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ac Stark shifts in Rydberg NO levels induced by intense laser pulses
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~Received 3 January 2000; published 16 June 2000!

We report a quantitative assessment of the ac Stark effect induced in the NO 3ss A 2S1 Rydberg state by
femtosecond laser pulses at intensities up toI<631013 W cm22. Then852 vibrational level ofA 2S1 NO is
excited by two-photon absorption at frequencies above and below the weak-fieldA 2S1←X 2P r12\v reso-
nance and its time-dependent population monitored by fluorescence detection at different incident laser inten-
sities. DispersedA 2S1→X 2P r spectra recorded atI>1013 W cm22 exhibit prominent features due to fluo-
rescence from then852, 1, and 0 levels of theA 2S1 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 2S1 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 ofI 5631013 W cm22 at l5400 nm.

PACS number~s!: 42.50.Hz, 33.80.Rv, 32.80.Rm, 32.60.1i
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I. INTRODUCTION

Much effort has been dedicated to the investigation of
intensity dependence of atomic and molecular energy le
in intense laser fields@1#. In general, the polarizability in-
duced by an optical field shifts all energy levels to so
degree, either through Thomson scattering or the ac~dynami-
cal! Stark effect. According to perturbation theory, the e
ergy eigenvalues of a multilevel system bathed in an os
lating electric fieldE are shifted by the ac Stark effect by a
amount@2–4#

e52 1
4 a~v!E2, ~1!

wherea~v! is the induced polarizability andE is the electric
vector of the incident light of frequencyv time averaged
over a single optical cycle. In particular, the ponderomot
shifting of ionization potentials and high-lying atomic or m
lecular levels has been discussed@5# to explain photoelectron
energy spectra at high laser intensities where abo
threshold ionization predominates@6#. From a classical per
spective, the ponderomotive energy,Up5e2E2/4mv2, is
simply the mean ‘‘wiggle’’ energy imparted to a free ele
tron by an oscillating radiation fieldE5E0 cos(vt), and is a
linear function of intensityI. ac Stark shifts essentially iden
tical to the ponderomotive energy are observed for hig
excited atomic states lying close to the ionization limit@7#.
For strongly bound states, however, from which the ene
of any transition is large compared to the photon energy
the incident field, the excess energy gained due to resi
wiggle is much less thanUp . States that lie at intermediat
energies between the ground state and the ionization l
undergo Stark shifts whose magnitude and sign depend u
the details of their couplings to neighboring levels induc
by the optical field. In particular, the shift of lower-lyin
Rydberg or valence states in molecules might be expecte
differ quite significantly from the ponderomotive energ
1050-2947/2000/62~1!/013414~9!/$15.00 62 0134
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since the induced polarizability strongly depends on the
ternuclear distance, and hence on the nature of the electr
potential-energy surface@1#.

Although many elegant experiments have been desig
to determine ponderomotive energy shifts in atomic syste
@7#, there exist in the literature relatively fewer quantitati
determinations of the extent of ac Stark shifting of molecu
excited states. Most information on the ac Stark effect
excited electronic states of molecules derives from meas
ments of line shifts, broadenings, and splittings~the Autler-
Townes effect! in frequency-domain measurements carri
out at high spectral resolution. Line shifts have been
served in resonant ionization schemes involving theE,
F 1Sg

1 state of H2 @8# and have been utilized to determin
the vibronic transition moment between theE, F 1Sg

1 and
D 1Pu states@9#. In a similar vein, dynamic Stark shifts in
the two-photon resonantly enhanced multiphoton ionizat
~REMPI! spectrum of vibrational bands of theA 1P
←X 1S1 transition of CO have been examined by seve
groups@10,11#, and sub-Doppler spectroscopy has been
plied to examine light shifts of theB 1S1 n850
←X 1S1 n950 two-photon transition of the same molecu
@12#. Girard et al. have examined the polarization depe
dence of the ac Stark effect in the 212 REMPI a 1Pg

←X 1Sg
1 spectrum of N2 @11#. The force due to the nonreso

nant polarizability@Eq. ~1!# induced by intense infrared pho
tons has been exploited to modify the trajectory of a beam
CS2 molecules @13#. Transient resonances induced by
Stark shifting have been invoked to explain atomic fragm
kinetic-energy partitioning in intense-laser dissociation a
ionization of H2 B 1Su

1 n53 rotational levels@14# and the
five-photon photofragment spectrum of Cl2 nonresonantly
excited via the 33Pu Rydberg state@15#. The kinetic energy
of photoelectrons in Cl2 dissociative ionization@15# and their
angular distribution in 111 resonant autoionization of H2
1su

2 @16# at I .1012W cm22 also exhibit characteristics du
to dynamical Stark shifting of states. The ac Stark shift
neutral excited states and the ionization potential has b
©2000 The American Physical Society14-1
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observed to play an important role in the mechanism of hi
harmonic generation in N2 @17#, while the different behavior
of Rydberg and valence states in intense laser fields serv
rationalize the structure of N2 photoelectron spectra in th
multiphoton ionization regime@18#. Insightful discussions of
theoretical aspects of dynamic Stark shifting of resonant
dberg states in two-color multiphoton ionization have be
given by, among others, l’Huillieret al. @19# and Gibson
et al. @20#.

For NO, substantial Stark shifting of spectral lines of t
D 2S1←X 2S1 transitions at 7 GW cm22 incident intensity
has been invoked to explain the spectral width and asym
try of a laser-dressed continuum structure in 211 ionization
that resonantly accesses levels of the dressedD 2S1 state
@21#. Stark broadening of the two-photonA 2S1 n850
←X 2P rn950 spectrum induced by 5-ns, 3–GW cm22 laser
pulses enabled Huoet al. to determine Stark shifts of up t
6.2431024 eV for rotational components of the Rydbe
A 2S1 n850 level @22#. Shifts of this magnitude, which ar
larger than the free-electron ponderomotive energy for th
laser fields, were attributed by these workers to optical c
pling via the Stark field to higher-lying electronic states. T
pressure dependence of the ac Stark effect in NOA 2S1 at
GW cm22 intensities has been thoroughly investigat
through measurements of asymmetrically broadened
shapes in laser-induced fluorescence and resonant mult
ton ionization spectra@23#. At intensities in the range
.0.8– 2031012W cm22 at a given wavelength, Ludowis
et al.observed preferential population of theC 2P n50 and
A 2S1 n53 vibrational levels of NO by femtosecond ph
toelectron spectroscopy@24#. These workers estimated
maximum energy shift for theA 2S1 state of 200 meV at
I 51.631013W cm22, which is within 10% of the full pon-
deromotive expectation.

The totally nonresonant four-photon ionization of NO
intense 532-nm nanosecond and picosecond pulses has
successfully described by He and Becker@25# using a rate
equation model based on perturbation theory. At intensi
up to .231013W cm22, the ionization rate was found t
exhibit the characteristic power-law dependence onI of the
form

G ion5smI m, ~2!

wheresm is the total ionization cross section andm54. For
pumping at wavelengths such as 532 nm, where the ph
energy is far removed from the energies of real states of
whose occupation would be permitted by selection rules,sm
remains insensitive to intensity, and a perturbative treatm
that does not involve intensity-dependent intermediate
ergy levels adequately describes the ionization proc
However, if the laser wavelength can access a real exc
state with an intermediate number of photons, such a s
may be shifted into and out of resonance by the time-vary
laser intensity. These transient resonances will affect
time-dependent population dynamics of the intermediate
cited state and thus any subsequent process that depen
them, whether it be ionization during the remainder of t
01341
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pulse or fluorescence from the excited state once the m
ecule has left the focal volume of the laser.

In this paper we present measurements of NOA 2S1

→X 2P r fluorescence induced by a femtosecond laser a
function of intensity up to.631013W cm22 and photon
energies scanned from nonresonantly below to nonresona
above that for the NOA 2S1 n852←X 2P r n950 two-
photon transition in the weak-field limit. Figure 1 illustrate
in cartoon fashion, the nature of our experiment. TheA 2S1

state of NO corresponds to a single electron occupying
atomiclike 3ss orbital. Although labeled as a Rydberg sta
and characterized by a Coulombic attractive force,
A 2S1 state lies at an intermediate energy, approximat
5.49 eV above the ground state and 3.77 eV below the
ization threshold situated at 9.26 eV@26#. It cannot be as-
sumeda priori that, in an intense laser field, the ac Sta
shift for this state will be fully ponderomotive, and thus it
of interest to seek to quantify this energy shift as accura
as possible, and compare it to the ponderomotive energy
free electron.

As Fig. 1 attempts to convey, the onset for resonant po
lation of the A 2S1 n852 Rydberg vibrational level, and
subsequentA 2S1 n852→X 2P r n950 fluorescence, is ob
served at progressively higher laser intensities as the ex
tion wavelength is decreased to the blue of the weak-fi
limit of the two-photon transition. The dependence

FIG. 1. Schematic illustration of the interaction of intense la
light with NO, showing the upward shifting of the ionization thres
old and theA 2S1 Rydberg state induced by the electric field of th
laser as its intensity increases during the first half of the pulse:
ionization threshold increases by an amount equivalent to the f
electron ponderomotive energyUp ; the ac Stark effect in NO
A 2S1 is governed by optical coupling of theA 2S1 state to other
Rydberg and valence states of the molecule mediated by the
field, and is expressed as a fractionx (0<x<1) of Up . The in-
tense optical field distorts the potential-energy curves and
ground state also experiences a small ac Stark effect, neithe
which are shown. The length of the vertical arrows represents p
ton energies for two-photonA 2S1←X 2P r absorption atl
5400 nm, showing above-resonancen852←n950 excitation at
the lowest intensity~a!, resonantn852←n950 excitation at the
middle intensity~b!, and below-resonantn852←n950 excitation
at the highest intensity.
4-2
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ac STARK SHIFTS IN RYDBERG NO LEVELS . . . PHYSICAL REVIEW A 62 013414
A 2S1 n852→X 2P r n950 fluorescence on laser intensi
is mimicked for intensities up to.2.531013W cm22 by
solving kinetic rate equations for the time-dependent po
lations in the ground state and the three lowest vibratio
levels of theA 2S1 state of NO. Stark tuning of theA 2S1

vibrational levels into resonance at different intensities is
counted for by rendering the two-photonA 2S1←X 2P r ab-
sorption cross section intensity-dependent, whereby
‘‘resonant’’ transition energy shifts linearly with laser inte
sity. The usefulness of the kinetic approach is discusse
terms of its ability to predict the magnitude of the ac Sta
shift of NO A 2S1 in comparison to the ponderomotive e
ergy in the same laser field.

II. EXPERIMENT

Ultrafast laser pulses were generated by a regenerati
amplified Ti:sapphire laser~Spectra-Physics Lasers! operat-
ing at 10 Hz. Pulse widths were determined by second-o
interferometric autocorrelation, from which the~Gaussian!
pulse duration was conservatively estimated as 140610 fs.
The compressed output was optimized for emission at re
lar intervals between 790 and 830 nm such that the p
wavelength of the frequency doubled pulses could
scanned through the NOA 2S1 n852←X 2P r n950 two-
photon absorption at 409.9 nm@27#. Second-harmonic gen
eration~SHG! was performed in a 1.4-mm potassium dih
drogen phosphate~KDP! crystal cut for type-I SHG at 800
nm. The second-harmonic pulses were focused by a
fused silica lens~focal length 0.2 m! into a quartz static cel
containing approximately 1.6 Torr of NO. The pressure
NO in the cell was chosen to ensure a maximum fluoresce
signal without significantly reducing the fluorescence li
time by vibrational quenching@27#. NO A 2S1→X 2P r
fluorescence was dispersed in a monochromator and dete
photoelectrically perpendicular to the laser propagation a
Time-resolved fluorescence profiles were displayed and
eraged over 100 individual laser shots on a digital osci
scope and then downloaded onto a laboratory computer
integrated to obtain the total fluorescence at each excita
wavelength. Scans of the dispersed fluorescence at
pump intensities (I>1013W cm22) revealed a congestion i
the fluorescence spectrum due to laser-induced shifting
the n851 andn850 vibrational levels of theA 2S1 state
into resonance with the two-photon transition energy. T
origins for fluorescence from then851 andn850 levels are
situated at 215 and 226 nm, respectively@27#. The detection
wavelength was therefore fixed at 205 nm, correspondin
the origin of the NOA 2S1 n852→X 2P r n950 transition,
with a 5-nm detection bandpass. In this way, the incid
intensity dependence of fluorescence from NOA 2S1 n8
52 could be monitored in the absence of significant con
butions to the total fluorescence signal from the neighbor
A 2S1 n851,0→X 2P r n950 lines. Fluorescence was re
corded as a function of second-harmonic intensity at fi
different excitation wavelengths encompassing the tw
photon A 2S1 n852←X 2P r n950 weak-field resonance
as depicted in Fig. 1.

For each set of measurements at a given wavelength
01341
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peak intensity of the excitation pulse was varied by rotat
the polarization sense of the fundamental beam prior to
KDP crystal, thus reducing the efficiency of the frequen
doubling process and decreasing the output energy of
second-harmonic pulses. The energy of the second-harm
laser pulses incident on the cell window was monitored b
pyroelectric detector immediately before and after fluor
cence collection and could be varied from zero to a ma
mum of 150mJ. The second-harmonic pulse energy var
quadratically with input pulse energy accross the entire
tensity range used in these experiments, implying that S
was not saturated and ensuring that the frequency dou
pulses were neither spatially nor temporally distorted as th
energy was increased. This allowed us to assume the s
spatiotemporal profiles for the second-harmonic pul
throughout the course of measurements at different inte
ties at a given wavelength, and then for each excitat
wavelength.

To ensure an accurate determination of the pulse inten
at each wavelength, a detailed characterization of the la
pulse profiles in space time was carried out. Temporal ch
acterization was performed by mixing the output SHG pul
with a fraction of the fundamental pulse in a beta-bariu
borate ~BBO! crystal of thickness 0.1 mm to generate t
third harmonic. Cross-correlation widths varied very litt
with excitation wavelength and typical values measured
fore and after each experiment were around 180 fs, imply
a second-harmonic pulse width of about 100 fs. Spatial ch
acterization was performed by appropriately attenuating
excitation pulse prior to focus, and directing the laser be
into a charge-coupled-device~CCD! camera placed at the
focal point of the lens used in the experiment. The result
images were captured by a frame grabber and stored o
computer through video image processing software. Typ
beam profiles were elliptical in shape with Gaussian inten
profiles along the major and minor axes. For two-phot
excitation at 415, 410, 405, and 395 nm, the spatial be
shapes were fitted individually with a minor full width at ha
maximum~FWHM! of about 30mm and a major FWHM of
130mm. The 400-nm beam was seen to have a much tig
focus, with dimensions of 30385mm. The maximum peak
intensity for the 400-nm data was thus much larger than
for the other wavelengths.

At the beam focus, the transverse component correspo
ing to the minor axis of the elliptical beam profile has t
smallest waist size and consequently the smallest and m
limiting confocal parameter along the laser propagation a
For a laser beam with a Gaussian spatial distribution,
waist size corresponds to a confocal distance of appr
mately 10 mm atl5400 nm. Fluorescent emission locate
about the laser focus was collimated and imaged ont
1.2-mm entrance slit of the monochromator using a 1:3 l
telescope arrangement. In this way, the only fluoresce
collected was that emitted from molecules located within
spatial extent of.350 mm along the laser propagation ax
around the position of the minimum beam waist, correspo
ing to a small fraction of the smallest confocal distance
the laser. Under these conditions, the transverse beam pr
varies very little across the spatial region imaged onto
4-3
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FIG. 2. Energy-level diagram
showing the diverse NO multipho
ton sequences included in a k
netic simulation of the depen
dence of A 2S1→X 2P r

fluoresence on incident laser in
tensity atI<331013 W cm22 and
l5395– 415 nm. On this energy
scale, the induced ac Stark shif
of the NO A 2S1 state and NO1

X 1S1 ground-state vibrationa
levels are barely discernible: th
effect is shown schematically in
Fig. 1.
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monochromator, thereby generating a constant spatial in
sity distribution for the incident radiation along the propag
tion axis. The total fluorescence collected is therefore an
erage, assuming a constant transverse beam profile, o
light emitted over the extent along thez axis that is imaged
onto the entrance slit of the monochromator.

III. KINETIC MODEL

In this section we present a kinetic scheme for simulat
the A 2S1 n852→X 2P r n950 fluorescence intensity
emitted by NO as a function of incident laser intensity. T
model is based on a perturbative description of 212 reso-
nant multiphoton ionization via theA 2S1 state, using tran-
sition cross sections derived in the weak-field limit. T
standard perturbation theory result for the rate of depop
tion of a state by anmth order process is

2
dN

dt
5Nsm~v!F~v!m, ~3!

where sm is the m-photon cross section in units o
length2m timem21 and F~v! is the photon flux expressed a
per unit area per unit time. This type of model has fou
wide application in studies of multiphoton ionization of a
oms @28#, and has been adapted previously@25# to model
multiphoton transitions in NO up to the intensities employ
in the present experiment when all important radiative p
cesses are taken into account: specifically included here
two-photon A 2S1←X 2P r absorption and A 2S1

→X 2P r stimulated emission, two-photon NO1 X 1S1

←NO A 2S1 ionization and direct NO1 X 1S1←NO
X 2P r four-photon ionization from the neutral ground sta
The last of these processes must be included in any treat
of nonresonant excitation when no vibrational level of t
A 2S1 state is encompassed within the bandwidth of
01341
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ultrashort laser pulse at the two-photon center frequen
Figure 2 displays the intensity-dependent energy levels
optical transitions invoked to model intense laser excitat
of NO at l5395– 415 nm.

To take account of ac Stark shifting of NOA 2S1 vibra-
tional levels, coupled differential equations are proposed
include intensity-dependent excitation cross sections, and
state shifting is assumed to be directly proportional to lig
intensity, as in the ponderomotive shift of a free electro
The kinetic evolution of the populationsNX(0) of the n9
50 vibrational level of the lowerX 2P1/2 spin-orbit state of
the electronic ground state andNA(n8) of then8th vibrational
level of theA 2S1 state are

2
dNX~0!

dt
5E dxE dy

3H(
n8

@NX~0!sn820
~2!

~v,F!F~x,y,z;v;t !2

22NA~n8!sn820
~2!

~v,F!F~x,y,z;v;t !2#

1NX~0!s ion20
~4! F~x,y,z;v;t !4J ~4!

and

dNA~n8!

dt
5E dxE dy$NX~0!sn820

~2!
~v,F!F~x,y,z;v;t !2

22NA~n8!sn820
~2!

~v,F!F~x,y,z;v;t !2

2NA~n8!s ion2n8
~2! F~x,y,z;v;t !2%, ~5!

wheresn820
(2) (v,F) is the intensity-dependent cross secti

for two-photon excitation from theX 2P1/2n950 level to
4-4
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ac STARK SHIFTS IN RYDBERG NO LEVELS . . . PHYSICAL REVIEW A 62 013414
the n8th level of theA 2S1 state ands ion2n8
(2) is the cross

section for two-photon ionization fromA 2S1 n8. In this
work we neglect the contribution to theA 2S1 population
arising from transitions out of the upper spin-orbit level
the X 2P r manifold, which is located within the bandwidt
of 100-fs laser pulses, and also omit rotational effects.

The quantitysn820
(2) (v,F) is calculated at each coordina

in space time by

sn820
~2!

~v,F!5sn820
2,res exp@2j$\„v2v res~n8!…2xUp%

2#,
~6!

wheresn820
2,res is the resonant two-photon cross section in

weak-field limit andv res(n8) is the resonant angular fre
quency of the two-photon absorption transition to then8th
vibrational level of theA 2S1 state. The factorj is calcu-
lated from the spectral width of the laser~e.g., FWHM of 1.8
nm at 400 nm! andx is a fitting parameter that measures t
magnitude of the ac Stark shift of the 3ss Rydberg electron
as a fraction ofUp . Based on the observed profiles, t
spatiotemporal incident intensity distribution is taken to ha
the form

I ~x,y,z;v;t !5\vF~x,y,z;v;t !

5
e

Ap3/abd
exp@2ax22by22g2dt2#,

~7!

wherex andy are the coordinates perpendicular to the la
beam propagation directionz. Integration overx and y in
Eqs.~4! and~5! ensures conservation of energy~photon flux!
per unit time and, though not indicated explicitl
F(x,y,z;v;t) is integrated over the optical cycles contain
within the pulse envelope function. The parametere used
here is the total energy per pulse monitored experimenta
The coefficients appearing in the exponential term of Eq.~7!
were determined at each second-harmonic wavelength f
the beam profiles~a, b! and second-order cross correlatio
~d!. The parameterg in the exponential term accounts for th
independence of the the intensity of the focused laser b
along the propagation directionz over the short length at th
center of the confocal range viewed by the light-imagi
optics. Integration along the beam propagation direction
taken into account by scaling the calculated fluorescence
put from the model to the experimentally measured fluor
cence signal.

Where possible, literature values were adopted for
cross sections required to solve Eqs.~4!–~6!. The cross sec-
tions s ion2n8

(2) for two-photon ionization from differentn8
levels of theA 2S1 state were estimated from the corr
sponding one-photon cross sectionss ion2n8

(1) via the ratio of
their susceptibilities as@29#

s ion2n8
~2!

s ion2n8
~1!

.10234. ~8!
01341
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For s ion22
(1) 56.061.0310219cm2 @30#, this gives s ion22

(2)

.6310253cm4 s. Zachariaset al. found thats ion2n8
(1) varied

by only a factor of 1.4 forn850 – 2, with the largest value
observed forn851 @30#. Within the bounds of the presen
simplified kinetic treatment, where the ionization potent
increases linearly with intensity by an amount equivalent
the electronic ponderomotive energy~Fig. 2!, it was assumed
that for input into Eq.~5!, s ion2n8

(2) does not vary with wave-
length across the range 395–415 nm, and has the value
ionization fromA 2S1 n852 determined from Eq.~8!.

The ratio given by Eq.~8! appears to operate successfu
for theA 2S1 n852←X 2P r n950 transition of the neutra
state, for which the one-photon cross sections220

(1,res)56.5
310216cm2 determined from the absolute integrated abso
tion intensities reported by Bethke@31# is 1034 times larger
than a recent measurement of the two-photon cross sectio
s220

(2,res)52.2310250cm4 s @32#. The oscillator strengths fo
the vibrationally resolvedA 2S1 n852←X 2P r n950 tran-
sitions derived from absolute intensity measurements@31,33#
vary by a factor of 2 forn850, 1, and 2. Consequently, a
for the two-photonX 1S1←A 2S1 ionization cross section
discussed above, it was again assumed thatsn820

(2,res) is inde-
pendent of the vibrational resonancen8 in the A 2S1 state;
i.e., thatsn820

(2,res)
5s220

(2,res) for n85022. To test the validity of

these assumptions, we varieds220
(2,res) ands ion2n8

(2) by one or-
der of magnitude on either side of the above estimates, fi
ing very little effect on the calculated dependence of fluor
cence yield as a function of laser intensity.

We note the results of the theoretical investigation of C
maschi, who determined values ofs220

(2,res)52.9
310252cm4 s for two-photon absorption ands ion22

(2) 58.8
310247cm4 s for two-photon ionization from time-
dependent perturbation theory and frozen-core s
consistent-field~SCF! calculations of the NO Rydberg state
@34#. We find that using a value ofs ion2n8

(2) six orders of
magnitude larger than that predicted by Eq.~8! results in
zero fluorescence emission according to Eq.~9! for all inci-
dent laser intensities considered here, as all NOA 2S1 mol-
ecules are then 212 ionized. For four-photon nonresona
NO1 X 1S1←NO X 2P r , n850 ionization from the neu-
tral ground state we adopt the values ion20

(4) 57.160.1
3102117cm8 s3 determined by He and Becker for 532-n
laser light@25# rather than the result derived from perturb
tion theory applied to SCF Rydberg orbitals, which is som
19 orders of magnitude higher@34#.

Clearly, the kinetic treatment of Eqs.~4! and~5! offers an
incomplete picture of the intensity dependence of state sh
ing, neglecting as it does the nonperturbative excitations
dominate ionization processes at high intensities@5,35#. Even
in the absence of multiphoton above-threshold~and dissocia-
tive! ionization atI ,1013W cm22, 211 ionization is ener-
getically possible for the wavelengths of 395 and 400
used in this experiment, but theDn50 Franck-Condon ex-
pectation for ionizing transitions from NO Rydberg stat
ensures that 212 ionization is overwhelmingly most prob
able. Stark shifting during the leading edge of intense la
pulses may facilitate resonantly enhanced ionization thro
4-5
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21111 or 311 photon absorptions via high-lying Rydbe
states@36#. We suspect that such processes may be at l
partially responsible for the inability of Eqs.~4! and ~5! to
predict correctly the fluorescence yield atI>2.5
31013W cm22. At intensities below about this value, Eq
~4! and ~5! predict that no population will remain in th
A 2S1 state for long enough to fluoresce in the presence
additional, enhanced ionization routes: for this reason, e
processes contributing to2dNA(n8) /dt are neglected in a
simplified treatment of the data.

The coupled differential equations for the first three vib
tional levels of theA 2S1 state are integrated over time an
space to yield a final population in then852 level, NA(n8)

f .
This is taken to be directly proportional to the fluorescen
signalSF according to

SF5kNA~n8!

f . ~9!

The parameterk is a scaling factor used to normalize th
measured electronic signal from the photomultiplier tube
the populations generated by Eqs.~4! and ~5! and spatially
averages the fluorescence imaged into the monochrom
from the center of the confocal distance of the laser beam
simulate the experiment,SF is calculated for each inciden
laser intensity and wavelength.

IV. RESULTS AND DISCUSSION

Figure 3 shows graphs ofA 2S1 n852→X 2P r n950
fluorescence intensity plotted as a function of incident la
intensity for two-photon wavelengths of 410, 405, and 4
nm. The other two-photon wavelengths studied, 415 and
nm, produced no significantA 2S1 n852→X 2P r n950
fluorescence at 205 nm. At the ‘‘resonant’’ wavelength, 4
nm, Fig. 3~a! reveals thatSF increases quadratically, with
peak intensity atI<131013W cm22, and then rapidly satu
rates. This effect is interpreted as an ac Stark shift of
A 2S1 n852 level to higher energies as the peak laser
tensity is increased. In this way the two-photon energy
comes nonresonant, and an increase in intensity does
bring about further population of then852 level. Figure 3~b!
indicates that the amount of fluorescence observed after
diation by a 405-nm laser light is small up toI ,1
31013W cm22, at which point the intense radiation begin
to populate then852 A 2S1 level. For a 400-nm inciden
light, a further increase of peak intensity toI .1.5
31013W cm22 is required before theA 2S1 n852 state is
tuned into resonance. Atl5395 nm, no fluorescence is ob
served because the Stark shift required to tune then852
level into resonance could not be achieved forI<6
31013W cm22. In the absence of negative Stark shifts,
A 2S1→X 2P r fluorescence was observed at waveleng
such as 415 nm, longer than the zero-field resonance at
nm.

The two parameters not fixed in the model arex and k
@Eqs.~6! and~9!#. The factorx scales the ac Stark shift from
0(x50) to Up(x51); whenx51, the shift is that expected
for a free electron. The factork scales the calculated popu
lations to the measured fluorescence intensities. For e
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wavelength studied, the factorsx and k are expected to be
the same. To test this conjecture, each curve was fitted i
vidually. It was found that a best fit to the data recorded
410 nm was obtained with values ofx50.26 andk50.53,
and it is displayed as a solid line in Fig. 3~a!. The optimum
fit to the 405 and 400-nm data shown in Figs. 3~b! and 3~c!,
also indicated by solid lines, required values ofx50.32 and
k51.20, respectively, andx50.40 andk58.80. For 400
nm, Eqs.~4! and~5! generated the poorest fit to the data. T
fact that the intensity dependence of theA 2S1 n852
→X 2P r n950 fluorescence at different wavelengths is b
fitted with differentk values reveals, as might be anticipate
that the kinetic scheme of Eqs.~4!–~9! represents an imper
fect description of the phenomenon.

The experimental variation ofSF with laser intensity
could not be reproduced by the kinetic model for intensit

FIG. 3. Graphs of the intensity ofA 2S1 n852→X 2P r n9
50 fluorescenceSF versus incident laser intensity calculated usi
Eq. ~9! at different two-photonA 2S1←X 2P r excitation wave-
lengths:~a! 410 nm;~b! 405 nm;~c! 400 nm. The solid lines in all
three diagrams indicate optimized nonlinear least-squares fits to
data according to Eqs.~4! and ~5!, while the dashed lines in dia
grams~a! and ~b! indicate fits obtained withx fixed at 0.40, the
optimum value derived from diagram~c!. Dark circles represent the
experimental points.
4-6
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FIG. 4. NO A 2S1→X 2P r dispersed fluo-
rescence spectra recorded with a spectral res
tion of 1 nm: ~a! n852→n9 spectrum resulting
from resonant two-photon A 2S1 n852
←X 2P r n950 absorption atl5410 nm andI
5331012 W cm22; ~b! n852, 1, 0→n9 spec-
trum resulting from nonresonantA 2S1

←X 2P r two-photon absorption atl5400 nm
and I 5631013 W cm22.
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x-
greater than about 2.531013W cm22. Saturation of the ion-
ization rate at 532 nm at similar intensities@25# would imply
that atI .2.531013W cm22, the peak intensity of the puls
completely depletes the ground state of the NO molecule
the center of the focal volume of the laser. Population of
A 2S1 state is then no longer possible with increasing pe
intensity and hence no further increase in fluoresce
should be monitored. In our experiments, we suspect
fluorescence observed atI>2.531013W cm22 most likely
originates from molecules located within concentric shells
decreasing intensity about the center of the laser beam in
transverse dimension, where Stark-induced population of
A 2S1 n852 level can still occur. Stimulated emission pr
cesses, which would increase the light intensity along
laser propagation axis at the expense of transverse emis
only occur during an intense laser pulse, and so are ab
suppressA 2S1→X 2P r fluorescence observed perpendic
lar to the beam direction over the 202-ns@27# radiative life-
time of theA 2S1 state by a factor on the order of 1024. As
discussed in Sec. III, the breakdown of a simple kinetic tre
ment of the time-dependent Rydberg state population in
intensity regime may be interpreted as being due to the o
of processes such as above threshold and tunnel ioniza
and dissociation, which are known to dominate nonpertur
tive laser-molecule interactions@1,3,4,15,35#.

Fitting the data of Figs. 3~a! and 3~b! for 410 and 405-nm
excitation with a common value ofx, shown as dashed lines
yields an optimal result ofx50.40, consistent with the bes
fit to the 400-nm data shown as a solid line in Fig. 3~c!.
However, in this case the calculated fluorescence signa
400 nm needed to be scaled ten times bigger thanSF at 405
and 410 nm to agree with experiment. The successful as
of the kinetic model is that it can quantitatively reprodu
the shapes of the fluorescence curves at intensities b
2 – 331013W cm22 for a common value ofx at all wave-
lengths. The very nature of a model adapted from a per
bative treatment means, of course, that it is bound to fa
high intensities, for which an electronic wave-packet desc
01341
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tion of the 3ss electron would provide a better descriptio
of the phenomenon@37#.

An intuitive and useful observation is that the point
inflection ~POI! of each of the curves of Fig. 3 lies very ne
that for which the peak intensity of the laser pulse has shif
the state of interest (A 2S1 n852) into resonance with the
two-photon energy. The wavelengths that are resonan
nearly resonant at low intensities are obviously an except
If we take the POI of the 400-nm curve@Fig. 3~c!# to be near
231013W cm22 and that for the 405-nm curve@Fig. 3~b!# to
be near 131013W cm22, then these intensities are in agre
ment with an ac Stark shift of 0.4Up . The POI predicted by
Eqs. ~4! and ~5! is the most robust feature of the kinet
model, being resilient to large changes in the NO1 X 1S1

←NO A 2S1, n852 two-photon ionization cross sectio
and laser spectral width. It is suggested that this feature
the experimental curves can be used to provide a conven
estimate ofx.

The dispersed fluorescence spectrum recorded using
intensity 400-nm light reveals a number of features aris
from NO A 2S1 n851 andn850, and is displayed in Fig. 4
For a peak intensity of 631013W cm22 at this wavelength, a
full ponderomotive shift would have a value of 0.89 eV. F
the A 2S1 n850←X 2P r n950 resonance at 226 nm t
shift to 200 nm~two photons at 400 nm!, an ac Stark shift of
0.72 eV is required, commensurate with a value ofx
50.81. For two-photonA 2S1←X 2P r excitation at 400
nm, the fitted curve of Fig. 3~a! indicates that some fluores
cence is detected at a lower intensity than at the POI du
shifting of then852 resonance within the red wing of th
finite spectral width of the laser pulse: the value ofx
50.81 may then be an overestimate. On the other hand,
shift may be even larger than 0.72 eV. Spectra such as
shown in Fig. 4 are of little predictive value in estimatingx,
except to indicate thatx must be at least 0.4.

In summary, the data of Fig. 3 point to a value forx of
0.4, indicating for the promoted 3ss electron of NOA 2S1

a significant deviation from the ponderomotive shift e
4-7
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pected for a free electron. It is possible to conjecture t
such a result is a manifestation of the still-dominant attr
tive Coulombic interaction experienced by an electron in
A 2S1 state. In contrast, ac Stark shifts of similar magnitu
to the ponderomotive energy are expected for the occupa
of high-lying Rydberg states situated close to the ionizat
potential, where the electron dynamics are more strongly
fluenced by the electric vector of the incident laser beam

V. CONCLUSIONS

Through measurements of the NOA 2S1 n852
→X 2P r n950 fluorescence yield as a function of incide
laser intensity, it has been found that light at wavelength
the blue of theA 2S1 n852←X 2P r n950 two-photon ab-
sorption resonance in the low-field limit can result in pop
lation of the n852 vibrational level at ntensities.2
31013W cm22. Fluorescence detection as a function of la
intensity possesses the advantage that the inten
dependent population of the populated state is determ
directly, and hence yields quantitative information on t
magnitude of ac Stark effects. A kinetic model that takes i
account the Stark shift of theA 2S1 state with incident lase
intensity is able to predict that the variation ofA 2S1

→X 2P r fluorescence allows a quantitative estimate of
,

,
.

.

, J
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,
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extent of the ac Stark shift of the 3ss A 2S1 electron as at
least 0.4 of the full ponderomotive shift expected for a fr
electron. This value is intermediate between those for e
trons in high-lying Rydberg states of atoms@7# and mol-
ecules@14,15#, which experience essentially ponderomoti
shifts, and those for electrons in valence states subjec
stronger nuclear force fields. It was further found that t
point of inflection of curves of fluorescence intensity vers
incident laser intensity lies near the point where the pe
intensity of the beam corresponds to a shift into resonanc
the state in question. It would appear that despite the c
plex nature of the intense light-molecule interaction, ultraf
laser-induced fluorescence can be applied to determine th
Stark effect of nonponderomotively shifted Rydberg states
strong laser fields.
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