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Direct Observation of Coherent Medium Response under the Condition
of Two-Photon Excitation of Krypton by Femtosecond UV-Laser Pulses
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Coherent Rabi oscillations and subsequent phase relaxation of excitation were observed under the
condition of two-photon resonant interaction of Kr atoms with intense femtosecond 193 nm laser
pulses. The coherent dynamics of the atomic transition exposed to an intense field was resolved using
the technique of fs-pulse four-wave mixing with probe pulses significantly shorter than the pump pulses.

PACS numbers: 42.50.Gy, 42.50.Md, 42.65.Ky
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Since the first observation of coherent optical pheno
ena (e.g., self-induced transparency, optical nutation, p
ton echo, etc.), the resonant interaction of matter w
laser pulses of durationtp short compared to the irre
versible relaxation timeT 0

2 of the medium polarization ha
become the subject of intensive studies, both theore
and experimental. Phenomena arising from the cohe
excitation of electric-dipole allowed transitions have be
investigated in great detail [1].

Resonant and near-resonant two-photon excitati
with ultrashort laser pulses of forbidden atomic transitio
give access to an even wider class of nonlinear-opt
processes such as two-photon absorption, stimul
Raman scattering, and four-wave sum- and differen
frequency mixing. The latter has proved to be a powe
tool for efficient femtosecond pulse generation in t
vacuum ultraviolet (VUV) spectral range [2]. Neve
theless, up to now only a few experimental results ha
been obtained which allow the direct observation
the coherent dynamics in two-photon induced radiati
matter interactions (see experimental papers [3–6]
monograph [7]).

In this Letter we report for the first time a direc
experimental observation of the coherent dynamics
an atomic two-photon excitation process using tim
resolved four-wave difference-frequency mixingsvs 
2vp 6 vid with femtosecond UV and VUV pulses
Keeping the injected pulsessvid significantly shorter than
the pump pulsessvpd we were able to resolve Rabi os
cillations and subsequent relaxation of the excitation
the probe difference frequencysvsd. The results are of
great importance for the understanding of coherent p
nomena underlying the femtosecond VUV-pulse gene
tion and further optimization of this process.

A two-photon transition has no dipole moment and c
herent emission occurs only in the presence of an
ternal field. This specific feature is exploited in cohe
ent two-photon spectroscopy [3,4]. An additional fie
of frequencyvi applied to a two-photon transition whic
had been excited by an intense pump pulse of freque
vp > v21y2 (v21 being the frequency of the atomic tran
0031-9007y96y76(15)y2682(4)$10.00
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sition) induces a coherent emission at the sum or diff
ence frequency which allows one to probe the dynam
and coherence properties of the excited medium. W
this technique, various processes which occur after
coherent two-photon excitation have recently been
vestigated (phase relaxation of an exciton polariton [3
ionization-initiated second harmonic generation [4], etc
Previous experiments on two-photon resonant interact
of ultrashort pulses with atomic vapors [5,6] reported
pulse breakup into subpulses and an increase of tra
parency of the optically thick medium (the two-photo
self-induced transparency effect [8]). These observatio
however, give only indirect information about the state
the medium. Four-wave mixing has not been employ
so far for a study of the dynamics of coherent radiatio
atom interaction itself.

The pump and injected pulses used in the experime
were derived from the same fundamental output pulses
a 0.1 TW Ti:sapphire laser system (10 Hz repetition ra
by nonresonant sequential frequency mixing proces
[9] which assured that they are perfectly synchroniz
on the femtosecond time scale. Stretching the 60
pulses from a self-mode-locked Ti:sapphire oscillator
100 ps and subsequent amplification of these pulses
a Ti:sapphire laser system (chirped pulse amplificatio
leads to 8 mJ, 80 fs pulses at a wavelength ofl 
774 nm after recompression (stretcher-compressor des
see Ref. [10]).

Tripling one part of the fundamental pulse by
cascaded sum-frequency mixing scheme (type Iv 1

v ! 2v and type II2v 1 v ! 3v) in two b-barium
borate (BBO) crystals with lengths of 0.5 and 0.3 mm
respectively, provided 150 fs pulses atvi sli  258 nmd.
Quadrupling a second part of the fundamental puls
by sequential sum-frequency mixing (type Iv 1 v !

2v, type II 2v 1 v ! 3v, type I 3v 1 v ! 4v)
in three BBO crystals resulted in10 mJ, 193 nm seed
pulses which were amplified to about 1.5 mJ by doub
passing an ArF gain module [11]. We employed
0.5 mm long BBO crystal in the third mixing stage
s3v 1 v ! 4vd which had an acceptance bandwidt
© 1996 The American Physical Society
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smaller than the spectral width of the incident radiatio
Therefore only a part of the incident spectrum c
contribute effectively to the frequency mixing proces
thus leading to spectrally narrowedsDl  0.2 nmd and
temporally lengthened pulses at 193 nm. Using a cro
correlation technique [9] the temporal width (FWHM
of the amplified 193 nm pulses was measured to
550 fs. Pumping with these pulses and probing with
3 times shorter injection pulsessvid made it possible to
resolve the Rabi oscillations which are induced by t
strong two-photon interaction of the pump pulses w
the atomic medium. By varying the angle of the BB
crystal the center frequency of our 193 nm seed pul
was tunable within the bandwidth of the ArF gain profil
Thus we were able to excite the4p6 1S0 ! 6pf5y2g2
two-photon transition in krypton. Exact resonance w
verified by generating a maximum yield of the 123.6 n
fluorescence line of Kr and measuring the wavelength
the pump pulses. A relative measure of the energy at
difference frequency was determined by integration o
the spectrum which was recorded with a charge coup
device detector after being properly filtered through
0.2 m VUV monochromator.

Using Ar and Kr as nonlinear media two qualita
tively different pictures of the medium response beha
ior have been observed. In Ar where the frequency
tuning from the nearest two-photon resonance was la
sø700 cm21d compared to the pump pulse spectral wid
Dvpsø55 cm21d a noticeable difference-frequency sign
was observed only when the pump and the injected pu
overlapped each other in time. The corresponding dep
dence of the signal on the delay time represented a sh
directly related to that of the pump pulse intensity (s
Fig. 1, solid line).

In contrast, for two-photon excitation of Kr the depe
dence of the signal on the delay time shows a slow
cay (Fig. 1) and a signal could be detected for delays
long as 20–30 ps. With an increase of gas pressure
decay time decreased monotonically. We also obser
an oscillating substructure in the region where the pu
and the injected pulse had a substantial temporal over
The substructure appeared only at pump pulse ener
exceeding a critical value of70 80 mJ corresponding to
a fluence of0.35 0.4 Jycm2 (2 3 1024 cm2 focal spot
size). The characteristic time scale of these oscillatio
became shorter and the number of peaks increased
increasing pump pulse energy [Fig. 2(a)].

We explain these results by a model of two-phot
resonant frequency mixing using pulses short compare
the polarization relaxation timeT 0

2 [12]. The difference-
frequency signal is proportional to the injected pul
intensity multiplied by a factor determined by the two
photon medium response. For the nonresonant Ar c
the medium response follows quasistationary the pu
pulse intensity [13]. In the resonant case of Kr coher
Rabi oscillations are observed within the pump pu
duration followed by free relaxation of the excitation du
.
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FIG. 1. Measured pulse energy of the difference-freque
signal at vs as a function of the delay between the pum
svpd and the injectedsvid pulses in Ar (solid line,p 
80 mbar) and Kr (dashed line,p  500 mbar; dotted line,p 
120 mbar; dashed12 dots, p  25 mbar) with Ep  450 mJ
andtp  550 fs.

to DopplersTp
Dd and collisionalsT 0

2d broadening which is
significantly longer than the pump pulse durationtp (see
estimates below).

We now give a more quantitative explanation of t
experimental results. In the general case the solution
the coupled evolutionary equations for the density ma
smn of the resonant transition and the Maxwell equatio
for the complex amplitudesEp , Ei, Es of the interact-
ing pulses is required [7,12]. However, the analysis
the equations can be simplified for the following reaso
First, experimentally the estimated two-photon absorpt
length at the pump pulse frequency considerably exce
the active region lengthsLa , 1 cmd so that propagation
effects can be neglected; second, the intensities of the
jected and generated pulses are considerably lower
that of the pump pulse, and therefore the dynamics of
resonant interaction in both Ar and Kr is mainly dete
mined by the pump pulse. Because no intermediate
els occur in Ar and Kr close to a one-photon resona
with the injected and the generated field carrier frequ
cies the phase velocity mismatch of the interacting fie
is estimated to be not too large to affect the differen
frequency generation. Within the above approximatio
the temporal behavior of the generated field intensity a
the propagation of the lengthz is given by [12]

jEssz, tdj2 ~ jEist 2 Dtdj2jks12stdlj2. (1)

In Eq. (1) t  t 2 zyc is the retarded time;Eist 2

Dtd describes the temporal shape of the injected pu
amplitude, whereDt accounts for the time delay of th
pulse with respect to the pump pulse fieldEpstd centered
at t  0. The time evolution of the off-diagonal densi
matrix elements12 is determined by solving the equation
for a two-level atom interacting with the pump fieldEpstd
[8,13],

≠s12

≠t
 2iDVs12 2 i

g
4h̄

nEp2
p 2

s12

T 0
2

, (2a)

≠n
≠t

 4Im

Ω
g

4h̄
E2

ps12

æ
2

n 1 1
T1

, (2b)
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FIG. 2. (a) Measured pulse energy of the difference-freque
signal as in Fig. 1 for short delay times within the pum
pulse duration (550 fs) using 150 fs injected pulses and a
pressure of 250 mbar. The pump pulse energies were100 mJ
(dotted line1 circles), 200 mJ (dashed line1 squares), and
450 mJ (solid line1 triangles). (b) Results of numerica
model calculation according to Eq. (2) for Kr with the pum
pulse parameterstp  550 fs, Ep  100 mJ (dots), 200 mJ
(dashes),450 mJ (solid line), andp  250 mbar and taking
into account the Gaussian transverse beam profile.
corresponding pump pulse parametersW s`d at the beam axis
are2.3p, 4.6p, and10.4p.

wheren  s22 2 s11 is the population difference of the
resonant levels,g the matrix element of the two-photo
transition,DV  Dv 1 Dvst the full nonstationary fre-
quency detuning with the first termDv  v21 2 2vp

and the second termDvst  sa1 2 a2djEpj2y4h̄ ac-
counting for the dynamical Stark shift of the resona
levels proportional to the level polarizabilitiesa1 anda2
[8,13]. The macroscopic medium responseks12l is ob-
tained by the averaging ofs12 over the Doppler line con-
tour g: ks12l 

R`

2` gsDvds12sDvddDv. The Doppler
dephasing timeT p

D in both gases is estimated to b
Tp

D , 100 ps. When estimatingT 0
2, we have to take into

account that the highly excited upper resonant levels
in the vicinity of the Rydberg states where the collisio
cross section of an atom sharply increases. Using theo
ical calculations [14], the cross section of a Kr atom e
cited to the upper resonant 6p level is estimated to bes 
10212 cm2. This leads toT 0

2 , 103 psyp [mbar] due to
the enlarged cross section and for gas pressuresp , 1 bar
the conditiontp , T 0

2 of coherent interaction between th
2684
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pump pulse and the two-photon transition is fulfilled. F
the transition4p6 1S0 ! 6pf5y2g2 in Kr we have reso-
nant excitation sincejDvj , Dvp ø t21

p . Analysis of
spectroscopic data [15] shows that the energy differe
between the resonant6pf5y2g2 level and the nearest up
per 6pf3y2g1 and lower 6pf1y2g1 lying levels allowed
for two-photon excitation is about200 cm21 and exceeds
both the pump pulse spectral widthsDvp ø 55 cm21d
and the dynamical Stark shiftsDvst # 40 cm21d of the
resonant transition frequency. This justifies the two-lev
model described by Eq. (2).

Setting Dv  0 in Eq. (2) and neglecting the relax
ation terms during the interaction, for a pump pulse fie
free of phase modulation one can find a solution of Eq.
(see [8]) that leads to the following expression for the ge
erated pulse intensity:

jEssz, tdj2 ~

Ω
2g2f1 2 cosW stdg 1 sin2 Wstd

s1 1 g2d2

æ
3 jEist 2 Dtdj2, (3)

with

W std 
g

2h̄
s1 1 g2d1y2

Z t

2`
jEpst0dj2dt0. (4)

Equations (3) and (4) show that the measured signa
a function ofDt is modulated with the Rabi frequenc
VRabi  gs1 1 g2d1y2jEpstdj2y2h̄, and with an increase
of the pump pulse intensityjEpj2 the modulation fre-
quency also increases. The factorg  sa1 2 a2dy2jgj

accounts for the contribution of the dynamical Stark sh
At the time interval t . tp the response relaxes ac
cording to js12stdj ~ exph2t2yTp2

D 2 tyT 0
2j [4]. The

fact that with an increase of gas pressure the de
time decreases (Fig. 1) indicates that collisional rela
ation predominates. Using the measured dependence
estimated the collision cross section by the values >
2 3 10212 cm2.

In Fig. 2(b) we present the results of model calcul
tions based on the numerical solution of Eq. (2) for a g
pressurep  250 mbar (corresponding toT 0

2 > 1.5 ps)
and pump pulse energies of 100, 200, and450 mJ using
two-photon transition parameters estimated from [1
sg  2.1 3 10224 cm3, a1 2 a2  5.8 3 10224 cm3)
and taking into account the transverse beam profile. T
results are seen to be in qualitative agreement with
measured data and show that the averaging over
transverse beam profile and the effect of a finite tempo
resolution flatten the modulations of the atomic respon
Even for pulses with a maximum energy of450 mJ the
field-induced broadening due to fast Rabi oscillatio
was still smallers,150 cm21d than the energy separatio
between the upper neighboring levels. The validity
the two-level model is supported by the fact that even
this extreme regime the characteristic oscillating struct
appeared experimentally only within the interactio
time. But there was no signal modulation at the sta
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of free relaxation of the excitation (which would indica
excitation of other levels).

We have found that the critical energy density f
the observation of Rabi oscillations in our casesg . 1d
is determined by the requirement that the Rabi an
W s`d [see Eq. (4)] at the beam axis must exceed
value Ws`d  2p [as can be seen qualitatively from
Eq. (3)]. In this situation the population difference an
the responsejs12j make one complete oscillation. Th
corresponding pump pulse critical fluence was calcula
to be 0.35 Jycm2 which is also in good agreement wit
our observations.

According to our estimates, the photoionization rate
the Kr atom from the upper resonant level was an or
of magnitude smaller than the Rabi frequency becaus
a considerable reduction of ionization cross sectionsi

for photon energies far above the ionization energy (
estimatesi by 10219 cm2 that gives forIp , 1 TWycm2

an ionization rate of,5 3 1011s21, whereasVRabi ,
1013 s21) so that ionization had a little effect on th
process.

In conclusion, we have shown that fs-pulse four-wa
frequency mixing makes it possible to study the coher
dynamics of a quantum transition in an intense reson
field. With this technique, the two-photon resonant r
sponse of atomic Ar and Kr excited by an intense VU
pulse with duration short compared to the polarization
laxation time was investigated. In Ar the frequency d
tuning from the two-photon transition is sufficiently larg
and the response of the medium shows quasistationary
havior determined by the instant value of the pump pu
field. In the resonant Kr case coherent Rabi oscillatio
and subsequent free relaxation of the excitation have b
observed. These results are the first direct experime
observation of the coherence induced by a two-pho
excitation of an atomic medium by femtosecond VU
pulses. The measured difference-frequency signal pro
the squared amplitude of the off-diagonal matrix eleme
of the transition. Such information about the dynam
of quantum transitions is of prime importance for co
trolling and optimizing such processes as two-photon r
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onant frequency conversion and harmonic generation
well as time-resolved studies of Rydberg states in ato
and molecules.
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