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Recent experiments show that above-threshold ionization (ATI) with intense linearly polarized

light occurs via Stark-shifted bound-state resonances.

Under identical conditions, we find that

ATI with subpicosecond circularly polarized light is nonresonant. Unlike longer-pulse experi-
ments, these spectra directly show the ionization rate versus intensity, and can therefore test ATI

theories without deconvolving the inhomogeneous laser focus.
do not agree with these new experimental results.

Above-threshold ionization (ATI) is the production of
photoelectrons with more energy than the electromagnetic
quantum A®."? This is a general feature of multiphoton
ionization of atoms and simple molecules at intensities of
10 TW/cm? or higher, where the electromagnetic fields
approach the strength of the atomic field. Recently,
several experiments have shown that ATI by linearly po-
larized subpicosecond laser pulses is assisted by intermedi-
ate bound-state resonances.> ~® Although no bound states
may be in resonance with the laser frequency (or integer
multiples) in the unperturbed atom, large ac Stark shifts
induced by the enormous light fields in these experiments
cause states to shift into multiphoton resonance during the
laser pulse. Resonances are observed in nearly all subpi-
cosecond ATI experiments, leading to speculation that
purely nonresonant direct ionization may never occur in
the high-intensity, high-order multiphoton ATI regime:
resonant enhancements inevitably intervene at intensities
below those necessary for direct ionization. *'°

In this Rapid Communication, we report new evidence
for direct nonresonant photoionization from the ground
state to the continuum for ATI by circularly polarized
light. The experiment was performed on xenon, photoion-
ized by 140-fsec pulses of 616-nm light. Photoelectron
spectra from these new experiments yield direct measure-
ments of the relative photoionization rates into each ATI
peak as a function of laser intensity.

The ATI spectrum is known to change with the laser po-
larization, '"!2 and this dependence provides an important
test of ATI theories.'3 ™' Some simple approaches to this
problem, such as Keldysh-Faisal-Reiss (KFR) theo-
ries,!” "1 have reasonable success in calculating effects
observed in circular polarization.'>!* However, existing
studies of polarization dependence have employed pulses
of 50 psec or longer.'""'%2°722 With these rather long
pulses, much information about the ATI process, includ-
ing the presence of resonances, is lost through the pon-
deromotive forces on the free electrons as they escape the
laser focus.?* Ponderomotive forces, which are due to the
stimulated Thomson scattering of laser photons,?* can
steer and accelerate the electrons, thereby corrupting both
the observed energy spectra and angular distributions. »°

Ponderomotive contamination of the energy spectra can
be avoided by using subpicosecond laser pulses, which
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Keldysh-Faisal-Reiss calculations

turn off before there is appreciable momentum transferred
between the laser pulses and the electrons.> The subpi-
cosecond pulses measure the dependence of the ionization
rate on laser intensity in a model-independent way.” Sub-
picosecond ATI experiments with circular polarization are
therefore critical new tests of ATI theories.

These experiments used 616-nm pulses (Aw =2.01 eV)
from an amplified colliding-pulse mode-locked dye laser, 26
with a pulse duration of 140 fsec, operating at a repetition
rate of 10 Hz. The laser pulses were circularly polarized,
with I'right/I1er = 1000 or better.

A focus with a known and reproducible intensity distri-
bution was formed in a field-free high-vacuum region con-
taining a target gas of xenon with a density of 10'%to 10'3
cm 73, The xenon density could be adjusted to avoid
space-charge effects in the photoionization spectra. Pho-
toelectrons from ATI were energy-analyzed by field-free
time of flight.

Figure 1 is a comparison between a typical ATI photo-
electron spectrum using linearly polarized light, and a
spectrum with the same laser intensity and pulsewidth,
but circular polarization. The linear-polarization ATI
spectrum is dominated by a series of closely spaced peaks,
which have been identified as xenon bound states, Stark
shifted into resonance by the intense laser field.?

In the limit of very short laser pulses, the energy of any
ATI electron leaving the laser focus is given by

Efna™=nhwo+Eq—Up (short pulse limit) , )

where E| is the (negative) difference between the energy
of the ground-state ion and the ground state of the initial
atom, and Up is the ponderomotive potential’* Up
= (27e2I)/(m.cw?). Here e is the electron charge, m, its
mass, and /, o, and c are the intensity, angular frequency,
and speed of the light, respectively. Both Up and E are
evaluated at the point of ionization. For tightly bound
atoms such as the rare gases in these laser fields, experi-
ments carried out with long laser pulses?’ and calcula-
tions 28 show that E is shifted very little from its field free
value (Eg=12.13 eV for xenon). Thus we arrive at the
important conclusion that the measured energy of the
electron in subpicosecond ATI experiments is directly re-
lated to the intensity of the field where the atom was ion-
ized. >’
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FIG. 1. Linear polarization: ATI spectrum for xenon ionized
by 140-fsec, 616-nm linearly polarized laser pulses. Spectrum
was obtained for electrons emitted along the laser-polarization
direction. Ipeak = 40 TW/cm?. Bound-state resonances are indi-
cated. Circular polarization: ATI spectrum taken under the
same conditions as the top spectrum, but with circular polariza-
tion. The vertical scale for the circular spectrum is magnified 40
times the vertical scale for the linear spectrum. Arrows point to
the lowest-allowed resonance (six photons to the 6h state). The
peak of the distribution occurs in a region where there are no al-
lowed resonances. Top: Different electron energies correspond
to ionization at different times and in different parts of the laser
focus, as described in the text. Solid lines show the relative laser
intensity distribution for these spectra. The distributions have
been smeared by 10% to simulate the effect of shot-to-shot ener-
gy fluctuations in the laser.

The positions of the peaks in Fig. 1 (linear polariza-
tion), therefore, indicate the intensity when particular
bound states of xenon Stark shifted into multiphoton reso-
nance. In fact, each peak matches a p or f state, Stark
shifted into six-photon resonance at an intensity where the
shift approximately equals the ponderomotive potential.

The lower spectrum in Fig. 1 repeats the same experi-
ment as the top figure, but with circularly polarized light.
(The vertical scales are not equal in the upper and lower
spectra; measured rates are lower for circular polariza-
tion, due to a reduced cross section, and the small collec-
tion solid angle of the detector.) For circular polarization,
angular momentum restricts the allowed intermediate
states. Since the valence electrons in xenon are in
ground-state p orbitals, the lowest-lying state that can
shift into multiphoton resonance for circularly polarized
light is the 5p3(2P3/,)6h state, 0.38 eV below the ioniza-
tion limit. This level must shift by 0.31 eV in order to
come into six-photon resonance. Assuming the total-
energy shift of the 64 level is approximately equal to the
ponderomotive potential, the resonance would occur at an
intensity of 8.4 TW/cm?, producing ATI electrons of 1.63,
3.64, 5.65, . . . eV. Arrows point to these energies in the
spectrum in Fig. 1; however, there is no sign of any reso-

BUCKSBAUM, VAN WOERKOM, FREEMAN, AND SCHUMACHER 41

nance. Instead, the spectrum is continuous for each ATI
peak. The essential difference between the linear and cir-
cular spectra is that for circular polarization, electron
production is maximum at intensities where there are no
allowed intermediate resonances. We take this as a
strong indication that the process observed is direct multi-
photon ionization into the continuum.

The electron distribution is the product of the multipho-
ton ionization rate versus intensity, and the distribution of
different intensities in the laser focus.” At low intensities,
according to Eq. (1) with Aw=2.01 eV and Eq=12.13
eV, photoelectrons may appear at energies slightly below
2,4,6,...eV. From the spectra in Fig. 1, the ATI rate is
evidently too small to cause ionization at these intensities.
In more intense parts of the focus, where Up is larger, the
energies of photoelectrons decrease as shown in Eq. (1),
and Fig. 1 shows the appearance of ATI electrons at
around 10 TW/cm?2. However, the distribution of intensi-
ties in the focused laser pulse drops sharply for higher in-
tensities, and as a result, the ionization yield does not con-
tinue to increase, but falls to zero at an energy corre-
sponding to electrons ionized at the peak intensity of the
laser pulse.

Figure 2 shows ATI spectra for circular polarization in
xenon at several peak laser intensities. The lower three
spectra have ATI maxima that shift linearly with intensi-
ty; the top two spectra show peaks merging, as shifts
exceed the fundamental ATI separation of Aw. At these
highest intensities, additional effects clearly influence the
spectrum. For example, ground-state atoms must deplete
during the pulse, producing distortion in high-intensity
(low-electron energy) parts of each ATI peak. In addi-
tion, multiple ionization becomes important at higher
laser intensities, producing electrons that have a different
relationship between energy and intensity at the point of
ionization. We confine our detailed analysis to the lower
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FIG. 2. Circular-polarization ATI spectra for five different
peak laser intensities, for xenon ionized by 616-nm 140-fsec
laser pulses.
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three spectra, where depletion and multiple ionization are
unimportant. As an aside, however, we note that strong
merging of the ATI peaks in the top two spectra of Fig. 2
suggests that a significant fraction of neutral atoms sur-
vive the rising laser pulse to intensities of 100 TW/cm?2.

Spectra such as Fig. 2 can be converted to show relative
ionization probability versus laser intensity, for a known
laser focal shape.” For subpicosecond pulses, since the
emerging electron’s energy tags the intensity where it was
produced, no averaging over the inhomogeneous focus is
required.

The temporal distribution for the amplified colliding-
pulse mode-locked laser is a squared hyperbolic secant
function, with a full width at half maximum (determined
by standard autocorrelation techniques) of 140 fsec. The
spatial distribution is more complex. The final amplifier
produces a multimode spatial laser distribution that re-
sembles a nearly uniform illuminated disk. In this experi-
ment, the central (10-20)% of the beam was apertured by
a variable round iris, and focused with an achromatic lens
into the xenon. The measured focal intensity distribution
was that of a focused, uniformly illuminated aperture. 9
This information was combined with the temporal pulse
distribution, to form the laser-intensity distribution func-
tion shown in Fig. 1. The relative rate for photoionization
at a particular intensity is equal to the observed rate for
electrons emitted at that intensity, divided by this func-
tion. Relative rate curves for the first three ATI peaks in
xenon, taken from the lower curves in Fig. 2, are shown in
Fig. 3.

These rate curves may now be compared to calculated
rates for ATI in xenon by 616-nm circularly polarized
light. As an example, the curves in Fig. 3 are calculations
using the KFR theory, proposed by Reiss and Faisal, as an
extension of a theory by Keldysh.!”~!® This comparison
is particularly apt, since Reiss showed that data from a
circularly polarized ATI experiment using 1064-nm-long
(100 psec) laser pulses could be fitted by a similar calcula-
tion.'"!'* That comparison, however, could not use the de-
tailed intensity information available in these subpi-
cosecond experiments. Instead, previous KFR calcula-
tions in xenon'# and helium'3 have relied on simulating
experimental data by fitting the laser intensity in the cal-
culations to model laser-beam parameters.

The KFR theory treats ionization as a scattering pro-
cess between the atomic ground state and the laser-light-
dressed continuum. This approximation neglects inter-
mediate states, and also neglects the effects of the ion on
the continuum. The clear disagreement between KFR
predictions and rates derived from this experiment, shown
in Fig. 3, may be partly due to the Coulomb force on the
outgoing electron. In circularly polarized ATI, the elec-
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FIG. 3. Relative photoionization rates vs intensity. Experi-
mental points come from dividing the signal at each energy by
the relative focal volume X time at the corresponding intensity
(e.g., the solid curve in Fig. 1). Calculated curves: Predictions
of the KFR model for ATI in xenon by 616-nm laser pulses
(Refs. 14 and 19).

tron carries away most of the angular momentum associ-
ated with the absorbed photons. The resulting centrifugal
repulsion effectively reduces the ATI rate for low-energy
electrons.!! Although the KFR calculation includes the
full effect of the centrifugal barrier suppression, the
neglected Coulomb potential of the ion partly counteracts
this effect, raising the relative rates for seven- and eight-
photon ATI in xenon.

In summary, we have observed ATI induced by intense
subpicosecond 616-nm circularly polarized laser pulses.
In contrast to experiments with linearly polarized light,
we find that ATI with circular polarization in xenon ap-
pears to be a nonresonant process in which the ground
state is directly coupled to the continuum via seven or
more photons. For 140-fsec laser pulses, depletion of the
initial state does not occur even for intensities exceeding
100 TW/cm?. Finally, we show that the data may be re-
duced in a model-independent way to yield experimental
rates versus laser intensity, due to the close relationship
between the electron energies and the laser intensity in
subpicosecond ATI experiments. This new technique al-
lows direct comparison of data to calculations, thus pro-
viding critical tests of theories of above-threshold ioniza-
tion.

We gratefully acknowledge useful discussions with W.
E. Cooke.

IP. Agostini, F. Fabre, G. Mainfray, G. Petite, and N. K. Rah-
man, Phys. Rev. Lett. 42, 1127 (1979).

2P, Kruit, J. Kimman, H. G. Muller, and M. H. van der Wiel,
Phys. Rev. A 28, 248 (1983).

3R. R. Freeman, P. H. Bucksbaum, H. Milchberg, S. Darack, D.
Schumacher, and M. E. Geusic, Phys. Rev. Lett. 59, 1092

(1987).

4H. G. Muller, H. B. van Linden van den Heuvell, P. Agostini,
G. Petite, A. Antonetti, M. Franco, and A. Migus, Phys. Rev.
Lett. 60, 565 (1988).

SM. D. Perry and O. L. Landen, Phys. Rev. A 38, 2815 (1988).

SM. D. Perry, O. L. Landen, A. Szoke, and E. M. Campbell,



RAPID COMMUNICATIONS

4122 BUCKSBAUM, VAN WOERKOM, FREEMAN, AND SCHUMACHER 41

Phys. Rev. Lett. 60, 1207 (1988); Phys. Rev. A 37, 747
(1988).

M. D. Perry, O. L. Landen, and A. Szoke, J. Opt. Soc. Am. B
6, 344 (1989).

8L. D. Noordam, P. Agostini, P. Breger, A. Migus, H. G. Mull-
er, H. B. V. van den Heuvell, and J. W. J. Verschuur, J. Phys.
B 22, L57 (1989).

9T. J. Mcllrath, R. R. Freeman, W. E. Cooke, and L. D. Van
Woerkom, Phys. Rev. A 40, 2770 (1989).

10A, Szoke, J. Phys. B 21, L125 (1988).
Ip, H. Bucksbaum, M. Bashkansky, R. R. Freeman, T. J. Mcll-
rath, and L. F. DiMauro, Phys. Rev. Lett. 56, 2590 (1986).
12M. Bashkansky, P. H. Bucksbaum, and D. W. Schumacher,
Phys. Rev. Lett. 60, 2458 (1988).

13p. H. Bucksbaum, M. Bashkansky, and D. W. Schumacher,
Phys. Rev. A 37, 3615 (1988).

14H. R. Reiss, J. Phys. B 20, L79 (1987).

158, Basile, F. Trombetta, and G. Ferrante, Phys. Rev. Lett. 61,
2435 (1988).

I6F. Trometta, S. Basile, and G. Ferrante, J. Phys. B 21, L539
(1988).

7L, V. Keldysh, Zh. Eksp. Teor. Fiz. 47, 1945 (1964) [Sov.
Phys. JETP 20, 1307 (1965)].

I18F. H. M. Faisal, J. Phys. B 6, L89 (1973).

I9H. R. Reiss, Phys. Rev. A 22, 1786 (1980).

20R. Hippler, H. Schwier, H.-J. Humpert, and H. O. Lutz, Z.
Phys. D 5, 21 (1987).

2IR. Hippler, S. Jetzke, H. O. Lutz, and H. Schwier, Z. Phys. D
11, 199 (1989).

22p, B. Corkum, F. Brunel, and N. H. Burnett, Phys. Rev. Lett.
62, 1259 (1989).

23p, H. Bucksbaum, M. Bashkansky, and T. J. Mcllrath, Phys.
Rev. Lett. 58, 349 (1987).

24T, W. B. Kibble, Phys. Rev. Lett. 16, 1054 (1966); Phys. Rev.
150, 1060 (1966).

25R. R. Freeman, T. J. Mcllrath, P. H. Bucksbaum, and M.
Bashkansky, Phys. Rev. Lett. 57, 3156 (1986); P. H.
Bucksbaum, R. R. Freeman, M. Bashkansky, and T. J. Mcll-
rath, J. Opt. Soc. Am. B 4, 760 (1987).

26M. M. Murnane and R. W. Falcone, J. Opt. Soc. Am. B 5,
1573 (1988).

21T, J. Mclirath, P. H. Bucksbaum, R. R. Freeman, and M.
Bashkansky, Phys. Rev. A 35, 4611 (1987).

281, Pan, L. Armstrong, Jr., and J. H. Eberly, J. Opt. Soc. Am.
B 3,1319 (1986).

29A good treatment of this problem is given in M. Born and E.
Wolf, Principles of Optics, 6th ed. (Pergamon, London,
1980).



