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Femtosecond-pulse two-photon resonant difference-frequency mixing in gases: A technique
for tunable vacuum-ultraviolet femtosecond-pulse generation and a spectroscopic tool
for studying atoms in strong laser fields

A. Nazarkinf G. Korn, O. Kittelmann, J. Ringling, and I. V. Hertel
Max-Born-Institut fu Nichtlineare Optik und Kurzzeitspektroskopie, Rudower Chaussee 6, D-12489 Berlin, Germany
(Received 29 October 1996

Two-photon resonant and near-resonant four-wave difference-frequency mixing in gases in the interaction
regime when laser pulse durations are comparable to or shorter than the medium polarization relaxation time
T, is investigated. The results of experimental studies of the process in Ar and Kr using pump pulses from the
ArF-excimer laser are presented demonstrating a generation of tunable short pulse radiation in the range
102-124 nm. The results are discussed in terms of a theoretical model based on a self-consistent solution of the
Bloch equations for the atomic transitions and the Maxwell equations for the fields. This enables one to
interpret specific nonstationary resonant and quasiresonant phenomena involved in the frequency conversion
process. It is shown that the femtosecond-pulse four-wave frequency-mixing technique with probe pulses
significantly shorter than the pump pulses makes it possible to study the coherent dynamics of an atomic
transition exposed to an intense field. Using atomic Kr as the nonlinear medium, coherent Rabi oscillations and
the subsequent phase relaxation of excitation were observed under the condition of two-photon interaction of
Kr with femtosecond 193-nm laser pulses. The obtained information is important for controlling and optimiz-
ing processes of two-photon resonant frequency conversion and for time-resolved studies of Rydberg states in
atoms and molecule$S1050-294{@7)08406-7

PACS numbes): 42.50.Hz, 42.50.Md, 42.65.Ky, 42.65.Hw

INTRODUCTION [5]. However, if the pump pulse frequenay, is tuned to a
. . . resonance with a two-photon transition, i.e@2 w5, @
Time-resolved spectroscopic studies of ultrafast Processgs . o anhancement in conversion efficiency can be achieved
at surfaces or in gaseous media, e.g., photodissociation a 9 : y :
. . ecently it has been demonstrated that the process of vuv
fragmentation of molecules and clust¢fd, require femto- ’ .
generation employing near-resonant two-photon FWDF

second pulses tunable in the vacuum ultravidlet) spec- schemes, Eq(1), in noble gases pumped by intense femto-
tral range. Because of absorption and phasematching con-

straints, the generation of tunable femtosecond vuv radiatioﬁe.ggtne % plglsseers flrj?;gsfg igﬂ A:EVI%S:?&gvaecgi::cgg?cr;;_
by cascaded second-order frequency mixing in solid-stat&) P P

nonlinear optical materials is restrictE2] to wavelengths of glc?nssi?iz:rgltﬂg arsa(?tiz\grﬂ poerf[;er{lgte_g]’ and therefore is of
about 170 nm. On the other hand, third-order frequency mix- P pC o
From the fundamental viewpoint, the processes of femto-

ing schemes pumped by high brightness uv laser SyStemSecond ulse two-photon resonant frequency conversion bear
have the potential to produce coherent radiation in the vuv P P d y

and soft-x-ray region, which has been demonstrated alrea number of interesting physical features which could not be
for nanosecond pulsés] bserved with picosecond and even less with nanosecond
Among the third-ordér frequency mixing schemes thepulses. This is due to the fact that for laser pulses of femto-

scheme of four-wave difference-frequency mixing second duration the condition

w3=2w;~ w3, (1) (whereT), is the irreversible polarization relaxation time of
the medium can be easily fulfilled, and the effects of coher-
where w, is the pump pulse frequency and, is the fre- ent interaction between the pulse and atomic medium come
quency of the injected pulse, is experimentally most preferinto play. The characteristic feature of coherent interaction is
able. While sum-frequency mixing is restricted to spectralthat the medium response to a resonant field is no longer
regions of negative dispersion, scherfig is possible for determined by the instantaneous value of the field amplitude
both negative and positive dispersion regions of the nonlinand phase, but depends on the pulse amplitude and phase in
ear mediun{4]. Nonresonant difference-frequency schemesall preceding moments of the radiation-matter interaction
have been shown to have low conversion efficiencies, typifcoherent memory effectUnder these conditions, such co-
cally in the range 10°-10  for input powers of 1-5 MW  herent phenomena as Rabi oscillations of atomic transition
populations, self-induced transparency, breakup of intense
pulses into subpulses, etc., have been theoretically predicted
*Permanent address: P. N. Lebedev Physical Institute of the Ru$10]. Although many aspects of frequency conversion in the
sian Academy of Sciences, Leninsky Prospect 53, 117924 Moscowggime of coherent interaction have been understood theo-
Russia. retically in the early 1980$11-13, a progress in experi-
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mental studies of these processes has been made only witequencies of interacting fields lie far from resonances with
the development of high-power solid-state and excimer laseatomic transitions, and that the medium polarization can be
systems producing nearly bandwidth-limited femtosecondepresented as a power expansion with a small parameter. In
pulses[6—9]. In order to explain experimental results on this way one can roughly estimate the order of magnitude of
FWDFM the traditional nonlinear susceptibility approach isthe nonlinear polarizability of the medium, but the approach
commonly used. However, the approach turns out to be inturns out to be ineffective in the description of many specific
effective in description of nonlinear optical processes spefeatures of quasiresonant and even less of resonant
cific to the regime of resonant and quasiresonant frequencigmtosecond-pulse frequency conversion such as time-
conversion, and therefore an adequate theoretical analysis dépendent medium response and nonstationary excitation of
femtosecond-pulse FWDFG is needed. Particularly, theatomic levels, the dynamical Stark shift of the transition fre-
analysis should answer such questions as: what are the chaency in a strong laser field, saturation effects, etc. which
acteristics of quasiresonant and resonant conversion with ikave been recently observed in femtosecond-pulse experi-
tense femtosecond pulses, and what are the maximumments[6-—8,1§.
achievable conversion efficiencies for these processes? A number of physical factors play a role when femtosec-
The technique of two-photon resonant four-wave mixingond pulses with a carrier frequency close to a two-photon
with intense pump pulsessf) and relatively week injected resonance with an atomic transition and intensity level of
(probe (w,) pulses represents a very powerful tools forseveral TW/crf are used in FWDFM experiments. First, on
spectroscopic study of ultrafast processes in solids, liquidthe femtosecond time scale, conditi®) can be easily real-
and gaseg14,15. However, until now the technique has ized and specific nonlinear effects, such as Rabi nutation of
mainly been used for studies of the temporal evolution of aatomic populations, coherent propagation phenomena, etc.
guantum system after it was excited by an intense pumpl0-13, can have a strong influence on the FWDFM pro-
pulse, and to our knowledge has never been employed tocess. A further important feature of resonantly enhanced
study the dynamics of radiation-matter interaction itself. ReFWDFM lies in the fact that both the pump field photons and
cently, it was shown experimentally that the use of probehe generated and the injected field photons are resonant to
pulses significantly shorter than pump pulses opens up thie two-photon atomic transitiony;+ w;= w,+ w3z~ w1s.
possibility to investigate directly coherent dynamics of quan-As a consequence, a counteraction of the two resonant two-
tum transitions in a strong laser fil€l]. photon processes occurs which leads to a saturation of fre-
In this paper we present the results of experimental anduency conversion even in the case of ideal phase matching.
theoretical studies of difference-frequency generation undefhe above factors are dominating at the nonlinear stage of
the condition of resonant and near-resonant excitation oFWDFM and, consequently, an analysis of this stage would
atomic Kr and Ar by femtosecond pulses. We report on theébe of prime importance from the viewpoint of maximum
generation of femtosecond vuv radiation tunable betweemchievable conversion efficiencies.
102-124 nm using intense ultrashort ArF pump pulses and Thus the goal of the present theoretical analysis is to elu-
tunable synchronized femtosecond output pulses of an opteidate the limiting characteristics of near-resonant and reso-
cal parametric generator. A detailed theoretical analysis ofiant FWDFM for pulses short compared to the polarization
the physical processes involved in FWDFM is presented. Weelaxation timeT,, and to determine the corresponding op-
also demonstrate that the developed experimental techniquenum parameters of the pump and the injected figiRel-
enables the observation of two-photon Rabi oscillations irevant schemes of FWDFM in atomic Ar and Kr are shown in
atomic Kr which is extremely important for optimization of Figs. 1a) and Xb)].
the FWDFM process. The paper is organized as follows. In
Sec. | the general theoretical approach based on a self-
consistent solution of the Maxwell-Bloch equations for the A. Basic equations

interacting fields and a two-photon resonant medium is de- |4 order to describe the process of femtosecond-pulse
v_eloped, and 'the maximum achievable conversion efficieneywpem adequately, we start from a general approach based
cies for quasiresonant and on-resonant FWDFM are angs, the self-consistent solution of the Maxwell equations for
lyzed. In Sec. Il the arrangement used for generation of thene interacting fields and the density-matrix equations for the
difference-frequency radiation is dgscr!bed. Experimental r€resonant atoms. The approach has already been applied to a
sults on tunable vuv pulse generation in Ar and Kr and theilsydy of ultrashort-pulse two-photon resonant third-harmonic
cﬁscussmn are presented in Sec. I.II.. In Sgc. IV the app"cageneration in gases and vapdf,13. Following this ap-
tions of four-wave frequency mixing with femtosecond hroach, we consider the interaction of a forbidden atomic
pulses to a study _of an atom in a strong laser field are _d'sfransition of a frequencyn,;, with collinearly propagating
cussed, and experlmg_ntal results on the coherent dynamics Slfjasimonochromatic laser fields(z,t) = 4 E;(z,t)expli(wit
the two-photon transition of atomic Kr are presented. —kZ]+c.c}, with carrier frequencies; (i =1,2,3) satisfying
the resonance condition « = w,+ wz~w,,. Using the
standard density-matrix formalism and the rotating-wave ap-
proximation [10], one can derive the following equations
Experimental results on FWDFM in gases with intense(Bloch equationk for the density-matrix elements;; (i,]
femtosecond pulses are usually discussed using formulas ef1,2) of the transition
traditional theory of nonlinear susceptibilitisee, for ex- 5
ample,[16,17)). The corresponding expressions for the gen- ¢912 iAQo,—in ;iﬁz (E¥)2+ Q12 )* g iAkz

; . : . = — (E3E
erated field are derived under the assumptions that the carrier Jr 4t (E2Es

|. THEORETICAL APPROACH
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wherew;; and u;; are the frequency and the dipole moment
110 [ 3d.5s 4 [5/2] pun of the transitioni—j, respectively, and the summation in
| =" | (a) Eq. (4) is made over all the intermediate stateswith m
100 L A #1 and 2.
T/-\ L 151517 em-" The corresponding matrix element for the process of
£ 9} emission(absorption of two photonsi w, and# w4 is given
Q -
" 80 | 2] 4p [1/2] 41 by
= @ B} s 1 1
= i 689 cm — ﬁ71 + . 5
g 70 [ >%> Q12 = M2mMm1 O — 03 Om— Wy 6)
o 60 L Ay,
s I The full frequency detuning ) entering Egs(3) consists
W 501 w3 of the detuningAw of the pump field from the resonant fre-
- - - quency w,; and the dynamical Stark shifi wg(t) of the
38 s, W Argon transition frequency, which is induced by the fields:
0k
13
odd even AQ=Aw+AwSt=(2w1—w21)+EiZl (a(z'%—a(l'l))|Ei|2,
(6)
4p° ZP:',/2 . .
nr == = vl (b) with o{) and ) being the linear polarizabilities of levels 1
100 i and 2 at frequencw; .
_ | ™ — The phase factoAkz in Egs.(3) arises from a nonreso-
lE g0 L = 2d o 13721 nant contribution into the wave-number mismaidgbr ex-
o L — ; Gra] ample, due to an addition of a buffer gadk=2k;—k,
S 80 — 6 [5/2] ) —ks. The full wave-number mismatch contains, in addition
it I = to the nonresonant contribution, the resonant one determined
‘; 70 R P by the polarizabilities and populations of the lev&ise be-
L P J=1
o low).
é 60 i The material equation@®) should be supplemented by the
W sl initial conditions
. 3 4p6 ‘ISO W4 Krypton 0-12(27_00)207 n(Z,—OO):—:L (7)
implying that before the interaction with the fields—{

odd even — o) all atoms occupy the ground level.
In the plane-wave approximation the Maxwell equations
FIG. 1. Relevant scheme of two-photon resonant differencean _be reduced to the_ following set_ of equations for slowly
frequency generation in atomic argém and krypton(b): w,, the ~ varying complex amplitudes of the fields:
pump field frequencyw,, the injected field frequencyps, the

: &El ) 27TLL)1N
generated field frequency. E:_I( . )[((Tlla(lll)+022a<212))E1+2rle’{0’1‘ﬂ,
(8a)
012
T (39
? 9Bz _ _,[2m@N [(01202)+ 0yt Ep+ uEl o]
97 c 011077 T 00055 )BT (123 012,
on rs _, Q12 iAkz n—1 (8b)
&T_4 Im[(4h E1+ 4% E2E3e 012 Tl y

JE 27 w3N
(3 &_23=_i< 03 )[(01101(131>+022“(2%))E3+Q12E§U’1‘2]!

wheren=(o,,— 0;7) is the population difference of the two (80
levels, andT, and T, are the phenomenological relaxation
times for the population differenca and for the density
matrix off-diagonal elemend, (below we namer,, “two-
photon excitation’}, respectively.

The coupling between the pump fidld and the resonant
transition is characterized by the two-photon matrix elemen

whereN is the density number of resonant atoms. In Eg.

we neglect the linear dispersion of group velocities of the
pulses by puttingy;=v,=v3=c. Although this is not the
case for short-pulse frequency conversion in solids, the con-
gition can be met in not-too-dense gaseous medjaThis
allowed us to use, in Eg$8), the retarded coordinate system
(z,t)—[z,7=(t—2z/c)]. The boundary conditions a=0

) then can be written ag&;(0,7)=E;(7), E»(0,7)=E,(7),
andE;(0,7)=0.

1

H
Wm1— W7

rpo=h" 1% MzmMm1<
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The system of Maxwell-Bloch equatior{8)—(8) can be Expression(11) is similar to the one arising in the theory
generalized to account for the processes of medium ionizasf parametric generatiofl6,17, and in the casAK> G, it
tion by the fields which can be important in the conditions ofturns into the commonly used formula for intensity of the
on-resonant FWDFM. As was shown [A2], one-photon difference frequency signal. From Eq4.1) and(12) it fol-
ionization of an atom from the resonant levels is automatilows that the intensity of the difference-frequency field can
cally included in the theory by considering the polarizabil- be further increased by maximizing the value of the nondi-
ities of the levels to be complex quantities. We discuss theagonal matrix element,, and the coupling constang, (or
influence of photoionization on FWDFM in more detail in 8) as well as by increasing the injected pulse intensity
Sec. IV of this paper, in connection with resonant FWDFM |E,(7)|2. However, as will be shown below, due to resonant
experiments. saturation effects such a simple optimization procedure does

From the Maxwell equationgB) for the fields, it follows  not necessary lead to higher conversion efficiencies for the
that the difference in the number of photons in the injectedWDFM process, and the nonlinear stage of frequency con-
(E,) and the generatedeg) field is kept constant during the version has to be analyzed.
interaction, We concentrate now on a study of the nonlinear stage of
FWDFM and consider characteristics of resonant frequency
conversion in two cases of practical importance: in the case
of relatively large frequency detuningguasiresonant inter-
action, and in the case of on-resonant interaction. The fact
This relation(the Manley-Rowe relatioeflects the fact that  that experimentally the parametgris large (3>1) allows
induced transitions in the two-level system are accompaniegs, in the subsequent discussion, to assume the condition
by simultaneous emissiofor absorptioh of two quanta

|E2(Z,7')|2_|E3(Z,T)|2:|E2(Z,T)|2' (9)

ﬁwz ﬁw3 ﬁwz

fhiw, andfiws. (@pwg) L2
In the following it is convenient to introduce the param- B %0, ~h (14)
eter

which implies physicallyfsee Eqs(8)] that the two-photon
B=(d12/r12) (100 process involving field€, and E; develops on an interac-

characterizing a relative strength of resonant coupling. ey lion length sufficiently shorter than the characteristic length

perimentally, in order to additionally increase the efficiencyOf two-photon interaction for the pump fielg,

of the FWDFM process the generated field frequency is usu- ) . )

ally tuned in the vicinity of resonance with some intermedi- B. Quasiresonant interaction

ate atomic level ifn) [that means that in Eq5) |w3— @] Let us assume that the detunidg) of the laser field

<w3], and in most practical casghsis much larger than 1. frequency from the two-photon transition frequency consid-
First we analyze the initiallinean stage of frequency erably exceeds the spectral widthg; of the pulses,

conversion at which the pump field temporal distribution is

still close to its input one, i.eE,(z,7)~E;(7) and the in- |AQ|>Av;, i=1, 2, and 3. (15

fluence of field€, andE; on the state of the resonant tran-

sition can be neglected. According to the Bloch equationd! this situation the laser-atom interaction can be described
(3), this is the case as long as the conditif,|? in terms of the “adiabatic following” mod€]19]. According

> B|E,E;| holds. The solution of Eqg8) for the generated © this model, the atomic response “follows™ the instanta-
field at this stage is neous value of an incident field. Indeed, neglecting the term

doildT in comparison to the ternAQo, in the Bloch

w3 G equations(3) and taking into account the ultrashort-pulse
|E3(z, T)|2=w— |Ea(7)|? 2 sh%(Gz). (11)  condition (1), the solution of Eq(3a) for the medium exci-
2 tation o1, can be written as
Here the time-dependent incremeB{r) of the generated ;
field is determined by 012:4_;12 AQfln(Eg)Z’ (16)

G(7)=\G§(7) —[AK(7)/2]?, _
(n=\Gy(n)~[AK(n/2] where the effective resonant fiel2 = (E2+ BE,E5e'*¥)
27N has been introduced.
Gol7)=—— (w03) Y17 o1 7)1, (12 On the other hand, on the ultrafast time scé? the
Bloch equationg3) satisfy the probability conservation law

where AK(7) is the full nonstationary wave-number mis- [10]

match
4 oy)?+n?=1. (17)

AK(7)=AK+ 65(7)+ 83(71) —264(7), (13 - : :
By combining Eqs.(16) and (17), we obtain the following
with 8,(7)=27Nwic” [ o (1)al)+o,(7)al)]. The tem-  solution for the material variables:
poral behavior of the medium responsg(7) entering Egs. - ) 212\ 172
(12) and(13) is obtained by solving Bloch equatiof®) with T2 (B9 / L @)
the pump fieldE (7). 92725 TAQ 472 °A02%)

(18
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2 212
ry, [ES 6
n=-1 1+WW . (19)

We suppose below that the atomic transition is far from satu-
ration [that means that in Egs.(18 and (19
rE3|/(47AQ)<1]. In accordance with conditiofl4), to

a good approximation we can restrict our subsequent analy-
sis to a study of the evolution of the fiel#&s andE;, with

the pump fieldg, close to its input valu& (7). By inserting
solution (18) for the medium response into Eg8b) and
(8c), and assuming ideal phase synchronizm conditions
(AK=0), we derive the equations

intensity (arb. units)
N

JE, . 0 ==
— =iwy(ETE} + BE,|Esl?), (209 ! 2 : 4 s

al interaction length, z/z,

JE3 . 2% 2 FIG. 2. Nonlinear stage of near-resonant difference-frequency
a_g_'w3(E1E2 +BES|E2l%), (200 generation under the condition of collinear phase matching. Inten-
sities of the injected (dotted ling and generate¢solid line) fields
where the variablg=z(7Nr2,/4cfAQ) proportional to the as functions of the interaction lengthfor different relative values
propagation lengtlz has been introduced. Assuming the of the injected field input intensity{1, 15(0)/1,(0)=0.25; 2,
pump field complex amplitude to be red{E,;=|E,|?) and  12(0)/11(0)=0.1; 3,15(0)/1,(0)=0.02, 4,1,(0)/1,(0)=0.003 and
using the conservation lag®) for the photon number differ- With 8=20.

ence, Equation&0) can be reduced to only one equation for ) _
the generated field intensity: sistent with the above assumption of a weakly saturated reso-

nance transition. But in contrast to the dependence predicted
J|E4|? a ] oo (¢ ) by formula (11) of the initial stage of FWDFM,Ej|max
al =2aw;3|E4(0)] sw{,@ f0[2w2|E3| shows a monotonic decrease with increasiy§0) and S.
The optimum value of E3|max COrresponds to the formal
limit E»(0)—0 in Eq.(23), and is given by

+w3|E2(0)|2]d4- (21)

2 (o 1/2
2 _2 28 2
SinceE; andE, depend onr only parametrically(through |E3|°p‘ B (a)z) [ELO)[* (24

the boundary conditionswe have omitted the dependence

in Eq. (21), and denoted for brevity the input values of the In this limiting case, solution22) for E;(z) becomes an
pump and injected field dt=0 by E;(0) andE,(0), respec- aperiodical one,

tively. It can be seen that Eq21) reduces to the pendulum

equation and describes spatial oscillations of the generated |Es(2)[2=|E |2 1 (25)
field intensity along the propagation distangeSolution of 3 3lopt cosh(z/zyy)

Eg. (21) has the form
The solution trends to zero in the limits—- = . It describes

_ a buildup of the generated fiel; from spontaneous noise

2 w> |[E2(0)[[dn *(ag/b,b)—-1], (22 due to the parametrical-oscillation process, and a subsequent
decrease of the field due to the reverse process of a return of

where dn(,k) is the elliptic Jacobi function,a?> the generated field energy back to the pump field. The pro-

=48%w,w3E1(0)[4,  and b2={1—|E,(0)|%[|E,(0)|>  cess develops on the characteristic spatial scale

+2wy03 Y Egl2ad? With |Egl?,, denoting the maximum

_1 w3

|Ea()|?=

value of the generated field intensity in the spatially periodi- _ 2w, ﬂ
cal process Zopt W I (26)

2 w3 vz where Ly =cfAQ/(2mNwyr3E;(0)|?) is the two-photon

w3
|E3|2max: 4 o2 |E2(0)]*+ ﬁ w_z |E1(0)]* interaction length for the pump field. If the input intensity of
2 E, is not too high so that the conditioB|E,(0)|?
<4(wy/wz)Y3E(0)|? is fulfilled, the maximum valug23)
is close to the optimum valu@4). The propagation length
Zo corresponding to the first maximum &f; is then in the
The maximum value(23) is achieved at the interaction order of magnitude of the lengil26).
lengths {,,=a *bK(b)(2m+1), wherem=0,1,2..., and Figure 2 shows the intensities of the generated and in-
K(Kk) is the complete elliptic Legendre integral. According to jected fields as a function of the active region lengtbal-
formula (23), with an increase of the pump field;(0) the culated with formula(22) for different input values of the
value of |E3|max @lso increases. This seems to be quite coninjected field intensity. As can be seen, higher input values

1 (,()3
2w, |E,(0)]2. (23
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of the injected field result in higher values of the generated C. Resonant interaction

field only at the linear stage of frequency conversion \ve now turn to a discussion of the FWDFG process in

(Z/zop<1). But at longer interaction lengthsz%zyy),  the case of resonant interaction, i.e., when the condition
where saturation takes place, the higher the input value of the

injected field, the lower the maximum achievable efficiency. |[AQ|<Av;, i=1,2, and 3 (29

From the above analysis it follows that an optimum regime

of FWDFM is realized when the injected field strength is fulfilled. Together with relatior{2), condition(29) means
E,(0) is rather weak in comparison B (0). Inthis regime, that the regime of coherent laser-atom interaction takes
the linear stage of the process is characterized by an exp@lace. As will be shown, in this interaction regime resonant
nential increase of botEs and E, that leadgaccording to  Propagation phenomena such as self-induced transparency
the Manley-Rowe relatiori9)] to a formation of fields with and the effects of nonlinear amplitude and phase modulation

nearly equal number of photons, play a dominating role in the frequency conversion process.
The interesting feature of coherent FWDFM is that the pro-

|Es(2)|? |Ex(2)|?  |Ex(0)? cess can be accompanied by a nonlinear pulse compression
~ > (27 and generation of “two-color” pulses at the difference and

hag hao; has the injection frequency with durations sufficiently shorter

i , ) . o _than the input injection pulse duration. Such pulses represent
At the nonlinear stage, the field intensities exhibit spatial, - pulses of two-photon self-induced transparency, and
oscillations with the oscillation amplitudes close @s]5,  therefore propagate through the two-photon absorber without
and (w3/w) |E3l5y, respectively. attenuation.

The observed features of the nonlinear regime of The initial stage of the FWDFM procegat which the
FWDFM can be explained by counteraction between twopump field is still close to its input valug, ()] is described
photon absorption of the pump field quanta and two-photorby the general expressidf1), where the temporal dynamics
emission of the generated and injected field quanta. Whepf the two-photon transition is determined by solving Bloch
the termqs,|E,Es| in the material equationé3) becomes  Egs. (3) for oy, with the pump fieldE, (7). At exact reso-
comparable to the termy,|E;|2, a compensation of the reso- nanceA w=0, the solution has a form
nant contribution of the two processes occurs, leading to a

reduction of the value of the medium excitatien, and y(cos¥,;—1) . sinW¥,

thereby to a saturation of conversion. Due to concurrent ac- oA 7)= 201+ i
cumulation of the nonlinear phase shift between the waves

over the propagation length, the FWDFM process has the (1-cosW¥,)

form of spatial beats of the field amplitudes. It should be n(r)= s 1, (303

noted that the nature of this saturation is quite different from
the me_chanism of saturation of a two-levgl system in 3yhere the pump field is assumed to be real, iBF,
strong fleIQ[lq]. In the latter case the §aturat|on of_ the reso-—|g,|2, and the rotation angle
nant polarization results from saturation of atomic popula-
tions, whereas in the discussed situatiog is saturated even Mo T
when field-induced change of populations is relative small. Wa(7) =55 (1+ 3’2)1’2] |Ey(7)[?d7"  (30b)
Using Eq.(24), we can now estimate the maximum con- o
version efficiency for the FWDFM process, proportional to the pump field instantaneous energy is intro-
" duced; the parametey=(a'y—a{})/2 accounts for the
ﬁ) (28) contribution of the dynamical Stark effect into the rotation
' angle. According to Eq(309, the population differencae
and the excitatiorr,, are oscillating functions o, (two-
From formula(28) it follows that an additional quasiresonant photon Rabi oscillations Therefore an increase of the pump
enhancement of the matrix elemeny, (or increase ofg)  pulse energy above the value which provides a maximum for
generally leads to a decrease of the optimum conversion ethe incrementG of the generated field is not needed. Fur-
ficiency if B is sufficiently largg see conditior(14)]. On the  thermore, since the relaxation times are assumed to be long
other hand, in the limiB<1, the discussed saturation effect compared to the pulse durations, a frequency conversion re-
is negligible, and FWDFM is described by formulékl)-  gime in which the injected pulse propagates with a delay
(13) of the linear stage which predict a monotonic decreasé\ 7<<T, with respect to the pump pulse, and which interacts
of 7 when B trends to zerd »(8) = B2, assumingAK=0].  with the coherently excited medium, should be possible.
This suggests thai() should have a maximum in the re-  Now we consider the nonlinear stage of the FWDFM pro-
gion B~1. The corresponding value of the coupling param-cess when the influence of the fiellls andE; on the state
eter can be estimated to be ab@iit~4w, /(w,ws)¥?and in  of the resonant transition has to be taken into account. We
the optimum regime conversion efficiencies up to severaWill focus our subsequent analysis on the regime of delayed
tens of percent can be expected. Experimentally, the valugglse propagation. This regime is of interest because, for
of A lie typically in the range 18-10* where, according to sufficiently large temporal delays,<A7<T,, the direct
Eg. (28), maximum achievable efficiencies are of the orderinfluence of the pump field on the difference-frequency sig-
of 7~(10"1-10?) that is close to the experimentally ob- nal can be eliminated. Let the injected pulse propagate with a
served value$6-8. time delayA 7<T, . Neglecting for simplicity the difference

2
n=|E3I§pJ|El<0>I2=E
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in the values of level polarizabilities and assumifg=0,
we obtain the following solution of Bloch Eq§3):

o1 7)= |§ sin¥s, n(r)=-cosV¥y, (31

where Wy=0,+(q12h) [ " E,E3d. and 0,
=(r1J/2h) [ |E4|?d7 is the full rotation angle produced by
the pump pulse. It can be shown that the sign of the product
(E,E3) is determined by the sign of the imaginary part of
oq5(7) at the medium inpuz=0. Taking this fact into ac-
count and combining Eq¢$8) with Egs.(31), one can con-
struct the equation for the spatial evolution of the full rota- .
tion angle 65(z)=(q:2/2%) [~ E,Ezd7r produced by the 0.0 0.2 04 06 08 10 12

“two-color” E>E3 pulse, retarded time, (t-2z/c)/ T2'

intensity (arb. units)

do, .
E=‘1>(t91,02)=2,3a1(39n[3|n01(0)])[003 6,—cog 6, FIG. 3. Computer simulation of the dynamics of coherent reso-
nant FWDFG in the regime of delayed pulse propagation. The
+6,)], (329 pump pulse(solid), the injected pulsédashed, and the generated

vuv pulse(dotted intensity temporal distribution as a function of
wherea,=2mwNry,/c is the two-photon absorption coeffi- propagation lengtte. The lengthz is expressed in units of the
cient for the pump field and the function $ghtakes a value inverse of the pump pulse two-photon absorption index the
of —1 if x<0 and+1 if x>0. The evolution of the pump retarded time is normalized by the polarization relaxation time
pulse rotation angled;(z) with the propagation distance  Tz- The pump pulse input area & =1.5m, and the relations be-

obeys the “energy theorem[11] tween frequencies and input energies of the pump and the injected
pulse are assumed to hg /w,=1.5, andW,(0)/W,(0)=50, re-
de, spectively.
—=—2a41(1—-cosb,). (32b) ]
dz resonant medium, and the two-color pulse propagates

) . through the medium without attenuati¢see Fig. 3. It can
Because of the assumptigh<1, the pump pulse rotation pe seen that intensities of fiel@s and E, are substantially

angle#; changes rather slowly in comparison@g. There-  higher than that of the input fieltt,(0). According to Eq.
fore Eq.(329 describes the evolution of a small initial angle (9), the field amplitudes in the compressed pulse are nearly
6,< 6, toward the stable valug; , which is defined by the proportional. Using the fact that generation of a two-color
conditions® (6, 65)=0 andd®d(6,,605)/d6,<0, and de- 27 pulse requires pump pulses with the rotation angle in the
pends parametrically on the actual value of the pump pulséegion 7< 6, <2, we can estimate the maximum conver-
angleé, . If, for example, the value of the pump pulse anglesion efficiency for the process. Takirlg= and 65 =2,

6, lies in the region & ;< then a small initial angle We obtain the value

6,< 0, evolves toward the stable valu§ =—26;. In the w0 o 2 [ w12
casew<#,<2w, a small initial angle tends to the stable 7;=f |E3|§7Td7/ f |E1(0,7)|?d7=— (—3) :

value 65 =2(27— 60,). The dynamics of the “two-color” - w B lw

pulse reflects, in fact, the tendency to propagate without en- (33

ergy loss: the leading edge of the pulse is amplified by thelthough the maximum efficiency estimation is seen to co-
excited medium; its trailing edge experiences nonlinear atincide with the one for the near-resonant procé2®), the
tenuation. Computer simulations of the dynamic of the intermechanism of saturation here is different. Unlikely the qua-
acting pulses show that, concurrently with the angle stabilisiresonant case, in the discussed coherent regime of FWDFM
zation, a considerable nonlinear compression of the twothe injected pulse is substantially delayed with respect to the
color pulse duration is observésee Fig. 3. At propagation pump pulse, and no direct interference of the two resonant
lengths at which two-photon absorption of the pump fieldprocesses occurs. But, because of the coherent propagation
becomes considerable, the second stage of frequency convesffects, the vuv pulse energy gain is limited to a formation of
sion develops. Depending on the pump pulse initial anglehe two-color pulse with the stable value of rotation angle
61(0), thefollowing two scenaria are realized. I1f<00,(0)  and energy. Again, estimatid¢@3) shows that higher conver-
< and 03 = —26,, the process of pump pulse two-photon sion efficiencies can be obtained in the resonant media when
absorption described by E¢B2b) leads to an adiabatically the parameteg is not very large compared to one. On the
slow absorption of the two-color puls#i—0). In the sec- base of our computer calculations it has been found that a
ond case, whenr<6,(0)<2 and 65 ~2(2w— 6,), the  maximum efficiencyup to 20-30 %is realized if the char-
pump pulse angl®, decreases whereas the two-color pulseacteristic generation length ¢~ Gg*) of the fieldsE, and
angle (and energy continue to increase. When the pump Ejz is only 2—3 times shorter than the pump pulse two-photon
pulse angle approaches the valite= 7 the two-color pulse absorption length L(1~a1_l). This means that the optimum
becomes a 2 pulse of self-induced transparency. At longervalue of the coupling parameter is aboup*
propagation lengths the pump pulse energy is absorbed in the2w; /(w,w3)Y2 In Fig. 3 we show the results of computer
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.FIG. 4 quck d.iagra.m of the experimental setgp: BS, bgam FIG. 5. EnergyE, (M) and pulse duration (O) of the signal
splitter; DC, dichroic mirror; SHG, second-harmonic generation;,ises of the parametric system as a function of its wavelength
THG, third-harmonic generation; FHG, fourth-harmonic genera-)

tion; TWOPG, traveling-wave optical parametric generator;
TWOPA, traveling-wave optical parametric amplifier; OMA, opti- radiation is frequency doubled in a 0.5-mm-long BBO crys-
cal multichannel analyzer. tal resulting in 0.5-mJ pulses at 387 nm which were used to
pump a traveling-wave optical parametric generator
modeling of coherent resonant FWDFM in noble gases astTWOPGQ system consisting of an optical parametric genera-
suming the values of the two-photon matrix elements  tor (4-mm BBO, Typ Il, §=37°) and a traveling-wave opti-
~10 %*cm® and B=(qy,/r1)=5. The calculation shows cal parametric amplifieTWOPA) (6-mm BBO, Typ | 6
that a conversion efficiency of about 20% with an additional=28°) arranged in a configuration similar to RE23]. Seed-
temporal self-compression of the vuv pulse up to a factor 1Gng the TWOPG with femtosecond continuum radiation pro-
can be achieved at propagation lengths of only several crduced with some 1QuJ of the fundamental radiation in a
for resonant atom concentratioNs~ 10*® cm ™3, 4-mm-thick plate of fused silica stabilized and increased the
output performance of the parametric systg2f]. Varying
the phase-matching angles of the crystals, the wavelength of
the signal could be tuned from 445 nm to about 700(Fig.

The experimental setup is shown in Fig. 4. We employedb), corresponding to an idler tuning range of 865—-3000 nm.
a homemade Ti:sapphire oscillator-amplifier system provid- As depicted in Fig. 5, the energy of the generated signal
ing 8-mJ, 80-fs(0.1-TW) output (fundamental pulses at a pulse increases with decreasing wavelength, since the reduc-
wavelength tunable around 774 nm with 10-Hz repetitiontion of the group velocity mismatch between signal and
rate. Temporal stretching of the 50-fs, 4-nJ output pulses ogpump pulse permits a higher interaction length in the
the oscillator(75-MHz repetition rateto 100 ps is accom- TWOPA. At the same time this increased interaction length
plished in a grating stretch€f200 lines/mm using reflec- leads to saturation of the amplification due to pump pulse
tive optics. First these pulses are amplified to pulse energiedepletion, which gives rise to a temporal broadening of the
of about 1.3 mJ in a regenerative amplifirranged in a signal pulse. From earlier experiments we know that the
three mirror configuration similar to Ref20]) which is  pulse duration of the idler radiation is somewhat shorter than
pumped by 5 mJ of the 120-mJ, 7-ns output of athat of the signal radiation, since the idler is generated only
Q-switched frequency-doubled Nd:YAG(neodymium- during the amplification of the signal within the field of the
doped:yttrium aluminum garnelaser. Further amplification 387-nm pump pulsg24]. Below a signal wavelength of 445
up to 18 mJ is established in a three-pass power amplifienm, we observed a sharp drop of the TWOPA performance
pumped with the main part of the Nd:YAG output. Finally which can be attributed to suppression of the parametric pro-
the positively chirped amplified pulses are compressed in aess due to strong absorption of the idler radiation in the
conventional double-pass grating compressor. nonlinear crystal above a wavelength of&.

Quadrupling one part2 mJ of the intense Ti:sapphire Finally the pump pulse ¢,) and the tunable injection
fundamental output in a cascaded second-order sunpulse (,) are combined on a dichroic mirror and focused
frequency mixing scheme [w—2w(w+w)—3w(20  with a thin MgF, lens (L., f=60cm) into a gas celll{
+w)—4w(3w+w)] employing three 8 barium borate =55cm). The spot size of the pump radiation at the focus
(BBO) crystals [21] provides nearly 1QsJ, 150-fs seed position was measured by a sharp edge method to be 140
pulses at 193 nm. Subsequent amplification of these pulses ix 180 um? corresponding to an area of2L0™ * cn?. With
a commercial ArF gain modyEMG 150 MSQ in a double- 0.5 mJ of input energy behind the entrance windéws-cm
pass configuration resulted #1.5-mJ, 250-fs pulseg22] MgF,), the focused intensity in the cell is nearly
which serve as pump pulse&{) in the FWDFM scheme. 10 TW/cn?.

In addition to this strong pump laser field at 193-nm effi- The temporal overlap between the pump and the injection
cient FWDFM requires the injection of powerful femtosec- pulses is accomplished through an optical delay line and by
ond pulsedinjection pulses §,)] synchronized to the ArF means of lensek, with different focal length§2-mm fused
output pulses. Therefore a second part of the fundamentailica, f =100-400 cm we tried to match the focus position

Il. DIFFERENCE-FREQUENCY MIXING EXPERIMENTS
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25 of the vuv wavelength. It is interesting that in argon the
. conversion efficiency shows a monotonic decrease for
. shorter wavelengths; in the range 124—-112 nm, where the
" . generated frequency comes close to resonance with the inter-
& mediate (4) atomic level. This behavior can be attributed in
v part to a decrease in signal output energy of the TWOPG
I 100 105 110 1;?/ 127;:15 130" 155 160 (see Fig. 5 and to an incomplete temporal overlap of the
10k i . v pump and the injected pulses. In addition, in this tuning
e range the frequency of the radiation generated by the
- FWDFM lies below the first argon resonance liflH6.6
5F -G nm), and in a collinear incidence of pump and injected ra-
x j/WD; oo diation this process has a negative wave-vector mismatch,
! ! - L Ak=2k;—k,—k3, and phase matching should be possible
100 105 110 115 120 125 applying a noncollinear interaction. Taking Sellmeier formu-
Ayyy / NM las given in[25] (and Refs[11] and[12] therein the angles
which are required for phase matching in Ar are calculated to
FIG. 6. Relative vuv energy values for the FWDFMdpen increase in the range 1.6°—4° whep decreases in the tun-
squares, argon, filled squares: krypt@s a function of the gener- ing region 124-112 nm.
ated vuv wavelengths. Inset: selected number of spectra of the gen- Owing to the finite aperturé2 cm) of lensL1 and the
erated femtosecond tunable vuv radiati@02-124 nmand spec-  antrance window of the glass cell, the largest angle between

tra of the radiation at 129 and 155 nm generated by magvith  the nump and the injected radiation we were able to realize
fixed frequencie¢2w; and 3wy). The employed OMA system had a a5 nearly 0.5°, and thus the increasing wave-number mis-
spectral resolution of 0.06 nm/channel. Note the break oiXtagis match could affect the FWDFM process

to show the whole spectral range while keeping a reliable resolution On the other hand, when the frequency of the generated

of the spectra. Dashed line, the wavelength dependence of the Ef?i'eld comes close to al resonance with the intermediate level
i f th ion in A i fi . . .

ciency of the vuv generation in Ar predicted by form(é) (4s), a quasiresonant enhancement of the two-photon matrix

and spot size of the injection radiation with that of the pumpelementq12 associated with emission ks, andhaw, pho-
radiation. tons also takes place. Assuming that the near-resonant value

The generated vuv radiation was spectrally separate8f Y12 is mainly determ_ined by the contribution_of th_e inter-
from the pump and the injection radiation by a 0.2-m Vuvmedlate level, expressial) for g,, can be rewritten in the
monochromatorMcPherson Model 234/302and detected form
with an uv-enhanced optical-multichannel-analyzer system. Aok
In order to avoid strong absorption, especially for the short- Qro(Na)= KirMRz 1M3AR ,
est vuv wavelength&elow the LiF cutoff, we removed the 2mhc (N3—\R)
output window of the gas cell, thus filling the monochro-
mator with the nonlinear medium, too.

20

15

VUV energy (arb. un.)

=

(34)

where u1g and u,r are the dipole matrix elements of the
transitions between the lowdl) or upper(2) “working”
level and the intermediate atomic state, andis the wave-
length of the resonant lin€L06.6 nm. From formulas(34)
and (12) it follows that, in the vicinity of \g, the linear
A selection of the spectra of the generated vuv radiation igncrementG, of the generated field sharply increases, and
shown as an inset in Fig. 6. It should be noted that the rathus the observed decrease of frequency conversion effi-
diation in the spectral range from 112 to 124 nm was generciency cannot be explained solely by the wave-number mis-
ated by mixing the pump radiation with the tunable signalmatch.
radiation in argon, whereas the radiation in the range below We can explain the experimentally observed dependence
110 nm results from mixing with the idler in krypton. The in Ar on the base of the analysis of nonlinear stage of
shortest generated vuv wavelength was 102 nm, because th¥VDFM (Sec. ). In Ar the two-photon energy of the pump
transmission of the optics employed in the delay path for thdield is detuned 690 cit away from the resonant with the
idler radiation strongly decreases for wavelengths above 2pper $°4p(1/2), level, and the regime of quasiresonant
um (fused silica lenses and mirror protection coatings interaction(15) is realized[see the relevant scheme in Fig.
Due to the lack of an appropriate detector head whichl(@)]. Let us estimate the characteristic length the period
would allow the absolute energy measurement of the genepf spatial oscillationsat which the FWDFM process is satu-
ated vuv pulses in the vacuum, we were not able to measur@ted due to the interference of contributions of the two reso-
absolute values for the vuv output energy and the opticanant processes into the medium nonlinear polarization. Using
conversion efficiency. To have a relative measure for thdormulas (22 and (23) with the pump §,=193 nm) and
generated vuv energy, a constant width of the entrance slit dhjected  (,~700 nm) field intensities of 1,(0)
the monochromator was used. In addition to this, care was: 10 TW/cnt and|,(0)=1 TW/cn¥, respectively, and esti-
taken to reach the maximum vuv signal by adjusting lengnating the parametegs from [26] by ~20, we find that the
L1 and optimizing the temporal and spatial overlap of thecorresponding length is of the order of 0cm and is thus
pump and the injection pulse. Figure 6 shows the relativesubstantially shorter than the length of the interaction region
values of the vuv pulse energy for the FWDFM as a function(~1 cm). Since within the interaction region the generated

Ill. DIFFERENCE-FREQUENCY GENERATION RESULTS
AND THEIR DISCUSSION
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field exhibits fast spatial modulations, the efficiency of the
FWDFM process can be estimated by averaging the gener- 1 r\
ated field intensity(22) over the spatial period. For large
this yields (|E3|?)~0.5E;|2,, Where|Es|2,, is given by
Eq. (23). Approximating3 by the near-resonant expression
(34) and calculating(|E;|?) with the above values of the
pump and the injected field intensity, we obtain the follow-
ing formula for the conversion efficiency frequency depen-
dence:

01k bt .

log,o (VUV energy)

-I'IJ(LI 1 1 1 1 1
n(Ng)=[VAZ+B%(A3—Ag)°—A], (35) 202 20 40 680 80 100 120
delay (ps)

. _ _ 71 .
with A=0.125 andB=0.05 nm~. The dependence is de- = 7 Normalized FWDEM Signal dyse= 2 05— wpsd) de-

picted in Fig. 6 together with experimental data. The calcu-pending on the temporal delay between pump and injected pulse for

lated frequency dependence is seen to be in a qualitatiVgyon O, p=80 mbay and krypton(M, p=20 mbay. The marks
agreement with the observed behavior, and this suggests th@hresent measurement points while the lines are included to guide
the discussed resonant saturation effects can play an impae eyes of the reader. Note the break onXrexis to show the first
tant role in the FWDFM process. part of the curvg—2 to 2 p3 with a higher resolution.

In krypton the interpretation of the vuv energy depen-

dence on the wavelength is more difficult. Unlike the case of | .~ 1\ <o ot is onlv possible when short femto-
Ar, in Kr the pump pulse carrier frequency was in a two- P 8 yDp

phoon resonance with thepiop(32), site winin te o001 PUISES s A et e same fe e ot
pulse spectral bandwidifsee the relevant scheme in Fig. character of thepfemtosecond- ulse resonant FWDFM pro-
1(b)]. Hence the regime of resonant interaction took placeCess P P
The spectroscopic data for Kr and our experimental observa:""""
tions indicate that at the used pump pulse parameteys
~250fs, I,~10 TW/cn?), in addition to exc_itation of the _ V. FEEMTOSECOND-PULSE FWDEM AS A
upper resonant_level, a number of neighboring upper atomic SPECTROSCOPIC TOOL FOR STUDYING ATOMS
levels were excited. In ordgr to describe th|§ spemgl situation IN STRONG LASER FIELDS
one should use an essentially more complicataditilevel)
model of radiation-atom interaction. This is beyond the The technique of two-photon resonant four-wave mixing
scope of the present analysis. In addition, in krypton thewith intense pump pulses and relatively weak injected
generated vuv radiatioi1l10—-102 nmh is above the first (probe pulses represents a very powerful tool for spectro-
(123.6 nm and the seconl16.5 nm resonance lines, and scopic studies of ultrafast processes in solids, liquids, and
below two other resonance lines at 103 and 100.4 nm. Begaseg§14,15. However, so far the technique has mainly been
cause of this no general trend of the conversion efficiency agsed for studying the temporal evolution of a quantum sys-
a function of\,,, could be observed, but it seems to betem after it is excited by an intense pump pulse, and to our
higher than in argon. Calculations for trippling in krypton knowledge has never been employed to study dynamics of
[25] show that the wave-vector mismatch is strongly waveradiation-matter interaction itself. Previous experiments on
length dependent in this spectral region, and therefore a rapislvo-photon resonant interaction of ultrashort pulses with
variation of the angle necessary for phase matching shouldtomic vapors[27,18 reported a pulse breakup into sub-
be expected. This could explain the rather irregular behaviopulses and an increase of transparency of the optically thick
of the relative conversion efficiency. medium (two-photon self-induced transparendl]). These

In addition to the tunable parametrically generated radiaeffects, however, give only indirect information about the
tion, the synchronized femtosecond pulses at fixed wavestate of the medium. Recently, we demonstrated experimen-
lengths 774, 387, and 258 nm corresponding to the fundatally that the use of probe pulses significantly shorter than
mental (;), second () and third harmonic () the pump pulses opens up the possibility of directly investi-
internally generated in our cascaded sum-frequency mixingating the coherent dynamics of quantum transitions in a
schemg(see Fig. 4 were used as injection pulses to producestrong laser field. This experimental technique enabled us to
vuv radiation at 110, 129, and 155 nm. The difference beobserve two-photon Rabi oscillations in atomic Kr, and can
tween the quasiresonant and resonant FWDFM processes cha extremely important for the optimization of resonant four-
be seen from Fig. 7, where the generated vuv signalsat wave mixing experiments.
=155 nm is shown in the dependence on the temporal delay The pump and injected pulses in these experiments were
between the pump and injection pulses. As can be seen falerived from the same fundamental output pulses of a
the case of nonresonant interaction in argon, a substantil1-TW Ti sapphire laser by nonresonant sequential fre-
vuv signal is produced only during a temporal overlap of thequency mixing proces&ee Sec. )| which assured that they
pump and the injection radiation. In contrast to this, in theare perfectly synchronized on the femtosecond time scale.
case of krypton a significant difference frequency signal wagripling one part of the fundamental pulse by a cascaded
detected even for delays of 100 ps. From this behavior weum-frequency mixing scheme provided 150-fs pulses at
conclude that in the resonance case the generation of femta», (A,=258 nm). For quadrupling we employed a 0.5-mm-
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FIG. 8. Measured pulse energy of the difference-frequency sig- delay (ps)

nal atws as a function of the delay between the punap) and the
injected (,) pulses in Ar(solid line, p=80 mbaj and Kr(dashed
line, p=500 mbar; dotted line,p=120 mbar; dashed—double-
dotted line,p=25 mbay with W;=450uJ and7,=550 fs.

(e

long BBO crystal in the third mixing stage 3
+wi—4w;) which had an acceptance bandwidth smaller
than the spectral width of the incident radiation. Therefore
only a part of the incident spectrum can contribute effec-
tively to the frequency mixing process, thus leading to spec-
trally narrowed and temporally lengthened pulses at 193 nm.
Using a cross-correlation techniq{9] the temporal width 04 00 04 08 1.2

(full width at half maximum of the amplified 193-nm pulses delay (ps)

was measured to be 550 fs. Pumping with these pulses and

probing with the three-times-shorter injection pulses made it FIG. 9. (a) Measured pulse energy of the difference frequency
possible to resolve Rabi oscillations induced by the strongignal as in Fig. 8 for short delay times within the pump pulse
two-photon interaction of the pump pulses with the atomicduration(550 fg using 150-fs injected pulses and a Kr pressure of
medium. By varying the angle of the BBO crystal the center250 mbar. The pump pulse energies were 100dotted line plus
frequency of our 193-nm seed pulses was tunable within théircles, 200 uJ (dashed line plus squadesaind 450 (solid line
bandwidth of the ArF gain profile. Thus we were able to plus triangles (b) .Results of computer modeling of the resonant
excite the 4° 1SO—>6p(5/2)2 two-photon transition in kryp- reésponse of Kr with the pump pulse paramet_e,gs_ 550 fs, Wy

ton resonantly. The exact resonance was verified by general_’-loo'“‘] (dots, 200 (dashel 450 ] (SOI'q line), and p

ing a maximum yield of the 123.6-nm fluorescence line of Kr=25_0 mbar and taking _|nto account the Gaussian transve_rse beam
and measuring the wavelength of the pump pulses. A relativ rofile. The correspondlng values of the pump pulse rotation angle
measure of the energy at the difference frequency was deter? at the beam axis are 2:34.6m, and 10.4r.

mined by integration over the spectrum which was recorded

with a charge-coupled device detector after being properljpumber of peaks increased with increasing pump pulse en-
filtered through a 0.2-m vuv monochromator. ergy [Fig. 9@)].

Using Ar and Kr as nonlinear media, two qualitatively ~We explain these results by the model of two-photon
different pictures of the medium response behavior havéesonant frequency mixing for pulses short compared to the
been observed. In Ar, where the frequency detuning from th@olarization relaxation timeT3) introduced in Sec. I. As
nearest two-photon resonance was larg&90 cm ) com-  will be shown below, the difference-frequency signal is pro-
pared to the pump pulse spectral width,; (~55 cni'l), a  portional to the injected pulse intensity multiplied by a factor
noticeable difference-frequency signal was observed onlgletermined by the two-photon medium response. For the
when the pump and the injected pulse overlapped each oth8pnresonant Ar case, the medium response follows the pump
in time. The corresponding dependence of the signal on thpulse intensity quasistationarily. In the resonant case of Kr
delay time represented a shape directly related to that of thée two-photon response exhibits coherent Rabi oscillations
pump pulse intensitysee Fig. 8, solid ling which are observed within the pump pulse duration. The

In contrast, for two-photon excitation of Kr the depen- Rabi oscillations are followed by free relaxation of the exci-
dence of the signal on the delay time shows a slow decatation due to Doppler Tg) and collisional T5) dephasing
(Fig. 8), and a signal could be detected for delays as long aghich occurs on a significantly larger time scale than the
20-30 ps. With an increase of the gas pressure the decgump pulse duration, (see estimates below
time decreased monotonically. We also observed an oscillat- Using the theoretical approach developed in Sec. I, we
ing substructure in the region where the pump and injectedow give a more quantitative explanation of the experimen-
pulses had a substantial temporal overlap. The substructutal data. The analysis can be simplified for the following
appeared only at pump pulse energies exceeding a criticatasons: First, experimentally the estimated two-photon ab-
value of 70-80 uJ, corresponding to a fluence of sorption length at the pump pulse frequency considerably
0.35-0.4 J/icrh (2x 10 “ cn? focal spot sizg The charac- exceeds the active region length,(~1 cm), so that propa-
teristic time scale of these oscillations became shorter thgation effects can be neglected; second, the intensities of the

signal energy (arb. un.)
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injected and generated pulses are considerably lower tha 25
that of the pump pulse, and therefore the dynamics of the g
resonant interaction in both Ar and Kr is mainly determined ‘é
by the pump pulse. Because no intermediate levels occur it 5
Ar and Kr close to a one-photon resonance for the injectec .o
and the generated field-carrier frequencies, the phase velocit @
mismatch of the interacting fields is estimated to be not too
large to affect the FWDFM process. Within the above ap-
proximations the temporal behavior of the generated field
intensity is described by formuld 1) in the limit of optically
thin medium Gz<1):

signal energy (

|Es(z,7)[?|Ea(7— A7)|? (o1 7)[%, (36)

400 800 1200

0
where A7 accounts for the time delay of the injected pulse delay (fs)
E,(7— A7) with respect to the pump pulse field, (7) cen-
tered at7=0. The macroscopic medium response;,) is FIG. 10. Results of numerical modeling of the resonant response
obtained by the averaging of;, over the Doppler line coun- of Kr for different values of pump pulse frequency chirp: solid line,
tourg: (012 =[g(Aw) o1 (Aw)dAw. The Doppler dephas- a bandwidth-limited sech-shaped puls&, 7, =0.31) with the
ing time T§, in both gases is estimated to B¢~ 100 ps. rot.ation angle at the beam axfs=87; dashed line, a freguency-
When estimatingl}, we have to take into account that the SirPed pulse with the product vy my=1; dotted line, a
highly excited upper resonant levels lie in the vicinity of the Téduency-chirped pulse with the produkty 7, =3.

Rydberg states where the the collision cross section of afsjonal relaxation predominates. Using the measured depen-
atom sharply increases. Using theoretical calculati@®,  gence we estimated the collisional cross section by the value
the cross section of a Kr atom excited to the upper resonanf._ w1012 cn2.
6p level is estimated to be-=10"" cn?. This leads tdT In Fig. 9b) we present the results of model calculations
~10° ps/gmbar] due to the enlarged cross section and forpased on a numerical solution of the density-matrix equa-
gas pressureg<<1 bar the conditionry; <T, of cohererent tions for the resonant transiton for a gas presspre
interaction between the pump pulse and the two-photon tran= 250 mbar(corresponding tor,~1.5 ps) and pump pulse
sition is fulfilled. For the transition g° 'S,—6p(5/2), in  energies of 100, 200, and 450 using two-photon transition
Kr, we have a resonant excitation sinddw|<Aw;  parameters estimated frofi26], rq,=2.1x102*cm® and
~(7p1) " The analysis of spectroscopic dd@6] shows 4, — a,,=5.8x10 2*cn®, and taking into account the
that the energy difference between the resongnt582),  transverse beam profile. The results are in qualitative agree-
level and the nearest uppep@/2), and lower §(1/2);  ment with the measured data and show that the effect of a
lying levels allowed for two-photon excitation is about finite temporal resolution as well as the relaxation processes
200 cmi* and exceeds both the pump pulse spectral widthiatten the modulations of the atomic response. Even for
(55 cm) and the dynamical Stark shifd@s<40cm®)  pulses with a maximum energy of 456 the field-induced
of the resonant transition frequency. This justifies the achroadening due to fast Rabi oscillations was still smaller
cepted two-level model of laser-atom interaction. (~150 cm‘l) than the energy separation between the upper
Inserting solutiong308 of the Bloch equation§3a) and  neighboring levels. The validity of the two-level model is
(3b) into Eq. (36), we derive the following expression for the supported by the fact that even in this extreme regime the

generated pulse intensity: characteristic oscillating structure appeared experimentally
only within the interaction time. There was no signal modu-
2y [1—cosW¥,(7)]+sir V() lation at the stage of free relaxation of the excitation, which
|E5(7)|% (37)  would indicate the excitation of other levels.

(1+9°)° - iy
The effects of atomic coherency are rather sensitive to the

influence of phase modulation of applied laser field. We have

where the rotation angh#,(7) is given by formula(30b). numerically studied the dynamics of the resonant response of
Equation(37) shows that the measured signal as a funcKr for different values of the pump pulse frequency chirp

tion of 7 is modulated with the Rabi frequenc@gr.,  (Fig. 10. As can be seen from Fig. 10, when the pump pulse
=111+ y?)YE,(7)|?/24. Unlike the case of one-photon has a frequency chirp such that the bandwidth product
radiation-matter interactioiwhere the Rabi frequency is (Aw,;7,;) is close to 1 the atomic response still shows tem-
proportional to the amplitudgE| of the resonant fiel@10]),  poral oscillations characteristic of Rabi nutations of atomic
in the two-photon coherent interaction case the Rabi frepopulations. However, starting frotw; 7, =3 the oscillat-
quency is quadratic ifE;|. This means that the modulation ing features completely disappear, and the temporal behavior
frequency of the difference-frequency sigrial) increases of the response rather corresponds to the case of off-resonant
linearly with the pump pulse intensity. At the time interval radiation-atom interaction.
™ 7'5)1 the response relaxes according [@,,(7)|~ exp We have found that the critical energy density for the
(=7 /TZD— 7/T5) [15]. The fact that with an increase of gas observation of Rabi oscillations in our casgX1) is deter-
pressure the decay time decreaddg. 8 indicates that col- mined by the requirement that the Rabi angle="V ()
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CONCLUSION

The results of a theoretical and experimental study of the
FWDFM process under the condition of two-photon resonant
and quasiresonant interaction of femtosecond pulses with
atomic media have been presented. Particular attention was
paid to the facts that the experimentally used intense femto-
second pulses have durations comparable to and even shorter
than the polarization relaxation time of the medium, and that
effects of two-photon coherent laser-atom interaction have
an important role in the difference-frequency vuv field gen-
eration.

L ' L L L To describe adequately the real experimental situation and
-400 0 400 800 1200 interpret nonstationary resonant and quasiresonant phenom-
delay (fs) ena involved in the FWDFM process, a theoretical model
_ o based on a self-consistent solution of the Bloch equations for

FIG. 11. The influence of one-photon ionization from the Uppery, o regonant atomic transition and the Maxwell equations for
resonant level on the dynamics of the resonant response of Kr: soli . - .
line, o;=0 (without photoionizatiojjy dashed-dotted lineg;=3 e. fle|d§ has been developed. The model makes it possible
%10 2 cn?: dashed line,on=3x10 Bcn?: dotted line, o to investigate fre_quency conversion at th(_a st_age Wh_en the
=10 cn?. The pump pulse energy; =350 u.J. effects of saturation of the nonlinear polarization dominate,
and to estimate the maximum conversion efficiency for
) difference-frequency generation. It was found that the effect
[see Eq. 3M)] at the beam axis must exceed the vallle  f interference of the contributions of two processes, two-
=2m. As can be seen qualitatively from E(B7), in this  pnhoton absorption ab, and two-photon emission at, and
situation the population difference and the respobse ., imposes principal limitations on the maximum achiev-
make one complete oscillation. The corresponding pumpple efficiency in the FWDFM process. As a result, the effi-
pulse critical fluence was calculated to be 0.35 3/owhich ciency of energy transformation from the pump to the vuv
is also in good agreement with our observations. field is saturated even under perfect phase-matching condi-

The influence of one-photon ionization of the upper resotions. The larger the cross section for the FWDFM process,
nant level by the pump radiation on the FWDFM process hashe smaller the vuv field saturation energy. Therefore, opera-
been also analyzed. In the presence of photoionization th&on in rather close resonance with intermediate atomic states
density-matrix equation for the upper level populatieg, can lead to a reduction of the conversion efficiency that is
contains an intensity-dependent relaxation term accountingupported by our experimental observation in Ar. Our esti-
for the depletion of the level with the ratev;=1/T,  Mations show that an optimized FWDFM process can pro-
—oil,/hw, (Wherea; is the photoionization cross section, Vide @ vuv field generation with efficiencies up to several
and 1, is the pump pulse intensity The equation for the tens o_f percent. The approach has also bggn applied to a
nondiagonal elemend;, has an additional term describing modeling of th_e FWD'.:M proc_ess_under conditions of co_her-
the ionization-induced line broadenifig=w;/2. Because of ent resonant interaction, taking into account the nonlinear

the lack of reliable data on ionization cross section of theabsorptlon of the fields in the medium. The maximum

) e achievable conversion efficiency here is limited mainly by
6p(5/2), level of the }_<r atom with rad|at|o_n ahy the coherent propagation effects and by a formation ofra 2
=193 nm, we have carried out model calculations of the, qe of self-induced transparency. It is interesting that in the
me_dlgjm response with the values @f varying in the range  coherent interaction regime the vuv field is produced in a
107'°-10"*" cn?. It has been foundsee Fig. 11that the form of femtosecond pulses with durations considerably
oscillating structure of the coherent response is still well deshorter than the durations of both the input pump and in-
fined for o;<<3X 10~ ™ cn¥, but completely desappears due jected pulses.
to the ionization-induced relaxation process fot>5 Experimentally, we developed a vuv femtosecond laser
X 10~ cn?. From these model calculations we have esti-source tunable in the range 102—124 nm based on FWDFM
mated the ionization cross section to be of the ordesof of intense femtosecond ArF pulses and synchronized injec-
~1.5x 10 1 cn?. This means that for the pump pulse in- tion pulses tunable in the visible and near infrared. The sys-
tensities used~ 1 TW/cn¥), the photoionization time of the tem has the potential to extend the tuning range across nearly
atom isT;=1Av;~10 ps and still long enough compared to the whole vuv(96—190 nm by up-converting the injection
the pulse duration+0.5 ps) and the collisional relaxation pulses into the ultraviolet spectral region or extending them
time (~1.5 ps). The pump pulse energy density required tdo the IR. Further improvement of the conversion efficiency
completely ionize the atom from the excited state can beshould be possible by employing a pulsed gas jet in order to
estimated to b&V;~10 J/cnd, that is, an order of magnitude obtain phase matching and to avoid spatial and temporal dis-
higher than the energy densities used in the discussed resmwrtions of the pump beam due to self-action and to minimize
nant experiment. Our analysis thus shows that the effects dbsses for the vuv radiation caused by absorption in long gas
saturation of resonant frequency conversion due to photoiorpaths.
ization of the medium will be important for the pump pulse  We have also demonstrated that the femtosecond-pulse
energy densitie§V=10 J/cnf. FWDFM-process makes it possible to study the coherent dy-

signal energy (arb. units)
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namics of a quantum transition in an intense resonant fielcknowledge, these results are the first direct experimental ob-
With this technique, the two-photon resonant response afervation of the coherence induced by a two-photon excita-
atomic Ar and Kr excited by an intense uv pulse with ation of an atomic by femtosecond vuv pulses. The measured
duration short compared to the polarization relaxation timedifference frequency probes the squared amplitude of the off-
was investigated. In Ar the frequency detuning from the two-diagonal matrix element of the transition. Such information
photon transition is sufficiently large, and the response of thabout the dynamics of quantum transitions is of importance
medium shows quasistationary behavior determined by théor controlling and optimizing such processes as two-photon
instant value of the pump pulse field. In the resonant Kr caseesonance frequency conversion and harmonic generation, as
coherent two-photon Rabi oscillations and subsequent frewell as time-resolved studies of Rydberg states in atoms and
relaxation of the excitation have been observed. To oumolecules.
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