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High-harmonic generation and correlated two-electron multiphoton ionization
with elliptically polarized light
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The strong ellipticity dependence of correlated two-electron multiphoton ionization of neon and of the
high-harmonic emission from argon (harmonic N=21) and neon (N=41) are reported. These measurements

suggest a common underlying mechanism and are quantitatively consistent with a recently developed Keldysh-
like model of high harmonic generation which treats the interaction between a newly freed electron and the ion
core.

PACS number(s): 42.50.Hz, 42.65.Ky, 32.80.Hd, 34.80.Dp

High harmonic generation [1,2] represents a potential
practical source of coherent extreme ultraviolet (XUV) radia-
tion. Based on semiclassical considerations, it has been pro-
posed [3] that high harmonic generation and high-field (in
the tunneling limit) correlated two-electron multiphoton ion-
ization are closely related phenomena, both resulting from
the interaction of electrons, that have been excited high into
the continuum, with the parent ions. If these electrons recom-
bine with the parent ion, they yield harmonic radiation; if
they inelastically scatter, a second electron can be freed.

Here we experimentally examine the dependence of these
phenomena on the ellipticity of the driving field. In the semi-
classical model [3], it is possible to directly relate the ellip-
ticity dependence of both phenomena to the rate of trans-
verse spreading of the ionizing electron wave function. Our
results are consistent with a common basis for these pro-
cesses and with a transverse spreading of the electron wave
function dictated by simple quantum-mechanical principles.

From very general principles we know that high-harmonic
intensities must depend on the ellipticity e of the laser field.
As we will show, ellipticity measurements provide a direct
test of models used to predict the nonlinear polarizability of
ionizing gases, a test which is insensitive to phase matching.

Correlated two-electron multiphoton ionization has re-
cently been reported in high-field multiphoton ionization ex-
periments [4] in Ne and He. For the portion of our study that
concentrates on correlated two-electron multiphoton ioniza-
tion, we will follow the experimental procedure pioneered in
these experiments and in much lower power experiments in
Xe [5], but will concentrate on the ellipticity dependence.

As with experiments reported in [1,2,4] we focus on laser
fields where the energy U~ of the electron oscillations in an
electric field Eocoscot is larger than the binding energy Ip of
the electron in the atom: U~=e Eo/4mto ~I~ (e and m are
the electron charge and mass). The ionization process in such
laser fields is well understood as optical tunneling, and vari-
ous experiments [6,7] are described by the Ammosov-
Delone-Krainov (ADK) tunneling formula [8]. Furthermore,
the predictions of the quantum-mechanical ADK theory can
be combined with classical trajectory calculations to develop
a very useful semiclassical picture [3,6]. Thus our experi-
ment is performed in the best understood of the multiphoton
limits.

The ellipticity dependence of high-harmonic emission
from Ne and Ar was studied with a compact all Ti:sapphire
laser system. We refer the reader to a similar experiment that
has recently been published [9].The output of the cw mode-
locked oscillator is amplified using chirped pulse amplifica-
tion in a regenerative amplifier followed by a two-pass final

amplifier to produce 10-mJ, 200-fs pulses at a repetition rate
of 2 Hz and wavelength of 775 nm. After compression in a
two-grating double-pass compressor the laser pulses are lin-

early polarized to better than 500:1 in intensity. Ellipticity is
introduced by rotating a zero-order )t./4 waveplate placed just
before the focusing lens and target chamber window. The
pulses are focused by an f/30 thin lens onto a 3.1-mm-diam
stainless-steel tube with 150-p,m-thick walls which has been
squeezed to an internal thickness of 750 p, m. A 150-
p, m-diam hole is drilled by slightly defocusing the laser and

irradiating the target for a few hundred shots. The laser is
then focused to a 75-p, m diameter for harmonic production.
The laser intensity averaged over its 90% energy circle is
estimated to be 8X10 Wcm . The target tube is tran-
siently filled with approximately 100 mbar of Ar or Ne with
a fast pulsed valve. The harmonic radiation is dispersed with
a 1200-groove/mm Hitachi variable space grating with a slit
placed in its focal plane to isolate one harmonic. Harmonic
yield is monitored on an electron multiplier placed behind
the slit. Rotating the )t./4 waveplate rotates the major axis of
the polarization ellipse with respect to the plane of incidence
of the diffraction grating. At the experimental angle of inci-
dence (87') the change in the diffraction efficiency due to
this effect is negligible for the present purposes. Zero-order
(specular reflection) radiation from the grating is collected
and transmitted through a window to monitor the third-
harmonic yield (by means of a grating spectrograph and UV
photomultiplier).

Using this apparatus, harmonic radiation extending out to
N&31 has been observed in argon and N)41 in neon. Har-
monic yield as a function of the ellipticity s is shown as data
points in Fig. 1(a) for the 41st harmonic in neon and Fig.
1(b) for the 21st in argon. The curves plot theoretical results
which will be discussed below.

To study two-electron multiphoton ionization we use the
amplified output of a colliding-pulse mode-locked laser op-
erated at 625 nm [10].The 70-fs pulses are amplified in a
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FIG. 2. Intensity dependence of the ion yield of neon with lin-

early polarized 625-nm light. The solid curves display the theoreti-
cal result for all charge states. The dashed curve is the result of
calculations where only tunnel ionization is considered.

FIG. 1. Dependence of the intensity of the (a) 41st harmonic
from Ne, (b) 21st harmonic from Ar, and (c) the correlated two-
electron multiphoton ionization yield on the ellipticity e=E~/E, .
Experimental parameters: (a) and (b) pulse duration -200-fs laser
pulses, k=775 nm, and peak intensity -8X10'4 Wcm 2; (c)
pulse duration —100 fs, X = 625 nm, and peak intensity -9X 10
Wcm . Theoretical parameters: (a) solid and dashed curves are
for intensities of 8 X 1p W cm and 5 X 1p W cm, respec-
tively; (b) solid and dashed curves are for intensities of 3 X 10' and

2 X 10' W cm, respectively; and (c) solid and dashed curves are
for the lower and upper limit for R;,„ from Eq. (4) calculated at
9X10'4 Wcm 2

dye-laser amplifier chain pumped by a frequency-doubled
neodymium-doped yttrium aluminum garnet (Nd: YAG) laser
and then compressed in a two-grating, single-pass cornpres-
sor. A vacuum spatial filter combined with an aperture to
select the central part of the Airy pattern ensures a good
spatial profile. A small portion of the beam is sampled to
measure the pulse energy and to produce second-harmonic
radiation in a KDP crystal whose energy is also measured.
The pulses have an energy of 150—200 pJ and a duration of
about 100 fs measured with a single shot autocorrelator. Just
before entering the vacuum chamber, the pulses pass through
a linear polarizer and a k/4 wave plate which can be rotated
to change the ellipticity of the pulse. The residual ellipticity
in the case of linear polarization is a~0.02.

The pulses are focused inside the time-of-flight mass
spectrometer using an on-axis paraboloidal mirror with
50-rnm focal length. We use f/5 focusing geometry resulting
in a focal diameter of -3 p,m. Neon is leaked into the
vacuum chamber with a background pressure of 6X10
mbar. The operating pressure was adjusted between 10
and 10 mbar depending on the pulse intensity. The ions are
extracted by an electric field of 500 V cm and detected by
a microchannel plate. The amplified signals are integrated
using boxcar integrators. The signals from both ion channels
were measured without neon in the chamber and subtract
from the actual neon signals for background suppression.
Furthermore we measured the boxcar output between laser
pulses to correct for drifting offsets of the boxcar integrators.

The experimental data from all pulses were binned ac-
cording to their energy, E&„, and discriminated on the basis
of the energy of the second harmonic, E2„.Only pulses with
ct=E,„/E2 within ~ 10% of a preset value were accepted.
For pulses whose temporal shape can be described by one
parameter v, n is proportional to the pulse duration r. This
selection ensures the reproducibility of the data. Each data
point shown in Fig. 2 is an average over typically 1000 shots.
The error is the statistical error of the mean.

The intensity dependence of the ionization yields of
Ne" (n=1,2) in the range 10' —10' Wcm for linear
polarization is shown in Fig. 2. The intensity scale was ob-
tained by fitting the experimental Ne+ yields with the calcu-
lated yields from the tunnel ionization model by scaling both
intensity and yields. The experimental data for Ne + show a
clear bump at low yields. This increase of the ion yields
compared to a simple tunnel ionization model is similar to
published results, and it has been proposed that it is the result
of two-electron multiphoton ionization [4].The curves show
theoretical results, which will be discussed below.

The Ne+ and Ne + yields at a peak intensity of 9X 10
Wcm were measured as a function of the ellipticity.
Whereas the Ne+ yields (not shown) do not vary signifi-
cantly over the measured range, the Ne + yields decrease
rapidly [data points in Fig. 1(c)].The curves plot theoretical
results that will be discussed below. The qualitative agree-
rnent between the different measurements in Fig. 1 lends
strong support to the hypothesis that the underlying physics
investigated by both diagnostics is the same.

The signal measured in any harmonic generation experi-
ment is the result of the interplay between the nonlinear re-
sponse of the atom and the phase matching. Phase-matching
issues have been extensively studied [2] and there are two
main sources of dephasing: (1) the natural phase advance
that occurs in any beam as it passes through its geometric
focus and (2) dispersion in the nonlinear medium. Both of
these should be unchanged by the very small ellipticity char-
acteristic of this experiment. Consequently, our ellipticity
measurements must reflect changes in the atomic response.
We now summarize the basic features of a semiclassical
model of light-atom interactions [3],which predicts the com-
mon ellipticity dependence for both harmonic generation and
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two-electron ionization, as observed in experiment.
In an intense laser field an atomic electron can tunnel

through the barrier created by the superposition of the Cou-
lomb potential of the atomic core with the instantaneous
electric field E(tp) =Epcoscorp [8]. Tunneling may occur at

any time to, with the probability given by the tunneling for-
mula [8] for a constant field E(tp) As. a result, the electron
appears in the continuum near the nucleus with initial veloc-
ity U(rp) =0 [3].Its further motion is described by the New-
ton equation, which shows that the electron can return to the
ion during the first cycle after birth [3,11]. If the electron
recombines to the ground state when passing the ion at the
moment t, it will emit a photon A, Q=Ã(t)+I~, where

F(t) is the electron instantaneous kinetic energy calculated
under the approximation that the Coulomb interaction can be
ignored. In this approximation the rnaxirnum possible kinetic
energy of the electron when passing the ion is
F(t)=3 17U~. . For the intensities required for significant
ionization of neon or helium with 0.6-p, m light, this maxi-
mum possible kinetic energy is about 100 eV, sufficient to
collisionally ionize (or excite) a second electron.

The semiclassical picture gives a very physical way of
looking at the ellipticity dependence of strong-field pro-
cesses. Consider an elliptically polarized laser field with the
main component along the x axis, E,(t) =Ep„cosset and a

weak perpendicular component E~(t) =Ep~sincot with ellip-
ticity e=Ep~/Ep &—~1. Since the tunneling probability de-

pends exponentially on the width of the potential barrier, the
electron tunnels near the peak of the main field E, „when
~coarct~=1. Consequently, by the time the electron can return

to the ion, its displacement in the y direction from the ori-

gin is b y = [—sinrpr+ si utch'+(0N cot')coster']—eeEp„/mru2,

where t' is the moment when the electron is born in the
continuum and t the time the electron returns to the ion.
For electrons that return to the ion with high energies
(close to 3U~) cot'-0.3 and cor cut'-4, —which gives
Ay=5eeEp„/mes . For laser intensity I-10' W/cm,
e-0.1 and co in the optical frequency range, Ay-10 —15 A.
As a result, the electron can easily miss the ion and no high
harmonics will be observed.

Quantum mechanically the initial kinetic energy of the
electron in the continuum is not exactly zero and can com-
pensate for the drift in y direction. In other words, the
quantum-mechanical wave packet spreads in all directions.
The semiclassical model predicts that high harmonics will

disappear when the transverse displacement of the electron
becomes larger than the spreading of the wave packet. In a
fully quantum-mechanical generalization [12] of the semi-
classical model [3] the spreading of the wave packet is com-
pletely accounted for when the Shrodinger equation is
solved. We will therefore use the theory described in Ref.
[12] to fit our experimental data.

Harmonic emission is determined by the corresponding
Fourier components of the laser-induced dipole moment

d(t)=(W(t)~d~W(t)}. According to Ref. [12], the main
contribution to high-harmonic components of this dipole mo-
ment comes from the overlap between the ground-state
wave function Wg(t) and the part of the wave function
excited to the continuum, 0',(t): d(r)= (0",(r)~d~'Pg(t}}
+ c.c. Furthermore, analyzing the expression for d(t)
=('Ij', (t)~d~Wg(t)}+c.c. obtained in [12] (see Sec. IV of

Ref. [12]),one immediately finds that the main contribution
to the Nth Fourier component of the dipole moment comes
from the moments of time t& at which the electron born at
rest near the nucleus returns to the nucleus with the energy
satisfying the condition Nfi cu =I~+ 8'(tN) .Therefore, a

simple estimate for the relative strength of harmonic signal

R~(e) =I+(e)/I&(a=0) as a function of ellipticity can be
obtained by calculating the positive-frequency part of the
overlap integral d+(t) =(%"g(i)~d~%',(r)} at the appropriate

««'m«~: RN(') Id+(r~ '.)I /ld+(rN, e=o)
Basically, this ratio measures the relative number of elec-
trons passing the origin within the distance given by the size
of the ground-state wave function (-1 A). This ratio is plot-
ted in Figs. 1(a) and 1(b). To obtain Figs. 1(a) and 1(b) we
have used the fact that below the cutoff there are always two

moments of time, t~ and t~, at which the electrons born
during the first quarter-period (0(cot(m/2) return to the

parent ion with appropriate energy F(tN) =Nb~ I~. Th—e
harmonic signal is determined by the interference of the con-
tributions from these two moments. However, in experiments
this interference pattern is always smeared out by the inho-

mogeneous intensity distribution in space and time. There-
fore, for the simplicity in Figs. 1(a) and 1(b) we used the

moment tN which corresponds to the electrons born near the

peak of the instantaneous field E„cos(rut), where the prob-
ability of transition to the continuum is larger.

Since the intensity distribution of the fundamental is not
uniform, in Fig. 1(a) we present two curves for the 41st
harmonic of neon: the solid curve is for the peak intensity in

the experiment (8 X 10' W cm ), which is roughly the
saturation intensity for ionization (see, for example, Fig. 2);
the dashed curve is for 5 X 10' W cm, which corresponds
to a factor of 10 decrease in the ionization rate. For the 21st
harmonic of argon [Fig. 1(b)] we also present two curves: the

solid line is for the saturation intensity of 3 X 10' W cm
and the dashed curve is for 2 X 10' W cm, where the ion-
ization rate is lower by a factor of 10 [8]. The agreement
between the experiment and our simple theoretical estimate
is very good. This suggests that the physical mechanism of
the harmonic generation process is correctly described by the
semiclassical picture drawn above.

Figure 1(c) presents our experimental data on the Ne2+

ion yield as a function of the ellipticity, measured with
625-nm light at peak intensity I=9&10' Wcm, where
the "knee" in the Ne + yield is observed (Fig. 2). A striking
feature of the dependence in Fig. 1(c) is that it approximately
follows the ellipticity dependence of harmonic emission in
Ne [Fig. 1(a)].This experimental fact suggests that these two
different physical phenomena indeed have a common under-

lying physical mechanism, as suggested in Ref. [3].
The quantum generalization [12] of the semiclassical

model [3]discussed above only deals with harmonic genera-
tion. However, the experimental results on the ellipticity de-
pendence of the Ne + ion yield can be quantitatively ana-

lyzed if we assume that the semiclassical model [3]correctly
identifies correlated two-electron rnultiphoton ionization as
an inelastic scattering even (A++ e~A ++2e).

Let us first estimate the maximum impact parameters con-
tributing to this process. The energy transferred to the bound
electron by the incident electron is estimated [13] as
hKb=e /(b 8;), where F; is the incident electron energy
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and b is the impact parameter. Taking both AFb and F; as
the binding energy of the second electron, AFq=F;=I+,
we see that the maximum impact parameters which can con-
tribute to the process are on the order of one Bohr radius.
This value is much smaller than the size of the continuum
wave packet ~'Ir, (x, t)~; its full width at half maximum is

typically L -20 A at the moment of return to the nucleus. We
can therefore make an estimate for the relative strength of the
e-2e ionization signal as a function of ellipticity by measur-

ing the relative number of electrons passing the origin within
bo-1 a.u. Since L&&ho, the result is independent of the
exact choice of bo and is fully determined by the electron
density in the continuum at the origin, ~'P, (t,x=0)

~

.
We have calculated the ratio R;(t)=~'Ir, (t,x=0, e)~ /

~%,(t,x=0,a=0)~, using the wave function 'P, (t,x,c)
found in Ref. [12].This ratio is time dependent and, as dis-
cussed above for harmonics, each moment of time t* is as-
sociated with an energy S(t*), which an electron born at
rest near the origin has if it comes back at the moment t*. In
Fig. 1(c) we plot R;(t) for two moments of time t*, corre-
sponding to the maximum possible energy of the returning
electron 8'(t*)=3.17U (i.e., t*=4. 3/co, dashed curve) and
to the energy equal to the binding energy of a second elec-
tron (solid curve).

As seen in Fig. 1(c), our estimate turns out to be in very
good agreement with experimental data. This fact, together
with very similar dependence of high-harmonic yield and
Ne + yield as a function of ellipticity supports our assump-
tion that both processes have a common underlying physical
mechanism.

The semiclassical model [3]has only one free parameter,
the transverse spread of the electron wave function. The data
presented in Fig. 1 remove this freedom and therefore we can

estimate the absolute yield of Ne + vs laser intensity. We
have approximated the e-2e cross section in a strong laser
field by its field-free value o.o(S). Since, at the laser inten-

sities we are dealing with, the electron collisionally excited
(really or virtually) to any excited state will be immediately
ionized, one should expect that o.o(F) underestimates the
correct value of the cross section, as it neglects the possibil-
ity of real or virtual excitation. Using published cross-section
data [14],ADK tunneling rates to calculate ionization prob-
abilities and classical trajectory calculations to determine the
velocity distribution of electrons passing the ion, we obtain
the solid curves shown in Fig. 2. The deviation between ex-
periment and theory most probably results from the assump-
tion that a.(S)= era(Ã).

In conclusion, we have used two different diagnostics of
the strong-field light-matter interaction. We find that the
results are quantitatively consistent with a quantum-
mechanical model of strong-field light-atom interactions
[12].Both the model and experiment are consistent with the
predictions of the semiclassical theory. Another explanation
of high-field correlated-two-electron multiphoton ionization
involving shake-off has been proposed [4], but to our knowl-

edge there have been no predictions of ellipticity dependence
from this model. Correlated two-electron multiphoton pro-
cesses were originally found [5] in much lower power ex-
periments where Keldysh-like models are inappropriate. We
think that here careful studies of the ellipticity dependence
would also help to elucidate the basic mechanism.
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