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This paper presents ion yields resulting from multiphoton ionization and fragmentation of gaseous
toluene (GHpg) in the focus of an 80 fs Ti:sapphire laser beam=800 nm) with a sufficiently small
B-integral[ SiegmanLasers(University Science Books, Mill Valley, CA, 198p The peak intensity

was varied between 1910 and 2.8< 10'*W cm™2, and both linear and circular polarization were
used. Over the whole range of intensities studied, only the singly charged parent ion and its
fragment, GH;, are found. Although the Keldysh adiabaticity parameter equals 0.86 for the
saturation intensity of-1x 10"W cm™2, there is no indication of tunneling. The parent ion yield

is found to be effectively proportional to the sixth power of the peak intensity. This is shown to be

in good agreement with a multiple lowest-order perturbation multiphoton ionization model which
takes into account successive channel closing for increasing peak intensities and orders up to 11
inclusive. On the assumption that the excess energy acquired by the toluene cation as a result of the
interaction with the electromagnetic field is of the order of the ponderomotive energy for the
intensity prevailing at the moment of the ionization, the internal energy distribution of the toluene
cations created that is brought about by this multiple-order multiphoton ionization model is
calculated. This internal energy distribution is in perfect agreement with the measgtedy@ld,

if the rate-energy curve for the fragmentation of excited toluene cations as given by Gelalin

[Sov. J. Chem. Phy£, 632(1985] is moderately reduced by a factor of 4.5. ZD00 American
Institute of Physicg.S0021-960600)00121-3

I. INTRODUCTION and nonaromatic molecules with various degrees of bond
saturation were also published recedtly.Experiments of
The photodynamics of molecules under the influence othis kind strongly contribute to the data-gathering phase,
short(<100 fs, strong laser pulses is now becoming a topicyhich must be the first step taken whenever a new field of
of wide interest. For intensities beyond X30°*Wem™,  regearch is being explored, as is the case with intense, ul-
the lelectrlc field produced by a laser exceeds the value {ashort laser field molecular photoionization and photofrag-
VA" The behavior of molecules exposed to such strong,entation. A logical next step would be a careful inspection

fields, which are comparable in strength to the electrostati((:)f the data collected to identify and resolve possible contro-

fields that are responsible _for the stability qf molecul_es, 'Sversies. This is the approach adopted here to study the photo-
more complex than one might expect. For instance, it was

shown very recently® that stable, multiply charged parent ionization and photofragmentation of the toluene molecule.

ions of medium-size aromatic molecules are created by in_RecentIy, the photodynamics of this molecule were investi-

tense 800-nm, sub-90-fs laser pulses, and that photofragmeﬂ‘:“teoI by se.ver'al grouf;sf"ewho d_o not agree, howevgr, on
tation plays a very minor role under these conditions. Thig* common ionization/fragmentation scenario. We claim that
“atomiclike” behavior, which favors “soft ionization” lead- these discrepancies are largely due to unwanted contributions
ing predominantly to parent ions and is therefore sometime§©m nonlinear effects in the laser bedas expressed by, for
called femtosecond laser mass spectrom@hMS), is sur- ~ example, the so-calleB-integraf). Therefore, in the present
prising, because at the energies required to create highegase study” of toluene, the experimental conditions under
charge states several fragmentation channels are known to Béich the ionization/fragmentation data were obtained are
easily accessible. Results of similar photoionization andarefully and extensively defined and discussed. Especially
photofragmentation experiments on medium-size aromatitn high-intensity laser physics, a precise characterization of
laser beams is aonditio sine qua norior a proper under-
dAuthor to whom correspondence should be addressed. Electronic maiﬁtanding of experimental work. A further unresolved ques-
Kees.Uiterwaal@mpg.mpg.de tion seems to be the exact nature of the ionization process of
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molecules in FLMS. For the case of an atom with an ioniza- From measurements of the fractional power transfer
tion energy(IE), the often-cited and well-known Keldysh through centered circular apertures of various diameters it is

adiabaticity parametey,® is defined as concluded that the spatial profile of the unfocused laser beam
is Gaussian and has a FWHM diameter dfyy=(5.37

y= 1 / IE ' (1) +0.02) mm. Furthermore, autocorrelation measurements us-
2U, ing a second autocorrelatéAPE Pulsecheck5050 show

whereU, is the so-called ponderomotive or quiver energy,f‘hat the temporal profilg of the puls_es rig_ht b_efore the focus-
makes a rough subdivision of ionization processes into muling lens(after ten reflections from dielectric mirrgralso has
tiphoton ionization(MPI) processegfor which y>1) and @ Gaussian shape with a FWHM duration tgfyv=(81
tunneling processeor which y<1). Useful as this is as a 1”_1).fs. Therefore, the spatiq—temporal variation of the inten-
starting point, this subdivision is not so sharp as one mighgity in the unfocused beam is given by
wish it to be, and ionization processes will often be a mixture _ 2 2
of these two extremes. Furthermore, the Keldysh parameter H(r,D=Toexp(~(r/ro)")exp(—(t/t)%) @
was derived for structureless partickegoms, and although  with r,=(3.23+0.01) mm andt,=(48.6+0.6) fs. For the
often mentioned in relation to molecular studies it does nohjghest pulse energy of 1.2 mJ used in our experiments, the
take into account typical features of molecules such as thefseak intensity in the unfocused beam is theg=4.2
extended size in relation to atomic systems. At least one<10*°W cm 2.
group has introduced some kind of molecular Keldysh  To focus the laser beam, a plano-convex uncoated BK-7
parametet and successfully applied it to a specific class ofjens with a nominal focal length of=500 mm was used.
molecules. Probably, however, the complexity of moleculaneasurements of the spatial beam profile at focus were made
systems and their photodynamics are so comprehensive thgy means of a CCD camet&piricon Pulnix TM-6CN. This
a “general” description must involve more than just a single profile is again Gaussian and has a typical FWHM diameter
classification parameter. Aiming to identify the ionization of ~60 um, in agreement with calculations. Attenuation of
process of toluene, we followed its ion yields over severakhe unfocused beam was performed by means of a rotatable
orders of magnitude as a function of laser peak intensity ifvariable-sector filter disk. The different sectors of this 2 mm
the range between DOI0°Wcm ?(y~2) and 2.8 thick quartz disk have metal coatings of various thicknesses,
X 10"W cm™?(y~0.5), and our results are explained in the which allows the intensity to be reduced in steps~63%
framework of a multiple-order MPI model. The fragmenta- (optical density 0.2 To bridge the gap between these steps,
tion of toluene, which is limited to just a hydrogen atom lossan additional 1.1 mm thick Corning 7059 metal-coated neu-
process up to the highest peak intensity of 2.8tral density filter was used with &79% transmissiotiopti-
X 10"*'W cm~? used here, can be fully explained by directly cal density 0.1 The entrance window of the vacuum system
connecting this multiple-order MPI mechanism to the energyis a 2 mmthick CaF, optical flat positioned~280 mm from
content of the ion created. This paper is organized as folthe focus. An important aspect of our setup is the possible
lows: Sec. Il describes the experimental setup; in Sec. lll weple of nonlinear effects, such as self-focusing or self-phase
present and discuss the results of toluene photoionizatiomodulation, that may be induced by nonlinear behavior of
together with our calculations; Sec. IV is devoted to concluthe optical materials BK-7 and Caflue to the rather high
sions. unfocused intensity of the laser beam. However, even for the

highest unfocused peak intensity=4.2x 10"°W cm 2 used

here the cumulativ@-integraf in our setup for air plus op-
Il. EXPERIMENT tics amounts to at most 1.7. Since this is way below the

widely accepted critical limit of 3 to Bsee Ref. 8 nonlinear

A commercial Ti:sapphire laser systeniSpectra- effects are not expected to have any influence. Measurements

Physic$ was used for the present work. In a chirped-pulseof the temporal autocorrelation function and the frequency
amplification scheme, pulses from a Ti:sapphire oscillatoispectrum of the pulse after its passage through the entrance
(Tsunami, wavelength 795 nm, power 900 mW, repetitionwindow of the vacuum system showed that the laser pulse
rate 82 MHz, pulse duration 65)fpumped by a frequency- does remain essentially unaltered, which verifies our expec-
doubled Nd:YVQ laser(Millennia-V, 532 nm, 4.90 W, cyv  tations.
are fed into a regenerative amplifieBuper-Spitfirg. The A simple time-of-flight(TOF) arrangement based on the
amplifier is pumped by a frequency-doubled, Q-switchedWiley—McLaren principlé® was used for cation mass analy-
Nd:YLF laser (Super-Merlin, 527 nm, 23 W, 1 kHzThe sis. The spectrometer axis is perpendicular to the propagation
laser system finally delivers pulses at a repetition rate of Hirection of the laser beam. After their creation in the focus
kHz with an energy of 2.0 mJ/pulseshot-to-shot stability of the laser beam, the ions pass through a two-stage accel-
+4%). Pulse energies were measured with a power metegration sectoffirst stage, length 10 mm, field strength 241
(Laser Probe power meter Rm 6600 universal radiometer Vcm L second stage, length 20 mm, field strength 996
commercial autocorrelatofAPE Pulsechedkwas used to Vcm™Y). The last electrode of the second acceleration stage
measure the temporal pulse width directly after the compreszonsists of a solid plate in which a rectangular slit is present
sion grating(typically ~70 fs). The output wavelength was with dimensions 10.0 mixi1.2 mm, its longer dimension be-
800 nm, as determined with a fiber spectromé@rean Op- ing parallel to the propagation direction of the laser beam.
tics SD2000. After passing through this slit, the ions drift through a 760
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! FIG. 1. TOF spectrum of toluene recorded with 800-
_02r T i nm, 80-fs, linearly polarized laser pulses for a peak in-
S tensity of 2.0<10"W cm 2. (a) Complete spectrum;
= 04r 7 i (b) expanded view of the same spectrum. The spectrum
5 f is dominated by the parent iongig; (M =92), accom-
® 06f T i panied by its heavier isotopic variatfCs*CHg (M
2 =93). Only one other mass peak is found, correspond-
08r CH i} i . ing to the fragment ion, @7 (M =91), which is cre-
ol 7’8 | | CH, i ated in limited quantities.
' 1 L aly L 1 . 1 i 1 1 4 1
0 2 4 6 8 10 12 14 16 127 12.8 12.9 13.0
time-of-flight (ps) time-of-flight (us)

mm long field-free region. After leaving the drift region, they Fig. 1. The spectrum is dominated by the parent ion
are accelerated to a kinetic energy -o#.4 keV and then C;Hg (M=92). The only fragment produced in observable
impinge on the front face of a double-stage multichannelquantities is GH; (M=91). The peak aM =93 is due to
plate (MCP) assembly operated at typically 2 kV which is Y2C13CHZ. For the whole intensity range studied hébe-
used for ion detection. The resolution of the TOF spectromiween 1. 10'% and 2.8< 10"W cm?), and for both linear
eter amounts tdVl/AM~200. lon yields were measured and circular polarization, these are the only peaks that were
with both linear and circular polarization being used. Togbserved.

change the polarization of the beam, a zero-order air-spaced |n an initial phase of the experiment, we recorded one
quarter-wave plate was usédalle, RZQ 4.1, with its fast ~ TOF spectrum with ari=1000 mm plano-convex lens for a
axis either parallel to the linear polarization of the laser beanpeak intensity of 6.4 10"Wcm™2 With this lens some

or at 45°. The linear polarization was perpendicular to thQragmentation products that were absent with tlie
spectrometer axis. This direction was chosen because it al- 500 mm lens appear, such asH: (i=0,...,5), GH;' (i

lows us to use one and the same quarter-wave plate to 0...,5), GH." (i=3,5,6), GHx+, and GH;" (i=5,6), but,
change the polarization. Additional experiments in Whlch 8more surprisingly, at the same time doubly charged ions such
half-wave plate was used to make the linear polarization parsg GH?* (i=6,7,8) appear that are also definitely absent in
allel to the spectrometer axis showed that the results for paty our Iother TOF spectra, some of which were even recorded

allel and perpendicular linear polarization are essentiallyfOr higher intensities! On the other hand, the use of a lens
identical. To align the focus to the axis of the spectrometer,

] S e ) with a shorter focal length of 300 mm leads to the same
the yield of GHg (this is by far the dominating peak in the 554 spectra as obtained with the 500 mm lens. To under-
spectrum was maximized by moving the position of the

lons stand this result, it must be noted that the use of the

. =1000 mm lens exposes the air between the lens and the
Gaseous toluene was admitted to the vacuum chamb

. - PCfaFZ entrance window of the vacuum system plus the en-
by means of a variable leak connected to a flask contamlng(ance window itself to intensiies of up to 5.5

liquid toluene and its saturated vapor at room temperaturey 1 1\ em=2 and as a result thB-integral grows to 2.9
. . 0 _ 7 . -
Toluene with purity>99.9%(Merck Uvasof) was used af This suggests that the laser beam is strongly distorted by

t.e ' pemg subjected to a few pump—f.reeze.—thaw cycles USINQsnlinear effects, and all of the striking new features that we
liquid nitrogen. Depending on the intensity, toluene pres-

sures between 2 10-7 mbar and % 10-5 mbar were used. observe in the TOF spectrum must be ascribed to this. It is

These pressures were measured with an ionization gauge igaownl that self-focusing effects trigger continuum genera

e . . . Ion. Most probably, therefore, the high value of the
multiplied by a correction factor accounting for the increase “intearal indicates that we have created conditions under
sensitivity of the gauge for toluene with respect to moIecuIaWhi hgth ffects of continuum ceneration become nofi
nitrogen. The rest gas pressure is estimated to be typicall c € eflects ot continuum generation become notice

ble. Indeed, measurements of the frequency spectrum show

2X10 8 mbar. During the measurements, the pressure in th . . ) .
drift sector of the mass spectrometer, which is separate at it changes considerably; a marked broadening around
’ 00 nm is observed, and a whole group of additional fre-

from the main(interactior) chamber by the slit and is differ- . .
entially pumped, was below 210~ 7 mbar. To record the quencies with wavelengths between 400 and 650 nm

ion TOF spectra, the MCP signal was fed into a preamplifielemerges as well. The latter profound change; in the high-
(Stanford Research SR24®y using a digital oscilloscope frequency side are most probably a manifestation of the on-

(LeCroy LC564A, 1 GHz the resulting signal was averaged set of continuum generation. Therefore, a comparison of the
over one thousand laser pulses and then stored. TOF spectrum obtained with thie= 1000 mm lens with the

TOF spectra obtained with thie=500 mm lens can only be
done with utmost reservation.

In a very recent publicatiof,Castillejo et al. present

A typical TOF spectrum recorded with linearly polarized TOF spectra resulting from ionization and fragmentation of
radiation at a peak intensity of 20L0**W cm2is shown in  toluene and a small number of other aromatic and sigma-

IIl. RESULTS AND DISCUSSION
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isotope 3C (natural abundance 1.1%n the toluene mol-
10* 10* ecule, the ratio betweelfCs*CH, /*°C;H;; being equal to
C,H; #F, 7.8%. Even for the highest intensities, where the parent ion
yield starts deviating from a straight line, this ratio is found
for the parent ion and its heavier satellite, indicating that the
bending is due to saturation of the ionization process, and
that no saturation of the experimental detection setup takes
place which could conceivably cause a similar kind of bend-
ing.
As Fig. 2 shows, the nonsaturatedl—(g data points are
all on a straight line; a linear fit gives 5.94€.10 for the
slope of this line. Evidently, the parent ion yield increases
; proportionally to the sixth power of the intensity. This would
<~ [~ 1 . be in agreement with lowest-order perturbation theory be-
107 E / / 110 havior for minimal field intensity; for the 1.55 eV photon
. energy used here, six photons would be the minimum num-
N / ., . ber required to ionize the toluene molecule, which has an
101012" "1“013 o 10 10130 ionization energy oflE =(8.828+0.001) eV.'? As already
. . 2 mentioned, the deviation from the straight line of the data
peak intensity (W/cm’) points obtained for the highest intensities is due to saturation
FIG. 2. lon yields as a function of peak intensity for 800-nm, 80-fs, linearly of the ionization process, ie.,to depletion of the ensemble of
polarized laser pulses irradiating gaseous toluene. Squares, parent ioAgutral toluene molecules. For an intensity-independent gen-
C;Hg; circles, fragment ion, @4;. The solid line passing through the par- eralized six-photon cross sectians) (in cmt?s), the ion-

ent ion data(left ordinate axis was obtained by volume-integrating the ization probability depends on the peak intensigyaccord-
ionization probability for a six-photon procedswer solid curve, right or-

dinate axis. ing to

1 10°

10° §

10° k - 1 10°

ionization probability

ion yield (arb. units)

lo\®
P(Io)zl_exl{_o'(e)(%) tef‘f

where the effective pulse duration has been introduced,
which for our Gaussian pulse shape can be writterigs

: ()

bonded hydrocarbons obtained under similar conditi@0¢
nm, 50 f9 for intensities up to 2.5 10"W cm 2. Surpris-
ingly, they observe fragmentation products such akl'C

and GH, already at 3.X 10*W cm ™2, and find the doubly e :
: , . 4 =Y =" exp(—6(t/ty))dt and equals/(/6)t, or 35.2 fs. With
charged parent ion for intensities abovd O**W cni™>. Net- the saturation intensitl,,; defined as the intensity for which

ther observation is in agreement with our results, whichy ;0 o0 probability has a value of-le~1~0.632, the
show no doubly charged ions, and where the only fragmenéffective six-photon cross section can be written as

tation product is GH; in limited amounts. The latter photo-
dynamics of the toluene molecule is in qualitative agreement ho\®
with the results of Refs. 1-3. It must be noted, however, that ()= (I_) t
the TOF spectra of Castillejet al. are in fact qualitatively sal
very similar to the spectrum we measure when nonlineaiThe solid line in Fig. 2 represents a best fit to the experimen-
effects distort our beam properties as just described. Thereal data points based on E@). In this fit, we have taken into
fore, we believe that there is a considerable degree of noraccount the volume effe¢see Eq.(9) below], assuming the
linear distortion in the laser beam of Castillejp al. One  focus to have a Gaussian spatial profile, which has been ex-
reason for this could be that their attenuation method makegerimentally verified by imaging techniquésee above
use of Glan polarizing prisms. This has the obvious disadFrom the fit, a saturation intensity oflg,=1.0
vantage that the laser beam has to travel through severad 10**Wcm 2 and a corresponding generalized six-photon
centimeters of optical material, probably making theircross section ofo)=5.9x 10 '#cm's® are found. The
B-integral too large. latter value can be assessed by comparing it with a scaling
In our TOF spectra recorded with tfie- 500 mm lens, in  law value®® Taking the cubic root of the polarizabilit12.3
which case the beam is not subjected to distortions caused B?) as a rough measure of the size of the toluene molecule,
nonlinear effects, the only species found in measurable quawe find a scaling law value oég)~2.0x 10" cm*?s’.
tities are GHg and GH; . The yields of these two species as The experimental value is more than five orders of magni-
a function of the peak intensity in the pulse are shown in Figtude smaller than this scaling law value, but it must be kept
2 (for linear polarizatioh in double-logarithmic representa- in mind that the scaling law was derived for structureless
tion. The peak intensities were calculated from measuredtoms, and not for molecules. Furthermore, it must be noted
values of the pulse energy, pulse duration, and spatial widtthat a six-photon generalized cross section is the square of an
of the focus. The ion yields were determined as integrals oéffective six-photon dipole matrix element; a difference of
the corresponding mass peaks. Because the yieldie} @ five orders of magnitude is thus equivalent to a difference of
only a few percent of the parent ion yield, there was no neednly (10)Y'? or less than a factor of three, in a dipole
to correct the ion yields for the presence of the heavy carbomatrix element of a single photon transition.

ot (4)
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Smith et al? have recorded ion mass spectra for ben-dissociation is rapidly reduced to noise level for laser inten-
zene, toluene, and naphthalene using both 375-nm, 90-fs arsities that are only a few percent lower. Within a rather lim-
750-nm, 50-fs pulsegoth linearly polarized As we noted, ited intensity interval (between 2.410% and 3.8
the toluene parent ion yield that these authors recorded fox 102*W cm™?) they observe an increase of the toluene par-
750 nm between ~2.4x108Wcm 2 and ~3.5 ention yield proportional td®5 whereas for 780 nm one
X 10*W cm™2 can again be fitted to a curve based on Eqwould again expect an ionization order of 6.

(3) assuming a Gaussian focus; this procedure then gives a Although our GHg data points evidently follow a
saturation intensity of 3.210"*Wcm 2. Smith et al. note  straight line with an effective slope of six, a description
that their 375 nm curves are less steep than their 750 niased on just a six-photon MPI process must be incomplete.
curves, and interpret this as indicating a MPI process, alFor the wavelength and intensities used here, a considerable
though they speculate on the possibility of tunneling ioniza-amount of ponderomotivéjuiver energy may be acquired
tion. Unfortunately, Smithet al. recorded their ionization by the electron after it has been freed from the molecular
curves largely in the saturation regime, where the ion yieldonic core. In practical units, this ponderomotive enetly

has the well-known volume-determinéd? dependence on is given(for A =800nm) by

the peak intensity, and only a few points recorded at their _ 14 5
lowest intensities are available that could give information Up(eV)=5.976<10" "1 (W cm™), ®)

on the ionization process. As a result, not much can be Sai\ﬂ/hich, for the range of peak intensities used here, lies be-
on the order of the ionization process; although their data argyeen 1.1 and 16.7 eV. The relative ac Stark shift between
not at variance with an order of six, we noticed that a sometne ground state and the ionization energy can be considered
what different ordefe.g., five could just as well be fitted to g pe equal to the ponderomotive energy. As a result, channel
their data. In the present work, the increase of the ion yielgjosing will occur(see Refs. 15 and 16 for similar effects in
was followed over almost four orders of magnitude beforeatoms), and a seven-photon proce§mt six) would be re-
saturation set in. For a wavelength of 750 nm, Sneittal.  quired (at least during part of the temporal evolution of the
also observe multiply charged parent ions for intensitiespmse even for our lowest peak intensity, sin¢&+U,
above ~5x10*W cm~?, whereas our 800 nm spectra do —g 828+ 1.1 eV=6.4iw. Only for peak intensities below
not show mUltlple jonization up to the hlghest peak intenSity7_9>< 1012W Cm72 could a Six_photon process be active dur-
of 2.8x10"Wcem™2 ing the whole temporal evolution of the pulse. Channel clos-
In another publication of the Glasgow grotifit, is re-  ing would drastically change the order of the MPI process
ported that the molecules 1,3-butadiene, carbon disulphidjuring the temporal evolution of the pulse: for our highest
deuterated benzene, toluene, and naphthalene are multipghéak intensity, 17 photons would have to be absorbed to
ionized when irradiated with laser pulses with a durationreach the ac Stark shifted ionization continuum! As will be
below 90 fs, a wavelength between 750 and 790 nm, and agemonstrated below, the slope of six observed in the present
intensity of up to 1&W cm~? fragmentation does not occur work is in fact an effective slope brought about by the com-
to any great degree. Doubly and triply charged parent iongined operation of several different MPI processes with or-
are observed for all these moleculésr toluene, the doubly ders between 6 and 11 inclusive. In any case the slope of 8.6
charged parent ion is the highest charge state obserVeid  observed in the measurements of DeWdttal. within a
behavior is the result of a sequential ionization process, anghther narrow intensity range seems to contradict the present
the authors refer to the sequential mechanism proposed hyieasurements. DeWiét al. noted the unexpected character
Lambropoulo$* for multiple ionization of atoms under simi- of their results and speculate on the possibility of above-
lar circumstances. Thetllevel is believed to be due to MPI threshold ionizatior(ATl), i.e., absorption of more photons
processes, whereas the higher charge states are ascribedtan the minimum number required for ionization. They im-
tunneling and/or over-the-barrier mechanisms. The verynediately rule out this possibility, however, for three rea-
modest amount of fragmentation, which essentially consistsons:(1) their slope has a constant val(edbeit over a nar-
of hydrogen loss processes, and the notion of a MPI mechaew intensity range! whereas they expect the absorption of
nism that creates the+1 species are in agreement with the additional photons for increasing intensities to increase the
present work. The data presented in Ref. 3 show that thelope; (2) dissociation is “essentially absent” for benzene
tendency towards multiple ionization is least for toluene;and toluene in their measurements, which indicates that no
even for 2.9 10™W cm™2, the height of the 2 peak is less excess energy is absorbed by the molecule; @hao trend
than 20% of the + peak and the 8 peak is absent, whereas in the ionization order is observed for increasing molecular
for all other molecules studied by these authors a larger rele&complexity  (benzene-toluene—ethylbenzene-n-propyl-
tive 2+ signal and a clear 8 peak are already found for benzeng although they expect the density of states to in-
lower intensities. In agreement with this finding, we do notcrease for this series, which would favor ATI.
observe any 2 signal for toluene for our highest peak in- Because only one molecule is investigated here, we can-
tensity of 2.8< 101*Wcm™2. not say much about argume(® of DeWitt et al. (the influ-
DeWitt et al® have the photoionization and photodisso- ence of molecular complexity on the order of the ionization
ciation of benzene, toluene, ethylbenzene, androcess However, inspection of the present results in view
n-propylbenzene using 780-nm, 170-fs radiation in the intenof argumentg1) and(2) is most instructive. Our results do
sity range between 1:010'% and 3.8<10"®*Wcm 2, finding  seem to deviate slightly from a straight line in a concave
limited dissociation(7%) for the highest intensity, but this way, i.e., before saturation sets in, the slope of the ionization
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25 v T i with the actual number of different orders to be evaluated
depending on the peak intensity; in Fig. 3 this maximum
order is plotted as a function df, [cf. Eq. (6)]. In what
follows, the generalized cross sections will be considered to
have fixed values, i.e., they are taken to be intensity-
151 ] independent. A calculation of these quantities for a molecule
] as complex as the 15-atom toluene molecule is prohibitively
] complicated; in any case it is way beyond the scope of the
10 . present work. Therefore, we will try to find values for them
by comparing our calculations with the experimental data.
To do so, we need to calculate the spatial integral of
P(l(r)) over the whole focal region; more specifically, the
ion yield Y(l,) for a given value of the absolute peak inten-
ol sity 1, (i.e., the peak intensity in the center of the focis
10" 10" 10" 10" 10" given by
peak intensity (W/cm?)

20+ §

maximum order

) . Y(lg)e* P(lo(r))dr. 9
FIG. 3. Channel closing: highest order expected for an MPI process as a (lo) fjfau space (To(r)) ©)
function of peak intensity for gaseous toluene and 800 nm radiation.

As an illustration to our multi-order model, Fig. 4 shows
how the ionization probability per unit of tim@s given in

. . . .. Eqg.(7)] changes during the temporal evolution of the pulse
yield can be seen to increase somewnhat for increasing intefl5, 5 number of different peak intensities. For peak intensi-

sities, although thg average slope is six. Furth_ermore, Wes below 7.% 102Wcm 2 (where the 6-photon channel
have a small but significant/; fragmentation signal for o4 close the 6-photon process is active during the whole
intensities beyond-6x 1013Wcm*.2. To demonstrate how 16 [panels () and (b)]. For a peak intensity of 1.0
these ob;ervatlons can be explained as a re_sult of the com-1 g13\n/ cm—2 [panel(c)], the 6-photon channel is closed in
bined action of several MPI processes with different ordersy,o conter of the pulse, where now a 7-photon process is

it will be useful to write the spatio-temporal intensity distri- active; the 6-photon process is active in the wings only. The

bution asl (r,t) = 1oG(r) exp(- (/t)*), wherer =0 coincides ;¢ of the discontinuous jump depends on the ratio between
with the center of the focus anG(r=0)=1. For a given o(s) and (7). For higher peak intensitiefpanels(d) and
peak intensityl o(r) =1oG(r), the N-photon process will be )] the activity of the 6-photon process is pushed more and
closed and theN+ 1)-photon channel openeg as s00n as thengre into the wings of the pulse, and the 7-photon process
intensity has reached the valugy) given by gradually starts dominating the ionization process. This pro-

IE+U,=IE+5.976<10 ¥ (ty) = Nfo, (6)  cess is closed in turn at an intensity of R.40°Wcem 2.

For a peak intensity beyond this valligee panelf)], the

where the unit of energy is the eV and the intensity is meaionization process is composed of three different orders; a
sured in Wcm?. In other words, the ionization probability 6-photon process in the far wings of the pulse, a 7-photon
per unit of time for a neutral molecule changes order duringorocess in the intermediate intensity regimes, and an
the temporal evolution of the pulse and is given on the rising-photon process in the center of the pulse, where the inten-
edge of the pulse by sity is highest. In Fig. 5 the time-integrated ionization prob-
ability [Eq. (8)] is shown as a function of peak intensity
(lower solid line, right ordinate axisAs a result of the dis-
continuities shown in Fig. 4, this probability has jumps at the
channel-closing intensities as given by H®), although
these jumps are somewhat smoothed due to the time integra-
tion. The volume integral according to E®) is given by the
etc., solid line passing through the parent ion data in Fig. 5. The

. ) .agreement with our data is almost perfect. Values for the
where the highest order appearing depends on the peak i§eneralized cross sections obtained by fitting to our experi-

tensityly, and by a similarly decreasing series of orders onyantal data are given in Table I. Remarkably, we have to

the falling edge of the pulse. The quantitiegy) are the  cynclude that the inclusion of higher-order MPI processes
generalized cross section for iphoton MPI process, mea- gijj| |eads to an effective slope of 6. In our calculations,

. . _l . . . .y
sured in units of crf' '™ . The ionization probability after rgers up to 11 have been included. Still, the curve through
the pulse is over is then given by the data points in Fig. 5 never has a slope steeper than 7.9;

0'(6)(|(t)/ﬁa))6 for t$t6,

0'(7)(|(t)/ﬁw)7 for t6<t<t7,

. @
0'(8)(|(t)/ﬁ0)) for t7<t$t8,

g 1(t)\® t this slope is found for a peak intensity of 9.4
P(lg)= 1—exp{ —( f 0(6)(ﬁ_) dt+ f o) X 10"*W cm2. Perhaps the observation by DeWttal ® of
- @ ' a slope of 8.6 in a rather narrow intensity range corresponds

X

ho

()7 tg I(t)\8 to such a sector in the parent ion yield curve. The consider-
H) f 0<g)< ) dt ) } (8 ations that made us choose the eleventh order as the highest
t7
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FIG. 4. lonization probability per unit
of time of a neutral gaseous toluene
molecule for various peak intensities
of 800-nm, 80-fs, linearly polarized la-

[ (@ 1.78x10°Wiem®

probability per time unit (fs™)

[ (e 3.16x 10" wicm’

0 50
time (fs)

50 -150

[ (0 562x 10" wicm®

ser pulses. The discontinuities are due
1 to channel closing. The order of the
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order deserve some discussion. Note that on a logarithmilave to fit values for a set of 12 different generalized cross
scale the intensity intervals between two successive channedections. However, some arguments against including orders
closing intensities become smaller and smaller for increasingven higher than 11 can be given. First, the eleventh-order
intensities(see Fig. 3. For our highest peak intensities, or- channel-closing intensity is at 2410"W cm ™2, less than a
ders up to 17 could be expected in principle. We would therfactor of 2 away from the highest intensity we have avail-
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able, and the experimental data show that saturation already
sets in for intensities around 10"W cm 2. The more one
penetrates into the saturation regime, the more the shape of
the fitting curve is determined by volume effects, and, as a
result, the shape of the fitting curve becomes increasingly
immune to the value of very high-ordeX & 10) generalized
cross sections. In a self-consistent way, if the highest order
included isNmax, the values fowrg) ,07),....on ) have to

be chosen so that they describe an ionization process that
saturates for a peak intensity that is lower than the
(Nmaw-photon channel-closing intensity. The values given in
Table | satisfy this condition. Second, the picture of an ever
increasing MPI order for increasing intensities must break
down at some point. After all, the Keldysh adiabaticity pa-

TABLE |. Generalized MPI cross sectiongy, with ordersN between 6

and 11 of gaseous toluene under the influence of 800-nm, 80-fs, linearly
polarized laser pulses. The quantities\y defined as Ay
=—(1/N)log,o o(ny reach a constant value for the highest ordérsvhich
suggests that tunneling ionization is about to sefRef. 14 for intensities
close to the saturation intensitgee text

peak intensity (W/cm?)

FIG. 5. lon yields as a function of peak intensity for 800-nm, 80-fs, linearly
polarized laser pulses irradiating gaseous toluene. Squares, parent ion,
C;Hg, circles, fragment ion, @17. The solid line passing through the par-

ent ion data(left ordinate axiy was obtained by volume-integrating the
ionization probability that results from the combined action of 6-, 7-, 8-, 9-,
10-, and 11-photon processdewer solid curve, right ordinate ajisThe
jumps in the ionization probability curve are the result of channel closing
(cf. Fig. 4). The dotted line shows the expected effectivéi fragment ion

yield on the assumption that the internal energy of the toluene cation equals

Order Generalized MPI A :750
N cross sectionr y, NTTNO90Tm
6 3.1x10 ¥emt? S 30.0
7 3.0x10 #°cm4 &b 30.6
8 6.4< 10 *8cm'6 s’ 30.9
9 1.4x10 280cmi8 ¢ 31.1
10 5.4 10 3% 31.2
11 2.0x 10 3*cnr?sto 31.2

the ponderomotive energy of the electron.
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rameter starts to get smaller than unity at least during th&he lowest energy secondary fragmentation process is the
central part of the pulse for peak intensities beyond the valuereakdown of the formed i, into CsH. and GH,.2® The
7.4x10"W cm™2 (the 9-photon channel closes at a slightly appearance energy of thed; fragment starting from the
higher intensity, 8.&10"*Wcm ?). Tunneling ionization neutral toluene molecule is 14.55 eV, but for detection times
and/or over-the-barrier processes could then at some point laf the order of 10us, it appears only beyond 16 eV1® In
expected to take over in the center of the pulses for highesiur experiments, the 2 fragment is not observed; this
intensities, with pure MPI processes still being active in thefact is consistent with our multiple-order MP1 model, as will
wings of the pulse. However, the value for unity for the be shown below. Rate-energy functiokéE;,) for the uni-
Keldysh parameter should not be taken as “a strict demarmolecular decay reactiofiO) are given in Refs. 18 and 19,
cation line” but rather as a “characteristic region,” as was where the internal energy dependence of the fragmentation
stressed by Lambropould$who also showed that a con- was investigated by photoelectron—photoion coincidence
stant valugindependent oN) of the quantityAy, defined as  spectroscopyPEPICQ starting from neutral toluene. In Ref.
An=—(IN)logioo(ny, must be related to tunneling. In- 18, a RRKM expression fok(E;,) was fitted to the break-
spection of these quantities in our casee Table)l show  down curve of GHy close to the onset of reactigh0) in the

that they do have a tendency to approach some limit foenergy range 11.2 e¥IE+E;<12.1eV(IE being the ion-
increasingN, although they depend more strongly Rrthan  jzation energy of the toluene molecul&@he authors of Ref.

in the hydrogen case that is described in Ref. 14. In oung conclude that their results can only be explained by two
model calculations we did not include tunneling and/or over-competitive unimolecular decay processes, and identify these
the-barrier processes; instead, for all peak intensities, Wgrocesses as the formation of tropylium and benzylium. For
took the order of the process equal to the lowest possiblgg + E, ,<12.1eV, the formation of tropylium dominates.
taking into account channel closing. Tunneling could beror higher internal energies, the fited RRKM curves predict
thought of as the simultaneous action of several processfat the faster but more endothermal benzylium formation is
with different orders, not just the lowest possible order as iSayored. ForlE + Ei~12eV, the total rate is about 167,

the case in our model. Once inside the tunneling regime, thgnd extrapolating their RRKM results, these authors predict
contributions of all these different processes become compane rate to rise to above 4671 for IE + E,,~13.7eV. The
rable. We demonstrated that the inclusion of MPI processegythors of Ref. 19 also used the PEPICO method, but come
with (lowest possibleorders higher than 6 can still produce to the conclusion that the rate reaches a constant valie of
an effective slope of six, and that results of this procedure are. (1 5+ 0.4)x 10°s* for excitation energies of the toluene
in agreement with our experimental data. This justifies reparent jon exceeding 3.7 eV. In the present experiment, no
placing the whole set of conceivable orders by merely theb7H7+ signal is observed for peak intensities below6
lowest-order-perturbation theoryLOPT) order, which in 1413\ cm~2 and beyond this threshold intensity the yield
turn implies that tunneling is notayery dominant mechanis_n]S about 3% of the parent ion yield, this ratio being almost
here. It must be noted that tunneling and/or over-the-barrief, jependent of the peak intensity. For a correct interpretation
processes cannot be completely excluded as long as thege s fragmentation yield, the so-called kinetic shift must
field processes take place for intensities close to the saturgs taken into account; since one is dealing here with frag-
tion intensity, where the experimental ion yield is mainly mentation times that are comparable to the time between the
determined by volume effects anyway. If tunneling a”dlorcreation of an ion and its detectidthe time-of-flighy, frag-
over-the-barrier processes contribute to the ionization Promentation processes take place during the flight of the ions
cess at all, their significance in the ionization process is Cont'hrough the TOF spectrometer. The time-of-flight of the
fined to a narrow intensity regime, somewhere betweert7H+ fragment will depend offi) which sector of our TOF
~7.4x10"Wcm ? (where the a:diabaticzity parameter starts spec7:trometer the fragmentation takes place in @ndvhat
falling below unity and ~1x 10°'W cm™* (the experimen- 00t of extra kinetic energy is gained by theHC frag-
tal saturation intensiy _ _ ment as a result of the fragmentation. In order to clarify our
As mentioned above, DeWitt al. measured a negli- o4mentation data, we simulated our TOF spectra by mak-

gible amouqt of fragme_:ntation in their tolgene expen_mentsmg trajectory calculations for toluene ions that undergo a
and used this observation as an argunagainstabsorption fragmentation process governed by a single exponential de-

of excess photons. Now in our e?<per|ments,dma)bser\{e a cay in time. As described in Ref. 18, the amount of transla-
clear signal f_rom the fragmentation producj_ﬂ-(; (s_e_e Figs. tional energy that is deposited in theHG fragment as a
1 and aswhlch_zbecome_s detectable for intensities aboveresult of the fragmentation reactiqd0) is very small; at
~6x 1(_)1 Wem™. We will now dgmonstrate how our frag_- most 10% of the excess energy in the parent ion is converted
mentation data _suppo_rt our mu|t|p|e-(_)rder MPI mo_del Wlthinto translational energy of the products, and the light hydro-
orders up to 11 inclusive. Fragmentation of the ex+C|ted tolu—gen atom will carry away almost 99% of this energy. As a
ene cation Is knovxﬂ_ﬁ to prpduce tWwo isomers of &y, tro- result, the translational energy deposited in thelifrag-
pylium and benzylium. S_lnce our TOF methoo_l merely Ole'ment is less than the thermal kinetic energy of the parent ion
tects mass/ch_arge ratios, this fragmentation can bﬁ is created from, and it is neglected in our simulations.
symbolically written as Indeed, the experimental widths of the peakdat 91 and
M =92 are not significantly different, and they agree very
k(Ejnp) well with our simulations, assuming an initial 298 K thermal
CHg (Ein) —— C7H7 +H. (100 velocity distribution of the neutral toluene molecules. Thus,
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for a fragmentation process taking place in the field-free driftOur simulations show that even for the highest peak intensity
sector of our spectrometdéwhere the ions spend most of used here, the fraction of molecules with an internal energy
their time), the difference in speed between thgH¢ frag-  of 15.75 eV or higher is of the order of 16. Therefore, the
ment produced and the parent ion it was created from igbsence of the &1 fragment confirms our model, in which
negligible, and the time-of-flight of this fragment will there- saturation effectively suppresses the occurrence of MPI pro-
fore be identical to that of a parent ion, i.e., as if the parentesses with orders beyond 11. If tunneling were very domi-
ion did not decay at all. Our simulations show that the ob-nant, the tenth and lower order processes would be accom-
served ratio of 3% between the heights of the peak®lat panied by non-negligible contributions from eleven-photon
=91 and M=92 corresponds to a fragmentation rdte processes, but the absence of th¢l{ fragment leaves no
=0.4x10°s ™%, but that in spite of this seemingly modest doubt that 11-photon MPI must be of negligible importance.
amount of fragmentation the real fragment ratio is muchAgain, it is seen that the LOPT-MPI picture describes our
higher; in fact, during the total flight time df,=12.86us  data sufficiently well. Unfortunately, one can only roughly
for the parent ion as many as40%(=1—e"'9) of the estimate the amount of excess energy that can be deposited
parent ions undergo dissociation. into the ion as a result of recollisions, but the estimation of
In Fig. 5 an(apparentfragment ion yield curvédashed this excess energy by the ponderomotive energy gives a sat-
line) is shown that was numerically calculated using the ratessfying reproduction of the measured fragmentation data,
given in Ref. 19 after dividing these by a factor of 4.5. Theeven though this estimation is rather on the low side in rela-
calculation was done as follows. To make use of knowntion to theU,3.17 maximum recollision energy found for the
rate-energy curves, one needs to know the amount of internatomic case. The nonmaximum amount of recollision kinetic
energy deposited by the photoionization process into thenergy can perhaps be explained by the fact that the toluene
toluene parent ion. An obvious way to deposit energy in théonic core is greater in extent than an atomic ion, so that
ion is by recollision of the electron just after it is freed from collisions between an accelerating quasi-free electron and the
the ionic core and starts its quiver motion. Such a recollisiorionic core before the electron ever managed to reach its first
model was developed by Corkuet al?° to explain higher-  turning point are conceivable, which could reduce the
harmonic generation. For a monchromatic wave and ammount of kinetic energy the electron can acquire from the
atomic ionic core(i.e., a core of negligible spatial extent field. In any case the absence of theHg fragment clearly
the maximum return energy of the electron-i8.17 times  proves that the amount of internal energy deposited into the
the ponderomotive energy, but already in the first few cycleson must be limited. In particular, this fragment is also absent
the electron can return to the vicinity of the ion with a con- for our highest peak intensity of 2810"*W cm™2, in which
siderable amount of kinetic energy. In the case of moleculessase a ponderomotive energy of more than 16 eV could be
the ionic core that the electron returns to is still in the nucleaacquired by the electron. In our model, it is the intensity at
configuration of the neutral molecule in its ground state. Tathe moment of ionization that is taken to calculate the pon-
explain the fragmentation of the toluene cations, it will nowderomotive energy, not the peak intensity. Our maximum
be assumed that recollision of the electron and the core wilpeak intensity of 2.& 10'*W cm™2 brings us well into the
bring a certain amount of excess energy into the system, arshturation regime, where there is a large difference between
this amount is assumed to equal the ponderomotive energe peak intensity and the highest intensity on the rising edge
U, as given in Eq.(5), where we take the intensity that of the pulse that still leads to non-negligible amounts of ion-
prevailed at the moment of ionization to calculatg. Then, ization. The lack of GHs even for the highest intensities
after the laser pulse is over, this excess energy is assumedgapports our model, in which the electron’s kinetic energy is
be rapidly converted into vibrational energy of the unper-calculated with the intensity that prevailed at the moment of
turbed toluene cation in its ground electronic state, so thaibnization, and also suggests that the interaction between the
finally the ponderomotive energy at the time of photoioniza-electron and the ionic core takes place within a few optical
tion becomes available to the toluene cation as internal ereycles after the ionization took place. Successive channel
ergy. For each peak intensity, we numerically determined thelosing and LOPT-MPI processes of orders up to 11 inclu-
internal energy distribution for the created ensemble of tolusive are all taken into account in our calculations of the in-
ene cations, taking the volume integral into account. Finallyternal energy distribution, and the resulting fragmentation is
using trajectory calculations, we have determined the fracin good agreementvithin a factor of the order of unijywith
tion of cations that will end up in the peak corresponding tothe rate-energy curve of Ref. 19. We therefore conclude that
C,H7 after their flight through our TOF spectrometer. Figurethe photoionization of the toluene molecule using linearly
5 shows that the agreement between the fragmentation yielablarized, 800 nm, 80 fs laser pulses is strongly dominated
curve thus calculated and the experiment is very satisfactorjgy LOPT-MPI processes, taking successive channel closing
including the detection threshold at6x 10Wcm 2. At into account.
this point we will consider the absence of theHg fragment To shed more light on the ionization mechanism, we
again. For a detection time of the order of &8, the appear- made polarization-dependent measurements. In Fig. 6, the
ance energy of this fragment starting from the neutral tolueng@arent ion and @4; yields are shown as a function of inten-
molecule is~16 eV!8 This amount of internal energy could sity for circularly polarized light normalized to the sartze-
just be reached with an 11-photon absorption process. Hovbitrary) scale as the ion yields for linearly polarized light.
ever, as a result of saturation, few molecules survive th&he data in Fig. 6 were taken under the same conditions as
rising edge of the pulse to get ionized with so many photonsthe data of Fig. 5; all measurements involved one and the
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FIG. 7. Parent ion yield as a function of the ellipticity for 800 nm, 80 fs,
10—4 laser pulses irradiating gaseous toluene, for a fixed peak intensity of 8.5
X 10 W cm™2, measured by varying the angiebetween the fast axis of
the quarter-wave plate and the polarization direction of incoming linearly
polarized light(see text
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at intensities for which in the linear case there were no
longer any neutral molecules left. This implies that, although
FIG. 6. lon yields as a function of peak intensity for 800-nm, 80-fs, circu- fI€ld-ionization mechanisms could be excluded for the case
larly polarized laser pulses irradiating gaseous toluene. Squares, parent iodf linear polarization, the ionization mechanism will now
CiHg; circles, fragment ion, @H;. have to be reconsidered in view of the higher intensities the
molecules can be exposed to with circular polarization. The
11-photon channel closes at 1:380“Wcm 2, a value
same quarter-wave plate in the beam. To change the polaglose to the saturation intensity. Within the framework of our
ization from linear to circular, the fast axis of this quarter- multiple-order model, one could now include the twelfth,
wave plate was moved from Qf.e., parallel to the linear thirteenth, etc., orders and try to find values for the corre-
polarization direction of the lasgto 45°. For circular polar- sponding generalized cross sections in a consistent way as
ization, the saturation intensity is somewhat higher than irflescribed before. Knowing that the eleventh order was al-
the linear polarization case; 1.4x 10*W cm™2. This value ready needed for the case of linear polarization, it is imme-
was determined as the peak intensity for which the parent iodiately clear that at least the twelfth order would now have to
yield is as high as it is for the saturation intensity using linearbe included. This 12-photon channel would start to be active
polarization. Due to the higher saturation intensity, fewerfrom the 11-photon channel-closing intensity of 1.38
data points can be recorded in the saturation regime, whick 10*W cm™2, which is close to the experimental saturation
impedes accurate determination of the saturation intensity bintensity. Because a substantial fraction of the molecules is
fitting a curve to the data points. In the circular polarizationalways ionized for intensities beyond the saturation intensity,
case, an effectivé® dependence is again found before satu-a non-negligible amount of toluene cations would then be
ration is reached; fitting a straight line through the nonsatformed with internal energies between 8.2 eV{iil-1E)
urated part of this curve gives a slope of 64@17. On the and 9.8eV(1Zw—IE). Such internal energies would be
basis of this similarity between the curves, we made onenore than enough to see the secondary fragmeHE Cbut
other measuremerisee Fig. 7, in which we kept the inten- this species isiot observed in our experiment! Within the
sity fixed at the value 8:810"W cm™2, and recorded par- scenario of a recolliding electron bringing an excess energy
ent ion yields as a function of the ellipticity of the light by of the order of the ponderomotive energy into the cation, the
varying the angl® between the fast axis of the quarter-wave lack of the secondary fragmentglds, for the circular po-
plate and the direction of the linear polarization of the laserlarization case in spite of the higher intensity can be made
With Y, andY . denoting the parent ion yields for, respec- plausible by the fact that the semiclassical electron trajecto-
tively, linear polarization §=0°) and circular polarization ries are now different. For circular polarization, the trajectory
(#=45°) these data are well described by of a free electron is like an outgoing spiral, and it never
really returns to the position it started at, as it could do in the
Y(0)=Yore+ (Yin— Yoro) COS(20), 1D jinear polarization case. This may hinder the energy deposi-
and from a fit to the data we find¥{,,/Y o) ¥®=1.4, which  tion mechanism.
confirms the ratio between the saturation intensities for linear  As already mentioned, for a Keldysh adiabaticity param-
and circular polarization. eter of the order of unity, as is the case in the present work,
As a consequence of the higher saturation intensity foboth MPI and field-ionization mechanisms could be antici-
circular polarization, ionization processes can now take placpated. For(poly)aromatic molecules the simultaneous occur-
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rence of the two mechanisms has been deduced from tHeaction of the molecules can be addressed, due to the con-
structure of the photoelectron spectr@he reduction in the stantly changing orientation of the electric field vector in
ion yield observed for circular polarization could be madetime, so that ion signal is expected to increase. Apparently
plausible for both mechanisms. For the case of MPI usingrientational effects, if present at all, are completely counter-
circular polarization, the selection rules for the magneticacted by the reduced overall ionization efficiency of the cir-
quantum numbel; (J being the total angular momentum of cularly polarized light.

the particle to be ionizedprescribe thanM ;=+1 or —1

(the sign depending on the helicity of the polarization, i.e.,|v. CONCLUSIONS

left-or right-hand for each intermediate absorption step. The i , )
reduction may then be ascribed to the reduced number of The results of the present. ex'perllment were obtalneq n
states that is addressable under this condition in comparisdf]! atempt to elucidate the ionization and fragmentation

with the linear case, for which the less stringent selectior{E_EChamim (_)f a mEd"F:m'S'ZbEdhor'aiT'C rr;olf_eclgle. In gene\rzl,
rule AM;=0, =1 applies. In a perturbative, nonresonant pic—t s mechanism can have bot and field aspects. We

ture, the generalized cross section is proportional tKa ( have shown that the photoionization of the toluene molecule

—1)-fold summation of probability amplitudes squargg in the gas phase under the influence of 80-fs, 800-nm, lin-

being the lowest number of photons required for ionization early4polarizgq laser pulse_s with peak iptensities up to 2.8
with each summation extending over all allowed staFRsf. X 10*W em? is well described by a multiple lowest pertur-
13 describes the atomic cascClearly, this sum will be bation order MPI model where orders up to 11 are included

. : nd channel closing is taken into account. Tunneling and/or
smaller as the selection rules become more stringent. Theré! g g

fore, insofar as this atomic MPI picture holds for the molecy-OVe'-the-barrier mechanisms are shown to be of minor im-
lar case, a reduction can be rationalizede Ref. 21 for a PO"ance: This ionization mechanism is in agreement with

similar effect in He. However, a reduction could also be the observed effective sixth-order dependence of the parent

compatible with a field-ionization mechanism. It must be!ON yield on the intensity. An electron recollision model in

noted that, for equal intensities, the peak electric fieldWhICh an excess energy of the order of the ponderomotive

. o energy is brought into the toluene cation is shown to be in
strength fore =0 (linear polarizationis a factor ofv2 larger . T )
than the peak electric field strength for- 1 (circular polar- good agreement with existing literature data on the internal

ization). Experiments with Ne and Xe using 1053 nm, 1.9 psgnergy dependence of the fragmentation of the toluene cation

+ . . .
oulses in the intensity range ¥0-1055Wcm 2 (Ref. 22 into C;H; and H. The general reduction of the ion yield that

have shown that singly charged ions of these noble gases is observed when circular polarization is applied and the lack

are )
e . of the secondary fragmentation productHg, can be ex-
produced by a t””r.‘e'”?g lonization mechgmsm, and that e|13Iained by the reduced recollision probability of the electron
change of the polarization from linear to circular for a fixed .
. . - ) . in that case. It has also been demonstrated that a low amount
intensity leads to a significant decrease of the ion signal. F06f non-linear distortion of the beam, as expressed by the

th? _Who_le |nt_en3|ty_ range stud_|ed in Ref. 22_’ howeyer, _theB—integraI, is of paramount importance for molecular photo-
original ion signal is regained if the change in polarization.

. . ) ) . ionization and photofragmentation experiments: higher
from linear to circular is accompanied by an increase of th

&harge states and extensive fragmentation are easily ob-
intensity by a factor of 1.%for Ne) or 1.7 (for Xe), and these 9 g y

. . - served if thisB-integral grows above generally accepted up-
factors are shown to be compatible with ADK tunneling per limits gratg ¢ y P P

theory. For an over-the-barrier process for which the fre-

qguency of the light field is irrelevarisee Ref. 22 the ion-
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