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Above-threshold double-ionization spectroscopy of argon
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We have measured the above-threshold ioniza@m) electron spectrum from nonsequential double ion-
ization of Ar, and compare our results to the single-ionization ATIl spectrum. A variation on the coincidence-
tagging technique enables the subtraction of contamination associated with single ionization, revealing an
excess of higher energy electrons with measured kinetic energies up to approximagely\2 also find an
excess of very low energy photoelectrons, not previously observed. Implications for the rescattering model are
discussed.
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Photoelectron spectra from atoms ionized by intensexim, and the resulting electrons and ions are accelerated in
optical-frequency radiation display a rich structure due to theopposite directions toward separate microchannel plates. The
nonperturbative multiphoton process of above-threshold ionlaser focus is in a constant electric field of 38.0 V/cm, ori-
ization (ATI) [1]. lon charge-state distributions collected in ented parallel to the polarization of the laser and along the
this ATI regime usually include a small fraction of multiply axis of the time-of-flight tube. The ion detector acts as a
charged ions along with the majority of singly charged ions.Mass spectrometer, separating the ion species according to
However, the Spectrum of electrons Coming from theséheir arrival time, which dependS on the Chal’ge-to-maSS ratio
higher-charge states is very difficult to isolate from the stron{Fig. 2).
ger single-ionization spectrum. The laser intensity is chosen by observing the” And

The doubly charged ion yield as a function of laser pulseAr*" ion count rategFig. 1). We require that the experiment
energy often displays a distinct knee, or change in s|0pet,)e conducted below the saturation intensity for" Ap en-
below the AT saturation enerdy], (Fig. 1). This has led to  sure NSDI. The intensity is calibrated by examining the ratio
suggestions that there are at least two distinct mechanisn® ion yields A?*/Ar* at different peak intensities. The on-
for double ionization: Ordinary “sequential” ionization, in Set of the plateau signifying NSDI occurs at the same inten-
which an atom singly ionized in the laser pulse is furthersity (within experimenters’ uncertaintiesn each published
ionized; and “nonsequential,” or “direct” double ionization, argon experimenitl2—14; we use this point to calibrate our
where cooperative dynamics leads to simultaneous ejectiofitensity with 25% uncertainty. We find that the electron-
of two electrons in the laser field. Sequential double ionizacoincidence  experiments ~ were  carried out at
tion is expected to follow the tunneling theory of Ammosov, 2.6X 10" W/cn?, shown in the figure by the dashed vertical
Delone, and Krainov(ADK) [3], which explains single- line, well within the NSDI regime.
ionization rates extremely well. Any excess double ioniza- The electrons accelerate 6 mm, then travel 1 m in a field-
tion beyond the ADK prediction is then customarily called free flight tube toward the MCP detector. The measured time
nonsequential double ionizatidhSDI).

Recently, momentum spectra of the electrons emitted in 10’
double ionization have been obtained with cold-target recoil-
ion momentum spectroscopyCOLTRIMS) [4]. High-
resolution spectra could help to further illuminate the physics
of the multiple-ionization proce$%,6]. Here we report high-
resolution measurements of above-threshold double-
ionization (ATDI) spectra from the double ionization of ar-
gon atoms.

Our spectra agree with the COLTRIMS observation that
the ATDI spectrum peaks at higher energies than the ATI
spectrum. This supports the hypothdsi$ that much of the
nonsequential component of ATDI is due to inelastic rescat-
tering of the first photoelectron in the presence of the intense
laser field. Our ATDI spectra also display a previously unob-
served excess of zero-energy electrons. This low-energy fea- ! ! Ll ! !
ture, which is not predicted in the most basic rescattering 10"
theory, is better characterized by revisions to the model that Intensity (W/em?)
include multiple rescattering of the first ATI electrf®—11]
and inelastic excitation of the id8,9]. FIG. 1. Multiphoton ionization of Ar using a Ti:sapphire laser

Argon atoms are ionized at the foculseol kHz titanium- (800 nm, 80 % shows typical “knee” structure in multiply charged
sapphire laser, which delivers 60-fs pulses centered at 800n yields below saturation intensity.

" °

,_
(o)
>
T |||||||| T ||||||||
[ ]
»
o b b

Ton Counts (arb)
. 2
[ ]
»

UL AL
»

10°

|||||||
»

=,

¥

ol

—_

o
-
=

1050-2947/2001/65)/05340%5)/$20.00 64 053405-1 ©2001 The American Physical Society



E. R. PETERSON AND P. H. BUCKSBAUM PHYSICAL REVIEW &4 053405

400 The solid angle seen by the MCP varies with energy; the
300 size of the plate limits a detected electron’s transverse mo-
mentum to about 0.06 a.u.. This means that an electron mea-
sured with zeralongitudina) momentum has a smatbtal
momentum, but at almost any angle, whereas a small trans-
verse component for high-energy electrons means only a
small detection angle. In ATI, an electron’s initial energy is
assumed to be small, resulting in a Gaussian distribution of
transverse momenta, with a width independent of the longi-
tudinal momentum gained from the laser fidldi5—17.
Thus, the solid angle of the MCP and the electron distribu-
tion vary in the same way, meaning that the collection effi-
ciency is approximately energy independent.

Our spectrometer geometry has a peculiar feature: When
ions strike the detector, the electrons ejected by the front
surface of the MCP are at a potential maximum, and may
accelerate either into the plate channels, or back towards the
electron detector on the other side of the chamber. These

FIG. 2. lon spectrunitop) shows a dominant Ar peak, a small  electrons, if detected, arrive at times roughly corresponding
Ar?* peak, and some background water vapor, with negligible airto the ion’s time of flight, producing a duplicate ion-mass
and H". Stray electrons released by the ion MCP arrive at thespectrum in the electron time-of-flight signéfig. 2). We
electron detector with a 20-ns delay with respect to the ion signaly,ake use of this to calibrate the detectors and to correct the
anq much later than the photoionizatio_n electrons, as seen in the fu&pectrum for false coincidences, as described below.

(middie) and taggedbottom electron signals. To reveal the ATDI electron spectrum, it is necessary to
separate the electrons released in a nonsequential double-

directed along the flight tube axis. The acceleration field in_lo_mzatl_on_ evgnt from a background of .43 .“”.‘es as many
lsmgle-|0n|zat|on events. In the low-density limit of a single

creases the collection efficiency by adding an energy offset; i i ) : .
without changing the component of the electron’s momen-a_t_om in the mtgractlon region, an ATDI electron can be_ |de_n-
tum perpendicular to the field. Electrons with initial mo- tified by the simultaneous presence.of a double—lon.|zat|on
menta in the positive and negative directions with respect t&vent on that laser shot. The correlation may be lost if there
the collection field both arrive at the MCP, but at differentiS more than one ionization event per laser shot. Therefore,
times, as indicated by the second axis in electron data figthe atomic density must be low and the laser focus small so
ures. This time shift and the slight smearing of arrival timesthat there is only one atom in the interaction region.

due to electrons’ transverse momenta adversely affect the The ionizing laser is expanded and apertured to a 12.5-
resolution, but the typical ATI structure of peaks spaced bynm diameter, then focused with a 10-cm mirror, to produce
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one photon energy is still clearly visibl€ig. 3). an Airy focus with active focal volume of abo8000um®.
(The active focal volume is the region bounded by the iso-
Time (ns) phote with half of the peak intensijyThe argon gas pressure
300 350 400 450 500 of 4x 10 8torr yields 1.3<10 3 atomsjum?, so that the av-

= erage number of atoms in the focal volume is 10.4, but the

i 1 number of atoms experiencing light intensity within 10% of
80 |- . the maximum is about two.
i 1 Since there is likely to be more than one atom in the focal
volume on every laser shot, there is a high probability of
false correlations. This is exacerbated by the low ion and
i 1 electron detection efficiencies, measured to be 4% and 1.5%,
40 - . respectively{ 18]. Therefore, if a double ion is detected in a
i 1 given laser shot, it is possible that there were undetected
single ions. If one electron is detected, this electron may be
from a single ionization, a false coincidence, rather than
i | from the detected double ionization, a true coincidence.
Bobers e L e Electron and ion time-of-flight data are examined on ev-

. gl ery laser shot. When a double ion is detected in the ion
detector, a signal is sent to the electron-detection system to
mark the laser shot as containing relevant data. The list of

FIG. 3. Coincidence spectrufthin line) includes only electrons ~ arrival times can be sorted to retrieve those marked events,
from shots in which a double ion was detected. It is compared to théesulting in a spectrum containing only electrons created in
full spectrum(thick line), scaled as discussed in the text. the same laser shot as a double ion. This spectrum will not be
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Time (ns) electron receives this kinetic energy from the laser field, this

300 350 400 450 500 defines a range of field phases that could result in this colli-
L STt sional double ionizatiofi7].

100 |- . In a simplified approximation, we can assume that the two

electrons have zero energy at the moment they are produced;
their measured momentum is thus a result of energy transfer
from the laser field, which is entirely dependent on the phase
of the field at the moment of recollision. The expected ener-
gies fall in a narrow range near the maximum possible en-
ergy, 2J,,, twice the ponderomotive energy. A less approxi-
mate solution includes the energy of the first electron in
excess of the energy needed to ionize, extending the spec-
trum above this B, cutoff. A nonclassical $-matrix) ap-
proach finds a broad peak centered at energies a little lower
‘ w1 ‘ than this classical value and extending abovie@d. A low
-3.0 2.0 -1.0 0.0 drift velocity (phases near a field maximymesults in a tra-
Momentum (atomic units) jectory that approaches the core many times; the effect of
this can be seen by comparing the recollision energy distri-

F_IG. 4. Double-ionization electron spectrum is found_ by SUD'butions found in Refd.7] and[21]. This suggests that lower
tracting th_e scalgd full elgctron spectrum _from the (:0|nC|denceenergy collisions could become dominant, perhaps introduc-
spectrum in the time domain before converting to momentum. Th

) . i ‘?ng more ATDI electrons with lower momenta, as measured
representative error bars are due to collection statistics, and the t 0ere

g?rt\éisnrjraf:f 3; EZE;;atlg]ggg:SC:\:gg_y introduced by the statistics For the intensity at which our ATDI spectra were taken,
2.6x 10" W/cn?, an energy of B, corresponds to 31 eV,

pure, but will be enriched in comparison with the expectationor a momentum of 1.5 a.u. There is a peak in the spectrum
of less than 3% double ionization in a standard ATI specfor momenta around 1.2 a.u., which is generally consistent
trum. with the E~2U, or p~2./U,, rescattering prediction, given

To look at ATDI electrons without the background of false the more realistic expectation of momenta lower than those
coincidences, we must subtract a scaled version of the fullgiven in a strictly classical model. This measured momentum
electron spectrum from the enriched spectrum, with a preis in rough agreement with COLTRIMS data for both elec-
cisely determined scaling factgt9]. This scaling factor is trons[4] and ions[14] in argon. About 55% of electrons are
measured by the duplicate ion spectrum that appears in thgrouped near this momentum, and can reasonably be associ-
electron detector, as described above. This allows us to conated with simple rescattering. The rescattering model is a
pare the ion spectrum for the tagged shots and for the urclassical treatment of the field and the atom; any possible
tagged shots. The probability of an Aion producing elec- structure in the electron spectrum due to resonances with
trons that are detected is the same for any shot, whether atomic levels is thus excluded from predictions. The mea-
not a double ion caused the shot to be tagged. The number sfired spectrum shows some structure, but at the current mo-
Ar" ions seen in this manner is proportional to the numbementum resolution, it is not clear that these point-to-point
of electrons from single-ionization events. If we subtract thevariations are meaningful.
electron spectra so that the Apeak cancels, we are sub-  The narrow band of very low momentum electrons is in-
tracting the correct proportion of single-ionization electronsteresting because it is not expected in the pure rescattering
from the enriched spectrum to result in a pure ATDI-electronmodel, nor is it an artifact of the detection scheme. The an-
spectrum(Fig. 3. gular distribution of ATI electrons in the high-energy plateau

The resulting electron momentum spectrum has a distinategion associated with elastic rescatter[dd] shows side
structure that is different from the full ATl-electron spectrum lobes, which might suggest a similar lowered directionality
(Fig. 4). There is a broad peak around 1.2 a.u. correspondingn the NSDI electron distribution resulting from rescattering.
to electron energies in the range of 15—-20 eV, and a secondowever, the expected transverse momentum gained in Cou-
pronounced maximum at zero momentum. Statistical uncetomb scatteringthe “first” electron) decreases with increas-
tainty is shown with error bars; note that the two features aréng energy. This means that for the Coulomb-rescattered
not clearly separate, but could represent a monotonically deslectrons, our detector has a tendency to suppress low-energy
creasing function of momentum. However, we treat the dataletection, so that the low-energy enhancement that we ob-
as two peaks to facilitate discussion of two separate ionizaserve might even be an underestimate. On the other hand, the
tion processes. transverse momentum for a collisionally excited elec{tbe

We now discuss the results in the context of the rescattersecond” electron, is expected to be energy independent as
ing model of double ionization in ATI. The premise of this in the case of first ionization. In summary, this analysis sug-
model is that the second electron is liberated in an inelastigests that the low-energy electrons cannot come from any
collision with a returning ATl electron. This means that the energy-dependent collection effects.
first electron must return to the atom core with kinetic energy  Although the pure rescattering model predicts only elec-
greater than or equal to the second ionization energy. If thérons around B, the zero-energy electron peak might be in

NSDI electrons
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Time (ns) at these low energies; it is reasonable to associate them with
350 400 450 500 recollision resulting in excitation, rather than ionization.
S e The simplest recollision theory predicts no zero-energy
electrons at these laser intensitig)]. COLTRIMS mea-
surements of the argon iqii4] and electrorf4] momentum
spectra reveal a significant number of low-momentum prod-
ucts, though not a distribution sharply peaked at zero. To get
the calculated ion yields to match experim&®+11], recol-
lision must result in more excitation than ionization; this
would result in at least as many electrons near zero energy as
are in the peak at@,. The data, taken as it stands, ap-
proaches these equal numbers. However, if the NSDI elec-
trons are emitted in a less directional manner than the ATI
L , L electrons, the detection efficiency is impaired at high ener-
3.0 20 1.0 0.0 gies. If an isotropic distribution is assumed, the low-energy

Momentum (atomic units) peak is suppressed, but the data is likely overcorrected; the
true spectrum would fall between the isotropic correction
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FIG. 5. The ADK ionization rate of excited Aris combined

with the expected drift velocity of the resulting electron to predict and the raw data. . L

an electron?energy spectrum,ywhich was congerted to the ?ime do- Wh.en the electron retums toward the.lon’. itis Ilkely that

main for easy comparison with data. th(_a thinly _spread electron wave pa_cket will miss Fhe ion core.
It is possible that the electron will be caught in the ion’s
Coulomb potential so that over the laser’s next few cycles,

the electron trajectory will intersect the ion. This orbiting for

agreement with recent modifications to the picture of rescat-

tering. If we assume that electrons produced at field phases’several cycles in the combined laser and ion potentials is

described above are the only electrons that result in NSchegljg dcgué%gbogofﬁslggle?’méanh?ir%g?;:;egrggmi?:r:gy
the double-ion yield is underestimated. The pure rescattering, . . P . -nergy ar '
model overlooks the propensity of excited atoms or ions to hich is not easily predicted. This means that these electrons

field ionize[8,9], and does not include the Coulomb potential \r,:”” not ?r:ecelssanly fall. near thhe;zp eﬁzec;fatm;rlhan%g/ould .
of the ion, which leads to multiple interactions with the core ave rather low energies, which could afect the 457 exci-
[8—11] tation to 55% ionization ratio estimated above. Additionally,

If the electron returns to the atom with slightly less kineticf[hIS ratio would be reduced if high-energy electrons are be-

energy than the ionization energy, then a second electrond undercounted due to an unexpectedly large transverse
cannot be released, but can be raised to an excited state. Tipementum, perhaps related to the quantum nature of the
ADK tunneling ionization rate equations show that excited e3cattering problem.

atoms are very likely to ionize, most probably at the field In conclu5|0n,.we have r.neasu'red the electrqn spectrum
maxima of subsequent laser cycles. An electron produced é"t"".‘ .nonsequenyal double ionization of Ar. .We fm.d that in
the peak of the cycle is measured as zero energy, as it doggd't'on to the hlg_h-energy peak observed In previous mea-
not receive any drift velocity from the field phase. We Com_sgrements,_ there s a Iqw-_energy featu.re, which COUI.d be at-
bine the ADK ionization rate over time with the energy tributed to mela_lstlc excitation of the Arion, or to multiple
gained from the field by electrons produced at these timed€UMS of the first electron.

As expected, the resulting electron-energy spectrum has a We thank M. Ivanov and G. Gillen for helpful discus-
sharp maximum at zero, and is insignificant beyorld,1 sions. This work was supported by the National Science
(Fig. 5). Forty-five percent of measured ATDI electrons areFoundation, Grant No. 9987916.
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