.
This behavior can be observed when the dependence of
the ratio of the output intensity for the 823- and 828-nm
laser transitions on the pump-laser energy (Fig. 8) is ex-
amined. For pump-laser energies in the range of 0.1 mJ
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FIG. 6. Observed laser transitions in the atomic xenon. The
hatched area indicates the spectral width of the pump laser.
The energy shift of the involved levels according to the pon-
deromotive potential is also shown.
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ionic xenon lines can be seen, as a result of multiphoton
ionization followed by relaxation and recombination pro-
cesses. The strong coherent forward emission has been
further optimized to increase the output energy and ana-
lyzed with respect to its temporal and spatial structure.

The dependence of the spectral integrated output ener-
gy on the pump-laser energy (Fig. 10) and the xenon pres-
sure (Fig. 11) has been measured by pyroelectric energy
meters. For these measurements the infrared line oscilla-
tion has been cut off by dielectric filters. An optimum
output energy was achieved for a xenon pressure of 45
Torr and a pump-laser energy of about 5 mJ. The satura-
tion and finally the decrease of the output energy with the

FIG. 8. Ratio of the output intensity for the 823- and 828-nm
laser transitions vs pump-laser energy.

(I (10' W/cm ) the xenon laser spectrum is dominated
by the 828-nm laser transition, whereas the 823-nm tran-
sition only occurs when higher pump energies are used,
resulting in stronger level shifts. At still higher pump-
laser intensities, which are correlated with larger energy
detunings, both levels are populated further on, because
of the transient following of the ponderomotive potential
with the femtosecond-pulse shape. This process might be
superimposed by a larger pump intensity threshold at the
823-nm transition compared to the intensity necessary at
828 nm as discussed recently by Davis and Dressier [36]
in a resonant two-photon excitation for pump pulse dura-
tions of several hundred ps, and additional saturation
effects which can also lead to a broadening of the spectra.

B. Four-wave parametric oscillation
and four-wave mixing

In addition to the infrared line oscillation three strong
coherent continuum emissions in the visible and near-
infrared (650—850 nm), in the uv (185—400 nm), and in
the vuv (147—155 nm) spectral ranges are observed.
Thereby, the visible and vuv emissions are strongly corre-
lated and are emitted as the uv emission in a four-wave
parametric-oscillation process. Both processes are op-
timum in different xenon pressure ranges.
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1. Visible and vuv emission

Figure 9 gives spectra in the range 650-860 nm, para1-
lel, antiparallel, and perpendicular to the pump-laser
beam. The forward emission [Fig. 9(a}] is centered at
about 760 nm with a spectral bandwidth of nearly 100 nm
at a xenon pressure around 80 Torr. With increasing xe-
non pressure the center wavelength is slightly shifted to
shorter wavelengths. Superimposed on this broadband
signal the two infrared lines at 823 and 828 nm, discussed
above, can be seen. In backward direction [Fig. 9(b)],
collinear to the pump laser, a similar continuum is emit-
ted, however, at a much smaller bandwidth and at an in-
tensity typicaHy by a factor of more than 1000 less. The
fluorescence signal detected transversal to the pump laser
[Fig. 9(c)] is quite different from the forward and back-
ward signals. On a broad background, resulting from xe-
non rnolecules as discussed below, a variety of atomic and
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FIG. 9. Emission spectra in the wavelength range between
650 and 860 nm. Xenon pressure: 80Torr; pump-laser energy:
5 mJ. (a) Parallel: coherent continuum emission. The infrared
stimulated line emission is superimposed; (b) antiparallel; (c)
transversal.
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FIG. 12. Autocorrelation trace of the visible emission.

Center wavelength 740+10 nm.

pump-laser energy is probably due to a multiphoton ion-
ization of the xenon atoms, indicated by the production
of electrons and ions in the interaction volume. For op-
timum conditions output energies of about 60 pJ have
been detected. This value corresponds to a conversion
efficiency of more than l%%uo of the pump-laser energy.
The pulse duration of this radiation has been determined
by measurements with a Michelson-type autocorrelator
equipped with a potassium dihydrogen phosphate (KDP)
crystal, which is phase matched by angle tuning. For
these measurements the spectra width of the continuum
radiation was reduced to about 20 nm by interference
filters. A typical autocorrelation trace is shown in Fig.
12. From this curve a pulse duration of 600 fs can be
determined for a sech pulse. Taking into account the
group velocity dispersion by the optical components in
the laser beam, this pulse duration corresponds to the
pump-laser pulse width of about 360 fs. The peak power
for the continuum radiation therefore exceeds 100 MW.

The continuum emission is polarized according to the
pump-laser polarization, indicating that in contrast to the
infrared line emission no population transfer process
occurs in the interaction. The most striking feature of
this broadband visible emission in the forward direction
is a conical emission profile as shown in Fig. 13. The
cones have been recorded by a CCD camera system. For
these measurements the spectral bandwidth of the contin-
uum emission was reduced by interference filters. The di-

(a) (b)

ameter of the cones increases slightly with the emission
wavelengths [Figs. 13(a) and 13(b)] and for a fixed wave-
length with the xenon pressure [Figs. 13(c)—13(f)]. For a
wavelength of 760 nm and a xenon pressure of 45 Torr an
opening angle for the cone up to 5.2 has been measured,
from which a walk-off distance can be estimated. This
distance is defined as the length over which the pump-
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FIG. 11. Output energy of the visible continuum emission vs

xenon gas pressure; pump-laser energy: 5m J.

FIG. 13. Conical emission profiles of the visible radiation
(forward direction) (a) A, =670 nm; (b) A, =760 nm; (c)—(f) in-

creasing xenon pressure (X=760 nm).
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laser beam and the conically propagating beams generat-
ed in the interaction volume still overlap. For a cone half
angle of 2.6' and a laser beam size of 50 pm the walk-off
distance and therefore the interaction length between the
KrF-pump laser and the generated radiation is only
about 1.2 mm. As the cone angle increases in general
with xenon pressure, this interaction length is further re-
duced at higher pressures. This leads to the reduction of
the output energy with increasing xenon density as ob-
served in the experiments (see also Fig. 11).

Correlated with the visible continuum emission, a
coherent emission in the vuv at about 150 nm is observed
parallel to the pump-laser direction [Fig. 14(a)]. A no-
ticeable backward emission could not be detected. Also
the transversal radiation is weak but shows a distinct
structure between 150 and 170 nm [Fig. 14(b)]. This
emission cannot result from the xenon atoms, because the
longest-wavelength xenon resonance line is centered at
about 146.9 nm. This transversal vuv emission is, as dis-
cussed below, of molecular origin.

The forward coherent emission is obtained between
147 and 153 nm and has a spectral width of about 2 nm
[Fig. 14(a)]. By a variation of the xenon pressure in the
range between 10 and 130 Torr the center wavelength of
this emission can be shifted by about 4 nm from 148 to
153 nm with a slight spectral broadening. An optimum
output energy of more than 30 pJ was obtained for a
pressure of about 40 Torr (center wavelength: 148 nm)
and a pump-laser energy of 5 mJ [Fig. 15]. At higher
pump-laser energies a saturation of the emitted intensity

10 l I
I

I
I

I
I I I

(a)-
X

8

4
X

30-

10-

10
Xe Pressure (Torr)

100

FIG. 15. Dependence of the generated vuv emission in for-
ward direction on the xenon pressure; pump-laser energy: 5

mJ.

is obtained in the same way as that for the visible contin-
uum emission. Regarding the dispersion of xenon near
the 147-nm resonance, a slight pulse broadening of the
vuv emission due to group velocity dispersion has to be
assumed. In a Samson ionization chamber [37] the pulse
duration of the vuv emission has been estimated by a
two-photon ionization process in argon to be on the order
of 10 ps, resulting in output powers of several megawatts.

The visible and the vuv emission show a comparable
bandwidth of about 4000 cm ' and a very similar behav-
ior with respect to pressure and pump power dependence,
polarization, and pulse duration, which all suggests a
common generation process. Considering further that
the sum of the center wave-lengths' photon energies of
the correlated emissions corresponds to the energy of two
pump-laser photons and that the shift of the center fre-
quencies with pressure are opposite, keeping the sum
constant, we come to the conclusion that the emissions
are due to a parametric four-wave-mixing process:

2cop =covis+ct)vuv &

with cup, co„;„andco„„„beingthe frequencies of the pump,
visible, and vuv emissions, respectively. For such a pro-
cess a phase-matching condition

I I
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hk =2kp —k„,—k„„,=0 (3)

m
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is necessary for the corresponding wave vectors k. As
the visible emission is emitted into a cone, a noncollinear
phase matching as indicated in Fig. 16 has to be assumed.
In the approximation of only a slightly depopulated

I

125
t I i I I I

135 145 155 165 175
Wavelength (nm)

FIG. 14. Spectra of the vuv emission for a xenon pressure of
30 Torr and a pump-laser energy of 5 mJ. (a) Parallel; (b)
transversal.

FIG. 16. W'ave-number vector diagram for noncollinear
phase matching.



2714 A. TUNNERMANN, K. MOSSAVI, AND B.WELLEGEHAUSEN

(GI /2)

with an arnplification coefficient G =Go —(hk) for a
wave-vector mismatch Ak. I; stands for the intensity of
the generated fields at co; (ro;=ra„;,or co„„„).The max-
imum amplification coefficient Go for optimum phase
matching (b,k =0) is given by [3,18,40]

G 2 "' """
~

(2)
~

2N2I29visvuv

(2c eo) n„,n„„„n p (5)

with y' ' being the nonlinear microscopic susceptibility
for the corresponding difference-frequency-mixing pro-
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FIG. 17. Calculated cone half angles for different xenon pres-
sures. Upper curve: A, =670 nm (0&); lower curve: A, = 152 nm

(82); rhombs: experimental values.

ground state, the refraction index of the xenon gas can be
determined by the Sell-maier equation [38,39]. Using this
refraction index, the opening angles can be determined
for the assumed noncollinear phase matching. As indi-
cated in Fig. 17, the experimentally observed cone half
angles for different xenon pressures, here at k=670 nm
represented by the rhombs, fit well to the theoretically
determined dependence. The corresponding angles for
the vuv emission are very small and cannot be measured
yet. The small deviation of the experimental values com-
pared to the theoretical values might be explained by
higher-order nonlinear processes as multiphoton excita-
tion and ionization, which modify the refraction index of
the xenon gas. In addition, the refraction index is also
influenced by the increasing number of xenon molecules
with xenon pressure.

Different buffer gases have been added in order to
modify the index matching and to realize a more col-
linear phase-matched four-wave-mixing scheme. Howev-
er, no significant change of the output characteristics has
been observed.

Considering the efficient simultaneous generation of
the two continua and the absence of any strong input
field at either ~„;,or co„„„,we have to assume that the
coherent radiation at co„;,and m,

„„

is generated in a four-
wave parametric-oscillation process, which corresponds
to the optical parametric-oscillation process in solids.
The waves co„;,and co„„„buildup from quantum noise by
exponential amplification according to [22,40)

cess [40], N the xenon density, and I the pump-laser in-
tensity. n„;„n„„„,and n are the refraction indices of the
waves with frequency co„;„co„„„andn are the refraction
indices of the waves with frequency co„;„~„„„,and cop, re-
spectively. (All values are given in Syst'erne International
units. )

In forinula (4) I is an effective amplification length
determined by the noncollinear phase-matching geometry
and I;(0) is the intensity of the starting noise field. The
factor exp( crN—L) describes an additional absorption
(cross section o).

For 6k=0 and assuming a high amplification and no
absorption, formula (4) simplifies to a pure exponential
increase of the intensity according to

I;(1)=I;(0)exp(G&l ) .

To generate a field I; with an energy in the pJ range, the
amplification-length product Gol has to be about 30 [40].
In a corresponding energy equation to (6), E;(0) is the en-

ergy of one photon at a fixed wavelength. At the center
wavelength of the visible continuum (760 nm) the
effective amplification length was determined above by
the walk-off angle to about 1.2 mm, yielding then an
amplification coefficient Go of 250 cm '. Such a high
amplification coemcient is also obtained from formula (5)
using calculated and measured y' ' values as discussed
below.

At high amplifications, a difference-frequency-mixing
process, self-starting from quantum noise, is possible as
has been observed in Ref. [21]. Here, in addition, start
photons at co„,and co„„„mayalso be generated by
amplified spontaneous emission and near resonant
hyper-Raman scattering in the xenon molecules. The xe-
non molecules concentration at room temperature
amounts to 0.5% of the atomic density [41]. In our ex-
periments at a pressure of 30 Torr this corresponds to a
molecule density of about 10' cm . By two-photon ex-
citation of the xenon dimer ground state —bounded by
van der Waals interactions —energetically high-lying
molecular states, corresponding to the atomic 6p states at
large internuclear distances, can be populated, allowing
spontaneous, stimulated, and hyper-Raman laser-type
transitions to the excited molecular 0+ states [42] (see
also Fig. 1). Photons generated by such processes fit to
the visible spectral range (650—850 nm), and could serve
as start photons, and may also be responsible for the ob-
served transversal continuum [Fig. 9(c)] and the weak co-
axia1 continuum emitted antiparallel to the pump laser
[Fig. 9(b)]. Due to the population of the 0+ levels and
reabsorption of the vuv emission around 147 nm, vuv

fluorescence around 148 and 165 nm is also obtained, as
can be seen in the transversal spectrum [Fig. 14(b)], cor-
responding to transitions into the repulsive or weakly
bound 0+ state. These transitions are well known as the I
and II continua in a xenon discharge [43]. Generated
photons in the wavelength range between 650 and 850 nm
interact with the pump-laser photons, are amplified, and
generate the corresponding vuv photons, if the phase-
matching condition is accomplished. The generation of
the photons in the small signal gain approximation
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occurs exponentially according to Eq. (4) or (6). At mac-
roscopic intensities for co„;,and m,

„„

this FWPO process
is superimposed by FWM, as is well known from experi-
ments, where three photons are irradiated, generating a
fourth photon. In these parametric mixing processes also
a cascading spectral broadening is involved, leading to
the observed spectra.

The vuv radiation generated around 150 nm can be ab-
sorbed in the molecular xenon [41]. Therefore the xenon
density and with it the density of the xenon molecules has
to be limited to values around 10' cm, as has been
determined by absorption measurements of the generated
vuv emission in an additional xenon cell, operating at
different pressures. This absorption also explains the rel-

atively low optimum densities compared to normal mix-

ing schemes and the lower conversion efficiency of 0.6%
in the vuv, compared to the corresponding efficiency of
1.2% in the visible spectral range.

2. uu emission

At higher xenon pressures a further strong continuum
emission in the uv spectral range between 185 and 400
nm has been observed parallel to the pump-laser direc-
tion (Fig. 18). In the presented spectrum the short-
wavelength spectral range around the pump-laser wave-

length (A, =248. 5 nm) and below is cut off by dielectric
filters. For the remaining spectral range (A, =270—400
nm) output energies of more than 70 p,J have been mea-
sured at xenon pressures of 700 Torr and a pump-laser
energy of 5.5 mJ. For the whole uv spectral range be-
tween 185 and 400 nm a total output energy of more than
150 pJ is estimated. By an autocorrelator based on two-
photon ionization of trimethylamine (TME) (TME-
ionization potential: 7.82 eV [37], TME pressure: 10
Torr) the pulse duration at 300 nm has been determined
to about 360 fs, thus corresponding to the pump pulse
duration. For this uv emission also a conical emission
profile is observed, indicating again a parametric
difference frequency mixing process as in the visible-vuv

spectral range, which is noncollinear phase matched.
The observed opening angles, however, are small com-
pared to the cones in the visible spectral range. Again,

we assume for this strong uv emission a four-wave
parametric-oscillation process, according to 2' =co„*„
+co„*„withco„*,and co„*,* being corresponding frequencies
in the uv spectral range. The start photons for this
FWPO scheme must be generated purely by parametric
ffuorescence, due to large energy detuning (hE &5000
cm ') of the generated wavelengths from any relevant
atomic and molecular resonances. For an average walk-
off length of 12 mm at the 280-nm center wavelength

(p =560 Torr), the observed output energies correspond
in the small signal gain approximation —according to Eq.
(5)—to a gain coefficien Go of more than 30 cm

Comparable high amplification factors as obtained here
for both FWPO processes, to our knowledge, have so far
only been observed in near-resonant parametric four-
wave-mixing schemes at detunings smaller than 10 cm
where the nonlinear susceptibility y' ', which determines

Go, is resonantly enhanced. Taking our experimental
data, we determined some values of the nonlinear suscep-
tibility in xenon for four-wave frequency mixing process-
es by application of Eq. (5). The effective amplification
length I is determined by the walk-off length and the
number density N is given by the experimental values.
For the pump-laser intensity I an average value of 10'
W/cm has been assumed. In the uv spectral range at
280 nm, where also the absorption of the generated radia-
tion in xenon can be neglected, the microscopic suscepti-
bility amounts to ~y' '(280 nm)

~

= 5 X 10 ' m /V . Tak-
ing into account an absorption coefficient of 0.08 cm
[41] at the center wavelength of 148.5 nm in the vuv spec-
tral range, a value of ~g' '(148.5 nm)~=10 m /V can
be determined, which is enhanced compared to the sus-

ceptibility in the uv by the 6s[ —,
' ]t'~5p 'So xenon reso-

nance line at 146.9 nm. These values agree well with sus-

ceptibility values determined from difFerence- frequency-
mixing experiments as mentioned below, where in addi-
tion to the pump field at co a macroscopic field at either

ro„;,or co„„wasirradiated into the xenon cell [44]. A
comparison of these experimental values with theoretical
values of ~g' '~ calculated for a fixed pump-laser detuning
of 0.2 nm from the 6p[ —,']o two-photon resonance is

shown in Fig. 19 for the spectral range between 130 and
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FIG. 18. Forward emission spectrum of the coherent uv con-
tinuum radiation for a xenon pressure of 400 Torr and a pump-
laser energy of 5 mJ.

FIG. 19. Calculated spectral dependence of the nonlinear
susceptibility ~y"'~ of xenon for the conversion process
co„„„=2'~—co„;,. Experimentally determined values are indicat-
ed by rhombs.



2716 A. TUNNERMANN, K. MOSSAVI, AND B. WELLEGEHAUSEN 46

200 nm. For the calculations a four-level system has to
be assumed including the 6s[ —,'],', 6s'[ —,'],', 6p[ —,']o, and

5p state [40]. Necessary atomic data such as oscillator
strengths have been taken from Ref. [31]. Saturation and
transient effects, damping rates, and also the level shift by
the ponderomotive potential have not been included in
the calculation. From Fig. 19 it can be seen that the non-
linear susceptibilities achieve maximum values around
148 nm, where in the experiments the highest
amplification factors for the FWPO process have been
found.

IV. CONCLUSIONS

The experiments performed on two-photon excitation
of xenon with intense femtosecond KrF-excimer-laser
pulses have led to the observation of a number of coupled
nonlinear processes, with additional features. These con-
cern especially an inhuence of ponderomotive level shifts
in connection with the observed infrared line radiation
and the broadband and intense emission in the visible, uv,
and vuv spectral range. The emission of these continua,
with a spectral width of more than 4000 cm ' and pulse
energies up to 100 pJ, can be explained by noncollinear
phase-matched self-starting four-wave-mixing processes.
Calculated and measured gain coefficients are in good
agreement and consistent with a generation process start-
ing from quantum noise. Whether other processes, such
as spontaneous or stimulated hyper-Raman-type emis-
sions from xenon molecules, also contribute to a start
field has to be investigated further. Also the role of the
ponderomotive potential and the coupling of ASE and
hyper-Raman processes for the infrared line emission
need more detailed studies.

Furthermore, the response time of the xenon atoms in
the interaction process has to be examined in additional
experiments to determine transient characteristics of the

nonlinear susceptibility, as so far all considerations and
calculations are based on a stationary susceptibility for-
malism.

The emissions obtained from the xenon cell can im-

mediately be applied for spectroscopic purposes and the
underlying four-wave-mixing scheme can now also be
used to generate powerful tunable ultrashort radiation by
use of additional pump-laser fields. For example, by
spectral filtering of the continuum emissions, tunable
short pulse radiation with pJ energies in the ranges of
650-800 and 250—400 nm can be obtained for applica-
tions or for further amplification. If an additional pump
field is injected into the xenon cell, ordinary four-wave
mixing is possible. In this way by injection of suitable
nanosecond pump-laser radiation in the visible or uv

spectral range, fs pulses at pJ energies have been generat-
ed at various wavelengths in the range 132—355 nm. At
wavelengths of 351, 308 and 193 nm the radiation has
been further amplified in the corresponding excimer-laser
amplifier (XeF, XeC1, and ArF, respectively) to short
pulse radiation at mJ output energies [44].

The described processes are of course not limited to xe-
non. Using other atoms such as krypton and mercury or
even molecules such as carbon monoxide and hydrogen
and appropriate pump-laser sources, comparable two-
photon excited FWPO and FWM schemes should be pos-
sible, with the potential to generate even much shorter
wavelength fs pulses. In the case of krypton, near-
resonant two-photon excitation at wavelengths of 216
(second-order stimulated anti-Stokes Raman scattering
from 248 nm in Hz) or 193 nm is possible, with the option
to produce powerful coherent short pulse radiation at hy-
drogen Lyman a (121.6 nm). In some initial experiments
on mercury with two-photon excitation by the fem-
tosecond KrF-laser coherent short pulse radiation at
A, = 122, 125, and 130 nm with output energies in the pJ
range have already been obtained [45].
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