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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

Since the first observation of coherent optical phenomsition) induces a coherent emission at the sum or differ-
ena (e.g., self-induced transparency, optical nutation, phance frequency which allows one to probe the dynamics
ton echo, etc.), the resonant interaction of matter witrand coherence properties of the excited medium. With
laser pulses of duratiom, short compared to the irre- this technique, various processes which occur after the
versible relaxation tim@, of the medium polarization has coherent two-photon excitation have recently been in-
become the subject of intensive studies, both theoreticalestigated (phase relaxation of an exciton polariton [3],
and experimental. Phenomena arising from the coheremnization-initiated second harmonic generation [4], etc.).
excitation of electric-dipole allowed transitions have beerPrevious experiments on two-photon resonant interaction
investigated in great detail [1]. of ultrashort pulses with atomic vapors [5,6] reported a

Resonant and near-resonant two-photon excitationgulse breakup into subpulses and an increase of trans-
with ultrashort laser pulses of forbidden atomic transitiongparency of the optically thick medium (the two-photon
give access to an even wider class of nonlinear-opticagelf-induced transparency effect [8]). These observations,
processes such as two-photon absorption, stimulatdiowever, give only indirect information about the state of
Raman scattering, and four-wave sum- and differencethe medium. Four-wave mixing has not been employed
frequency mixing. The latter has proved to be a powerfuko far for a study of the dynamics of coherent radiation-
tool for efficient femtosecond pulse generation in theatom interaction itself.
vacuum ultraviolet (VUV) spectral range [2]. Never- The pump and injected pulses used in the experiments
theless, up to now only a few experimental results havevere derived from the same fundamental output pulses of
been obtained which allow the direct observation ofa 0.1 TW Ti:sapphire laser system (10 Hz repetition rate)
the coherent dynamics in two-photon induced radiationby nonresonant sequential frequency mixing processes
matter interactions (see experimental papers [3—6] anff] which assured that they are perfectly synchronized
monograph [7]). on the femtosecond time scale. Stretching the 60 fs

In this Letter we report for the first time a direct pulses from a self-mode-locked Ti:sapphire oscillator to
experimental observation of the coherent dynamics ofl00 ps and subsequent amplification of these pulses in
an atomic two-photon excitation process using time-a Ti:sapphire laser system (chirped pulse amplification)
resolved four-wave difference-frequency mixiig, = leads to 8 mJ, 80 fs pulses at a wavelength o=
2w, * w;) with femtosecond UV and VUV pulses. 774 nm after recompression (stretcher-compressor design
Keeping the injected pulsé®;) significantly shorter than see Ref. [10]).
the pump pulse$w,) we were able to resolve Rabi os- Tripling one part of the fundamental pulse by a
cillations and subsequent relaxation of the excitation atascaded sum-frequency mixing scheme (type H
the probe difference frequendw,). The results are of w — 2w and type 12w + w — 3w) in two B-barium
great importance for the understanding of coherent phdsorate (BBO) crystals with lengths of 0.5 and 0.3 mm,
nomena underlying the femtosecond VUV-pulse generarespectively, provided 150 fs pulsesaat(A; = 258 nm).
tion and further optimization of this process. Quadrupling a second part of the fundamental pulses

A two-photon transition has no dipole moment and co-by sequential sum-frequency mixing (typeeol + v —
herent emission occurs only in the presence of an eXw, type Il 20 + w — 3w, type | 3w + w — 4w)
ternal field. This specific feature is exploited in coher-in three BBO crystals resulted ih0 wJ, 193 nm seed
ent two-photon spectroscopy [3,4]. An additional field pulses which were amplified to about 1.5 mJ by double
of frequencyw; applied to a two-photon transition which passing an ArF gain module [11]. We employed a
had been excited by an intense pump pulse of frequend®.5 mm long BBO crystal in the third mixing stage
w, = wy1/2 (w7 being the frequency of the atomic tran- 3w + @ — 4w) which had an acceptance bandwidth
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smaller than the spectral width of the incident radiation.
Therefore only a part of the incident spectrum can
contribute effectively to the frequency mixing process,
thus leading to spectrally narrowdd A = 0.2 nm) and
temporally lengthened pulses at 193 nm. Using a cross-
correlation technique [9] the temporal width (FWHM)
of the amplified 193 nm pulses was measured to be
550 fs. Pumping with these pulses and probing with the
3 times shorter injection pulsd®;) made it possible to
resolve the Rabi oscillations which are induced by the 0.01
strong two-photon interaction of the pump pulses with delay (ps)
the atomic medium. By varying the angle of the BBO .1 M 4 oul f the diff frequenc
crystal the cehtgr frequency .Of our 193 nm S(_aed pu.lseglgn.al at w?asgrg fupnucagnegfr?hé 0deIa)(j bét\?vr:gr(\:eth:a qpumpy
was tunable within the bandwidth of the ArF gain proflle.(wp) and the injected(w;) pulses in Ar (solid line,p =
Thus we were able to excite thep®'Sy — 6p[5/2], 80 mbar) and Kr (dashed ling; = 500 mbar; dotted linep =
two-photon transition in krypton. Exact resonance wasl20 mbar; dashedt2 dots p = 25 mbar) withE, = 450 uJ
verified by generating a maximum yield of the 123.6 nmandr, = 550 fs.
fluorescence line of Kr and measuring the wavelength of
the pump pulses. A relative measure of the energy at th Doppler(7}) and collisional(T5) broadening which is
difference frequency was determined by integration ovesignificantly longer than the pump pulse duratign(see
the spectrum which was recorded with a charge coupledstimates below).
device detector after being properly filtered through a We now give a more quantitative explanation of the
0.2 m VUV monochromator. experimental results. In the general case the solution of
Using Ar and Kr as nonlinear media two qualita- the coupled evolutionary equations for the density matrix
tively different pictures of the medium response behavw,, of the resonant transition and the Maxwell equations
ior have been observed. In Ar where the frequency defor the complex amplitude%,, E;, E, of the interact-
tuning from the nearest two-photon resonance was largieg pulses is required [7,12]. However, the analysis of
(=700 cm™!) compared to the pump pulse spectral widththe equations can be simplified for the following reasons:
Aw,(=55 cm™!) a noticeable difference-frequency signal First, experimentally the estimated two-photon absorption
was observed only when the pump and the injected pulsiength at the pump pulse frequency considerably exceeds
overlapped each other in time. The corresponding deperthe active region lengthiL, ~ 1 cm) so that propagation
dence of the signal on the delay time represented a shapéfects can be neglected; second, the intensities of the in-
directly related to that of the pump pulse intensity (segected and generated pulses are considerably lower than
Fig. 1, solid line). that of the pump pulse, and therefore the dynamics of the
In contrast, for two-photon excitation of Kr the depen-resonant interaction in both Ar and Kr is mainly deter-
dence of the signal on the delay time shows a slow demined by the pump pulse. Because no intermediate lev-
cay (Fig. 1) and a signal could be detected for delays asls occur in Ar and Kr close to a one-photon resonance
long as 20—30 ps. With an increase of gas pressure thgith the injected and the generated field carrier frequen-
decay time decreased monotonically. We also observecies the phase velocity mismatch of the interacting fields
an oscillating substructure in the region where the pumiis estimated to be not too large to affect the difference-
and the injected pulse had a substantial temporal overlafrequency generation. Within the above approximations
The substructure appeared only at pump pulse energigse temporal behavior of the generated field intensity after
exceeding a critical value 6f0—-80 wJ corresponding to the propagation of the lengthis given by [12]
a fluence 0f0.35-0.4 q/pnﬁ (2 X 107* cn? focal spot E (2. 7)o« |Ei(r — A7)l oa(r)]2. (1)
size). The characteristic time scale of these oscillations

became shorter and the number of peaks increased witf Ed- (1) 7 =1 — z/c is the retarded timef;(r —
increasing pump pulse energy [Fig. 2(a)]. A7) describes the temporal shape of the injected pulse

We explain these results by a model of two-photonamp"tuqe’ whereAr accounts for the 'Fime delay of the
resonant frequency mixing using pulses short compared 8U/S€ With respect to the pump pulse figig(r) centered

the polarization relaxation tim&, [12]. The difference- &t7 = 0. The time evolution of the off-diagonal density
frequency signal is proportional to the injected pu|Sematr|x elementr, is determined by solving the equations

intensity multiplied by a factor determined by the two- [OF @ two-level atom interacting with the pump fieli (7)
photon medium response. For the nonresonant Ar cad813l,
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the medium response follows quasistationary the pump oo _ . .8 o 012

pulse intensity [13]. In the resonant case of Kr coherent T iAQa "an nk, T’ (22)
Rabi oscillations are observed within the pump pulse an _ aiml £ g2 ~n+tl b
duration followed by free relaxation of the excitation due ar m 45 P12 T, (2b)

2683



VOLUME 76, NUMBER 15 PHYSICAL REVIEW LETTERS 8 ARRIL 1996

(a) pump pulse and the two-photon transition is fulfilled. For
i the transitiond4p® 'S, — 6p[5/2], in Kr we have reso-
VA:"):\//"\‘ - nant excitatipn sincAow| < Aw, = 7-;1. Analysi.s of
- / N }«.\ A spectroscopic data [15] shows that the energy difference
. N between the resonanp[5/2], level and the nearest up-
P4 R \Q\ per 6p[3/2]; and lower6p[1/2]; lying levels allowed
/ e "'»i\;:\k for two-photon excitation is abo@00 cm™! and exceeds
i s ¥ both the pump pulse spectral widfAw, =~ 55 cm™!)
// " and the dynamical Stark shifAw,, = 40cm™!) of the
resonant transition frequency. This justifies the two-level
04 0.0 Y 08 12 model described by Eq. (2).
delay (ps) Setting Aw = 0 in Eq. (2) and neglecting the relax-
ation terms during the interaction, for a pump pulse field
free of phase modulation one can find a solution of Eq. (2)

signal energy (arb. un.)
P\
A
&

= (see [8]) that leads to the following expression for the gen-
; erated pulse intensity:
s
- 2v2[1 — cosW(r)] + sir? W(r)}
=] 2
g |Es(z, 7)] “{ 1+ 27
e X Ei(r — A7), 3)
k=S ,
® with
ry f f f f _ 8 EN-N INE,
Y semes W) =g 0+ ) f_m I, ()P dr. (&)

FIG. 2. (a) Measured pulse energy of the difference-frequencfgquations (3) and (4) show that the measured signal as
signal as in Fig. 1 for short delay times within the pump a function of A7 is modulated with the Rabi frequency

pulse duration (550 fs) using 150 fs injected pulses and a Kp), . = ¢(1 + 7,2)1/2|Ep(7-)|2/25, and with an increase

pressure of 250 mbar. The pump pulse energies WédewJ ; ; 2 ; i}
(dotted line+ circles), 200 uJ (dashed linet+ squares), and of the pulmp'pulse 'ntenSEyEF’l thf modulation fre
450 uJ (solid line+ triangles). (b) Results of numerical duency also increases. The factpr= (a; — a2)/2[g]
model calculation according to Eq. (2) for Kr with the pump accounts for the contribution of the dynamical Stark shift.

E)(Z;JIS?] p?gr(;]etgr? Td5|50 f)s, E,EJI = 10356” édOtS)' 300 ng At the time intervalr > 7, the 2response relaxes ac-
(dashes)450 wJ (solid line), andp = 250 mbar and taking _ cording to |o5(7)| o« exp{—72/T5> — 7/T4} [4]. The
into account the Gaussian transverse beam profile. Th : .
corresponding pump pulse paramet®¢x) at the bzam axis ??‘Ct that with an Increase _Of gas pressure the decay
are2.37, 4.67, and10.417. time decreases (Fig. 1) indicates that collisional relax-
ation predominates. Using the measured dependence we
estimated the collision cross section by the valbe=
wheren = o5, — oy is the population difference of the 2 x 10~ !> cn?.
resonant levelsg the matrix element of the two-photon In Fig. 2(b) we present the results of model calcula-
transition,AQ = Aw + Awg the full nonstationary fre- tions based on the numerical solution of Eqg. (2) for a gas
quency detuning with the first termw = wy — 20,  pressurep = 250 mbar (corresponding td@s = 1.5 ps)
and the second term\wy = (a; — an)|E,|*/4h ac- and pump pulse energies of 100, 200, @56 wJ using
counting for the dynamical Stark shift of the resonanttwo-photon transition parameters estimated from [15]
levels proportional to the level polarizabilities anda, (g = 2.1 X 1072* cm?®, a; — a, = 5.8 X 1072 cn?)
[8,13]. The macroscopic medium resporsq,) is ob- and taking into account the transverse beam profile. The
tained by the averaging ef;, over the Doppler line con- results are seen to be in qualitative agreement with the
tourg: {o12) = [~ g(Aw)o(Aw)dAw. The Doppler measured data and show that the averaging over the
dephasing timeT,, in both gases is estimated to be transverse beam profile and the effect of a finite temporal
T, ~ 100ps. When estimating@, we have to take into resolution flatten the modulations of the atomic response.
account that the highly excited upper resonant levels li&€ven for pulses with a maximum energy 450 uJ the
in the vicinity of the Rydberg states where the collisionfield-induced broadening due to fast Rabi oscillations
cross section of an atom sharply increases. Using theoretvas still smaller(~150 cm™!) than the energy separation
ical calculations [14], the cross section of a Kr atom ex-between the upper neighboring levels. The validity of
cited to the upper resonanp &vel is estimated to be =  the two-level model is supported by the fact that even in
1072 c?.  This leads toT; ~ 103 ps/p [mbar] due to this extreme regime the characteristic oscillating structure
the enlarged cross section and for gas pressuresl bar  appeared experimentally only within the interaction
the conditionr, < T3 of coherent interaction between the time. But there was no signal modulation at the stage
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of free relaxation of the excitation (which would indicate onant frequency conversion and harmonic generation, as

excitation of other levels). well as time-resolved studies of Rydberg states in atoms
We have found that the critical energy density forand molecules.
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