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We have measured angular distributions of ion fragments produced in dissociative double ionization of CO,
CO,, and GH> by intense ultrashort laser pulses. This report extends similar recent studigsanti®}, to a
wider set of molecules. We found that for sub-10-fs pulses of sufficiently low intensity the fragments’ angular
distributions for all studied molecules are determined by angular dependence of the first ionization step. Those
experimental angular distributions were in good agreement with angular dependent ionization probabilities
calculated with the molecular tunneling ionization theory. The measured angular distributions directly reflect
the symmetry of the corresponding molecular orbitals. For higher laser intensities and longer pulse durations,
dynamic alignment and postionization alignment start to affect the angular distributions and ion fragments are
preferentially ejected along the laser-polarization direction.
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Molecules subjected to nonresonant infrared laser pulsesnd further ionization were achieved by electron-ion recolli-
of sufficiently high intensity undergo single or multiple ion- sion, the process whose cross section was lately found to be
ization often followed by immediate dissociation. Thoughonly weakly dependent on molecular orientati¢®,10].
this process is of great fundamental and practical interest anthus, the measured angular distributions directly reflected
has been studied extensively for many molecules, its detailethe corresponding angle-dependent ionization probabilities,
mechanism remains poorly understood. In particular, the nawvhich depend on the symmetry of corresponding molecular
ture of strongly anisotropic angular distributions of resultingorbitals[7,8]. Here we present the results of extending those
ion fragments has been a matter of some debate. Specificallstudies to heteronuclear diatonticO), triatomic(CO,), and
the argument has centered around the relative importance pblyatomic(C,H,) molecules. In each of the above cases we
two possible mechanisms: angular dependence of moleculaieasured the angular dependence of dissociative ionization
ionization ratesthe so-called “geometric” alignment, when using intense 8-fs laser pulses. Though several different dis-
molecules of certain orientation are selectively ionjzeshd  sociation channels were observed for each of the molecules,
dynamic alignment by the puls@vhen molecules actually we focused our attention on the dissociation of doubly
reorient before dissociatingFor heavy moleculeésuch as charged molecular ions into a pair of singly charged frag-
I,) geometric alignment is clearly a dominant mechanismments, namely, on the following channels: €0 C*+0O";

[1,2]. For light molecules both mechanisms may play a roIeCOzz+—>CO++O+; CzH22+—>CH++CH+. That allowed us to
and deconvolving their relative contributions is not straight-detect two fragments in coincidence and to use momentum
forward. conservation for establishing that they both originate from

Until very recently most studies of dissociative ionizationthe same molecule. Then for those linear molecules the rela-
in diatomic molecules reported strongly asymmetric angulative momentum of the two fragments directly measures the
distributions with ion fragments ejected in a narrow anglealignment and/or orientation of the molecular axis immedi-
around the laser polarization directi¢8-5]. At the same ately before dissociation with respect to the laser polariza-
time, the recently developed theory of molecular tunnelingion. We measured the dependence of the relative yield for
ionization(MO-ADK) predicts that for some molecules, due each channel on the angle between the molecular axis and
to the symmetry of their molecular orbitals, the ionization polarization direction of the laser pulses. The detailed de-
probability is the highest when the molecular axis is notscription of the experimental apparatus was given previously
parallel to the laser electric fieltB]. In general, there not [7,8]. Briefly, 35-fs 790-nm laser pulses were generated by a
need to be a direct correlation between the fragment angulanultipass Ti:sapphire amplifier and then compressed to an
distributions and the angular dependence of the ionizatio®-fs duration using self-phase modulation in an Argon-filled
probability, because, in addition to dynamic alignment by thehollow fiber followed by a chirped-mirror compressor. The
pulse, several ionization steps with different angular depentaser beam was focused by a spherical mitfer75 mm on
dences may be involved in the procé¢3$ Nevertheless, a the supersonic jet of target molecules inside the experimental
recent report on dissociative ionization of, @nd N, [8]  high vacuum chambel0™° torr background pressurelon
presents experimental angular distributions that are in almostagments were accelerated by a uniform electric field onto a
perfect correlation with the corresponding angle-dependerposition and time-sensitive multihit delay-line anode detec-
single ionization probabilities calculated with molecular tor. A complete three-dimensional momentum vector of each
ADK theory. In that study, the dynamic alignment effects detected ion fragment was measured. The intensity was esti-
were minimized by using very sho(8 fs) laser pulses of mated by measuring momentum distributions for hydrogen
low intensities, where excitation into the dissociative statemolecules with circular polarization as described previously
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FIG. 1. (Color onling. Experimental angular distributions for pairs of singly charged fragments detected in coincidence. Distributions
were measured for §E|22+HCH++CH+, CO**—C*+0"; COZZ+HCO++O*; channels. Estimated pulse peak intensity is 6
X 10" W/cn?, pulse duration is 8 fs, central wavelength is 800 nm, polarization is horizontal. Presented below are the angular-dependent
single-ionization rates for neutral molecules calculated using Molecular ADK theory for electric field of the same strength. For CO, the
MO-ADK rate depends on orientation of the molecule and the symmetrized distribution is shown.

[11]. The main result of this study is presented in Fig. 1. ltsented here confirm this interpretation. The angular depen-
shows the polar plots of angle-dependent yields of the chodence of single- ionization probability, reflected in the ex-
sen dissociation channels for the three molecules. In theggerimental angular distribution of the fragments, is
plots, the measurements were obtained between 0°-90° awngalitatively determined by the structure and symmetry of
reflected in the other quadrants to give a complete picturethe molecular orbital from which the electron is removed. As
Only for CO the yield is highest along the laser-polarizationthe tunneling ionization rate exponentially depends on ion-
direction, similar to N [7,8]. For CO, and GH, the frag- ization potential, the electron almost always will be ionized
mentation is most probable at some angle between 0° anfdom the highest occupied molecular orbifeldlOMO). Thus,

90° in respect to laser polarization, similar tg, {5]. To it is the HOMO symmetry that determines the overall shape
interpret these observations, we compare the experimentaf the experimental angular distributions. For example, if the
angular distributions with theoretical single-ionization prob-HOMO has nodal planes containifgerpendicular tpthe
abilities for neutral molecules calculated using the moleculamolecular axis, the molecule will have a low probability to
ADK theory [6], also shown in Fig. 1. The molecular struc- tunnel ionize when aligned paralléperpendicular to the
ture and orbital wave functions were calculated usingathe laser electric field vector due to the low orbital electron den-
initio quantum chemistry codeamess[12]. The MO-ADK  sity in the tunneling region. That is the case for C@ith a
coefficients were obtained by fitting the wave function in thery HOMO, which exhibits pronounced minima in fragment
asymptotic region. The angular-dependent ionization rategngular distributions both at 0° and 90° with respect to the
are obtained from the MO-ADK theof]. As for N, and @, laser polarization, because molecules with such orientation
earlier[7,8], for all targets we observe a remarkable correla-are less likely to ionize. Both Oand CQ angular distribu-
tion between the angle-dependent single-ionization probtions are of the butterfly pattern, a characteristic of the
abilities predicted by molecular ADK for neutral molecules orbital. The peak of the COangular distribution is closer to
and experimental angular distributions of ion fragments. Théhe molecular axis due to the larger nuclear distance between
experiments were performed in the intensity regime well bethe two Os in the CQ Somewhat similarlysr, symmetry of

low saturation for single ionization. At such intensities the GH, HOMO results in angular distribution with an ion-
double ionization is dominated by a nonsequential rescatteization yield being the highest for molecules having their
ing mechanism. In this case, the overall angular dependen@xes somewhere between 0° and 90° to the ionizing field. For
of dissociative double ionization is determined by the moreCO (o) the molecules aligned parallel to the field are the
orientation-sensitive first-ionization step. The results pre-easiest to ionize according to molecular ADK theory, result-
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sufficiently high intensities the first ionization step becomes
saturated for all molecular orientations and ionization prob-
ability loses its angular dependence. Second, as the first ion-
ization saturates, the second ionization can switch from non-
sequential to sequential regime with much different angular
dependence. If that sequential double ionization were to in-
volve charge-resonance states of the ion, similarly to the en-
hanced ionization in K[13], it will be strongly favored for
molecules aligned parallel to the electric field. Third, suffi-
ciently strong pulses can themselves reorient the molecules
prior to or during dissociatio(dynamic alignment [14],

thus affecting the measured angular distributions of the frag-
ments. All these mechanisms can act simultaneously, and
their relative contributions may be difficult to disentangle.
While we know of no definitive reports of charge-resonance
enhanced ionizatiofCREI) in molecules other than hydro-
gen, theoretical modeling confirms that dynamic alignment
does play a role in dissociative ionization even for short
pulses. Finally, the postionization alignment effect may also
attribute to the alignment along the laser-polarization direc-
tion as the laser intensity or duration increagEs].

270 In summary, we studied strong-field dissociative double
ionization of three different molecules by sub-10-fs laser
correlated CO*, 0") ion pairs produced by dissociation of GOy pulses. We found that in all cases for intensities below satu-

8-fs (800-nm central wavelengkitaser pulses. Laser polarization is ration, the experimental angular_dlstrlbutlons of singly
horizontal. Estimated peak intensities &t® W/cm?): (a) 6; (b) charged fragments are well described by angle-dependent

10: (c) 15: (d) 40. single-ionization prob_abiilitie.s calculated using the molecular
ADK theory. These distributions reflect the structure of mo-
ing in the dumbbell-shaped experimental angular distribuiecular orbital from which the electron is removed. We also
tions. Of course, the angular distributions of the fragmentgound that(except for CQ it takes a much higher pulse-peak
are also affected by other factors, such as laser-pulse peaftensity to produce a characteristic uniaxial anisotropic dis-
intensity and duration. For ultrashort pulses of relatively lowtributions of fragments typically observed in strong-field ex-
intensity, used in experiments described above, effects gjeriments. At lower intensities, when dynamic alignment ef-
those factors are minimized. As the intensity and/or duratioects are negligible, the fragment angular distributions are
of the pulses increases, the experimental angular distribusjmost entirely determined by angular dependence of the
tions begin to deviate from the predictions of the molecularsirst-ionization step. The detailed physics of dissociative

ADK theory. Figure 2 presents experimental fragment angugouple ionization in sequential regintaigh intensity re-
lar distributions for CQ measured for various pulse peak qyires further studies.

intensities. For increasing intensities more and more frag-

ments are emitted into a small angle around the laser polar- This work was supported by Chemical Sciences, Geo-

ization direction, finally acquiring the characteristic strongly sciences and Biosciences Division, Office of Basic Energy

anisotropic shape. Sciences, Office of Science, U. S. Department of Energy.
Several possible mechanisms can cause the dependenceldfe laser facility was partially supported by an NSF MRI

experimental angular distribution on laser intensity. First, forgrant.
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FIG. 2. (Color onling. Experimental angular distributions for
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