
PHYSICAL REVIEW A VOLUME 49, NUMBER 3

BRIEF REPORTS

MARCH 1994

Brief Reports are accounts of completed research which do not warrant regular articles or the priority handling given to Rapid
Communications; however, the same standards of scientific quality apply. (Addenda are included in Brief Reports. ) A Brief Report may
be no longer than 4 printed pages and must be accompanied by an abstract T.he same publication schedule as for regular articles is
followed, and page proofs are sent to authors

Polarization dependence of tunneling ionization of helium and neon by 120-fs pulses at 614 nm
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We report on the polarization dependence of the ionization of helium and neon by 120-fs pulses at 614
nm. For linearly polarized pulses the data for He + and Ne + show enhancements over sequential tun-
neling. For circularly polarized pulses the data show no distinct enhancements. Dynamic resonances,
which produce similar enhancements in the multiphoton regime, do not explain the data in the tunneling
regime. Two direct-ionization models are considered: a shake-off model, and a semiclassical model for
rescattering of an electron by the ion core. The exhibited polarization dependence of the ion yield
enhancement is consistent with the semiclassical rescattering mechanism. Definitive isolation of a
direct, nonsequential ionization mechanism in the optical tunneling regime requires continued scaling
experiments on the laser wavelength, pulse width and ellipticity, and the target species.

PACS number(s): 32.90.+a, 32.80.Rm, 42.50.Hz

Earlier [1], we observed nonsequential double electron
ejection in helium ion yields for 120-fs, linearly polarized
614-nm laser pulses. The nonsequential ionization ap-
pears as a feature in the He + yield that saturates in the
same intensity interval as the He+ yield and is an obser-
vation of direct double ionization in the optical tunneling
regime. In this nonperturbative regime, a few neutral
atoms survive to the intensities that produce double ion-
ization; to explain the feature, about 1% of those surviv-
ing neutral atoms must directly ionize to the doubly
charged state. Here we present results for linear polar-
ization in neon and circular polarization in helium and
neon.

Reference [1] describes the experimental setup for the
linear polarization measurements in detai1. Briefly, a
colliding-pulse mode-locked dye laser operates at 614 nm
and produces peak energies of 2 mJ per pulse. We focus
the 120-fs pulses into a low-density collisionless gas tar-
get. In the 4.5-pm full-width-at-half-maximum focal
spot, the peak intensities reach 10' W/cm, and these
high laser fields (of the order of an atomic unit) ionize the
neutrals. A time-of-flight mass spectrometer then col-
lects and counts the ions. The 1-m spectrometer has
enough resolution to distinguish He + from singly ion-
ized Hz. For the circular polarization measurements, we
insert a one-quarter wave plate into the beam. Optical
measurements show that the circularly polarized beam
has greater than 0.95 ellipticity. To ensure that the data
for different charge states are consistent, we acquire all
the data for each gas during successive data runs.

Figure 1 shows the measured He+, He, Ne+, and
Ne + ion yields versus laser intensity for linear polariza-

tion. Also plotted are the ion yields predicted for sequen-
tial ionization by linearly polarized light using the theory
of Perelomov, Popov, and Terent'ev with the coeScients
of Ammosov, Delone, and Krainov (ADK) [2,3]. For
comparison with theory, we divide all measured intensi-
ties in this paper by 1.25. This factor is within the abso-
lute uncertainty in the measured intensity. We note that
we have made no relative shifts between the various
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FIG. 1. Helium and neon ion yields for linear polarization
and the sequential ADK theory. The intensities for the data are
divided by 1.25 for comparison with theory.
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charge states or gas species. Each data curve represents
10000 to 14000 data shots averaged in bins. The data
reproduce the enhancement in He + ionization observed
before. Furthermore, for intensities above 5 X 10'
W/cm, the experiment confirms the previously assumed
continuation of the He + curve along the predicted
sequential ionization curve. This confirms our earlier as-
sertion that the yield exhibits a new nonperturbative
physical process in addition to sequential tunneling and is
not a refutation of tunneling ionization theory or an ex-
perimental error in the relative intensity between charge
states. The new data for Ne + also exhibit enhanced ion-
ization. As in the case of helium, the yield appears at an
intensity lower than the ADK appearance intensity. The
yield then rises and saturates at the same intensity as
Ne+. Eventually, again as for helium, the yield rises to
follow the sequential ADK prediction for Ne + yield.
The ADK appearance intensities for the singly charged
ions of each should exhibit a largely cubic dependence in
the ionization potential [4]. The observed ratio of the
He+ and Ne+ appearance intensities in 3/2 and agrees
with this closed-form prediction.

Figure 2 shows the measured He+, He +, Ne+, and
Ne + ion yields versus laser intensity for circular polar-
ization. The figure also shows the ion yields predicted for
circular polarization by sequential ADK theory. The
enhanced ion yield features observed in He + and Ne +

for linear polarization now disappear below the resolu-
tion of the experiment. The expected experimental error
in relative intensity between the charge states is 25'%.
Thus we may not interpret the visible deviation from the
spacing of the charge states given by the ADK model as
an enhancement. The important point, however, is that
circular polarization suppresses the enhancement. Also,
as in the linear case, the observed ratio of the He+ and
Ne+ appearance intensities agrees with the ADK predic-
tion.
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We note that for He+ and Ne+ the appearance intensi-
ties for circular polarization are approximately twice the
appearance intensities for linear polarization. Tunneling
with circular polarization differs from tunneling with
linear polarization in two ways. First, for a given laser
intensity, the peak electric field for circular polarization
is smaller by the square root of 2. This reduces the bar-
rier suppression that allows the tunneling. Second, dur-
ing the optical cycle the circular rate is constant because
the field amplitude is constant. The linear rate, however,
varies with the instantaneous field amplitude. For
sequential ionization these differences result in a higher
appearance intensity for circular polarization.

Resonantly enhanced ionization rates do not explain
our observations. In resonantly enhanced ionization, the
ionization rate increases when the energy of an allowed
atomic transition nearly equals the energy of an integral
number of photons. Changing to circular polarization
would significantly decrease any resonance effects —in
agreement with the experiments —because of the de-
creased number of allowed electronic transitions. Since
dynamic resonances can occur as the atomic energy levels
shift in response to the applied field, resonances do be-
come likely. In addition, experiments in the multiphoton
regime show similarly enhanced xenon ion yields for
longer pulse widths [5,6]. Resonances, however, are un-
likely to influence the results of tunneling experiments
that are nonperturbative. Direct solution of the
Schrodinger equation for a single active electron (SAE)
for helium shows no evidence of resonant enhancements
[l]. The SAE calculation would miss two-electron effects.
But enhancements due to double excitations are unlikely
on energetic grounds. The double excited states of heli-
um are 60 eV above the ground state of the atom—
almost 40 eV above the first ionization potential. Thus
double ejection in the tunneling regime is unlikely to be
due to resonance states.

We explain our data in terms of direct or nonsequential
ionization. Ionization of the outer two electrons in a
multielectron atom can be represented by the following
coupled set of rate equations:
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FIG. 2. Helium and neon ion yields for circular polarization
and the sequential ADK theory. The intensities for the data are
divided by 1.25 for comparison with theory.

Here n. and k - are the population- and intensity-
dependent total ionization rates for states of charge j. If
the ionization process is purely sequential, ko will exactly
equal ko. If there is any process that transfers population
directly from the neutral to the doubly charged ion, then
ko(ko. Examination of the rate equations produces
two general conclusions. First, the appearance intensity
for the second ion will be lower than that predicted by a
purely sequential model. Second, any direct component
will volume saturate in parallel with the single-ion signal
as the laser intensity increases. Our data agree with these



2176 BRIEF REPORTS

conclusions. Details of the ionization processes deter-
mine the values of the intensity-dependent ionization-rate
coeScients. A nonperturbative direct nonsequential
component therefore determines the scaling of observed
ion yield enhancements with gas species, laser wave-
length, ellipticity, and pulse width. Similarly, the charac-
ter of the photoelectron spectrum is uniquely determined
in the direct-ionization regime.

In our earlier paper [I], we proposed a mechanism
similar to the shake-off process observed in single-photon
double ionization of helium [7]. In this process the first
electron absorbs a photon with enough energy to remove
both electrons and rapidly leaves the vicinity of the nu-
cleus, causing the second electron to be "shaken up" into
the continuum some fraction of the time. For photon en-
ergies from 80 to 120 eV, the shake-up probability is a
few percent of the single ionization probability. For the
multiple-photon case and photon energies of 2 eV, we
postulated that this process might also occur in the tun-
neling regime if the rate at which the first electron leaves
the atom becomes large enough. The direct component
would be measurable only if the pulse rise time were
short enough; neutral population must still exist within
the focal volume. The process would then exhibit an in-
tensity and rate threshold in single ionization such that
above this critical intensity I, and rate R, the process be-
comes possible. Shake-off would occur within much less
than a quarter of an optical cycle. Using these assump-
tions we were able to fit the observed double ionization
yields. In fitting our helium data, we find that the proba-
bility is comparable to that in the single-photon case, ap-
proximately 0.5%, and I, =10' W/cm for helium. The
corresponding critical rate is R, =1.2X 10' sec '. The
shake-off process should be strongly dependent on the
pulse width of the laser and independent of its wave-
length and ellipticity.

Figure 3 compares the linear data with a shake-off pre-
diction for helium and neon. For the prediction, we use
the linear ADK rates and evaluate the direct component
using a—=kp/kp=0. 995 when kp R, and 1 otherwise.
For neon the critical instantaneous rate (intensity) for the
onset of a direct ionization component is 4X10' sec
(5X10' W/cm ).

Figure 4 similarly compares the calculation with the
data for circular polarization. In the rate scaling, we use
the circular ADK ionization rates and, for each gas, the
same critical instantaneous rate R, determined in the
linear case. For circular polarization the corresponding
critical intensities for helium and neon are 2X10' and
1 X 10' W/cm, respectively.

These figures reveal two features. First, as expected for
equal critical rates, the circular polarization critical in-
tensity is twice that for the linear case. Secondly, while
the circular predictions show a smaller yet persistent
enhancement of the doubly charged ion yields, the circu-
lar data suggest an extinction of this effect. The linear
case by contrast is more predictive.

In contrast, Corkum and co-workers [8,9] have pro-
posed an alternative model for direct, nonsequential ion-
ization that predicts a strong laser ellipticity and wave-
length dependence. The model is presented in a unified

way as also describing harmonic generation yields and
above threshold ionization (ATI) spectra. With respect
to direct ionization it is a three-step semiclassical process.
First, the field of the laser suppresses the Coulomb bar-
rier and liberates an electron by optical tunneling.
Second, the liberated electron interacts with the laser
field in the continuum. This produces an approximately
S0% probability of accelerating the electron back toward
the parent ion within a minimum time integral of one-
half period. Here the laser Coulomb fields are additive.
Third, this electron removes a second electron from the

OM

0

z

10'

He"

10: He'' DIR
He' DIR

+I

fp: Q N
+2

Ne' DIR

N e' DIR

0

0

z

yp4

y 02

sp' =-

He"
He'

He" DIR

He DIR
+ 1

Ne'

Ne' DIR

Ne DIR

ip' =- sp' =-

ip-I

10' ypl 4
y p15 y 016 y pl 7

y p13 y pl 4 j 015 y pl 6 yp17

Intensity{W(em )

FIG. 3. Helium and neon ion yields for linear polarization
and the ADK theory including a direct path for ionization
(DIR). The intensities for the data are divided by 1.25 for com-
parison with theory.
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FIG. 4. Helium and neon ion yields for circular polarization
and the ADK theory including a direct path for ionization
(DIR). The intensities for the data are divided by 1.25 for com-
parison with theory.
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iron by inelastic, e-2e scattering. The scattering probabili-

ty is determined by the energy-dependent cross section.
The maximum electron kinetic energy during the reen-
counter with the singly charged ion is 3.17I, where I is
the laser pondermotive energy (Ip=e2El2/4m~z). This
energy can exceed 100 eV at 10' W/cm using 614-nm
light.

The wavelength dependence of this model is mainly
due to the quadratic scaling of the pondermotive energy
with A, . The polarization dependence stems from the pos-
sible transverse component of an electron trajectory in-
duced by a perpendicular component of the laser field. In
the circular case the amplitudes of the two perpendicular
field orientations are equal, and the initially liberated
electron can be steered away from the ion after tunneling.
Quantum mechanically, the transverse spread of the elec-
tron wave packet results in an effectively larger impact
parameter. This reduces scattering and thus suppresses
nonsequential ionization.

The Corkum model has been shown to fit our linear
data and to predict extinction of a direct nonsequential
ionization component for circular polarization. We have
also recently been informed that this strong ellipticity
dependence has been confirmed by Walker et al. [10]and
Kondo et al. [11]in helium and by Dietrich et al. [12] in
neon. For linear polarization Kondo et al. have also
shown that the nonsequential ionization feature seen
in He using 745-nm light is not observed in He at 248

nm. Although the pulse width at 248 nm was 440 fs they
attribute this result to the quadratic reduction of the
"reencounter" energy (relevant to the e-2e scattering)
below the 54-eV cross-section threshold in helium.

Although our data and these other recent observations
are consistent with Corkum's semiclassical description,
the absence of the direct ionization feature in He using
1.5-ps pulses at 1053 nm [13] is still a puzzle in that it ap-
pears consistent with a shake-off picture. Furthermore,
both proposed processes suggest that such ionization is
likely to occur with several target species.

In summary, we have identified in helium and neon a
nonperturbative direct nonsequential ionization process
that exhibits a strong ellipticity dependence in contrast to
sequential tunneling ionization. It is also clear that con-
tinued experiments that examine dependence of this
phenomenon on ellipticity, pulse width, wavelength, and
target species are necessary to isolate definitively the non-
sequential mechanism. Our current examination of ion
yields at 800 nm with variable ellipticity will be the sub-
ject of a subsequent report.
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