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Photoelectron spectroscopy at 1053 and 527 nm
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We report multiphoton ionization experiments op &hd D, molecules at 1053- and 526.5-nm excitation
wavelengths in the intensity range80'3-5x 10** W/cn?. The intensity dependence of the total ion yield, the
dissociation fraction, and the photoelectron spectrum is investigated. At 1053 nm we find a strong isotope
effect in the dissociation fraction, whereas at 526.5 nm no such effect is observed. @5 Wicn? the
photoelectron spectrum at 526.5 nm is dominated by resonant ionization processes via Rydberg states of the
molecules. They are shifted into resonance at intensities aba@3 W/cn?. The spectra show that the
potential energy curves of the resonant states must have a shape very similar to the corresponding ionic ones.
They are therefore mainly determined by the dipole coupling between the ion core orbitglarid 2o, . At
1053 nm two photoionization regimes are observed: the multiphoton regime with Keldysh paraméter
showing resonance ionization structures, and the tunnel regymé) at high intensity. The isotope effect in
the dissociation fraction at 1053 nm has no influence on the shape of the corresponding photoelectron spectra
at this wavelength[S1050-294®6)02808-9

PACS numbe(s): 33.80.Rv, 33.80.Wz, 42.50.Hz

I. INTRODUCTION electric-dipole-allowed transition between the ionic ground
state oy and the nearby excited statp@, has a profound
The behavior of molecules in a high-intensity electromag-nfluence on nuclear motiotsee[14], and references cited
netic field in the optical frequency range is a field of activetherein. In the hydrogen ion ejection of the remaining elec-
research. The interest focuses on an intensity regime whegaon through multiphoton absorption may happen besides
perturbation theory fails to account for the interaction pro- Issociation. This leaves two bare nuclei behind at a certain

cess. Since the radiation field primarily couples to the elec[nternuclear distance which will then fly apart due to their

X mutual Coulomb repulsion. Fast ions observed in an experi-
trons of the molecule, strong-field phenomena already 0bgont by Zavriyevet al. are thought to originate from this
served in atoms, such as multiphoton ionizatiMPl),  jonization proces§12).

above-threshold ionizatiofATl), or tunnel ionization in a Besides electronic excitation during the interaction pro-
low-frequency radiation field, are also found in moleculescess with a high-intensity laser pulse, an alignment of the
[1-7]. In contrast to atoms, these electronic excitation pro-internuclear axis along the polarization vector of the radia-
cesses are modified by nuclear dynamics in most expertion is observed for moleculg®,15]. In terms of perturba-
ments, since the duration of the shortest light pulses used {#n theory this alignment may be understood as resulting
similar to the nuclear dynamics time scale. The extra moffom a torque exerted on the molecule by the external elec-
lecular degrees of freedom also give rise to completely nefiC field via its anisotropic electric polarizabilifyL6].

types of high-intensity phenomena such as dissociation '" thiS paper we report the results of ion yield measure-
through bond softening2.4.8], above-threshold dissociation ments and photoelectron spectroscopy after multiphoton ion-

. . o ization or dissociation of the hydrogen isotopesathd D,.
(ATD) [2,4,8,9, multiphoton dissociatioMPD) [4,8,10, The wavelengths used are 1053 nm and 526.5 nm with laser

light-induced bound vibrational stat¢$1,12, and dissocia- pulse peak intensities reaching up to<E™ Wicn? in
tion through Coulomb explosion after ejection of at least twopulses with 0.7-psec pulse width. Of special importance to
electrons([13], and references cited thergin the present work are experimental investigations by Vers-
Investigations have mainly been performed on diatomicchuur, Noordam, and van Linden van den Heuwdll,
or small polyatomic molecules. Hydrogen and its singlyZavriyev et al. [2], and Yanget al. [4]. They used pulsed
charged ion are the smallest and therefore simplest moleculééd:YAG (YAG denotes yttrium aluminum garn€tl064 and
to study. Their unperturbed structure is well known, so they532 nm and Nd:YLF (YLF denotes lithium yttnium fluo-
may serve as model systems amenable also to theoreticadle) (1054 and 527 ninlaser radiation at wavelengths
investigations. All experiments on,tand D, start with mul-  nearby for their MPI studies on Hand D,. The decisive
tiphoton excitation of the molecule in its electronic grounddifference in our investigations is that all other experiments
statexlzg. The processes observed seem to indicate a twowere done with a minimum laser pulse width ©60 psec,
step mechanism. First, Hor D3 is produced through MPI much longer than in our case. Concerning photoelectron
of the neutral molecule near the equilibrium internuclear disspectroscopy, this means that we are working in the so-called
tance of thexlig electronic ground state. Nuclear dynam- “short” pulse regime of MPI. The kinetic energy of the
ics influenced by the strong optical radiation field, ultimately photoelectrons we detect is the drift energy they have when
leading to dissociation into charged fragments, seems to bibey appear in the laser focal spot at a certain intensity level,
restricted to the molecular idr2,4,13. In the laser field the without subsequent ponderomotive acceleration, while
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the electrons detected in Refd,2,4] have gained energy flight of the charged particles is measured with a time-to-
through ponderomotive acceleration in the laser beandigital converter capable of accepting multiple stops per la-
(“long” pulse regime. This means that depending on pulse ser shot. The time resolution of this device is 1 nsec. The
duration more or less the complete quiver energy has beespectrometer has an energy resolution-@0 mV for 0.5-eV
transformed into directed drift motion by the time they areelectrons which decreases proportionaEf% with increas-
detected outside the focal spdt7]. Hence in Refs[1,2,4]  ing electron energyE. The acceptance solid angle of the
the photoelectron spectra mainly show thg &t D3 internal  microchannel plates used for photoelectron detection i€ 10
energy distribution after MPI, while our spectra map tran-sterad. This limits the present angular resolution of the in-
sient resonances which may be induced by ac Stark shiftingtrument to 6°. The whole spectrometer is housed within a
states either in Klor D, molecules or in H or D atoms cre- double u-metal shield to reduce the earth magnetic field
ated by dissociatior{17]. Additionally, the shorter light along the drift path of the photoelectrons.
pulses in our experiment allow us to reach much higher in- Calibration of the electron time-of-flight spectrometer is
tensities before saturation of the ionization and dissociatiomone through MPI of xenon using 532-nm laser radiation
processes of the molecules sets in. Thus we have accesswith nsec pulse duration and the amplified 526.5-nm, 0.6-
processes at intensities where, in the case of long pulsepsec pulses of the Ti:sapphire laser system. The kinetic en-
complete depletion of the initial species prevents observaergy spectra at 532 nm are well known. The absolute energy
tion. calibration was checked through three-photon resonant four-
photon ionization of molecular hydrogen with rovibrational
states of theB-electronic state as intermediate resonances.
Il. EXPERIMENT This MPI process gives rise to low-energy photoelectrons of

The primary light source for the experiment consists of apremsely known Kinetic energy.

Kerr lens mode-locked Ti:sapphire laser pumped by a cw . Th_e laser pu_lse width 0-0.6 psecin the experiment may
argon-ion laser. The Ti:sapphire laser is tuned to delivegive rise to residual ponderomotive acceleration of the pho-

pulses at 1053 nm. They are amplified in a Ti:sapphire re;oe!ectrong. An estimate of the upper bound for thg chgnge In
their kinetic energy by ponderomotive acceleration in the

generative amplifier using the chirped pulse amplificationI b iiv be derived. Th leration is | ¢
technique(CPA). Pumping of the amplifier is done with the laser beam can easily be derived. The acceleration 1S larges
in the focal plane in the direction perpendicular to the laser

second harmonic radiation of @-switched Nd:YAG laser. ! .
fbeam axis. If we assume a Gaussian beam and temporal

After recompression the output of this amplifier consists o | fil . ol d " lerati
pulses with a nearly Gaussian pulse shape at 1053-nm cent@y!S€ profiie, maximum possiblé ponderomotive acceleration
acting on the electron for the whole time from its creation to

wavelength with a repetition rate of 10 Hz, about 1'2_m‘]th dofthel | d i f the photoelect
pulse energy, and-0.6-psec pulse width. Radiation at 526.5 . € end of the faser puise, and creation of thé pholoelectron

nm is generated by frequency doubling the output of thdD the temporal pulse maximum we arrive at the relation
regenerative amplifier in a lithium-iodate crystal. The energy

of these pulses reachesD.5 mJ at a pulse width similar to AE/Uy=7/(8e)(Up/Ep) + v2m/e(Eo/Ep) (1)
the IR pulses.

An achromatic lens with 160-mm focal length focuses the®S the upper bound for the chang&/U,, of the electron
light down to a spot size 2@m in diameter at 1053 nm and kinetic energy relayve to the pulse peak ponderomotive en-
10 um at 526.5 nm in the interaction region with the hydro- €9y Up. Here Eq is the kinetic energy the photoelectron
gen molecules which is located within an ultrahigh-vacuum@PPears with in the laser focal spetthe base of the natural
(UHV) chamber. In the focal plane a peak intensity ofl09arithm, andg, is defined byE,=m/2(d/7)" with d the
~5x 10" W/cn? is reached in a nearly Gaussian transversd?€am waist diametdfull width at half maximum(FWHM)],
spatial profile of the laser beam. The light intensity in the? e pulse widthtFWHM), andm the electron mas€, is a

focal spot is controlled by a half-wave plate followed by a Measure for the kir_1et_ic energy an electron.must have to cross
polarizer. the laser beam within the laser pulse width. For 0.6-psec

The base pressure reached in the UHV chamber after balulSe duratiore, has the values 790 eV for the 527-nm laser
ing is 1X10" 2° Torr. This reduces background gas ionizationP€a@m and 3100 eV at 1053 nm. The different values have
in the laser focal spot to a tolerable amount even at the higﬁ-he'r origin in the different beam waist diameters. Relation
est intensities reached. Photoion mass spectra of the residua Shows thaE/U,, grows proportional to the ponderomo-
gas taken at the highest laser intensity mainly shoy®H tive potentialU, and proportional to the square root of the
OH*, H*, and O" ions from multiphoton ionization or dis- initial kinetic energyk, of the photoelectron. Under our ex-

sociation of water molecules desorbing from the walls of theP€rimental conditions the second term(ly dominates the

vacuum chamber. During experiments hydrogen or deute€hange in photoelectron kinetic energy by ponderomotive

rium gas is introduced into the vacuum chamber through &cceleration.

precision leak valve up to a maximum pressure-dfx 10 °

Torr. Ill. RESULTS
Mass selective detection of photoions from multiphoton

ionization or dissociation within the laser focal spot is done

with the time-of-flight technique. The drift tube used in the We measured the dependence of the total yield of photo-

experiments has a length of 350 mm. It also serves as @ns generated in the multiphoton excitation process of hy-

field-free time-of-flight analyzer for the kinetic energy of the drogen and deuterium on the light intensity in the laser focal

photoelectrons created in the interaction process. The time @pot at the wavelengths 526.5 and 1053 nm. The intensity

A. The total ion yield
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FIG. 1. The integral ion yield at 526.5-nm excitation wavelength  FIG. 2. The integral ion yield at 1053-nm excitation wavelength
with 0.77-psec laser pulse&) H,™ (triangle3 and H" (circles with 0.6-psec laser pulsesa) H," (triangles and H" (circles
yield, (b) D," (triangle$ and D" (circles ion yield. The lines are yield, (b) D, (triangles and D' (circles ion yield. The lines are
the result of a model calculatiofc) shows the dissociation fraction the result of a model calculatiofc) shows the dissociation fraction
for H, (circles and D, (triangles multiphoton excitation with the for H, (circles and D, (triangles multiphoton excitation with the
lines from the model calculatiodotted line, B dissociation frac-  lines from the model calculatiofdotted line, B dissociation frac-
tion). tion).

range covered is 210"-4x10" W/cn? at 526.5 nm and magnitude in the ion signal. In the visibl&26.5 nm the
3x108-2x10" W/cn? at 1053 nm. H', D,” and the molecular and atomic yields clearly begin to saturate above
charged dissociation products'HD™ are detected mass se- ~1.5x10"Wi/cn? laser intensity whereas in the IR053
lectively. Nearly equal collection efficiency for molecular nm) saturation just sets in at the highest intensity available.
and atomic ions is gained by choosing the polarization directn the visible the atomic ion yield overtakes the molecular
tion of the linearly polarized laser beam parallel to the masson yield near the saturation threshold, at the same intensity
spectrometer axis and extracting ions from the interactior{1.2x10** W/cn¥) for H, and D,. The situation is com-
region with a 250-V/cm electric field. This choice of polar- pletely different in the IR; here the atomic ion yield rises
ization leads to a preferential direction of emission of theabove the molecular one at7x10" W/cn? for D, and
dissociation products along the spectrometer fsand  ~1.4x10" W/cn? for H,, respectively.
thus to the best collection efficiency. At the end of the drift Comparing the dissociation fraction for the two isotopes,
tube the ions are further accelerated to 2-keV final energythe difference between the excitation processes at the two
With this energy they hit the multichannel plaflCP) de-  wavelengths becomes even more obvious. It is defined as the
tector. Since we are doing single ion counting we are sureatio X*/(X"+X3) (with X=H or D) [2]. This ratio is
that at this kinetic energy the detection efficiency for mo-shown in Fig. 1c) for 526.5-nm and in Fig. ) for 1053-nm
lecular and atomic ions is nearly the safi8|. excitation as a function of laser intensity. In the visible the
The results at 526.5 nm are shown in Fig&) &and Xb) dissociation fractions for H(triangles and D, (circles are
and at 1053 nm in Figs.(d and 2b) [(@ H, and (b) D, nearly equal over the whole intensity range investigated. If at
multiphoton excitation, respectively The error bars in the all the ratio for D is slightly higher than for H for high
figures indicate the statistical error in the number of detecteéhtensity and slightly lower in the low-intensity regime. Both
ions. We were able to measure the yield over six orders ofatios approach a limiting value 0f-0.81 above about
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FIG. 4. Intensity dependence of the photoelectron kinetic energy
)épectrum for D multiphoton excitation at 526.5 nrthv=2.355

spectr_um for K multiphoton excitation at 526.5 nrfhv_=2.35_5 \/) with 0.6-psec laser pulses. For other notation please refer to
eV) with 0.7-psec laser pulses. The laser pulse peak intensity and.

corresponding ponderomotive potenti} are given on each spec- 9. 3.

trum. The number on the right hand side gives the signal scaling

factor with respect to the highest-intensity spectrum. The dotteclectron kinetic energy was detectable. A similar set of spec-

lines at multiples of the photon energy indicate the border betweetra for D, at 526.5-nm excitation wavelength is shown in Fig.

successive ATI orders. 4 covering a similar intensity range. They were taken at a
slightly lower laser pulse width of 0.6 psec. At every spec-

2 5104 W/en? At 1053 nm the dissociation fraction for rum we noted the laser pulse peak intensity, the correspond-

D, rises much faster than that for,#iFig. 2c)]. It reaches N9 Maximum ponderomotive enerdy, for a free electron

0.75 as its highest value already at 10" W/en? which for at this intensity, and a scaling factor to allow a direct quan-
H.z is reached only at 210" W/cn?. At this wavelength an titative comparison of the spectra. It is chosen as(©fi® at

asymptotic value is not reached in the intensity range inve:st-he highest excitation intensity in each s_et of spectra.
The photoelectron spectra are taken in the short pulse re-

tigated. Both dissociation fractions are rising nearly linearly . ) . i
9 9 y yglme but a residual ponderomotive acceleration of the pho-

with intensity. toelectrons remains due to the finite laser pulse width and
small focal spot diameter. To get a feeling for the change in
kinetic energy of the electrons, relati¢h) can be employed
Photoelectron spectra were taken at 526.5- and 1053-ntho estimate the upper bound. The second terd)igives the
excitation wavelengths for hydrogen and deuterium with themain contribution toAE/U,. For the spectra in Fig. 3
laser radiation linearly polarized along the axis of the time-(526.5-nm  excitation one derives, for example,
of-flight energy analyzer. In Fig. 3 the tspectra at 526.5 AE/U,=9% for 2-eV photoelectrons, 14% for 5-eV, and
nm are shown for several values of the laser intensity in th&0% for 10-eV photoelectrons. The ponderomotive accelera-
range from 6.%10" up to 7<10* W/cn?, covering a re- tion will tend to broaden structures in the spectra with the
gime from well below the saturation intensity for the excita- upper bound for the broadening given by expressionFor
tion processes to far above. The laser pulse width for thesthe examplgFig. 3 a structure at 2-eV kinetic energy and
experimental runs was kept fixed at 0.7 psec. At all intensiU,=3.4 eV (middle spectruth may gain a width through
ties we took care to adjust the hydrogen density in the focaponderomotive acceleration which should be smaller than
spot to a value where no influence of space charge on th800 meV, while at 5-eV kinetic energy andj,=18 eV (up-

B. Photoelectron spectra
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permost spectrujrone expects 2.5 eV as upper bound for the 200
broadening. Thus at the highest laser intensity used at 526.5
nm already an appreciable change in electron energy by pon-
deromotive acceleration may be expected. At this intensity
one is leaving the short pulse regime for MPI already for
quite slow photoelectrons.

At 526.5 nm the H and D, photoelectron spectra look
very similar in detail. This means that they are determined by
the electronic structure of the molecules alone. The differing
nuclear motion in the two isotopomeres which, for example,
results in different vibronic and rotational structures seems to
have only a negligible influence on the photoelectron spectra
under our experimental conditions. Therefore we will restrict
ourselves to analyzing the,tépectrum.

The kinetic energy distribution of the photoelectrons at
the visible excitation wavelength changes strongly with in-
creasing intensity. At low intensities, up telx 10** W/cn?,
regularly spaced groups of photoelectrons appear. They ‘g
show, at least at the two lowest intensities, a partly resolved
resonance substructure with one resonance in each group
dominating with increasing intensity. In the lowest-energy
group the three unambiguously identifiable resonances ap-
pear at 1.47, 1.8, and 2.0 eV. Taking into account the de-
creasing resolution of our time-of-flight energy analyzer with
increasing kinetic energy of the electrons the substructure of
the two lowest-energy electron groups looks very similar up
to an intensity of x10* W/cn?. To reveal the “periodic-

2.5x10" Wiecm?
U,=26eV

1.5x10" Wicm?
U,=16eV

30 40 50 60 70 80

Yield [arb. units]
o
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9.5x10" W/cm?
U,=10eV

2.5x10" W/em?
U=25eV

1 x8500
ity” of the regularly spaced electron groups with the photon 0 . T r A y
energyhv=2.355 eV we have added the vertical dashed 0 10 20 30 40
lines to Figs. 3 and 4 at the positionshy with m=1,... 4. Energy [eV]

In the intermediate-intensity rangélx10“-2x10"
Wi/cn?) two new “resonance” structures appear at electron  FIG. 5. Photoelectron kinetic energy spectra fgrriltiphoton
energies 5 and 7.5 eV. Their width increases with rising lasef*citation at 1053 nnth»=1.177 eV with 0.6-psec laser pulses
pulse peak intensity. The increase in width may at |eas£neasured for dlﬁereqt laser pulse peak intensities. For other nota-
partly be attributed to residual ponderomotive acceleration ofon Please refer to Fig. 3.
the photoelectrons. The low-intensity structure in the spectra
begins to vanish, only the strong resonance at 1.47 eV i#dicate that the structures are bound to intervals equal to the
perceptible up to about>210** W/cn?. Above this intensity ~ photon energyhwv.
a reproducible narrow linewidth structure is no longer At 1053 nm, modification of the kinetic energy of the
present in the photoelectron spectra. Only three broad hump¥hotoelectrons by ponderomotive acceleration is less critical.
remain visible in the energy range from 0 to 10 eV. AboveCompared to 526.5 nm the energy they can gain is a factor of
10 eV a structureless tail develops with rising pulse pealk smaller at a given electron kinetic energy and pondero-
intensity which reaches out to about 20 eV kinetic energy amotive potentialU,. The reason for this behavior is the
the highest intensity available in our experiment. larger diameter of the focal spot which results in a higher
The infrared(1053 nm photoelectron spectra are shown value forEy in relation (1).
in Fig. 5 for hydrogen and in Fig. 6 for deuterium. The
intensity range covered here reaches fromx26" W/cn? IV. DISCUSSION
up to 3.5<10" W/cn?. The notation used in these figures is
the same as in Figs. 3 and 4. Above aboutl0'* W/cn¥ the
photoelectrons are distributed over a broad featureless hump Looking at the intensity dependence of the dissociation
extending out to~80 eV for the highest intensity available. fraction for hydrogen and deuteriuffigs. 1c) and 2c)] the
Comparing Figs. 3 and 4 with Figs. 5 and 6 one notes that anost striking difference between the 526.5- and 1053-nm
all comparable intensities the 1053-nm spectra extend over @ata is the isotope sensitivity of this parameter at 1053 nm,
much broader range of kinetic energies than the 526.5-nmhereas at 526.5 nm no such sensitivity is detected. This
ones do. At low intensityup to ~8x10"* W/cn¥) the spec- seems to indicate that it is only at the IR wavelength that
tra show reproducible structures in the energy range belowuclear dynamics strongly affects the generation mechanism
10 eV. In these spectra the vertical lines at the positmhe  of molecular and/or atomic ions. Different nuclear dynamics
(hv=1.177 eV, the photon energm=1,...,8 separate re- in H, and D, or H,” and D,", respectively, is exclusively
gions where the photoelectrons have absorbed at i@ast caused by the different masses of the nuclei. It results in
photons in the ionization continuum. We added these lines tdifferent nuclear velocities at a given total energy or, in the

A. The total ion yield
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200 100 times longer than those we used at practically the same
1 wavelength[2]. Their data cover an intensity range from
3x10% to 1x 10 W/cn?. In this range the dissociation frac-
tion rises from~0.35 at the lower-intensity limit te-0.81
3.5x10™ Wrem? where it levels off at high intensity. This behavior is com-
Up=36eV pletely different from what we measuf€ig. 2(c)]. In a
lower-intensity regime the dissociation fraction rises nearly
linearly from ~0.1 at 5<10" W/cn? to ~0.7 near X10%
W/cn?. Since the decisive difference between the experi-
ments is the laser pulse width, this leads to the conclusion
2 5x10™ Wiem? that the pathways leading to,H and/or H" are probably

find an isotope effect in the dissociation fraction at a slightly
different wavelength(532 nm [19], the fraction for D is
1.5x10™ W/em? always higher than that for H The main difference between
U= 16V their and our experiment is the lower-intensity range covered
by Yang and DiMaurg1x10'?-3x 10" W/cn?) and the la-
ser pulse widtH10 nse¢. For our results this intensity range
is completely unimportant. It does not contribute a detectable
amount to the ion yield during excitation with sub-psec
pulses even at the one to two orders of magnitude higher
pulse peak intensities used in our experiment. The high-

@

z U,=26eV completely different in both experiments. They seem to de-
= pend sensitively on the laser pulse width. More detailed con-
g R x2 clusions concerning these pathways, based only on these in-
> 0 10 20 30 40 5 e 70 aso tegralresults, are not meaningful. .

o 2007 Contrary to our result at 526.5 nm, Yang and DiMauro
>_

‘v

1 LELEE 7x10"3 wicm? ! . . 4
- U=72eV intensity level processes completely mask the low-intensity
1 P 2000 ones as will become clear in the discussion of the photoelec-
(4 Y P r . - ' ; , . tron kinetic energy spectra. This means Yang and DiMauro
0 10 20 30 40 look at dissociation processes different from those we ob-
Energy [eV] serve. At the higher-intensity level our results show a disap-

pearance of the isotope effect in the dissociation fraction at
FIG. 6. Photoelectron kinetic energy spectra forriultiphoton ~ 526.5 nm. This indicates that probably electronic properties
excitation at 1053 nnthv=1.177 eV} with 0.6-psec laser pulses alone determine the dissociation fraction at radiation intensi-
measured for different laser pulse peak intensities. For other notdies larger than 210" W/cn?.
tion please refer to Fig. 3. All experiments done to date strongly indicate that the
mechanisms responsible for generation of charged dissocia-

tion fragments in high-intensity multiphoton excitation of

unperturbed molecule, leads to a closer vibrational and rote‘;I d deuterium in the visibl d IR lenath
tional energy level spacing in deuterium compared to hydro- ydrogen or deuterium in the visible and near [k waveleng

gen. The electronic properties of both molecuies., poten- range ar¢2,4,12,19

tial energy cur\{e)sare identical. . Ho+mhy—HS +e, )
Nuclear motion can have a strong influence on charged

fragment generation if the generation mechanism is sensitive

to the internuclear separation. This, for example, would be H; +nhy—H(1s)+H", )

the case if excitation to the open fragmentation channel is

localized at a certain internuclear distance, determined by the H(1s)+lhv—H"+e", 4

electronic properties of the molecule or molecular ion alone.

D, or D,", due to slower nuclear motion, would spend more Hy +khy—H"+H" +e". )

time near the optimum internuclear distance thgroHH,"
and would therefore be dissociated with a higher probability.This means dissociation starts after ionization of the neutral
The initial vibronic wave function of Din the electronic molecule. Dissociation of the neutral molecule would always
ground state is localized in a smaller range of internuclearesult in at least one excited atomic fragment with immediate
distances than the corresponding-0 H, wave function, ionization of this fragment at the high-intensity levels used.
namely, to~84% of the H range. We do not think that this Such a channel for charged fragment generation has not yet
different localization in the initial state gives rise to the been found experimentally. After molecular ionizati¢®)
strong isotope effect in the dissociation fraction and total iondissociation yielding Hl or D™ may either proceed via pro-
yields at 1053 nm because we would expect a similar effectess(3) with subsequent multiphoton ionization of the neu-
at 526.5-nm excitation wavelength. tral ground-state atom HE) [process(4)] or directly

Our data for the Hdissociation fraction can be compared through proces¢5), that is, MPI of B at a certain internu-
with results of Zavriyewet al. at 1064-nm excitation wave- clear distance and subsequent Coulomb explosion of the bare
length with 70—100-psec laser pulses, that is, pulses abomclei. Proces§3) seems to be active at an intermediate laser
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TABLE |. Saturation intensities at 526.5 and 1053 nm in multiples df* W@/cn? for processe$2) and
(3) of the rate model used to fit the experimental data for the total ion yield. The numlzgve the order
of nonlinearity for the best fit.

H, D,
Procesq?2) Procesq3) Procesq?2) Procesq3)
526.5 nm 1.240=7) 0.8 (h=1) 1.2 (n=8) 0.8 (h=2)
1053 nm 1.6 6=9) 1.2 h=1) 0.9 h=9) 0.4 h=2)

intensity level(~1x10"2—~1x10" W/cn?) [2,4,19 while  order of processe&) and (3) derived from photoelectron
process(5) may play a role at intensities in excess of spectroscopy and ion kinetic energy spectrosddgyAt in-
~1x10" W/cn?, as experiments at-800-nm excitation tensities below 10" W/cn and an excitation wavelength
wavelength indicat§¢12,14). equal to ours they conclude that, ibnization is an eight-
Based on processé8)—(4) above we tried to model the photon process followed by dissociation ofHmainly via
intensity dependence of the ion yield and dissociation fracone-photon absorption. Better insight into the order of at
tion using rate equations. The intensity-dependent rates fdeast the H ionization process will be gained from the pho-
molecular ionization(2) and dissociation of kf(3) which  toelectron spectra.
are unknown have been chosen as simple power laws of the At 1053-nm excitation wavelengttFig. 2) the best fit
form al" wherea and n are adjustable parameters ahd parameters for the model calculation fog Bind D, are dif-
stands for the laser intensity. The parametavas restricted ferent. They are shown in the second row of Table I. For H
to integer values so thatl" takes the form of a perturbative one getd ;,=1.6x10" W/cn? andn=9 for proces<2) and
rate. The rate for ground-state atomic hydrogen MRocess | sa=1.2<10" Wicn? andn=1 for procesg3), while for D%
(4)] at 526.5-nm excitation wavelength was taken from al sa=9X10" W/cn? andn=9 [procesg2)] andl g,=4x10"
Floquet calculation done by Do[20]. At 1053 nm we used W/cn¥, n=2 [process3)]. At this wavelength the saturation
a rate derived from the long-wavelength approximation forregime is only touched at the highest intensities available.
atomic hydrogen MPJ21]. These rates contain no adjustable Therefore the values derived fog, are less reliable than
parameters. Thus the rate equations contain altogether fotftose at 526.5 nm.
adjustable parameters to fit the result of the calculation to the It is interesting to see that the saturation intensities nec-
experimental data. In the model we ignored procéss essary to assume for the best fits to the experimental data are
above. At 526.5 nm and intensities larger tham1®'  always higher for H or D, ionization than for H" or D,"
W/cn? this process is approximately included because oflissociation, at 526.5 nm as well as for 1053 nm. Only this
saturation of atomic hydrogen ground-state MPI. This meanghoice ofl s, ensures that above a certain intensity thed
processe3) and(4) taken together become equivalent® D yield overtakes the i or D," yield. This has a strong
approximated with the rate of proce&3. The spatial and effect on the molecular ion states which serve as initial states
temporal intensity distribution in the laser beam is taken intdfor dissociation. They are already strongly perturbed by the
account using Gaussian temporal and spatial profiles whickaser field at the time when they are populated through MPI
constitute a very good fit. of the neutral molecule during the laser pulse. It may even be
Using optimized parameters the results of the model calthat under our experimental conditions, at both wavelengths
culation are shown in Figs. 1 and 2 as lines. As one can se#)vestigated, the molecule is ionized directly into the disso-
they fit the experimental data very well. If one defines satuciation continuum of light-perturbed electronic states.
ration intensities via the relatioa(l )" 7,=1 wherer, is
the laser pulse width anld, the pulse peak intensity neces-
sary for saturation, the parameteasfor processe42), (3)
can be expressed by saturation intensitigs At 526.5 nm The photoelectron spectra give a far more detailed insight
the best fit yields equal saturation intensities fgradd D, as  into the molecular processes in the high-intensity laser field
expected from the nearly equal experimental intensity deperthan the integral yield measurements can. Especially at
dence of the dissociation fractions. The values are shown i626.5-nm excitation wavelength the resonance structure ob-
the first row of Table | in multiples of £d W/cn? together  served for intensities below 1.5x 10 W/cn? is very help-
with the nonlinearities of the different processes used for ful (Figs. 3 and 4 Its appearance signals that the processes
the best fit given in parentheses. These nonlinearities for Hmay be analyzed within the framework of multiphoton ab-
and D, ionization and dissociation differ by 1. If perturbation sorption; the low-frequency approximation which describes
theory is still applicable at least at intensities below1D'*  ionization by a tunnel mechanism is not applicable. We will
W/cn? the parameten may tentatively be interpreted as the first discuss the 526.5-nm spectra in the intensity regime be-
number of photons absorbed to ionize the neutral moleculiow 1.0x10** W/cn? in detail using the H data (Fig. 3).
[process2)] and dissociate the iofprocess(3)]. Thus ion-  Most of the results can then be transferred tpad long as
ization would be a seven- or eight-photon process and dissadbrational and rotational structures of the molecules are not
ciation a one- or two-photon process. This result from intednvolved.
gral yield measurements compares quite favorably with As already noted above, we are in the short-pulse regime
conclusions drawn by Yang and DiMauro concerning theof MPI. Therefore, most of the structure in Figs. 3 and 4 is

B. 526.5-nm photoelectron spectra
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generated through transient resonances induced by ac Stark
shifting states. Resonances appear when the intensity-
dependent energy separatign(l) —E;(l1) between the ini-

tial and an excited state equals an integer multiple of the 250
photon energy17]. At such an intensity the ionization rate is
enhanced. The resonance enhancement appears in the photo-
electron spectrum at a specific electron kinetic en&rgy(1)
determined by the relation

Ekin(lreQZEf(lreQ_EJr(lres)'i_th_Up(lres)’ (6)

whereE" (1) is the energy of the final ionic state ahig(1)
the quiver energyponderomotive energyf the photoelec-
tron released at the resonance intensjty. The number of
photons absorbed to ionize the system from the resonant ex- 50
cited statef is denoted byn. Form larger than the minimum

number of photons necessary for ionization the photoelectron

Energy [eV]

N
o
o

-
(8]
o

100

e Yield [arb. units]

has absorbed photons in the ionization continu(@bove 0 —

threshold ionization In Figs. 3 and 4 ATI electron groups 0,0 0,5 1.0

are separated by the vertical dashed lines below 10 eV ki- Energy [hv]

netic energy. Electrons in an energy intervathp,(k

+ 1)hv] (k=0,l,...)have absorbell photons in the ioniza- FIG. 7. Comparison between a calculated photoelectron spec-
tion continuum. trum of atomic hydrogefi20] (a) and a measured spectrum from H

Before identifying the resonant states it is first necessarynultiphoton excitation(b) in the energy regime of the lowest ATI
to specify the species responsible for the resonance structur@der. The kinetic energy is measured as a multiple of the photon
Possible candidates are, ldnd H atoms in the 4 ground  energy. The calculation and experiment were done at 526.5 nm,
state which may be created via either proc&sabove or  1x10"W/cn? pulse peak intensity, 0.6-psécalculation and 0.7-
neutral dissociation. The process mentioned last cannot fromsec(experiment laser pulse width.
the beginning be excluded despite the fact that up to now it
has not been found in experiments at the excitation waveeluded by an argument based on the photoelectron spectrum
length used2,4,19. Neutral dissociation will always leave (see, for example, Ref5]). For these states one would ex-
the second atom in an excited state. If this atomic state hasgect photoelectrons appearing approximately just at the po-
principal quantum number larger than 2, absorption of onesitions where we observe the resonances. Here it is necessary
photon will suffice to ionize the atom, while fax=2 two  to argue with the dissociation fraction we measured. At all
photons are necessary. Ground-state atoms have to absorbaser intensities used, excited atomic states would immedi-
least six photons for ionization. ately ionize because only ona¥% 2) or two photonsi=2)

To check whether the atomic ground state rhay be need to be absorbed. Therefore they all would contribute to
responsible for the structure in the photoelectron spectrurthe H" yield in the whole intensity range covered. The pho-
we compare in Fig. 7 the experimental spectrum in the entoelectron spectra show that the lower the laser peak inten-
ergy range [(hv] (lowest ATI group with a calculated sity is, the more prominent the resonance structure becomes.
H(1s) MPI spectrum at an intensity 110" W/cn? [20]. At the lowest intensity resonance structures even constitute
The calculation is based on the total ionization rate of thehe whole spectrum. On the other hand, the dissociation frac-
atomic ground state. It is therefore only good for locatingtion [Fig. 1(c)] decreases with decreasing laser peak inten-
resonances and revealing their widths; relative intensities dfity, reaching~0.1 at the lowest intensity used to record
the resonances may be in error. The calculation definitelphotoelectron spectra. This means even if all atomic ions
shows that the observed resonance at 1.47EM{=0.62) detected originated from atomic ionization after neutral dis-
is not an atomic one with the atomic ground state ds  sociation only~10% of the electrons in the photoelectron
initial state. Therefore we conclude that k)ID(1s) MPlis  spectrum recorded at the lowest laser intensity can arise from
not responsible for the resonance structure observed for Hatomic ionization. The main contribution to the resonance
as well as for [ below 1x 10" W/cn?. structure at low intensity is thus definitely molecular MPI,

The calculation of the spectrum assumes thatd)i(dt-  for H, as well as for ). The data thus strongly suggest that
oms are present in the focal spot before the laser pulse athe process responsible for the resonance structure visible in
rives. This is certainly not the case in the experiment.4J(1 the whole intensity range up te1x 10" W/cn? is molecu-
there is formed at already elevated intensities by dissociatiolar MPI.
of H, or H,". Therefore ionization of H(4) may not at all Analysis of the resonance positions in the energy interval
give rise to any resonance structure in the photoelectrofi0,hv] shows that they may be interpreted as members of a
spectrum. This would be the case if H{)lis efficiently cre- Rydberg series with principal quantum numbers 4,5,6
ated only at intensities higher than the highest resonancg-ig. 8. Resonant excitation to these molecular Rydberg
intensity (~7x10"® W/cn?) and the saturation intensity states requires the absorption of seven laser photons. Absorp-
~8x10" W/cn? for H(1s) ionization. tion of one further photon from the resonant state then suf-

Neutral dissociation with H{>>2) as one product channel fices for ionization. This means the resonance structure in the
subsequently ionized by one-photon absorption cannot be exnergy intervals h—1)hv,mhy] (m=1,2,...) weobserve
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! - s - ' ization. In this case, irrespective of the vibrational quantum

1604 numberv in the resonant electronic state the kinetic energy
120_' of the ejected electron is always the same, determined only
) 15 by the principal quantum number of the resonant state.
S 804 Zavriyev et al. investigated multiphoton excitation of,H
£ ] with ~70-psec laser pulses at a nearby wavelegd2 nm
T 40 in the same intensity range as we {&]. Similar to Vers-
& ) chuur, Noordam, and van Linden van den Heuy&ll they
> 04 i suspect from their photoelectron spectra lower excited states
] v -y +  of the molecule to become resonant during the laser pulse.
-40 - Kali—— - These experiments were done in the “long” pulse regime.
, . . . . Therefore the authors had to judge from the internal energy
0,0 0,5 1.0 distribution in the H* ion they measure with the photoelec-
Energy [hv] tron spectrum what the resonant states may be. Based on

Franck-Condon overlap arguments, Zavriyehal. favor vi-

FIG. 8. Photoelectron spectrum fop Fhultiphoton excitation at ~ brational levels of th&'S. ; electronic state to become reso-
526.5 nm, 6.5 10" W/cn? laser pulse peak intensity, and 0.7-psec nant after absorption of five photons with at least two further
pulse width. The intensity range of the lowest ATI orderh#d, is photons necessary for ionization. Our observations do not
shown with the energy measured as a multiplehef n=4,5,6  support this choice of resonant states. But this does not mean
numbers the principal quantum numbers of the identified Rydberghe conclusion of Zavriyeet al. is in error. The much faster
state resonances. For further details see the text. rise time of our laser pulses may prefer the observed seven-

photon resonances at a higher-intensity level within the
in the intensity range up to X110 W/cn? originates in  pulses. Also Helm, Dyer, and Bissantz showed for UV mul-
seven-photon resonant {#n)-photon ionization of molecu- tiphoton excitation of H a quite strong wavelength depen-
lar hydrogen and, similarly, deuterium. dence of the photoelectron specf@. At two excitation

The approximate calculation made to identify the resonantavelengths separated by only 7.5 nm the spectra show a
states uses for their intensity-dependent energyuite strong structural change. Therefore even the small
Ef(I):E*(I)JrUp(l)—R/n2 in relation (6) above(n prin-  wavelength difference between 532 and 526.5 nm may
cipal quantum number of the excited resonant statechange the resonant states relevant for the MPI process.
R=13.60 eV Rydberg constgnfThis means the binding en- So far it has been shown that molecular Rydberg states
ergy is approximated by the atomic hydrogen vatu®/n?. are responsible for the resonance structure in the spectra and
With this simplification we expect resonances at 1.505 ( their principal quantum numbers were identified. We have
=4), 1.811 =5), and 1.977 eV 1{=6). These values not yet analyzed what the vibrational quantum numbers of
compare favorably with the measured ones at 1.47, 1.80, arttie Rydberg states are. Depending on laser pulse peak inten-
2.00 eV. Small deviations, even changing with the resonarsity the vibrational states contributing to a resonance may
state, may have their origin in the approximation used forchange. For a closer examination of the resonance structure
E:(1). They should become increasingly important for stron-we have plotted the part of the,Hbhotoelectron spectrum
ger bound resonant states where the electron cannot yet rmeasured at 6810 W/cn? laser pulse peak intensity
spond to the light field in nearly the same way as a free onvithin the first ATl group(energy range [B]) on an ex-
[assumed in the approximation fBk(1) abovd. In addition, panded scale in Fig. 8. The kinetic energy is given in mul-
with decreasing principal quantum number growing de- tiples of the photon energhiv. The vertical lines labeled
viation from the simple atomic hydrogen binding energyv/m indicate the kinetic energy a photoelectron would have
—RIn? is to be expected, which should be enhanced by & it were ionized by absorption ah=7 or 8 laser photons at
low angular momentum of the electron in the resonant statezero intensity with the k" ion left in an unperturbedzero
This point may justify us to speculate that the electron in theéntensity vibrational statev=0,1,2..., respectively. With
excited resonant state has a high angular momentum as it ighization proceeding at increasing laser intensity the kinetic
observed for resonant states in atomic hydrogen MPI. Herenergy of the released photoelectrons decreases until it
f-angular momentum states play a prominent {@i]. reaches zero at a specific intensity which depends on the

The fact that the resonance spacing in the photoelectrowibrational state of the ion. Thus seven-photon ionization
spectrum follows that of a Rydberg series implies that thecontributes to the spectrum only in an energy range to the
final state reached in the molecular ion after one-photon ionleft of the vertical lines labeled/7 when the ion is created in
ization is the same as the ion core state in the resonant stathe vibrational state». The only ionic vibrational channels
For the vibrational degree of freedom this means that thepen for seven-photon ionization ave=0,...,4 for H. As
ionic vibrational level must be identical to the resonant statecan be seen in Fig. 8, the electron yield from seven-photon
vibrational level(Av =0 ionizing transitions otherwise the ionization is very smallenergy range below 0)7Contribu-
photoelectron spectrum would not have the simple structuréions to the photoelectron spectrum from the lowest-order
observed. This definitely excludes non-Rydberg states of thmnization process possible can thus completely be neglected
molecule from being the resonant states. Only the unperat all intensities where we took spectra.
turbed potential energy curves of Rydberg electronic states All ionic vibrational states with vibrational quantum num-
closely match the ionic’)(zzgfr ground-state curvg23] and berv>4 can in lowest order only be reached by absorption
therefore guarantetv =0 transitions to dominate photoion- of eight photons. The labels8 with v >4 in Fig. 8 mark the
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energy photoelectrons would have after eight-photon ionizaef the radiation field[8-11,14. The Rydberg states are
tion at zero intensity for an ion core left in a vibrational stateshifted into resonance at intensities abevéx 103 W/cn?.
v=>5,6,... .With increasing intensity eight-photon ionization |n this intensity range the adiabatic potential energy curves
into these vibrational channels relea§es photoelectrons Wit the jon are heavily deformed by the interaction with the
decreasing kinetic energy. For &80"* W/cnt laser pulse light field and so will be the potentials of the resonant Ryd-

peak intensity in Fig. 8 the horizontal lines attached to thg) . giates. In the ion the relevant electronic states for the
left of thewv/8 labels indicate the energy range where photo-

electrons may be emitted with the ion core remaining in %?rocessgs |nvest|g§1ted here are the ground statg dnd the
v>4 state. In the energy region below Bi5 corresponding 1St €xcited repulsive statep, [2,4,8-12,14 They are
to the highest intensity in the laser pulse, only a small elecStrongly dipole coupled by the laser radiation. This implies
tron yield is observed. This fact suggests concluding thathat not only the molecular electronic states¢})(nl) but
eight-photon ionization into ionic vibrational states with also the doubly excited configurationsg,)(nl) have to
v>4 only negligibly contributes to the photoelectron sPec—be taken into account in the analysis of the resonant Rydberg
trum in the whole interval [@®yv]. Since up to~1x10" states. They should be coupled by the radiation field in a way
W/cn? the resonance structure dominates the spectrum iimilar to the ionic states. The photoelectron spectra at 526.5
[0,hv] it may be justified to conclude that eight-photon ion- nm strongly suggest that at least the observed resonant elec-
ization intov>4 and seven-photon ionization only play a tronic states have potential energy curves very similar to the
minor role in this intensity regime. corresponding ionic oneéAv=0 transitions dominajeat
When the seven-photon=4,...,0 ionization channels e |aser intensity where they are shifted into resonance. The
plos_e at successively hlghgr intensities the lowest-order I0Nequpling between the Eby)(nl) and (2o)(nl) states
ization process becomes eight photon. At the channel closu_(ﬁith fixed principal quantum numberinduced by the radia-

intensity the kinetic energy of the photoelectrons released i Y ;
hv after absorption of eight photons. At higher intensities thegzglvfgg |ast :Z:zt%gicfg,éo( ]Zi;tzﬂT)giL:,?iZﬂrgfoﬁs liglmg

ﬁ#i?%%;gg%odecrist‘:ﬁf\'lvbﬂgwé;ch;lghsr;gfkht%gzggﬁgy other singly excited molecular hydrogen configurations.
. S To illustrate the strength of the dipole interaction between

range where electrons can be created by eight-photon |on|z%ae ionic electronic stateg&szr and Zopa we plotted in Fig

g u '

tion with the ion left in the corresponding vibrational state . . ! -
noted. These lines terminate at the kinetic energy corre2(@ the unperturbed adiabatic potential curves and in Fig.

sponding to the laser pulse peak intensity>618' W/crr?. 9(b) th_e pote_ntials inf radiation fie(d_va_velength 526.5 njn
Within this energy rang@{E, (1 ...);hv]) seven-photon ab- at an intensity &10'* W/cn?. Here it is assumed that the
sorption resonantly enhances the eight-photon ionizatioRolarization points along the internuclear axis. Adiabatic po-
process. At the Speciﬁc laser pu|se peak intensity Choseﬁ@ntia'S in the radiation field are calculated using the Floquet
n=5,6 Rydberg states with vibrational quantum numbergnethod with seven Floquet blocks included in the length
v=0,...,4 maythus contribute to the resonances labeledgauge[14]. The unperturbed potentials are taken from Sharp
n=5,6 whereas onlyn=4 Rydberg states with=1,...,4  [23], and dipole coupling strengths betweesv] and 2o,
may contribute to then=4 resonance. At the higher laser from Ramaker and PedR5]. In the figure we included the
peak intensitiegFig. 3) this situation changes of course; also positions of unperturbed H X22g+ vibrational levels with
the n=4, v=0 Rydberg state may then contribute to thev=0,...,8(horizontal line$. As discussed above, the poten-
resonance labeled=4 in Fig. 8. tial energy curves at least for the resonant Rydberg states

A Franck-Condon argument can be used to confirm thatdentified in the electron spectra are expected to have a shape
really all energetically accessible vibrational levels of a Ry-very similar to these ionic potentials.
dberg electronic state will contribute to a resonance. Com- Ignoring a three-photon avoided crossing betwesn 1
pared to the minima of the Rydberg state potentials, theand 2o ,-3hv near 2.75 a.u. the perturbed state labgjed
minimum of the H X129+ ground-state potential energy Fig. 9(b) is the 1so, state for small internuclear distances
curve is shifted to a smaller internuclear distance and thésufficiently far below the wide one-photon avoided crossing
xlz; potential well is much narrowd23]. Thus resonant gap between doy and 2o ,-hv near 4.2 a.0.and the
transitions starting at the fround state><12g*(v=0) to  2po,-hv state at a sufficiently large internuclear distance.
the Rydberg states have a high Franck-Condon factor for &ollowing the corresponding potential energy curve adiabati-
broad distribution of vibrational states. Based on Franck-cally from small to largeR leads to one-photon dissociation
Condon factors for  the Rydberg transition for energies above the barrier near 3.8 dhand softening
Clﬂu—XlEg+(v=0) [24] one can approximately specify the [2]). Even dissociation by tunneling through the barrier may
general shape of their dependence on the Rydberg state e possible for vibrational states below the top and above an
brational quantum number. After a first slight increase for energy Q-hv (D, unperturbed dissociation enejgs Fig.
v=0,...,2they reach a maximum at=2. Then a very slow 9(b) shows, the adiabatic stagecan probably support only
decrease sets in. Only at-10, the Franck-Condon factors three bound states with the highest one already amenable to
have diminished by about one order of magnitude. Thigunnel dissociation at the intensity chosen. Above the top of
strongly suggests that, if energetically allowed, all vibra-the potential barrier a dissociation continuum persists for
tional statew =0,...,4contribute to each resonance observedstateg at this specific intensity. At lower light intensities the
in the photoelectron spectra. potential barrier in the state rises so that more vibrational

In the analysis up to this point we have neglected thestates become bound. The situation for the resonant Rydberg
dependence of the molecular potential energy curves anstate potentials should look very similar to the ionic one in
therefore also of the vibrational energy levels on the intensityFig. 9b).
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FIG. 9. Potential energy diagram for the two lowest-energy electronic states of the hydrogéa) ionperturbed adiabatic dressed
potential energy curveéhr=2.355 eV}, (b) the adiabatic dressed curves atB)® W/cn? radiation field intensity(light polarization
assumed parallel to the internuclear axihe horizontal lines show the position of the unperturbed ionic vibrational states=for...,8

Figure 9 shows that excitation from the molecular groundnearly the saturation value 0.8 a2x 10 W/cn? [see Fig.
stateX12g+(v=O) whose vibrational wave function is lo- 1(c)]. Below the resonance structure in the lowest-order ATI
cated belowR~2 a.u. to the Rydberg states has a largephotoelectron grougenergy interval [(hv]) a broad feature
Franck-Condon factor only for states corresponding togthe seems to develop, peaking at a kinetic energy slightly below
ionic state with a smalR potential nearly equal to the un- the position of then=4 resonancésee, for example, in Fig.
perturbed %o ionic potential. They will therefore be the 3 the 1. 310" W/cn? spectrum. A second main modifica-
resonant electronlc states independent of the intensity whetteon in the spectrum within the rangex10**—2x10%
the excitation takes place, i.e., where a state shifts into sevelw/cn? are two local electron yield enhancements slightly
photon resonance. Bound vibrational stafesr example, aboveE,;,=2hv, 3hv. A similar enhancement does not ap-
v=0,1,2 in Fig. 9b)] or the dissociation continuum of a pear nealE,;,=hv. These features broaden slightly and in-
perturbed excited electronic Rydberg state may equally weltrease in height with increasing laser intensity. They have a
enhance the ionization process. Even the dissociation comsimilar position shape and dependence on laser intensity for
tinuum will lead to well-defined electron kinetic energies H, and D, MPI (Figs. 3 and 4 Since no isotope effect is
after one-photon ionization, since nuclear motion is notfound, these features seem to have a purely electronic origin.
changed in the ionizing transitiofnearly equal ionic and At the highest laser intensity the,tnd D, electron spectra
Rydberg potentials at the resonance intensity are mainly structureless; only two broad electron vyield

To conclude the discussion of the resonance structures imaxima are observed in the low-energy part.
the photoelectron spectra at 526.5 nm it has been shown that There are a few points that make an interpretation of the
even for resonant electronic states heavily perturbed by thepectra in the high-intensity range very difficult. The high
radiation field the simple resonance structure observed in thdissociation fraction measured indicates that not only H
experiment is to be expected. The only condition which musMPI contributes to the spectrum but possibly also MPI of
be met is that the potentials of the resonant and the ionipossible H(E) dissociation products and MPI of ,H. All
state are affected in nearly the same way by the radiatiorl(1s) and, similarly, D(E) produced at intensities above
field. The same discussion applies tg EIPI and the reso- ~8x10'® W/cn? in the laser pulsdsaturation intensity of
nances found there. The only difference is that the largeground-state hydrogen MPI for our pulse wigdtill cer-
nuclear mass necessitates the inclusion of a broader range tainly be ionized at the end of the pulse. The photoelectron
vibrational states. spectrum alone does not allow us to distinguish between

Starting at X 10 W/cn? the photoelectron spectra at these ionization processes.

526.5 nm develop new features which bury the resonance There are some hints in the spectra that $J(ID(1s)
structure with increasing intensifgee Figs. 3 and)4In this  MPI may contribute. These are the yield enhancements
regime the dissociation fraction is higher than 0.5, reachinglightly aboveE,;,=2hv, 3hv in Figs. 3 and 4. Appreciable
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H* or D* ion yield is found at laser pulse peak intensities These processd$i(1s), H,” MPI] can certainly not be
above~1x10** W/cn? where the dissociation fraction has the only reason for the changes observed in the spectra at
increased to about 0.4. This means that if dissociation intdigh intensity since at most 50¢probably lessof the pho-

the channel H($) +H™ occurs, H(5) will in an appreciable toelectrons are created by them. Especially the step from
amount be produced at intensities abevex 10 Wicm? In~ 2x10"to 7x10" W/cn? is deep in the saturation regime for
this range the H(4) ionization rate is higher than7x10'?  all processes. Spectral changes may then have as reasons the
sec'1 [20]. At this rate, ionization of the atom will be com- Shift of all processes mainly contributing to the spectrum into
plete in less than-150 fsec. When compared to our Iaser_the rising edge of the laser pulse and ponderomotive scatter-
pulse width of 0.6-0.7 psec this implies that the intensity!"d Of the free photoelectrons, As shown above, ponderomo-
does not change very much over the time it takes the H atorf]v€ scattering a.t Xl.ol Wier? gives rise to changes in the

to ionize if it is created through dissociation abovéx 10 photoelectron kinetic energy which may rea_ch several eV
W/cn?. Certainly only a few H(%) atoms will survive until even for low-energy electrons. _The chan_ges n the shape of
the laser pulse reaches intensities well belowl 0 W/cr? the photoelectron spectra at high laser intensity cannot yet

- : . nambiguously be explained using our experimental results.
on the trailing edge where the main contribution to resonan%J g y P 9 P

ionization should have its origin. This means that Bl fon-
ization will mainly be nonresonant. If one therefore assumes
that H(1s) or D(1s) gets completely ionized near an inten-  The photoelectron spectra at 1053-nm excitation wave-
sity of ~1x 10" W/cn? just after production it is possible to length(Figs. 5 and Bare all recorded at intensities not yet in
approximately determine the kinetic energy where photothe saturation regime except possibly the deuterium spectrum
electrons from this process should appear. Taking into acat 3.5<10" W/cn?. At the lowest intensities used, a repro-
count a ponderomotive shift of the ionization threshold rela-ducible structure bound to kinetic energy intervaisty, (m

tive to the I ground state, a kinetic energghv+0.3 ev T 1)hv] (m=0,1,...)with hy=1.177 eV appears whera
(m=0,1,...) iscalculated for photoelectrons which have ab_enumerates th_e number of photons absorbed in the ionization
sorbedm photons in the ionization continuum. Far=2,3 contmgum. This structure d|sappears_completely above about
this is just the energy where we observe the local electroﬁ><1Ol wien. T+h|s IS lllfft the_mtensny where the Kgldysh
yield enhancements in the electron spe¢Fys. 3 and 4  Parametery=(E"/2Uy) [27] is equal to one. At this in-

We do not see an enhancement for=0,1. The photoelec- tensity a crossover from the multiphoton regirfye>1) to

trons thus preferentially absorb photons in excess of thé}he tunnel regiméy <1) for photoionization takes place _For
- L T ¥>1 a structure on the scale of the photon energy is ex-
minimum number necessary for ionization at the high inten-

. . . ected to appear in the photoelectron spectrum while for
sity where they are created. This explanation of the IocaP PP P P

eld enh v <1 tunnel ionization should give rise to an almost struc-
yield enhancements nearh2 and 3w should only be  yreless electron spectrum. This is just what we observe in
viewed as tentative.

e . _ the photoelectron spectra in Figs. 5 and 6. It was not possible
I+n the high-intensity range also the molecular iop"tbr o interpret the structure we see at intensities belowl @3

D," may be ionized by multiphoton absorption. It has beenyj/cn?. One reason for this is the very large ponderomotive

found that the photoionization rate may be enhanced stronglyotential at this excitation wavelength. This results in the

at certain internuclear distances even over the rate of thﬁossibility of very many excited states shifting imtephoton

dissociated speci€26]. This effect shows up in the long- resonance with the order varying over several values. A

wavelength approximation for the MPI process where ionizayery congested resonance structure as we observe it is thus to
tion is treated as a tunnel process in a static electric field. Iihe expected.

this model the ionization rate reaches a maximum near an Apove ~8x10' W/cn? laser pulse peak intensity the

internuclear distance where the active el+ectron lUSt gets lamain contribution to the photoelectron spectra originates in
calized at one of the ion cor¢&6]. For H," or D," local-  tynnel ionization in the high-intensity part of the pulses. Af-
ization of the electron sets in at an internuclear distancer tunnel ionization the photoelectrons may be assumed to
R=6 a.u. The unperturbed fixed nuclei ionization potentialmove as free electrons in the laser field, starting with zero
of H2 or D2 at this internuclear separation Is 18.5 eV andve|ocity after passage of the potentia| barr[és], unless

the photon energy 2.355 eV. This, together with a ponderothey revisit the ion core and scatter. Under these conditions
motive shift of at least 2.5 eV abovex1L0'* W/cn?, may  they assume a kinetic drift energy:

justify treating H* or D, MPI already in the long-

wavelength approximation with the consequence that pre- Exin=Up(1+2 Sirf ¢) @
ferred ionization is expected near 6 a.u. internuclear separa-

tion. H," or D," ionization would be a tunnel process which in a radiation field with time-dependent electric field strength
results in a broad unstructured photoelectron spectrum simE(t) = Eq cos(wt+ ¢) if they start at=0. If no ponderomo-

lar to that observed for 1053-nm MPI of,tbr D, (Figs. 5 tive acceleration in the laser beam has to be taken into ac-
and 6. Such a tendency of the photoelectron spectrum toeount (short pulse regimethe photoelectrons are detected
ward little structure can really be observed at laser pulsevith this kinetic energy. In the long pulse regime they gain
peak intensities abovex110** W/cn? (Figs. 3 and # A the full ponderomotive energy and are detected with a kinetic
convincing proof for H* or D," MPI would be the kinetic ~energyE,,+U,. The most probable emission phasef the
energy distribution of the ions. It should resemble the Cou-<€lectrons is zero, i.e., at the maximum electric field strength.
lomb repulsion of the bare nuclei near 6 a.u. internucleaifhese electrons then hatg;,=U, while electrons emitted
distance where ionization is most probable. at ¢=ml4, i.e., at 70% of the maximum field strength, al-

C. 1053-nm photoelectron spectra
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ready have P, drift energy. These energies compare favor- V. CONCLUSIONS

ably with the energy range where we detect photoelectrons in . : .
the measured photoelectron sped¢tee Figs. 5 and)6With an(\jlv\?aenxg;g?g?c[{ 4p£allggsnfjgSﬂggztsefggtiglgglﬁ\?ig%
relation (1) one calculates as the main contribution to theD2 in the IR near 1053 nm and in the visible near 526.5 nm

upper bound for the change in kinetic energy of the photo- . .
electrons by residual ponderomotive accelerativB/U,, into the short pulse regime. At 526.5 nm this allowed us to

_ — . ._identify resonances in the photoelectron spectra which are
=0.02Eo(eV). This shows that especially fast electrons 'n.'mportant for the molecular multiphoton excitation mecha-

the photoelectron spectra taken at the highest laser intensi Ism. In addition the shorter pulse width allowed us to reach

sm;ffe; g cCaane én kmet;.c energ31 WT.'Ch tmhay Leach up f}%igher intensities before saturation of the excitation pro-
about > eVv. Fonderomotive acceleration thus nas an g ggeg Resonant idr D, ionization dominates MPI at 526.5

ence on the shape of the spectra at high intensity and hig m at intensities between ¥and 164 W/cn? with Rydberg

elegtaor; kllngtlc elner_gy.fth 1053 rai i .blstates as intermediate resonant states. In the IR we find a
etailed analysis of the -NM Spectra IS NOt POSSIDI&, ossqyer from multiphoton to tunnel ionization in this inten-

because different processes may contribute besides moIecgﬁy range. The different isotopes give rise to photoelectron

l(?r h)&drqgfﬁ MPI. '_rgjlnnde_l |on|_z:i£1_t|0n ?‘fﬁ arlld '__L(E'sz pro- spectra with the same shape, meaning that they are deter-
uced via the possible dissociation channel )¢ MY mined by the electronic structure of the molecules. An iso-

gontr(;ll_')utje_. tElleftré)ns kfrorp these pflﬁﬁsfs W'kljl als_c; .b ope effect is found only in the dissociation fractions at 1053
roadly ciSIributed 1n KINEUc energy. at can be sald IS, oy pt not at 526.5 nm. Despite getting already detailed

that there is no isotope effect visible in the phOtoeleCtroﬂnformation on the Hor D, excitation mechanisms from the

spectra. The isotope effect in the dissociation fraction at th'séhort pulse photoelectron spectra, it is definitely necessary to

wavelength(Fig. 2) does hot have any influence on the Shapealso measure the kinetic energy distribution of the charged
of the electron spectra. This may have two reasons: the ph(aa

toelectron distribution i i itive to the differi | Issociation fragments produced in the interaction process. It
oelectron distribution 1S not sensitive o the dilfering nuclear, ., certainly give a better understanding of the molecular
dynamics, i.e., purely electronic in origin, or the number ofcg

electrons from the process responsible for the isotope effe issociation mechanisms which certainly influence the pho-
is small compared '?o the total rﬁ)umber of electrons dpetecte glectron spectra. The spectra at 526.5 nm already seem to
The first argument may hold if the origin of the isotope effect ont at dlssoma_tlor_\ fragmer{tH(ls)/D(ls)] MPI. The

: + MRS . T simple molecular ionization pathway found at 526.5 nm may
is Hy" or D," onization. If, as explained above,Hor D, allow calculations on the light-molecule interaction process

prefergntially ionize at a specifig in_ternuclear distance, th‘?o be done even if the processes start in the ground state of
deuterium nuclei, because of their higher mass, may spendtﬁe neutral molecule.

longer time near that critical distance than the hydrogen nu-
clei. In this case B" ionization with subsequent Coulomb

explosion is more probable than,Hionization. This gives ACKNOWLEDGMENTS
rise to the isotope effect in the dissociation fraction. But in i
this case the contributions from,H and D,* ionization to We are thankful to Dr. M. Do for providing the theoreti-

the photoelectron spectra would not be different in shapeal intensity dependence of the atomic hydrogen ionization
because of equal electronic properties of the ions at the critirates and the photoelectron spectrum and Dr. M. P. Kalach-
cal internuclear distance. nikov for his assistance with the laser system.
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