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Electron rescattering and the fragmentation dynamics of molecules in strong optical fields

F. A. Rajgara, M. Krishnamurthy, and D. Mathur
Tata Institute of Fundamental Research, 1 Homi Bhabha Road, Mumbai 400 005, India

~Received 28 May 2003; published 27 August 2003!

We have probed the fragmentation dynamics in a bent triatomic molecule~water!, a nonplanar molecule
~methanol!, and a planar ring-structured molecule~benzene!, using 100 fs duration pulses of linearly and
circularly polarized, infrared, intensity-selected laser light. At laser intensities larger than 1015 W cm22, the
yield of singly and multiply charged atomic fragments from these molecules is suppressed when the light is
circularly polarized. At lower intensities, the fragment ion yield is not significantly polarization dependent.
This hitherto-unobserved intensity-dependent effect of the polarization state of light on the fragmentation
dynamics is rationalized using a simple electron-rescattering model. Circular polarization switches ‘‘off’’
electron rescattering and leads to suppression of multiple ionization and molecular fragmentation. Moreover,
the degree of suppression is dependent upon the amount of energy transfer from the optical field to the
molecule: the larger the energy transfer that is required for a particular fragmentation channel, the more marked
is its suppression when circular polarization is used.

DOI: 10.1103/PhysRevA.68.023407 PACS number~s!: 33.80.Wz, 33.90.1h
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I. INTRODUCTION

Ready availability of intense, pulsed, infrared radiati
from ultrafast lasers has opened new vistas for probing
nonlinear dynamics of atomic and molecular interactions
strong optical fields. Field-induced ionization of atoms a
molecules is a foregone conclusion in such interactions
special feature of strong-field ionization dynamics is th
ionized electrons continue to ‘‘feel’’ the effect of the optic
field. The wave packet that describes the ejected elec
initially moves away from the vicinity of the parent. In th
case of optical fields that are linearly polarized, the electro
wave packet is pulled back towards the parent half a cy
after it was initially formed. The probability of recollision
between the electron and the parent depends on the
phase, and also on the initial velocity and initial position
the electronic wave packet. Such rescattering allows
nuclear wave packet to be probed with time resolutions
are lower than the pulse duration afforded by the laser tha
used. The correlation between the electronic and nuc
wave packets that are created in the ionization event
recently, been utilized to probe the motion of the vibration
wave packet of D2

1 over several femtoseconds with unpre
edented temporal accuracy of 200 as and spatial accurac
0.05 Å @1#. Rescattering also affords other tangible bene
in that, in the case of atomic ionization, it gives rise to hi
harmonic emission@2,3#, generation of energetic electron
@4#, multiple ionization@5#, and attosecond pulse generati
@6,7#. The effect of rescattering on diatomics such as H2 and
D2 has been probed@1,8#, but its effect on the ionization
dynamics is more difficult to discern because double ioni
tion of such molecules occurs more readily through anot
strong-field process, enhanced ionization@9,10#. Recently, an
intense-field, many-bodyS-matrix theory has been develope
@11# which explicitly takes cognizance of electron wav
packet dynamics in determining ionization yields in po
atomic molecules. However, to the best of our knowled
the effect of rescattering on ionization and fragmentation
namics in molecules other than H2 and D2 has, hitherto, not
1050-2947/2003/68~2!/023407~7!/$20.00 68 0234
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been experimentally probed in systematic fashion. We rep
here results of experiments on the fragmentation dynamic
some polyatomic molecules using linearly and circularly p
larized, femtosecond-duration, infrared, intensity-selected
ser pulses of intensities that are large enough to gene
electric fields of magnitudes that are comparable with
interatomic Coulombic fields. In the present study, we s
cifically explore the fragmentation dynamics in three typ
of molecules by utilizing the polarization properties of i
tense laser light over a range of peak intensities from
31014 to 1016 W cm22. We have selected the molecular ta
gets to typify a bent equilibrium geometry~water!, a nonpla-
nar polyatomic ~methanol!, and a planar ring-structure
polyatomic~benzene!.

In going from linearly to elliptically polarized light, it
might be expected that the dynamics of the field-molec
interaction are influenced by one or more of the followi
factors: ~a! the trajectory of the electron~or electrons!
ejected upon field-induced ionization~or multiple ioniza-
tion!; ~b! at the same laser intensity, the electric-field amp
tude is different for circular and linear polarization; and~c!
angular-momentum selection rules depend upon the pola
tion state of light. These factors manifest themselves, in
case of atoms, in changes in the ionization rate, change
the energies of the ejected electrons, and on their ang
distributions. In case of molecules, however, additional f
ets of the field-molecule interaction need to be consider
such as~i! the polarization tensors in the molecule that mig
lead to alignment, specifically in the case of linear polariz
tion; ~ii ! the dependence of the ionization rate on the an
between the induced dipole in the molecule and the elec
field of the incident light;~iii ! the rovibrational couplings in
the electronic states that influence interatomic distances;~iv!
the effect of enhanced ionization; and~v! differences in the
quantal descriptions of the electronic states that are exc
owing to the different angular-momentum selection rules
is because of all these factors that the problem of underst
ing polarization-dependent molecular dynamics in inten
©2003 The American Physical Society07-1
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light fields is difficult and, at the same time, of interest a
importance.

While controversies persist in theoretical formulations
to whether, and to what extent, the polarization state of
incident laser radiation might influence atomic ionizati
@12–15#, experimental data with picosecond pulses appea
indicate that in both the intense (1013 W cm22) and superin-
tense (.1015 W cm22) regimes, atomic ionization rates de
crease with the ellipticity of the incident light. For instanc
experiments on above-threshold ionization have clea
shown that the ionization rate decreases with increase in
lipticity, and this has been rationalized by simple semiclas
cal formulations@16–18#. In the tunnel ionization regime
multielectron dissociative ionization of N2 has been studied
by 100-fs-long laser pulses of intensity in the 1015 W cm22

range, using linearly and circularly polarized infrared lig
@19,20#. Substantial suppression of ionization channels
been observed in the case of circularly polarized light, e
when laser intensities were appropriately adjusted to en
that the laser field experienced by N2 was identical in the two
cases. Interestingly, the enhanced ionization mechanism
shown to be valid for multiple ionization of N2 with circu-
larly polarized light@19#. Circularly polarized laser light, o
intensity in the range 1013–1015 W cm22, has also been re
cently shown to lead to a reduced propensity for ionizat
of a chiral molecule@21# in the picosecond regime. On th
other hand, it has also been reported that the fragmenta
pattern of molecules is not largely influenced by the la
polarization: Talebpouret al. @22# have recently shown tha
for intensities up to 1015 W cm22 using femtosecond dura
tion pulses, the fragmentation pattern in benzene, and r
tive ratios of fragment ion yields, are essentially similar f
linear and circular polarization. In contrast, results of expe
ments carried out by Bhardwajet al. @23# at a long wave-
length ~1400 nm! and at relatively low intensities
(1014 W cm22) indicate that both molecular ionization an
dissociation of benzene into molecular fragments exhib
strong dependence on ellipticity.

The dynamics of fragmentation of a molecule in inten
fields can be perceived to occur in two steps. First, the
tense laser field ionizes the molecule. The ionization mec
nism could be multiphoton ionization, tunnel ionization,
over-the-barrier ionization, depending on the intensity of
interacting laser field. Second, the molecular ion, either s
gly or multiply charged, dissociates on the repulsi
molecular-ion potential-energy surface, giving rise to en
getic fragment ions. Before the molecular ion rolls down t
excited potential surface, rescattering of electrons that
ionized but undergo oscillation under the influence of
intense laser field significantly affects the fragmentation
the molecules. Is this rescattering process more signific
for larger polyatomics, such as benzene?

Quantitative, theoretical analysis of each of these ste
and prediction of their relative importance with change
laser intensity and molecular properties such as size, is
possible. In our study of fragment ion yields obtained up
irradiation of water, methanol, and benzene by intens
selected laser fields, we find that at intensities larger tha
31015 W cm22, the ionization yields of all the atomic frag
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ment ions, and of the single and multiply charged molecu
ions, are smaller with circularly polarized light than wit
linearly polarized light. We have chosen to concentrate o
on atomic fragment ions that are produced in the interac
for the following reason. In the intensity regime that w
probe, reliable comparison of molecular-ion yields is ve
difficult as ionization occurs well in the saturation regim
Atomic fragment ions are more convenient probes in t
respect as, for example, C31 from benzene is observed onl
for intensities greater that 131015 W cm22, and saturation
occurs at intensities that are much higher. In comparis
molecular analogs such as C6H6

1 and C3H3
1 would be well

into the saturation regime even at 1014 W cm22. The results
of our measurements also show that while fragment
yields are more or less independent of the polarization s
of the laser at lower intensities, the situation alters for inte
sities in excess of 1015 W cm22. Here, the fragment ion
yields are significantly lower for circularly polarized ligh
We rationalize these observations in terms of a sim
electron-rescattering model and suggest a propensity
that gives some insight into the importance of electron r
cattering in the fragmentation dynamics of molecular s
tems.

II. EXPERIMENTAL METHOD

Our experimental apparatus and methodology have b
described recently@24# and only those features that are mo
pertinent to the present study are mentioned in the followi
Light pulses~of wavelength 806 nm! were obtained from a
high-intensity, chirped pulse amplification, titanium-sapph
laser system operating at 10-Hz repetition rate. The la
light was focused using a biconvex lens, of 15-cm foc
length, in an ultrahigh vacuum chamber capable of be
pumped down to a base pressure of 2310210 Torr. Our
vacuum chamber was flooded with H2O, CH3OH, or C6H6
vapor ~after degassing by means of several freeze-pum
thaw cycles in a clean, greaseless vacuum line! such that
typical operating pressures were in the range of 631028

Torr. Ions formed in the laser-molecule interaction were el
trostatically extracted into a two-field, linear, time-of-fligh
~TOF! spectrometer. The polarization state of the light w
varied by use of a half-wave~or quarter-wave! plate. The
extent of elliptical polarization is defined by the ellipticit
parametere5(Ex /Ey); in our experiments circular polariza
tion implies ane value of 0.9–1.0.

Focal volume effects play a very important role in dete
mining the ionization pattern observed using time-of-flig
~TOF! spectrometers. By using an aperture in the extract
plate of the TOF, one can choose the extent of focal volu
to be sampled, rather than sample the entire Rayleigh ra
For example, recently it has been shown with molecules s
as N2 and CS2 @24# that intensity-selective and intensity
averaged TOF spectra differ from each other, since differ
intensity regions are ‘‘seen’’ by the TOF spectrometer due
the spatial variation in intensity over the focal volum
Intensity-selected measurements are very important for
intensity regimes that we are probing so that the large
counts from the low intensity region which could swamp t
7-2
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ELECTRON RESCATTERING AND THE FRAGMENTATION . . . PHYSICAL REVIEW A 68, 023407 ~2003!
detector are avoided. We have conducted the present ex
ments in intensity-selective mode by placing an aperture
mm in front of our TOF spectrometer. However to ensu
that the collection efficiencies are not compromised, we
plied very high extraction voltages such that the extract
fields were>250 V cm21; measurements of the fragme
ion yield as a function of the extraction voltage were made
ensure unit collection efficiency, even for energetic atom
fragments such as C31.

III. RESULTS AND DISCUSSION

From an extensive set of mass spectrometric data on
interaction of intense light with water, methanol, and be
zene molecules, we present in the following the subse
data that pertains to the question: How does the polariza
state of the intense laser radiation affect the fragmenta
pattern when femtosecond pulses are used?

Figures 1 and 2 show fragment ion yields obtained up
irradiation of H2O and CH3OH at an intensity of
1016 W cm22. We note that in both molecules, circular p
larization results in a distinct suppression of fragment
yields. Figure 3 shows corresponding data for Cq1, q
51–3, fragment ions obtained from C6H6, and similar sup-
pression with circular polarization is observed. Earlier stu
ies on benzene, carried out using nanosecond and picose
pulses, yielded overall fragmentation patterns that are sim
to those observed in the present femtosecond measurem
although there are some differences in relative intensi
~see Refs.@25,26#, and references therein!. The ‘‘ladder
switching’’ mechanism, together with its modifications@26#,

FIG. 1. Polarization dependence in the relative fragment
yields for H2O at 1016 W cm22. The H2O1 molecular-ion yields
obtained with both polarization states were normalized to the s
value in order to determine the relative fragment ion yields.
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accounted for the fragmentation pattern in earlier long-pu
experiments. However, in the present experiments, since
laser pulses are of only 100 fs duration, it might be expec
that the ladder switching mechanism is not likely to be a
plicable. Here, the fragmentation is likely to be induced
population of an electronic excited state of the molecular
that possesses a repulsive potential-energy surface, at le
the Franck-Condon region. The potential-energy surface
its energy will, of course, be distorted, in some indetermin
fashion by the intense laser field. The fragment ions that
formed will depend on the nature of the field-distorted st
and on the minimum energy path in the multidimension
potential-energy surface.

Conventional ladder switching mechanisms demand
large increase of unimolecular dissociation rates with int
nal energy. Consequently, in the multiphoton ionization s
nario, the precursor ion dissociates before there is time
additional photons to be absorbed. This is the rationale
the nonobservation of metastable multiply charged precu
molecular ions in long-pulse experiments. The ion pairs
served by Bhardwajet al. @25# in picosecond experiment
invariably had atomic ions C1 or C21 as one of the constitu
ents. In contrast, the present experiments yielded strong
nals corresponding to long-lived molecular ions C6H6

21 and
C6H6

31 in addition to atomic ions such as C1 and C21. We
found that the propensity for producing multiply charg
molecular ions was also distinctly lower with circularly po
larized light as compared to that with linearly polarized lig
for intensities in excess of 1015 W cm22.

n

e
FIG. 2. Polarization dependence in the relative fragment

yields for CH3OH at 1016 W cm22. The CH3OH1 molecular-ion
yields obtained with both polarization states were normalized to
same value in order to determine the relative fragment ion yield
7-3
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Our results on benzene apparently differ from those
Talebpouret al. @22#, who measured identical ion yields fo
both linear and circular polarization, also in the femtoseco
regime. But, we note that the two sets of measurements w
conducted at different laser intensities. Moreover, it is
clear whether Talebpouret al. employed an intensity-
selective technique in their experiments. Absence of
would imply that their TOF spectrometer would access
wide intensity range covering 1012–1014 W cm22, with an
enhanced propensity of ion collection from the lowest inte
sity regions within the focal volume. To probe the appar
differences further, we have made an ion yield measurem
for different laser intensities. Table I shows the relative i
yields for Cq1 fragments at different intensities: the yield
are nearly same for intensities,1015 W cm22, a value that
corresponds to the maximum intensity used by Talebp
et al. At these, and lower, intensities we find that there
virtually no polarization dependence in the fragmentat
pattern, in accord with the findings of Talebpouret al. How-
ever, at even a slightly enhanced intensity~such as a peak

FIG. 3. Polarization dependence in the relative fragment
yields for C6H6 at 1016 W cm22. The C6H6

1 molecular-ion yields
obtained with both polarization states were normalized to the s
value in order to determine the relative fragment ion yields.

TABLE I. Relative ion yields of Cq1 with respect to C1 in the
fragmentation of benzene at different laser intensities.

Intensity (W cm22) C21 C31

,1015 1.1 0.8
231015 1.3 1.2
831015 1.6 5.2
02340
f

d
re
t

is
a

-
t
nt

r

n

intensity value of 231015 W cm22), the fragmentation is
found to become marginally lower in the case of circula
polarized light. The degree of suppression becomes m
more pronounced as the laser intensity is increased.

So, how does one account for the hitherto-unsuspec
effect of laser intensity on the polarization dependence
molecular fragmentation. As noted earlier, for the very sh
pulses used in these experiments, ladder switching is
applicable as one can safely assume that the nuclear mo
in all three molecules would be negligibly small over tim
periods of the order of 100 fs. We invoke electron rescat
ing in order to qualitatively explain the observed suppress
in the fragment ion yield at higher laser intensities. As in t
case of multiple ionization in atoms, we assume fragmen
tion of the molecular ion to be dominantly due to the resc
tering of the ionized electrons in the presence of the la
field. We invoke the following chronology of events. Upo
irradiation, the target molecule initially undergoes tunn
ionization when the field intensity is large enough. The io
ized electron does not totally ‘‘leave’’ the molecule, but i
teracts with it under the influence of both the Coulomb for
and the laser field. At low values of laser field~correspond-
ing to I 51014 W cm22), the Coulomb field has a large in
fluence in determining the motion of the wave packet t
describes the ejected electron. On the other hand, at l
fields ~corresponding toI 51016 W cm22), the electric field
of the interacting laser becomes comparable in magnitud
the Coulomb field and, therefore, exerts a much larger in
ence on the electron trajectories. To determine the influe
of the interacting field on the motion of the ejected electr
wave packet, we give a model calculation for a hydrog
atom. We compute the electron trajectory by numerica
solving the classical equation of motions.

The equation of motion along thex axis is

m
]2x

]t2x¢5
eq

r 2 x¢1eE¢ 3x¢, ~1!

wheree, m are the charge and mass of the electron,q is the
charge on the molecular ion,r denotes the distance of th
electron from the ion, andEW is the laser field. We numeri
cally solve the differential equations of motion along all t
x¢, y¢, z¢ directions iteratively, with a time grid of 0.01 a.u
Figure 4 depicts classical electron trajectories that we h
computed for linear and circular polarization at two differe
laser intensities. At an intensity of 1014 W cm22, the large
Coulomb interaction ensures that electron trajectories
both polarization states are very similar. This is depicted
the lower panel of Fig. 4. So, in the lower intensity regime
the fragmentation is due to the dissociation of the molecu
ion due to impact of rescattered electrons, the fragmenta
yield would be expected to be more or less independen
the ellipticity of the laser field. At higher laser intensitie
such as 1016 W cm22, the optical field becomes dominan
and the electron trajectories are very different for the t
polarization states. While rescattering of the ejected elec
is possible with linearly polarized light, it is absent in th
case of circularly polarized light. So, one would expect t

n

e
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ELECTRON RESCATTERING AND THE FRAGMENTATION . . . PHYSICAL REVIEW A 68, 023407 ~2003!
fragmentation channels that are due to rescattering to
switched off in the latter case.

We note that at large intensity, the electron trajectories
linearly polarized light depend on exactly when the elect
wave packet is created. If the initial position of the eject
electron lies on they50 line ~when E¢ is parallel to thex
axis!, then the electron would be expected to take part
rescattering. As the initial value ofy deviates from zero, the
electron-rescattering probability becomes small.

So, for high laser intensities, the absence of rescatterin
the case of circular polarization reduces the extent of m
lecular fragmentation. It appears reasonable to attribute
differences in fragmentation which are experimentally o
served to the change in electron-rescattering probability.
model calculations are simple but demonstrative. Howe
they pertain to an atomic target. This simplicity begs t
question: does molecular structure play a role in determin
the overall strong field fragmentation dynamics?

In order to probe this, and to lay the groundwork f
proper theoretical treatment, we consider in Fig. 5 how
suppression of fragmentation depends on the appearanc
ergy of fragment ions from specific parent molecules. T

FIG. 4. ~a! Electron trajectories for ionization of H by linearl
~solid line! and circularly~dashed line! polarized light of intensity
131016 W cm22. The position of the H atom at the origin is ind
cated byX. All distances are indicated in atomic units~a.u.!. The
vertical axis defines thex direction ~see text!, while the horizontal
axis is they direction. The arrows indicate the classical motion
the ejected electron.~b! Electron trajectories for ionization of H by
linearly ~solid line! and circularly~dotted line! polarized light of
intensity 131014 W cm22.
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ion appearance energy is a measure of the ionization en
of the given fragment, say C21, plus the bond dissociation
energy. The latter accounts for molecular structure effe
and, hence, results in different values of appearance en
for C21 from benzene and methanol precursors. The app
ance energy is, therefore, a measure of the amount of en
transfer from the optical field to the molecule, which is ne
essary in order to produce a given fragment ion. Data in F
5 demonstrate that circular polarization~the switching ‘‘off’’
of electron rescattering! results in distinctly more marked
suppression of fragmentation channels that require the l
est energy transfer.

IV. SUMMARY AND CONCLUDING REMARKS

We have conducted experiments on intense-field disso
tive ionization of water, methanol, and benzene vapor w
linearly and circularly polarized laser light. We observe
distinct lowering of the propensity to produce multip
charged fragment ions from all these molecules when cir
larly polarized light is used at laser intensities in excess
1015 W cm22. At peak laser intensities lower than this, ligh
induced fragmentation appears to be more or less inde
dent of the polarization state of the incident intense lig
Thus, there appears to be a satisfactory reconciliation
tween the apparently contradictory observations made in
experiments of Talebpouret al. @22# and the present mea
surements. At higher laser intensities, the lowering of mu
ply charged fragment ion yields that we observe with circ
larly polarized light is attributed to the lowered probability
the rescattered electrons inducing dissociative ionizat
The effect of electron rescattering on the fragmentation
namics of benzene was also noted by Bhardwajet al. @23#,
although the contradiction between their observations

FIG. 5. Ratio of ion yields obtained with linearly and circular
polarized light for different fragment ions as a function of fragme
ion appearance energy. The laser intensity was 1016 W cm22. The
solid line is to guide the eye.
7-5
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RAJGARA, KRISHNAMURTHY, AND MATHUR PHYSICAL REVIEW A 68, 023407 ~2003!
those reported by Talebpouret al. ~in the same intensity
range! were not remarked upon; this contradiction rema
unresolved. A direct comparison between the data prese
by Bhardwajet al.and the results of present work is difficu
to make as the former experiment focused attention on C4Hn

1

(n52 –4) fragments that, in our intensity regime, lie in t
saturation regime where quantitative analysis of yields is
unambiguous.

Our data indicate that molecular structure effects are
portant in determining the degree of suppression that ca
achieved by changing the polarization state of the incid
laser radiation from linear to circular. Those fragmentat
channels that require the largest transfer of energy from
optical field to the molecule are suppressed most marke
by using circularly polarized light; the suppression is le
marked for those channels that require smaller amount
energy transfer.

The present set of experiments have probed electron
cattering from molecules more complex than diatomic s
cies and have revealed new facets of strong-field phenom
that have hitherto not been considered. Both the inten
dependence of the suppression that has been observe
well as dependence on energy transfer will have to be
counted for in development of theoretical insights into m
lecular fragmentation dynamics in strong optical fields.

Within the context of atomic ionization, Lambropoulo
@27# pointed out, over 30 years ago, that the effect of lig
polarization on the multiphoton ionization of atoms is r
lated, in a general sense, to the effect of field correlati
@28# of multiphoton processes. Both effects arise from
fact that the vectors of the radiation field affect, in nonline
fashion, the transition amplitudes for multiphoton process
The nonlinearity in the amplitude of the radiation field lea
to ionization rates that depend on the correlation function
the field, and not just on the absolute value of the field a
plitude. When the circular polarization vectorex6 i ey is in-
serted in the expression for the transition amplitude, cr
products of matrix elements involving the orthogonal co
ponentsex andey occur, and these lead to the dependence
the ionization rate on the polarization state of the incid
-
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light field. However, the dependence of polarization effe
upon the intensity of the applied light field, which has be
observed in our experiments on water, methanol, and b
zene, remains unexplained within the framework of the p
vailing wisdom which has been articulated above in sim
terms.

Within the framework of tunnel ionization, the Ammoso
Delone, and Krainov~ADK ! formalism @29# sheds some
light on how atomic ionization rates depend on the polari
tion state of the incident light. The ADK theory predicts th
the ratio of ionization rate for circular polarization (wcirc) to
that for linear polarization (wlin) is

wcirc /wlin5~pq3/En* 3!1/2, ~2!

where, as before,q represents the ionic charge state,E is the
electric-field amplitude, andn* is the effective principle
quantum number that is stipulated in the ADK formalism
This expression predicts a suppression of ionization pr
abilities in the case when linearly polarized light is replac
by circularly polarized light of the same field strength. Mor
over, such suppression is expected to have aI 21/4 depen-
dence on laser intensity. While our results do not replic
the exact functional dependence onI, the suppression that i
observed by us is, at first sight, accounted for within t
ADK picture. Where the ADK picture fails is in accountin
for the apparent threshold of 1015 W cm22 which we observe
for such suppression. The ADK picture cannot, of course,
expected to account for specifically themoleculareffects that
we have discovered here, such as the dependence of sup
sion on fragment ion appearance energy.
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