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Nonsequential double ionization of D molecules with intense 20-fs pulses
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The kinetic-energy distribution of Dfragments obtained from the ionization of Molecules with intense
20-fs pulses includes a high-energy component extending uplteV. These fragments are only present for
linearly, or slightly elliptically, polarized light. Both the maximum kinetic-energy and the ellipticity depen-
dence are consistent with nonsequential double ionization caused by recollision.
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Many new strong laser field phenomena, such as boncholecules[13,14. By clearly demonstrating double ioniza-
softening[1] and zero photon dissociatidi2], were first  tion in D,, we have identified a simple molecule in which to
identified in H, ionization experiments. Two recent papers explore the similarities and differences between double ion-
have measured high-kinetic-energy distribution of the fragization in atoms and in molecules. In addition, working at an
ment ions produced whenHs ionized with a short intense  jntensity of 13° W/cn? adds an extra degree of simplifica-
laser pulse[3,4]. The high energy cutoff of the fragment yi, since any excited state of,D produced by inelastic
kinetic-energy approachébut is a bit less thanthe energy scattering will almost immediately ionize.

expected, if the H ground state wave function were trans- We identify recollision by studying the number of ener-

ferred instantly to the double ion. At least some of the frag- .. . L e
ments come in correlated pair). getic fragments as a function of laser ellipticity. Sensitivity to

These new observations are compatible with a number O<?Ilipticity of the ionizing laser light is fundamental to all
possible mechanisms recollision processeq15,16. First an electron tunnels

(1) The molecule might double ionize instantaneously f[hrough thg potential modified by the. strong linearly polgr—
and Coulomb explode. If so, the kinetic-energy distributionized laser field, then the electron is driven away from the ion
provides information about the correlated electron dynamic®Y the field, only to be forced with~50% probability to
in H,. It might also be used to meastj&7] the vibrational ~ return after the field reverses its direction. In the electron-ion
wave function of excited K recollision that might follow, the remaining electrons are col-

(2) The molecule might ionize sequentially. Firs His  lisionally exqited or ionized17,18. If the light deviate§ very
formed. Then those H molecules that do not decay by much _from linear wh_en the electr_on returns to the ion, it is
other means(bond softening[1] or enhanced ionization O©ffset in the lateral direction and it can miss.

[8—10]) ionize again in the remaining part of the pu[8e4]. Our results only include data for,Dmolecules. That is

(3) The high-kinetic-energy fragments might be producedbecause, for ki we must subtract background signals origi-
by recollision. If so, the recollision electrons can serve adiating from H" produced by dissociative ionization of con-
probes in pump-probe experimerjtsl]. We show that the taminants in the vacuum chamber. However, the observed
high-kinetic-energy fragments originate from nonsequentiafeatures were the same for bothy Bnd H, molecules. In
double ionization caused by recollision. agreement with previous measuremef@s4], we observe

Our paper is related to a recent wgf?] in which lower  that the kinetic-energy distribution of Dfragments extends
intensity laser pulses were used. In that paper, recollisiogontinuously up to~10 eV.
electrons are identified as the source of the high-energy com- We now briefly describe the experimental setup. A fuller
ponent in the fragment distribution when, Hs ionized. description is given elsewhef&9,20. A pulsed supersonic
However, in that experiment the laser intensity was kept veryoeam, formed by expanding 600 Torr of D, gas through a
low to discourage sequential processes. Our intensity i§.5-mm-diameter nozzle, is crossed at 90° by the focused
about ten times that in Reff12], but similar to that used in laser beams. The 800-nm 20-fs pulses were generated using a
Ref. [3] and to one of the intensities used in Ref]. Our  hollow wave guide for spectral broadening and two prisms
results show that recollision also remains the dominanfor chirp compensatiofi21]. A 10-cm-focal-length parabolic
mechanism at high intensities in the order of-l//cn?, mirror, placed in the vacuum chamber, focused the laser
which is misinterpreted in Ref.3] and not mentioned in beam to an intensity- 2 x 10> W/cn?. Since the saturation
Ref. [4]. intensity is ~10'° W/cn? [22], we can assume that most

Our paper is also related to recent works that identifymolecules ionize near that intensity. A zero-order quarter-
recollision excitation and double ionization in more complexwave plate adjusted the ellipticity.

An electrostatic field accelerated the" Dons toward an
ion detector positioned on-axis with the molecular beam. The
*Electronic address: hsakai@phys.s.u-tokyo.ac.jp ion detector consists of a microsphere plate backed by a
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FIG. 1. A typical image of D" and D' ions. Three different
components of fragment ions are observidd:D," ions appear at
the center of the imagé?2) the inner pairg0.3- and 1-eV pealof
ions originate from bond softening, producing BD; and(3) the
outer pair originates from enhanced ionization, producing D
+D™". The image is not Abel inverted.

phosphor screen. A charge-coupled deyic€D) camera re-
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FIG. 2. The relative number of ions plotted as a function of the
radial kinetic-energy of D ions. The peak intensity of 2
X 10" W/cn? was kept constant and the ellipticity was varied
from £ =0 (linear polarizationto e =1 (circular polarization

polarized results(solid curve, the three peaks that were
clearly seen as pairs of peaksqual energy but oppositely
directed in Fig. 1 are now single peaks in Fig. 2, since each
member of the pair had the same energy.

The kinetic-energy calibration of the fragment ions was
performed by simulation software. For the horizontal axis of

corded the ion image on the phosphor screen. Fast electroqu;g_ 2 (and Fig. 4 shown below we use “radial kinetic-
gating of the CCD camera allows us to record mass an@nergy,” which corresponds to the projection of the velocity
charge selected ion images. We used velocity map imagingector onto our two-dimensional ion detector. The real

[23] to achieve good energy resolution.
Figure 1 shows a typical image of,D and D' ions (the
image is not Abel invertef23,24)). The direction of the laser

kinetic-energy distribution can only be obtained when the
laser polarization is linear, through Abel inversion. For the
data recorded with elliptical polarization the lack of cylindri-

polarization is shown in the figure. Three distinct compo-cal symmetry prevents Abel inversion. Clearly visible in the

nents of ion image are observed.

figure is a high-energy component extending up-tb0 eV.

(1) D," ions appear at the center of the image. These ar@lthough our data are uninverted, they agree well with pre-
the molecules that only ionized once, and did not fragmentyious observation§3,4].

(2) A pair of D" peaks(kinetic-energy 0.3 and 1 eV per
fragmenj on each side of the P feature forms the next

Our concern is less with the kinetic-energy distribution
than with the physics that produces it. The high-kinetic-

prominent feature. They originate from the dissociation ofenergy fragments observed in Fig. 2 and in RES$.and[4]

D,". These are the well-known bond softening peKs

can only originate from IQ“ molecules exploding at small

(3) The broad set of peaks that are the outermost featurmternuclear distances. They extend into the region of direct

in the figure are due to enhanced ionizatj@a-10].

Coulomb explosion of B, although not up to the maximum

As the D," begins to dissociate, it enters a region wherekinetic energy expected from Coulomb explosion gf Dor-
the ionization rate is greatly enhanced. After ionization,responding to the Coulomb energy at the equilibrium inter-

Dz2+ Coulomb explodes, yielding pairs of ‘Dions with

nuclear distance. We first concentrate on the ellipticity de-

kinetic-energy ~3 eV/fragment. The ion image shows a pendence seen in Fig. 2, then on the kinetic-energy
strong spatial anisotropy along the polarization directiondistribution.

Coupling betweerk 4 and., is essential for both bond soft-
ening and enhanced ionization.

In any recollision event involving such high laser fields,
the classical motion of the electron following ionization is

Not seen in the figure is a diffuse cloud of very high important. An electron leaving the molecule with near zero
kinetic-energy fragments. Their angular distribution is aboutnitial energy, moves about a distaree 2qE/me? (E is the
twice as broad as the fragments due to enhanced ionizatioglectric field amplitude of the laser pulse at angular fre-
but integrated over all angles, they make up a significanfluencyw, andq andm are the electron’s charge and mass,

fraction of the signal.
Figure 2 shows kinetic-energy distributions of" Dons

respectively ~60 A in the direction of the field vector be-
fore its motion is reversed. Depending on the phase of birth

obtained by angularly integrating the signals from imagef the electron, it can recollide with its parent ion with the
such as that in Fig. 1, where the peak intensity was kepmaximum recollision kinetic-energy of 3.4%qE/2mw)?

constant and the ellipticitg was varied frome =0 (linear
polarization to e =1 (circular polarization Data for six dif-

~200 eV—enough to knock the remaining electron from
D, (ionization potential is~30 eV). The electron-impact

ferent ellipticities are included. Concentrating on the linearlyionization cross section for D ion is more than 1.0
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FIG. 4. The relative number of ions plotted as a function of the
radial kinetic-energy of D ions for linear polarizatiorisolid curve
and circular polarizatioridotted curvé The same laser field was
used for these measurements. The peak intensities were 2
10 W/cn? for linear polarization and % 10 W/cn? for circu-
ar polarization.

FIG. 3. The relative number of Dions in the 1.6-5 eV range
(open circles show enhanced ionizaji@md 5-10 eV rangésolid
circles show recollisionplotted as a function of the laser ellipticity.
All the error bars for enhanced ionization and some for recollision
are smaller than the size of their symbols. The peak intensity of
X 10 W/cn? was kept constant and the signals were normalized to
10 ate=0. the laser field at least to some extent. If it does, then the

alignment might decrease as the ellipticity increases. If it
X 10~ cn? for incident electron energies of 45-345 eV does not, then those effects that depend on the alignment of
[25]. the molecule to the field will become more important with

A slight ellipticity of the laser light affects the recollision circular polarization[26]. By studying yields using linear
process, offsetting the electron from the ion byand circular polarized lighf26], we will show below that
~5eqE/mw?, making recollision less probabJ&6]. Look-  neither D nor D," aligns.
ing closely at Fig. 2, we find that the yield of all channels  None of the effects described above can influence the re-
decreases with ellipticity, but the high-energy componentyits for small ellipticities since the field strength along the
falls rapidly with increasing ellipticity and almost disappearsmajor axis hardly changes. The high-kinetic-energy fragment
at ellipticity e =0.5. This is the behavior expected for recol- signal has fallen to less than 40% of the peak value and the
lision phenomena. To make the ellipticity dependencecutoff energy is almost unchanged for an ellipticity of 0.25.
clearer, we integrated the*Dion signals from 1.6 eV to 5.0 By ellipticity ~0.5, where the electric field-89% of its
eV and from 5.0 eV to 10 eV and plotted them as a functionrmaximum value, the high-energy component is almost unob-
of ellipticity. The 5-eV limit was determined by referring to servable. The only mechanism compatible with such strong
the kinetic-energy distributions for linear and circular polar-ellipticity dependence is recollision.

izations with theE-field magnitude kept constaiisee Fig. We now confirm this interpretation by comparing the
4). The result is shown in Fig. 3. The yield in each energykinetic-energy distributions of Dions for linear and circular
region is normalized to ten at=0. polarizations where the field amplitude is kept constant.

In addition to the sensitivity of recollision to ellipticity, Keeping the field constant eliminates the influence of the first
there are three processes that influence the ion yield ast@o processes mentioned above and allows us to evaluate the
function of ellipticity. third process. Concerning the first two processes one can say

(1) The maximum electric field falls as the ellipticity in- the following.
creases. In the tunneling regime, the ion yield follows the (1) Since the ionization rate depends on the field strength
maximum electric field. Therefore, the yield should decreasen the tunneling regimg27], the ionization rate should be
as well. In Fig. 2, the yield of all components decreases withessentially the same if the field is the same.
increasing ellipticity. However, the high-energy peak de- (2) With circular polarization, the polarization becomes
creases more quickly, as shown in Fig. 3. parallel to the detector surface twice in an optical period. The

(2) We change the ellipticity by rotating a quarter-wave cutoff kinetic-energy comes from those molecules that are
plate. This rotates the major axis of the ellipse by the samaligned parallel to the detector plane irrespective of the po-
angle that the wave plate rotates. The projection of thearization.
kinetic-energy distribution of all fragments is affected. Based Combining these two facts, the effect caused by rotation
on the shifts of the peaks due to enhanced ionization, we cagf the major axis in Fig. 2 can be completely eliminated.
estimate the effect of the rotation of major axis to be The result is shown in Fig. 4, where the peak intensity
~0.3 eV. Since the high-kinetic-energy component rangesvas 2x 10'° W/cn? for linear polarization and thus 4
from ~5 eV to ~10 eV and is broader than other compo- x 10' W/cn? for circular polarization. It can be seen that
nents, it is reasonable to think that it is less affected by thehe enhanced ionization yieldhe number of D iong) for
small shift of~0.3 eV. circularly polarized light increases by a factor of 3.8 com-

(3) It is possible that B, or more likely D, , aligns to  pared to that for linearly polarized light. This shows that
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there is little dynamic alignment of Dand/or D, * [26]. This ~ Coulomb explosion. We refer the reader to Rf2] for a
conclusion is consistent with our numerical simulationsdetailed calculation. ] ,
where the dynamic alignment of,zand D,* has been stud- !N addition, Coulomb focusing and non-hard-sphere colli-
ied by solving the time-dependent Sétimger equation. In sions[17,18 provide the electron wave packet with signifi-

contrast to the increased strength of the enhanced ionizatiq;‘fnt probability of subsequent recollisions. These occur in
I

e e few laser cycles following ionizatigi7] and will con-
pgak, the. high k'net'(.: energy fragments are not observab ibute lower-energy deuterons to the spectrum. In REZ]
with the circular polarization used, as expected for any recol

lisi 15] A . | stud o this dynamics is measured at low intensity. Our measure-
ision procesg15]. A recent experimental study, with, ments of the kinetic-energy spectrum of thé Dons indi-

ions as the targeii28,29, suggests that the neutral parent oy measure this dynamics at high intensity in the order of
plays an important precursor role in the laser-induced frags g5 \ncnp.

mentation dynamics of §§ corroborating the present results

k ’ In summary, the kinetic-energy distributions of Drag-
and considerations. y ay g

ments obtained from the Coulomb explosion of Dhol-

Before concluding, it is important to show how recollision g5 with intense 20-fs pulses included a fractional contri-
can be responsible for the high-kinetic-energy fragments thaﬁution with a high kinetic-energy extending up tol0 eV.

we, and other$3,4] observe. Nonsequential double ioniza- All our results are consistent with the interpretation that the

tion |s.reaIIy a “sub—la}ser—cycle" Process. Following single energetic D fragments are caused by nonsequential double
lonization, the newly |.on|zed electron is pulleq away fr'om ionization caused by recollision. We expect similar behavior
the ion, only to be driven back. The typical time requwed]cor any two-electron dimer, for example Naonization can
before the electron makes its first attempt at recollision is;Oe controlled to allow only,a small range of times for recol-
~2/3 of a laser period. During this time, the,D wave |igion [30]. Thus, the recollision electron can excite the ion at
packet is able to move a bit. If the electron recollides Wltha well-defined(shory time after ionization. Coulomb explo-
sufficient energy, it can excite the molecule to any of thegg then images the nuclear position.
numerous states, or further ionize the singly charged molecu-

lar ion by inelastic scattering. Consistent with our observa- The authors are grateful to Dr. Shinichirou Minemoto
tions, the high-energy cutoff of the fragment kinetic-energy(The University of Toky¢ for his help in the electronic sub-
distribution will be slightly lower than that observed for true mission of the manuscript.
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