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ac Stark shifts in Rydberg NO levels induced by intense laser pulses
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We report a quantitative assessment of the ac Stark effect induced in thesdd@ 35 * Rydberg state by
femtosecond laser pulses at intensities upt®x 10'*W cm 2. Then’ =2 vibrational level ofA 23" NO is
excited by two-photon absorption at frequencies above and below the weak-f&ld — X 2I1,+ 24w reso-
nance and its time-dependent population monitored by fluorescence detection at different incident laser inten-
sities. Dispersed\ 23" — X 2II, spectra recorded at=10'*W cm™2 exhibit prominent features due to fluo-
rescence from tha’ =2, 1, and 0 levels of thé 23 state. These results can be quantitatively described by
a kinetic treatment of multiphoton absorption and ionization that takes into account ac Stark shifting of the
vibrational levels of theA 23" state at different coordinates in space time mapped out by the laser pulse. An
analysis of the experimental data within the terms of this model leads to the deduction that the ac Stark shift
is 0.4 times the ponderomotive energy of a free electron at the laser fields used, corresponding to a shift of 0.36
eV at an intensity of =6x 10"°*W cm™2 at A =400 nm.

PACS numbses): 42.50.Hz, 33.80.Rv, 32.80.Rm, 32.60.

[. INTRODUCTION since the induced polarizability strongly depends on the in-
ternuclear distance, and hence on the nature of the electronic
Much effort has been dedicated to the investigation of thepotential-energy surfadd].

intensity dependence of atomic and molecular energy levels Although many elegant experiments have been designed
in intense laser field§l]. In general, the polarizability in- to determine ponderomotive energy shifts in atomic systems
duced by an optical field shifts all energy levels to some[7], there exist in the literature relatively fewer quantitative
degree, either through Thomson scattering or th@lgeami-  geterminations of the extent of ac Stark shifting of molecular
cal) Stark effect. According to perturbation theory, the en-gycited states. Most information on the ac Stark effect in
ergy eigenvalues of a multilevel system bathed in an oscilgycited electronic states of molecules derives from measure-
lating electric fieldE are shifted by the ac Stark effect by an ., ants of line shifts, broadenings, and splittirgee Autler-
amount[2—4] Townes effedtin frequency-domain measurements carried
out at high spectral resolution. Line shifts have been ob-
served in resonant ionization schemes involving the
F '3, state of B [8] and have been utilized to determine
the vibronic transition moment between the F 'S and

wherea(w) is the induced polarizability andl is the electric P 'T1, states[9]. In a similar vein, dynamic Stark shifts in
vector of the incident light of frequency time averaged the two-photon resonantly enhanced multiphoton |or11|zat|on
over a single optical cycle. In particular, the ponderomotive(RE'\fPQ spectrum of vibrational bands of thé "I
shifting of ionization potentials and high-lying atomic or mo- <X "2 transition of CO have been examined by several
lecular levels has been discus$Biito explain photoelectron  9roups[10,11, and sub-Doppler spectroscopyl hi‘s E)een ap-
energy spectra at high laser intensities where above(-"'e‘j1 o examine light shifts of theB X" n’=0
threshold ionization predominatég]. From a classical per- <X "2 n"=0 two-photon transition of the same molecule
spective, the ponderomotive energy,, = e’E2/4mw?, is [12]. Girard et al. have examlngd the polarization depen-
i S ” o dence of the ac Stark effect in thet2 REMPI a 11
simply the mean “wiggle” energy imparted to a free elec- Tt 9
tron by an oscillating radiation fielE=E, cos@t), and isa <X "2¢ spectrum of M[11]. The force due to the nonreso-
linear function of intensity. ac Stark shifts essentially iden- nant polarizabilitf Eq. (1)] induced by intense infrared pho-
tical to the ponderomotive energy are observed for highlytons has been exploited to modify the trajectory of a beam of
excited atomic states lying close to the ionization lifiif. ~~ CS; molecules[13]. Transient resonances induced by ac
For strongly bound states, however, from which the energ)stark Shlftlng have been invoked to explain atomic fragment
of any transition is |arge Compared to the photon energy okinetic-energy partitioning in intense-laser dissociation and
the incident field, the excess energy gained due to residui®nization of H, B 'S n=3 rotational level{14] and the
wiggle is much less thabl,. States that lie at intermediate five-photon photofragment spectrum of ,lonresonantly
energies between the ground state and the ionization limigxcited via the 311, Rydberg stat§15]. The kinetic energy
undergo Stark shifts whose magnitude and sign depend up®@f photoelectrons in Gldissociative ionizatiofil5] and their
the details of their couplings to neighboring levels inducedangular distribution in 1 resonant autoionization of ,H
by the optical field. In particular, the shift of lower-lying 17 [16] at | =10W cm 2 also exhibit characteristics due
Rydberg or valence states in molecules might be expected to dynamical Stark shifting of states. The ac Stark shift of
differ quite significantly from the ponderomotive energy, neutral excited states and the ionization potential has been

e=—ia(w)E? D
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observed to play an important role in the mechanism of high- @ ®) ©
harmonic generation in N 17], while the different behavior y 1 \
of Rydberg and valence states in intense laser fields serves ti e P
rationalize the structure of Nphotoelectron spectra in the i :/L,» Up
multiphoton ionization regimgl8]. Insightful discussions of = A
theoretical aspects of dynamic Stark shifting of resonant Ry- -
dberg states in two-color multiphoton ionization have been
given by, among others, I'Huillieet al. [19] and Gibson A
et al. [20]. ey E z U
. . i ate p
For NO, substantial Stark shifting of spectral lines of the 0
D 23 "X 23" transitions at 7 GW ci? incident intensity A A A
has been invoked to explain the spectral width and asymme- Ground
try of a laser-dressed continuum structure i 2 ionization State \ / i \ / \ /
that resonantly accesses levels of the drefde® * state 0 n'
[21]. Stark broadening of the two-photoA 23" n’=0 e Ty -
—X 2I1,n"=0 spectrum induced by 5-ns, 3—-GW cfiaser
pulses enabled Huet al. to determine Stark shifts of up to FIG. 1. Schematic illustration of the interaction of intense laser
6.24x 10 %eV for rotational components of the Rydberg light with NO, showing the upward shifting of the ionization thresh-
A 23* n’=0 level[22]. Shifts of this magnitude, which are old and theA 23+ Rydberg state induced by the electric field of the
|arger than the free_electron ponderomot|ve energy for thes@ser as its intenSity.inCI’easeS during the first half of the pulse: the
laser fields, were attributed by these workers to optical couylionization threshold increases by an amount equivalent tp the free-
pling via the Stark field to higher-lying electronic states. Thee'ez‘3trf"_1 ponderomotive energy,; the ac Sztarf effect in NO
pressure dependence of the ac Stark effect inASL* at A °3 7 is governed by optical coupling of the °X, s_tate to other
GWem 2 intensities has been thoroughly investigatedRydberg and valence states of the molecule mediated by the stark

through measurements of asymmetrically broadened Iin%,leld’ and is expressed as a fractign(0=y=1) of Up. The in-
shapes in laser-induced fluorescence and resonant multipho- - optical field distorts the potential-energy curves and the
i Pes. fi wa23l At intensiti in th P ground state also experiences a small ac Stark effect, neither of
on loniza |on2 Specff[ . . Intensities in the range which are shown. The length of the vertical arrows represents pho-
=0.8-20<10"?Wcm 2 at a given wavelength, Ludowise

. . 5 ton energies for two-photorA 23« X 21, absorption at\

et al.observed preferential population of t8e“Iln=0 and  — 400 nm, showing above-resonansé=2-n"=0 excitation at

A ?Y" n=3 vibrational levels of NO by femtosecond pho- the lowest intensity(@), resonantn’ =2n"=0 excitation at the

toelectron spectroscopf24]. These workers estimated a middie intensity(b), and below-resonamt’ =2« n"=0 excitation

maximum energy shift for thé\ ?X* state of 200 meV at at the highest intensity.

| =1.6x 10"®*W cm ™2, which is within 10% of the full pon-

deromotive expectation. pulse or fluorescence from the excited state once the mol-

The totally nonresonant four-photon ionization of NO in ecule has left the focal volume of the laser.

intense 532-nm nanosecond and picosecond pulses has beerin this paper we present measurements of N33 *

successfully described by He and Beck2B] using a rate  — X ?II, fluorescence induced by a femtosecond laser as a

equation model based on perturbation theory. At intensitieunction of intensity up to=6x10"*Wcm~2 and photon

up to =2x10"Wcm™2, the ionization rate was found to energies scanned from nonresonantly below to nonresonantly

exhibit the characteristic power-law dependencd a@fithe  above that for the NOA 25" n’=2—X ?[I,n"=0 two-

form photon transition in the weak-field limit. Figure 1 illustrates,
in cartoon fashion, the nature of our experiment. Fhe>, "

2 state of NO corresponds to a single electron occupying the
atomiclike 3o orbital. Although labeled as a Rydberg state
and characterized by a Coulombic attractive force, the

wherea, is the total ionization cross section ant=4. For A 23" state lies at an intermediate energy, approximately

pumping at wavelengths such as 532 nm, where the photo5.49 eV above the ground state and 3.77 eV below the ion-
energy is far removed from the energies of real states of NGration threshold situated at 9.26 €¥6]. It cannot be as-
whose occupation would be permitted by selection rulgs, sumeda priori that, in an intense laser field, the ac Stark
remains insensitive to intensity, and a perturbative treatmerghift for this state will be fully ponderomotive, and thus it is
that does not involve intensity-dependent intermediate enef interest to seek to quantify this energy shift as accurately

ergy levels adequately describes the ionization processs possible, and compare it to the ponderomotive energy of a

However, if the laser wavelength can access a real excitefiee electron.

state with an intermediate number of photons, such a state As Fig. 1 attempts to convey, the onset for resonant popu-

may be shifted into and out of resonance by the time-varyingation of the A 2> * n’=2 Rydberg vibrational level, and

laser intensity. These transient resonances will affect thgubsequenA 23 * n’=2—X 2II, n”=0 fluorescence, is ob-
time-dependent population dynamics of the intermediate exserved at progressively higher laser intensities as the excita-
cited state and thus any subsequent process that dependstiwym wavelength is decreased to the blue of the weak-field
them, whether it be ionization during the remainder of thelimit of the two-photon transition. The dependence of

_ m
Fion=oml™,
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A 23T n'=2-X 2[I, n"=0 fluorescence on laser intensity peak intensity of the excitation pulse was varied by rotating
is mimicked for intensities up te=2.5x10"*Wcm 2 by  the polarization sense of the fundamental beam prior to the
solving kinetic rate equations for the time-dependent popuKDP crystal, thus reducing the efficiency of the frequency
lations in the ground state and the three lowest vibrationadioubling process and decreasing the output energy of the
levels of theA X * state of NO. Stark tuning of th& X" second-harmonic pulses. The energy of the second-harmonic
vibrational levels into resonance at different intensities is actaser pulses incident on the cell window was monitored by a
counted for by rendering the two-photdn®X *—X °IT; ab-  pyroelectric detector immediately before and after fluores-
sorption cross section intensity-dependent, whereby thgence collection and could be varied from zero to a maxi-
“resonant” transition energy shifts linearly with laser inten- jum of 150J. The second-harmonic pulse energy varied
sity. The usefulness of the kinetic approach is discussed iauadratically with input pulse energy accross the entire in-
terms of its ability to predict the magnitude of the ac Stafktensity range used in these experiments, implying that SHG
shift of NO A 22 in comparison to the ponderomotive en- as not saturated and ensuring that the frequency doubled

ergy in the same laser field. pulses were neither spatially nor temporally distorted as their
energy was increased. This allowed us to assume the same
Il. EXPERIMENT spatiotemporal profiles for the second-harmonic pulses

throughout the course of measurements at different intensi-

Ultrafast laser pulses were generated by a regenerativeljes at a given wavelength, and then for each excitation
amplified Ti:sapphire laseiSpectra-Physics Lasgreperat-  wavelength.
ing at 10 Hz. Pulse widths were determined by second-order To ensure an accurate determination of the pulse intensity
interferometric autocorrelation, from which t&aussiap  at each wavelength, a detailed characterization of the laser
pulse duration was conservatively estimated as*1#0fs.  pulse profiles in space time was carried out. Temporal char-
The compressed output was optimized for emission at reguacterization was performed by mixing the output SHG pulses
lar intervals between 790 and 830 nm such that the pealith a fraction of the fundamental pulse in a beta-barium
wavelength of the frequency doubled pulses could behorate (BBO) crystal of thickness 0.1 mm to generate the
scanned through the N@ 22" n’=2—X 2II, n"=0 two-  third harmonic. Cross-correlation widths varied very little
photon absorption at 409.9 nf7]. Second-harmonic gen- with excitation wavelength and typical values measured be-
eration(SHG) was performed in a 1.4-mm potassium dihy- fore and after each experiment were around 180 fs, implying
drogen phosphatéKDP) crystal cut for type-l SHG at 800 a second-harmonic pulse width of about 100 fs. Spatial char-
nm. The second-harmonic pulses were focused by a thiacterization was performed by appropriately attenuating the
fused silica lengfocal length 0.2 minto a quartz static cell excitation pulse prior to focus, and directing the laser beam
containing approximately 1.6 Torr of NO. The pressure ofinto a charge-coupled-devid¢cCD) camera placed at the
NO in the cell was chosen to ensure a maximum fluorescendecal point of the lens used in the experiment. The resulting
signal without significantly reducing the fluorescence life-images were captured by a frame grabber and stored on a
time by vibrational quenching27]. NO A 23" —X 211, computer through video image processing software. Typical
fluorescence was dispersed in @ monochromator and detectedam profiles were elliptical in shape with Gaussian intensity
photoelectrically perpendicular to the laser propagation axisprofiles along the major and minor axes. For two-photon
Time-resolved fluorescence profiles were displayed and awxcitation at 415, 410, 405, and 395 nm, the spatial beam
eraged over 100 individual laser shots on a digital oscilloshapes were fitted individually with a minor full width at half
scope and then downloaded onto a laboratory computer andlaximum(FWHM) of about 30um and a major FWHM of
integrated to obtain the total fluorescence at each excitation3gum. The 400-nm beam was seen to have a much tighter
wavelength. Scans of the dispersed fluorescence at higiacus, with dimensions of 3085um. The maximum peak
pump intensities I(=10"*W cm™?) revealed a congestion in intensity for the 400-nm data was thus much larger than that
the fluorescence spectrum due to laser-induced shifting dbr the other wavelengths.
then’=1 andn’=0 vibrational levels of theA 23" state At the beam focus, the transverse component correspond-
into resonance with the two-photon transition energy. Théng to the minor axis of the elliptical beam profile has the
origins for fluorescence from the =1 andn’=0 levels are  smallest waist size and consequently the smallest and most
situated at 215 and 226 nm, respectivigy]. The detection limiting confocal parameter along the laser propagation axis.
wavelength was therefore fixed at 205 nm, corresponding tGor a laser beam with a Gaussian spatial distribution, this
the origin of the NOA 23" n’=2—-X 2[I, n"=0 transition, ~ waist size corresponds to a confocal distance of approxi-
with a 5-nm detection bandpass. In this way, the incideninately 10 mm at =400 nm. Fluorescent emission located
intensity dependence of fluorescence from MCGS ™ n’ about the laser focus was collimated and imaged onto a
=2 could be monitored in the absence of significant contri-1.2-mm entrance slit of the monochromator using a 1:3 lens
butions to the total fluorescence signal from the neighboringelescope arrangement. In this way, the only fluorescence
A?3*n'=1,0-X 21, n"=0 lines. Fluorescence was re- collected was that emitted from molecules located within a
corded as a function of second-harmonic intensity at fivespatial extent 0=350 um along the laser propagation axis
different excitation wavelengths encompassing the twoaround the position of the minimum beam waist, correspond-
photon A 23, n’=2X 2II, n"=0 weak-field resonance, ing to a small fraction of the smallest confocal distance of
as depicted in Fig. 1. the laser. Under these conditions, the transverse beam profile

For each set of measurements at a given wavelength, tharies very little across the spatial region imaged onto the
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ponderomotively shifting continuum
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FIG. 2. Energy-level diagram
showing the diverse NO multipho-
8 - B ton sequences included in a ki-
netic simulation of the depen-
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- 1§ {. . 2.+
g ] 1 a I "zl } NOA'E tensity atl <3x10*W cm 2 and
& \ N=395-415nm. On this energy
AG-Stark shifting A state scale, the induced ac Stark shifts
4 B of the NOA 23+ state and NO
Ae 410 nm A= 405 nm 2= 400 nm X 13* ground-state vibrational
o - levels are barely discernible: the
effect is shown schematically in
Fig. 1.
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monochromator, thereby generating a constant spatial intemdtrashort laser pulse at the two-photon center frequency.
sity distribution for the incident radiation along the propaga-Figure 2 displays the intensity-dependent energy levels and
tion axis. The total fluorescence collected is therefore an aweptical transitions invoked to model intense laser excitation
erage, assuming a constant transverse beam profile, of tlid NO atA =395-415nm.

light emitted over the extent along tlzeaxis that is imaged To take account of ac Stark shifting of N®23 " vibra-
onto the entrance slit of the monochromator. tional levels, coupled differential equations are proposed that
include intensity-dependent excitation cross sections, and the
. KINETIC MODEL state shifting is assumed to be directly proportional to light

intensity, as in the ponderomotive shift of a free electron.
In this section we present a kinetic scheme for simulatingThe kinetic evolution of the populaﬂorNx(O) of the n”
the A2 n'=2-X?II,n"=0 fluorescence intensity =0 vibrational level of the loweK 2I1,,, spin-orbit state of
emitted by NO as a functlon of incident laser intensity. Thethe electronic ground state ahti,, of then’th vibrational
model is based on a perturbative description éf2reso- |evel of theA 23+ state are
nant multiphoton ionization via tha 23" state, using tran-
sition cross sections derived in the weak-field limit. The dNX<0)
standard perturbation theory result for the rate of depopula- ~ J dXJ dy
tion of a state by amth order process is

x{Z [Ny(0)02 o(@,)D(X,y,Z;w;t)?
n!

~ gt =Now(©)®(w)™, @

— 2N 02 (0,D)D(x,y,Z ;t)?]
where o, is the mphoton cross section in units of
lengttf™time™* and ®() is the photon flux expressed as + Ny 0@ (XY, Z; ;1) 4)
per unit area per unit time. This type of model has found
wide application in studies of multiphoton ionization of at-
oms [28], and has been adapted previougBb] to model and
multiphoton transitions in NO up to the intensities employed

in the present experiment when all important radiative pro- dNa 2

cessespare takenplnto account: specmgally included herl?a are d; . j dXJ’ dY{Nxm)U;')70(“”@)@()(%2?“’?t)z
two-photon A 23"« X 2II, absorption and A 23"

—X 21, stimulated emission, two-photon NOX 3+ —2Nagn) o2 O(w O)YD(X,y,Z;w;t)?

—NO A 23" ionization and direct NO X 3*—NO

X 21, four-photon ionization from the neutral ground state. ~Nan) T P (XY, Z0;1)%}, (5

The last of these processes must be included in any treatment 2
of nonresonant excitation when no vibrational level of thewhereo )" (w,®) is the intensity-dependent cross section
A 23" state is encompassed within the bandwidth of thefor two-photon excitation from th& 2I1,,n"=0 level to
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the n'th level of theA 23" state ands'?)

on—

_is the cross  For o) ,=6.0£1.0x10 *cn? [30], this gives o) ,
section for two-photon ionization fromk 25 n’. In this  =6x10"%cmi's. Zachariat al. found thato'?)  varied
work we neglect the contribution to thé 25 population by only a factor of 1.4 fon’ =0-2, with the largest value
arising from transitions out of the upper spin-orbit level of observed fom’ =1 [30]. Within the bounds of the present,
the X 2I1, manifold, which is located within the bandwidth simplified kinetic treatment, where the ionization potential

of 100-fs laser pulses, and also omit rotational effects. increases linearly with intensity by an amount equivalent to
The quantitys? (w,®) is calculated at each coordinate the electronic ponderomotive energig. 2), it was assumed
in space time by that for input into Eq.(5), afozn’,n, does not vary with wave-
length across the range 395-415 nm, and has the value for
02 (0,®)=0" exd — &{fi(0— wedN'))—xU 2, ionization fromA 23 * n’ =2 determined from Eq(8).
(6) The ratio given by Eq(8) appears to operate successfully

for the A 2% n’=2—X 211, n"=0 transition of the neutral
whereaﬁ',rfso is the resonant two-photon cross section in thestate, for which the one-photon cross sectioft's>=6.5
weak-field limit andw,{n’) is the resonant angular fre- X 10”8 cn? determined from the absolute integrated absorp-
quency of the two-photon absorption transition to thi¢h  tion intensities reported by BethK&1] is 10** times larger
vibrational level of theA 23" state. The factog is calcu- than a recent measurement of the two-photon cross section of
lated from the spectral width of the lagerg., FWHM of 1.8 o$*€9=2.2x 10" cm’s [32]. The oscillator strengths for
nm at 400 nmandy is a fitting parameter that measures thethe vibrationally resolved 23" n'=2—X 2[1, n"=0 tran-
magnitude of the ac Stark shift of thes@ Rydberg electron sitions derived from absolute intensity measuremg3its33
as a fraction ofU,. Based on the observed profiles, thevary by a factor of 2 fon’=0, 1, and 2. Consequently, as
spatiotemporal incident intensity distribution is taken to havefor the two-photonX 3"« A 23" jonization cross section
the form discussed above, it was again assumed #&t*? is inde-

pendent of the vibrational resonaneéin the A 23" state;

i.e., thato!>"*P= ¢ {29for n’=0— 2. To test the validity of

€ , , these assumptions, we varied®'s¥ ands>)__, by one or-
mexd— ax®— By —y—otc], _der of ma}gmtude on either side of the above estimates, find-
ing very little effect on the calculated dependence of fluores-
(7)  cence yield as a function of laser intensity.
We note the results of the theoretical investigation of Cre-

wherex andy are the coordinates perpendicular to the lasemaschi, who determined values of$?'§9=2.9

beam propagation direction Integration overx andy in X 10 %2cn*s for two-photon absorption and!{%) ,=8.8
Eqgs.(4) and(5) ensures conservation of energhoton fluy ~ x10-47cni*s  for two-photon ionization from time-
per unit time and, though not indicated explicitly, dependent perturbation theory and frozen-core self-

®(x,y,z;w;t) is integrated over the optical cycles containedconsistent-field SCP calculations of the NO Rydberg states
within the pulse envelope function. The parameteused [34]. We find that using a value @

. : - -, six orders of
here is the total energy per pulse monitored eXpe”menta”ymagnitude larger than that predictetljonb; E8) results in
The coefficients appearing in the exponential term of &Y. zero fluorescence emission according to &y.for all inci-
were determined at each second-harmonic wavelength fromy, . |- <o intensities considered here. as allANEE * mol-
the beam profilese, §) and second-order cross correlation ecules are then 22 ionized. For four'—photon nonresonant
(8). The parametey in the exponential term accounts for the NO* X IS+ NO X 2II n’.=0 ionization from the neu-
independence of the the intensity of the focused laser bea[[rpal round state we ra,ldo t the value® —71+0.1
along the propagation directianover the short length at the 9117‘1”]853 we P valuggy_o= /.1= Y.
center of the confocal range viewed by the light-imaging<10 =~ C determined by He and Becker for 532-nm
optics. Integration along the beam propagation direction ié‘f"

ser light[25] rather than the result derived from perturba-
taken into account by scaling the calculated fluorescence oufion theory applied to SCF Rydberg orbitals, which is some
put from the model to the experimentally measured fluores-

9 orders of magnitude highgs4].
cence signal. Clearly, the kinetic treatment of Eq&l) and(5) offers an
Where possible, literature values were adopted for th

éncomplete picture of the intensity dependence of state shift-
cross sections required to solve EG§—(6). The cross sec- ing, neglecting as it does the nonperturbative excitations that
tions o3, for two-photon ionization from different’

dominate ionization processes at high intensit&35]. Even

on—n’ =t _ in the absence of multiphoton above-thresh@ldd dissocia-

Ievels_of theA 37 state were gstm;ated_from the_ COITe- tjyie) ionization atl <10Wcm™2, 2+1 ionization is ener-
sponding one-photon cross sectian§) ,, via the ratio of getically possible for the wavelengths of 395 and 400 nm

1(X,Y,Z,0;t) =ho®(X,y,Z,0;t)

their susceptibilities af29] used in this experiment, but then=0 Franck-Condon ex-
pectation for ionizing transitions from NO Rydberg states

O-i(ozr:fn’ ensures that 2 2 ionization is overwhelmingly most prob-
D =107 (8)  able. Stark shifting during the leading edge of intense laser
Tion—n’ pulses may facilitate resonantly enhanced ionization through
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2+1+1 or 3+1 photon absorptions via high-lying Rydberg
states[36]. We suspect that such processes may be at leas
partially responsible for the inability of Eq$4) and (5) to
predict correctly the fluorescence vyield at=2.5
X 10W cm™2. At intensities below about this value, Egs.
(4) and (5) predict that no population will remain in the
A 23" state for long enough to fluoresce in the presence of i
additional, enhanced ionization routes: for this reason, extra
processes contributing te-dNa(,)/dt are neglected in a - ———
simplified treatment of the data. 0 1 2 3 4 5 &
The coupled differential equations for the first three vibra-
tional levels of theA 23" state are integrated over time and 4
space to yield a final population in theé =2 level, NL(n,)
This is taken to be directly proportional to the fluorescence
signal S according to

S; (arb. units)

Sg (arb. units)

Se= Ny, - (9)

The parametek is a scaling factor used to normalize the
measured electronic signal from the photomultiplier tube to
the populations generated by Ed@4) and (5) and spatially
averages the fluorescence imaged into the monochromato
from the center of the confocal distance of the laser beam. To
simulate the experimengg is calculated for each incident 4 N
laser intensity and wavelength.

Sg (arb. units)

IV. RESULTS AND DISCUSSION

Figure 3 shows graphs ok 23 * n'=2—-X 21, n"=0
fluorescence intensity plotted as a function of incident laser T e T
intensity for two-photon wavelengths of 410, 405, and 400 0 1 L ;(10‘3Wcm,2;* 5 6
nm. The other two-photon wavelengths studied, 415 and 395
nm, produced no significan *X* n’=2—X 2II, n"=0 FIG. 3. Graphs of the intensity of ?S* n’=2—X 2II, n”
fluorescence at 205 nm. At the “resonant” wavelength, 410=0 fluorescenc&; versus incident laser intensity calculated using
nm, Fig. 3a) reveals thaS; increases quadratically, with a Eq. (9) at different two-photorA 23 "« X 2II, excitation wave-
peak intensity at<1x10**W cm™2, and then rapidly satu- lengths:(a) 410 nm;(b) 405 nm;(c) 400 nm. The solid lines in all
rates. This effect is interpreted as an ac Stark shift of théhree diagrams indicate optimized nonlinear least-squares fits to the
A 23%n’=2 level to higher energies as the peak laser in-data according to Eqg4) and (5), while the dashed lines in dia-
tensity is increased. In this way the two-photon energy begrams(a) and (b) indicate fits obtained witty fixed at 0.40, the
comes nonresonant, and an increase in intensity does ngptimym value d_erived from diagrafn). Dark circles represent the
bring about further population of the =2 level. Figure &)  €xperimental points.
indicates that the amount of fluorescence observed after irra-
diation by a 405-nm laser light is small up tb<1
X 10W cm™2, at which point the intense radiation begins wavelength studied, the factogsand «x are expected to be
to populate then’=2 A 237 level. For a 400-nm incident the same. To test this conjecture, each curve was fitted indi-
light, a further increase of peak intensity tb=1.5 vidually. It was found that a best fit to the data recorded at
X 10"Wcm™ 2 is required before thé\ 23 n’=2 state is 410 nm was obtained with values gf=0.26 andx=0.53,
tuned into resonance. At=395nm, no fluorescence is ob- and it is displayed as a solid line in Fig(a®. The optimum
served because the Stark shift required to tunerthe 2 fit to the 405 and 400-nm data shown in Fig&)3and 3c),
level into resonance could not be achieved fiox6 also indicated by solid lines, required valuesyef 0.32 and
x10Wcem™2 In the absence of negative Stark shifts, nox=1.20, respectively, angg=0.40 andx=8.80. For 400
A 23" X 211, fluorescence was observed at wavelengthsm, Egs.(4) and(5) generated the poorest fit to the data. The
such as 415 nm, longer than the zero-field resonance at 4¥8ct that the intensity dependence of the?S* n’=2
nm. —X ?II, n”"=0 fluorescence at different wavelengths is best

The two parameters not fixed in the model gr@nd «  fitted with differentx values reveals, as might be anticipated,
[Egs.(6) and(9)]. The factory scales the ac Stark shift from that the kinetic scheme of Eq&t)—(9) represents an imper-
0(x=0) toUy(x=1); wheny=1, the shift is that expected fect description of the phenomenon.
for a free electron. The factor scales the calculated popu-  The experimental variation oS¢ with laser intensity
lations to the measured fluorescence intensities. For eadaould not be reproduced by the kinetic model for intensities
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greater than about 2:5610*W cm™2. Saturation of the ion- tion of the 3o electron would provide a better description
ization rate at 532 nm at similar intensitig5] would imply ~ of the phenomenof87].
that atl >2.5x 10"*W cm 2, the peak intensity of the pulse An intuitive and useful observation is that the point of
completely depletes the ground state of the NO molecules afflection (POI) of each of the curves of Fig. 3 lies very near
the center of the focal volume of the laser. Population of théhat for which the peak intensity of the laser pulse has shifted
A 23" state is then no longer possible with increasing peakhe state of interest > n’=2) into resonance with the
intensity and hence no further increase in fluorescencévo-photon energy. The wavelengths that are resonant or
should be monitored. In our experiments, we suspect thatearly resonant at low intensities are obviously an exception.
fluorescence observed &t 2.5x 10"Wcm 2 most likely  If we take the POI of the 400-nm curyBig. 3(c)] to be near
originates from molecules located within concentric shells 02X 10"W cm™2 and that for the 405-nm cun{&ig. 3(b)] to
decreasing intensity about the center of the laser beam in tHee near X 103W cm™2, then these intensities are in agree-
transverse dimension, where Stark-induced population of thenent with an ac Stark shift of O4},. The POI predicted by
A 23* n’=2 level can still occur. Stimulated emission pro- Egs. (4) and (5) is the most robust feature of the kinetic
cesses, which would increase the light intensity along thénodel, being resilient to large changes in the N® '3 *
laser propagation axis at the expense of transverse emission;NO A 2>*, n’=2 two-photon ionization cross section
only occur during an intense laser pulse, and so are able @nd laser spectral width. It is suggested that this feature of
suppresd 23— X 211, fluorescence observed perpendicu-the experimental curves can be used to provide a convenient
lar to the beam direction over the 202{2¥] radiative life-  estimate ofy.
time of theA 23 * state by a factor on the order of 1f As The dispersed fluorescence spectrum recorded using high
discussed in Sec. Ill, the breakdown of a simple kinetic treatintensity 400-nm light reveals a number of features arising
ment of the time-dependent Rydberg state population in thi§flom NOA 23 n’=1 andn’ =0, and is displayed in Fig. 4.
intensity regime may be interpreted as being due to the onsétor a peak intensity of 8 10'3W cm?2 at this wavelength, a
of processes such as above threshold and tunnel ionizatidnll ponderomotive shift would have a value of 0.89 eV. For
and dissociation, which are known to dominate nonperturbathe A 23 % n’=0«X 2[I, n"=0 resonance at 226 nm to
tive laser-molecule interactiori4,3,4,15,35 shift to 200 nm(two photons at 400 njnan ac Stark shift of
Fitting the data of Figs.(®) and 3b) for 410 and 405-nm 0.72 eV is required, commensurate with a value )of
excitation with a common value of, shown as dashed lines, =0.81. For two-photorA 23"« X 21, excitation at 400
yields an optimal result of=0.40, consistent with the best nm, the fitted curve of Fig. (@) indicates that some fluores-
fit to the 400-nm data shown as a solid line in Figc)3 cence is detected at a lower intensity than at the POI due to
However, in this case the calculated fluorescence signal ahifting of then’=2 resonance within the red wing of the
400 nm needed to be scaled ten times bigger aat 405 finite spectral width of the laser pulse: the value pf
and 410 nm to agree with experiment. The successful aspeet0.81 may then be an overestimate. On the other hand, the
of the kinetic model is that it can quantitatively reproduceshift may be even larger than 0.72 eV. Spectra such as that
the shapes of the fluorescence curves at intensities beloghown in Fig. 4 are of little predictive value in estimatigg
2-3x10"Wcm™2 for a common value ofy at all wave-  except to indicate thay must be at least 0.4.
lengths. The very nature of a model adapted from a pertur- In summary, the data of Fig. 3 point to a value fpoof
bative treatment means, of course, that it is bound to fail a0.4, indicating for the promotedsa electron of NOA 23 *
high intensities, for which an electronic wave-packet descripa significant deviation from the ponderomotive shift ex-
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pected for a free electron. It is possible to conjecture thaextent of the ac Stark shift of thesd A 23" electron as at
such a result is a manifestation of the still-dominant attracieast 0.4 of the full ponderomotive shift expected for a free
tive Coulombic interaction experienced by an electron in theslectron. This value is intermediate between those for elec-
A 23 % state. In contrast, ac Stark shifts of similar magnitudetrons in high-lying Rydberg states of atorfig] and mol-
to the ponderomotive energy are expected for the occupatioecules[14,15, which experience essentially ponderomotive
of high-lying Rydberg states situated close to the ionizatiorshifts, and those for electrons in valence states subject to
potential, where the electron dynamics are more strongly instronger nuclear force fields. It was further found that the
fluenced by the electric vector of the incident laser beam. point of inflection of curves of fluorescence intensity versus
incident laser intensity lies near the point where the peak
V. CONCLUSIONS intensity of the beam corresponds to a shift into resonance of
et the state in question. It would appear that despite the com-
Through measurements of the NQA X" n'=2 ey nature of the intense light-molecule interaction, ultrafast
—X 21, n"=0 fluorescence yield as a function of incident |aser-induced fluorescence can be applied to determine the ac

laser intensity, it has been found that light at wavelengths tGstark effect of nonponderomotively shifted Rydberg states in
the blue of theA 3 * n’ =2« X 2[1, n"=0 two-photon ab- strong laser fields.

sorption resonance in the low-field limit can result in popu-
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