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Correlated two-electron dynamics in strong-field double ionization
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Vector momenta of electrons and ions have been measured for strong2fiefd, 0.25 to 1.0 PW/cf
double ionization of Ar using a “reaction microscope.” Correlated two-electron momentum distributions along
the field direction Py ,P,;) are explored at different transverse mome®ia of one of the electrons. Whereas
a distinct Py, ,P5) correlation, strongly varying witlP,, is observed for nonsequential double ionization at
small light intensity, only a weak, but still significant correlation is found at large intensity where sequential
ionization dominates.
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A profound knowledge of many-electron dynamics in in-  Though being generally accepted that rescattering is the
tense, femtosecond laser fields interacting with single atomkeading mechanism at intermediate intensities, the various
or molecules is basic and indispensable for our understandalculations strongly disagree among each other in predicting
ing of laser-matter interactions in general and, thus, for ahe details of the underlying dynamics, i.e., of the electron-
large variety of present and future application. Among themimpact-ionization €,2e) kinematics in the presence of the
are high-order harmonic generation, acceleration of electroneld. Moreover, none of them is in quantitative agreement
and ions, strong-field induced fusion or the realization ofwith first experimental results for argon double ionization
intense table-top x-ray sources. Theoretically, this requires fL6]. Here, the correlated electron-momentum distributions
consistent quantum description of the time-dependent correzlong the field direction of the linear polarized light were
lated motion of several electrons in the combined fields ofound to be strongly peaked for emission of the two electrons
the laser light and of the ionic core on a subfemtosecondh the same direction with a significant contribution of back-
time scale, i.e., for times that are short compared to onéo-back scattered electrons.
optical cycle of a typical laser pulse. Experimentally, the Whereas all three-dimension@D) S matrix calculations
ultimate goal would be to trace the electronic dynamics orf10-12 do predict the unidirectional emission of the elec-
such short time scales, which has not been feasible up tvons at moderate light intensities, none of them can account
now, leaving this domain completely unexplored. for back-to-back ejection of the two electrofB5]. More-

The development of multielectron-ion imaging techniquesover, even the details for unidirectionally emitted electrons
[1] and their successful combination with femtosecond lasediffer strongly in the various 3D models. One of them, based
systems with kilohertz pulse-repetition rates enabled firsbn a Coulomb form factor for thee(2e) scattering process,
single-differential measurements on strong-field multiplepredicts strongly asymmetric enerdgygnomentum sharing
ionization of He[2,3], Ne [4], Ar [5], and Xe[6]. Surpris-  between the two electrof0,12. The other one, assuming a
ingly, the determination of ion recoil momenta alone alreadyhard-core contact potential for the electron-electron interac-
settled a 15-yr controversial debate on the mechanisms réion, on the other hand yields symmetric longitudinal mo-
sponsible for nonsequentiaNS) double ionization and mentum sharing11,13.
stimulated a series of theoretical papers: Only the “rescatter- Thus, in essence, though rescattering as being the trigger
ing model” proposed by Corkunji7] eight years ago was for multiple NS double ionization seems to be out of ques-
found to be kinematically consistent with experimental-iontion, the details of the electron-scattering dynamics, i.e., of
momentum distribution$4,8]. Recent theoreticab-matrix  the (e,2e) kinematics in the presence of the electric field are
results [9-12), various numerical time-dependent two- far from being well understood and remain the subject of
electron quantum calculation&3,14] as well as predictions intense debate.

based on classical dynamig$5] all obtain the experimen- In a previous papdrl7] we have shown for 0.25 PW/¢én
tally observed, characteristic double-peak structure in th@5-fs light pulses interacting with an argon target, that back-
recoil-ion momentum along the polarization directiBg; . to-back emitted electrons may consistently be interpreted as

Thus, they all provide strong evidence that re-being due to excitation during rescatterift] at a phase
scattering dominantly contributes to NS multiple ionizationwhere the electric field is small with subsequent and inde-
in the intensity-regimes investigated. pendent field(tunne) ionization of the second electron.
Within the assumptions of the modgtlassical €,2e) dy-
namics without energy exchange with the light wave during
*Email address: R.Moshammer@mpi-hd.mpg.de recollision] both processes may be separated experimentally,
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leaving us now with the question on the correlated dynamics T ' ' ' ' T
of unidirectionally emitted electrons.

In this paper, we present differential experimental infor-
mation on correlated electron-momentum spectra in the lon-
gitudinal direction for unidirectionally emitted electrons as a
function of one-electron’s transverse momentum, shedding
light on the details of the correlated electronic motion in the
field and providing benchmark data for theory. Strong effects
are observed in that an asymmetric sharing of the longitudi-
nal momenta is favored if the transverse momentum space is
restricted. Surprisingly, a weak though significant correlation
is also found at an increased light intensity where sequential
double ionization is expected to dominate. Recently, similar
results were reported by Weckenbroeikal. for 150-fs laser

Py [a.u.]

pulses[20]. 3 2 0 1 2 3
The experiments were performed at the Max-Born-Institut
in Berlin using a Kerr-lens mode-locked Ti sapphire laser at Py [a.U]

795-nm central wavelength. The laser pulses were amplified
at 1 kHz repetition rate up to pulse energies of ADand
focused by an on-axis spherical mirrof100 mm) to a
spot of ~10 um diameter(full width at half maximum
within an ultrahigh vacuum chambé@rase pressure less than
7%x10 ' mbap. The pulse peak intensity was adjusted in
the range between 0.25 and 1.0 PWicimtensity fluctua-
tions were controlled throughout the experiment and kept
below 5%. [17], the longitudinal electron momenta are presented with-
The laser beam was focused on a low densityout any further restriction on the other momentum compo-
(10% atom/cn?) supersonic gas jet formed by expanding Ar nents. As discussed, a significant correlation is observed:
at a stagnation pressure of 5 bar through a cooledum@- Preferentially the two electrons are emitted into the same
diam nozzle. The beam was collimated over a total path of Zlirection having both either positive or, equivalently, nega-
m to a rectangular shape of 2 mnt at the focal spot, tive momenta of similar magnitude. Here, at relatively low
oriented with the broad side perpendicular to the laser beantight intensity, a kinematical analysis within the conditions
This yielded an overlap volume between laser beam and aflescribed in Ref[17] demonstrated, that events due to
gon jet of 200um in length and 1Qum in diameter. (e,2e) ionization during rescattering are exclusively re-
Vector momenta of ions and electrons emerging from thétricted to unidirectional emission of the two electrons into
source volume were recorded using a “reaction microscopethe area surrounded by the solid line. Excitation during re-
that has been described in detail bef¢i®]. Low-energy  scattering followed by tunnel ionization of the second elec-
ions and electrons are accelerated in opposite directions bytePn, instead, allow for two-electron momenta inside the area
1-Vicm electric field applied perpendicular with respect toindicated by the broken lines.
the propagation directions of the laser as well as the atomic In order to explore the electronic motion during rescatter-
beam and parallel to the laser-polarization direction. Thedng in more detail we have plotted the correlated electron
transverse motion of the electrons is confined by an addimomenta for unidirectional emission, where the,2¢)
tional homogeneous solenoidal magnetic field. In this way alevents occur, under the additional condition that the trans-
electrons with transverse energies smaller than 50 eV anderse momentum of one electroRy ) is either larger or
longitudinal energies below 15 eV are guided onto a 75-mmsmaller than 0.5 a.uFig. 2). This splits the total number of
diam two-dimensional position-sensitive microchannel plateevents into two contributions of about identical size.
detector placed 20 cm away from the reaction volume. From Distinct differences are found. If the transverse momen-
the measured absolute positions and flight times the ion an@m of electron “one” is largeP,, =0.5 a.u., the correlation
electron trajectories are reconstructed and their initial moin the longitudinal electronic motion becomes even more
menta are calculated. For the electrons a momentum resol@onounced[Fig. 2&]. Unequal momentum sharing is
tion in transverse and longitudinal directions of 0.05 a.u. iswidely suppressed and the electrons most likely emerge with
achieved. The ion-momentum resolution in the direction ofquite similar final momenta along the diagonal in the two-
the jet expansion is limited by the internal jet temperature tglimensional plot. Therefore, both electrons must have been
0.3 a.u. Transverse to the jet expansion a resolution of 0.¢reated with similar or very small momentum components
a.u. is achieved due to collimation of the jet. Py, Py at the same phase in the light wave and, thus, have
In Fig. 1 the correlated two-electron longitudinal momen-received similar drift momenta after their creation.
tum spectrum is shown for argon double ionization at a This tendency might be understood within the rescattering
power density of 0.25 PW/chnwhere nonsequential ioniza- model assuming energy conservatiBf,+ P3,+ PZ, + P3,
tion dominates. In this plot, which has been published before=2(E,—1,) during recollision(Ey: energy of the returning

FIG. 1. Longitudinal momentum of electron on4) versus
that of electron two P,;) for Ar double ionization by 25-fs laser
pulses at a peak intensity of 0.25 PW/crBox sizes correspond to
the intensity on a linear scale between zero and maximum intensity.
Full line: borderline for €,2e) kinematics. Dashed line: borderline
for excitation-tunneling eventsee also Refl17]).
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. ; . . . . . FIG. 3. Same as Fig. 1 for an intensity of 1.0 PW#ci@haded
4 - ! . area indicates a region of no acceptance for electron “one.”
2] i e i the recollision phase in the oscillating field, both electrons
. o r e - would then acquire nearly identical drift momenta of less
LN A than 1.5 a.u. each, in qualitative agreement with the experi-
TremmaEE e T mental data.
= =N #... iEm . - Obviously, the Coulomb repulsion between the two elec-
< 7TunmulliEEw - - - trons in the longitudinal direction is strongly suppressed and
— nssElESEEE: - - quite similar momenta do occur if comparably large relative
a e ., C LN | L L R - momenta of the electrons in the second, i.e., in the transverse
i B ElEEEE= - dimension, are admitted. Thus, one-dimensional calculations
) EEREsEEEE - T _ will never be able to give longitudinal momentum distribu-
:=:—:_:—:!-=__'f ' ) tions in a_greement with the experimental data. In essence,
TTET I E | they predict zero intensity for equal momentum sharing, i.e.,
] along the diagonals in Figs. 1 and 2 at a light intensity com-

0 1 2 parable with the one used hef&3,14. Clearly, the defi-
Py [a.u.] ciency of_such models lies i_n th_eir reduced dimensionality
resulting in a strong overestimation of the electron-electron
FIG. 2. Enlarged view of the uppermost right-hand part of Fig. 1f€Pulsion. As a consequence, equal longitudinal electron mo-
with additional conditions on the transverse momentum of electrofnenta are strictly forbidden if they are created in a rescatter-

“one:” (a) Py, =0.5a.u. andb) P;, <0.5a.u. ing event at identical phase.
If small transverse momenta of electron “ond®;;

_ o ] =<0.5 a.u. are selected instead, i.e., if the two-electron phase
electron; 1,=27.62 eV: ionization potenUa:I of ArIn a  gpace in the second dimension is reduced, e P, pat-
field-free (e,2e) collision at moderateE,, “binary colli- tern changes significantljFig. 2(b)]. Unequal momentum
sions” between the electrons would dominate for significantsharing is strongly favored now, with typical momenta
transverse momentum transfer to one of them;.(  around 1 a.u. for one and 0.5 a.u. for the other electron. This
=0.5a.u.), leaving the second one with a simiB§,  pehavior is well known from field-freee(2e) dynamics,
=0.5 a.u. Consequently, this reduces the kinematically alynere unequal energy sharing dominantly contributes to the
lowed regime for the longitudinal momenta froRf,+ P35,  cross section at small scattering angles of the projectile elec-
=2(Eo—1p)=1.47 a.u. forP, =P, =0 at maximumEqy  tron. In the rescattering scenario, the impinging electron is
=3.1M, to Pf+P5<0.97au. forP;,, P, =05au. litle deflected and only looses a small part of its longitudinal
(Up is the ponderomotive potentialThus, a significantly momentum in the €,2e) collision, producing a low-energy
reduced, still quite large momentum spread between the twsecondary electron. Thus, directly after recollision, the start
electrons in the longitudinal direction remains possible andnomenta of both electrons are very different, resulting in a
asymmetric sharing is expected from field-freg2e) dy-  most likely asymmetric momentum sharing in the final state.
namics. This is definitely not observed experimentffig. Basically, such a behavior has been theoretically predicted
2(a)]. Assuming further thaPinwP%H, which might be jus- for Argon at identical light intensity within as-matrix ap-
tified at small excess energies, finally leads to similar longiproach using a Coulomb form factor to describe the2€)
tudinal electron momenta of less than 0.7 a.u., Depending ocollision [10,17. It is not consistent, however, with the re-
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sults of similar calculations using a hard-core potentialsymmetric two-electron momentum distribution. Surpris-
[11,12. Moreover, since the momentum space is reduced ifngly, more events appear along the diagonal line indicating
the transverse direction, Coulomb repulsion between the tweghat some correlation is left. Both electrons are preferentially
electrons after recollision, which is not included in any of theemitted into the same direction for small longitudinal-
3D calculations[10,12, is expected to reduce events with momentum components, i.e., for electrons that have been
similar longitudinal momenta. Reduction of the transversecreated close to the maxima of the oscillating electric field.
momentum of one of the electrons essentially limits its mo-Such a pattern might be expected if two electrons either
tion in this direction, making the electron propagation “one-leave by tunnelingsequential or collectiyeor by “shake-
dimensional” with increased importance of the electron-off” during the same cycle of the laser pulse.
electron repulsion in the longitudinal direction. Thus, itisno  In summary, we have presented differential correlated
surprise that the two-electron momentum distribution is nowtwo-electron longitudinal-momentum spectra for different
in better qualitative agreement with results of one-transverse momenta of one of the electrons. It has been dem-
dimensional calculations. onstrated that our experimental data can help to distinguish
Finally, two-electron spectra have been investigated irbetween predictions of different calculations, thus, serving as
Fig. 3 at a high peak intensity of 1 PW/éwhere sequential benchmark data for theory.
electric-field (tunne) ionization is expected to be the domi-
nant mechanism. We cannot completely exclude possible
volume effects, but any contribution from regions with lower The experiments were supported by the Deutsche For-
intensities should result in the appearance of a structure simschungsgemeinschafdFG, RO 1929 and by the Leibniz-
lar to that of Fig. 1, namely, two well-separated maxima inProgram of the DFG. Support from GSI, Darmstadt, is grate-
the momentum pattern. For sequential and therefore noncofully acknowledged. The MPI(former Freiburg group
related electron emission one would expect a sphericallyvould like to thank the MBI for their hospitality.
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