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Above-Threshold Ionization with Subpicosecond Laser Pulses
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Above-threshold ionization (ATI) is investigated in xenon with pulses of light at 616 nrn ranging from
15 to 0.4 psec. Significant energy shifts and broadenings of the ATI peaks are observed. For pulse
widths less than 1 psec, the individual ATI peaks break up into a narrow fine structure, apparently due
to resonance enhancements in the ionization process produced by ponderomotive shifts of states.

PACS numbers: 32.80.Rm

Recent experimental studies in the long-pulse regime
have shown that the number and intensity of peaks in

the electron spectra, their angular distributions, and
the peak widths all depend upon the intensity of the ion-
izing radiation; however, the recorded electron kinetic
energies are nearly independent of intensity. This in-

dependence arises from the nearly complete cancellation
of the increased ionization energy of the atom at the
time of ionization and the kinetic energy gained by the
electron from ponderomotive acceleration as it leaves the
interaction volume.

An ATI experiment is considered to be in the long-
pulse regime if the duration of the ionizing radiation is

long compared to the time it takes a photoelectron to
leave the interaction volume. For typical electron ener-
gies and focal waists (2 eV, 20 pm), a laser pulse longer
than 20 psec is in the long-pulse regime. Luk et al. have
recently reported ATI results in the short-pulse regime
using 248-nm radiation.

In this Letter we present measurements of ATI in xe-
non using variable pulse widths of 616-nm light that pass
from the long-pulse to the extreme short-pulse limit.
Our results show how the short-pulse regime develops as
a function of pulse width, and at pulse widths less than 1

psec, we have observed a remarkable new phenomenon:
Each low-energy ATI peak breaks up into a series of
narrow (instrument-limited) peaks.

An atom in an intense low-frequency radiation field
experiences an ionization potential (I.P. ) increase of

Uz =e Fo/4m', (2)

where Fo is the peak electric field of the optical wave at

The name "above-threshold ionization" (ATI) is given
to the process by which an atom in an intense optical
field absorbs s more photons than the minimum number,
n, necessary to reach the ionization limit, Io. In this pro-
cess many peaks are observed in the photoelectron spec-
trum', and under the usual experimental conditions of a
long laser pulse, the peaks are found to have relatively
narrow widths, and energies given by

E =(n+s) h to —Io.

the position of the atom. A photoelectron that would
have kinetic energy E =ED in a weak field is instead pro-
duced in an intense field at kinetic energy E=EO U~.
The ponderomotive energy of the newly created photo-
electron in the optical field at the same location is also
U~. Thus for long pulses, the electron converts the pon-
deromotive energy into kinetic energy as it exits from the
interaction volume, just compensating for the decrease in
its initial kinetic energy due to the raised ionization po-
tential. Because of this conservative nature of the pon-
deromotive potential, it has been virtually impossible to
observe the effects of the I.P. shift on the energy spectra
in long-pulse ATI experiments. ' The ponderomotive
potential itself can be clearly discerned by its eA'ect on
the electron momenta.

If the pulse duration of the ionizing radiation is short
compared to the time for the photoionized electron to es-
cape the interaction volume, there is no time for the pho-
toelectron to accelerate before the pulse leaves. In the
limit of very short pulse duration, the electron energy
spectrum records the actual photoelectron energies and
angular distributions at the moment of ionization

Short pulses of linearly polarized laser light at approx-
imately 616 nm were focused in xenon vapor by a 10-cm
lens ( =f/20) to nearly the diffraction-limited waist size
(6 pm). The xenon gas density (= 10' cm ) was ad-
justed to ensure that space-charge efIects were complete-
ly negligible. The photoelectrons for each laser pulse
were recorded by means of a time-of-Bight electron spec-
trometer and transient digitizer, and summed by a com-
puter into separately stored spectra according to the
laser energy for that pulse.

The light pulses were derived from a synchronously
model-locked dye laser, amplified at 10 Hz to energies
up to 1 mJ/pulse. Adjustable pulse widths between 5
and 20 psec were achieved by our varying the length of
the dye-laser oscillator cavity; pulse lengths of 0.5—1.0
psec were derived by standard fiber-grating compression
techniques. '' The pulse widths were measured by auto-
correlation in potassium dihydrogen phosphate.

Figure 1 shows the results of ATI measurements using
=0.5 mJ/pulse. The photon energy was 2.01 eV; the
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and higher are at their expected values. At 7 and 5 psec,
the peaks show progressively more shift and broadening,
and at less than 1 psec, the shift saturates. '

For pulse lengths shorter than 1 psec, each of the low-

energy ATI peaks breaks up into a series of extremely
narrow lines; the energies of the fine-structure lines were
found to be independent of the laser intensity, the spatial
mode, or focusing. Each fine-structure peak in s=O is
repeated 2.01 eV (Acz)) higher in energy in s =1 and is
even found in s=2, although the resolution is degraded
above 4 eV.

To analyze our data we have employed a time-
dependent generalization of ponderomotive scattering.
The time-dependent force that a free electron feels at
position r, for a pulse with intensity l(r, t) [=F()(r,t) /
Stre], is = —V[e Fo(r, t) /4mtz) ]. The intensity distri-
bution in the focus is assumed to be Gaussian:

I( t) [ 2p / ( ) 2] —(r/r(z)1 —1(z —z/c)/(zIZ)1

where r(z) =rr)[1+(kz/trr()) ], r is the pulse length, ro
is the spot size at the waist, and Po is the peak intensity
at r =z =t =0.

The initial direction of the electrons is along the polar-
ization, and the initial energies are shifted for each elec-
tron as a result of the local ionization-potential shift of
the atom at the time of ionization. The probability of
nth-order ionization, P", at (r, z, t) is taken as

P"(r, z, t)

:0.4 ps

0 5eV 10eV
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FIG. 1. Kinetic energy of photoelectrons emitted from xe-
non as a function of pulse width. The pulse energy is held
roughly constant for all runs, so the intensity increases from
=1.2&10" W/cm for 15 psec to =3.9x10'~ W/cm2 for 0.4
psec. For the shortest-pulse widths, the individual ATI peaks
break up into a narrow fine structure.

peak intensity (ponderomotive potential) ranged from
=1.2&&10' W/cm (0.45 eV) at 13 psec to =3.9x10'
W/cm (14.8 eV) at 0.4 psec. In the strictly long-pulse
regime, the ATI peaks for the P3g2 core should appear
near 2, 4, 6, 8, . . . , eV. At 13 psec the s=O and 1

peaks are shifted to slightly lower energies, but the s =2

Io is related to the experimental "saturation intensity, "
above which the integrated ionization probability at the
focus goes to 1. At the shortest pulse widths, the energy
shift is equal to the shift in the ionization potential at the
moment of ionization. Because most of the electrons
ionize at or near the saturation intensity, the average
shift of an ATI peak roughly determines the saturation
intensity through the relation 1 eV =2.6x10' W/cm
for light at 616 nm. From Fig. 1, the saturation value
for our data is approximately 1.2 eV, or 3. 1 x 10 '

W/cm .

Figure 2 shows the results of the full space-time com-
puter simulation for an s=2 ATI peak using our focus-

ing parameters. As the pulse width narrows, the peaks
broaden and shift, reproducing our data from the long-

to the short-pulse regime. ' The success of this simula-
tion is consistent with and supports the central role of
the ponderomotive potential in ATI, from the increase in

the ionization potential of neutral atoms to the deter-
mination of the final energy of the photoionized elec-
trons.

Ponderomotive energy shifts are evidently also respon-
sible for the fine structure observed within each ATI
grouping for pulse widths less than 1 psec: Weakly
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FIG. 2. Results of the space-time simulation described in

the text for an s =2 ATI peak with weak-field kinetic energy of
4 eV.

FIG. 3. s=0 fine-structure data for pulse widths less than
0.5 psec: also plotted is the location, according to Eq. (3), of
the relevant Sp ( Py2)nl states from Moore (Ref. 14). The
instrument resolution, which increases as the square root of the
energy, is 0.05 eV at 0.5 eV and 0. 1 eV at 2.0 eV. With
the exception of the missing peak corresponding to the
Sp ( P3p)10p (1.72 eV) state, the experimental spectrum is

reasonably well assigned above 0.8 eV. As discussed in the
text, the peaks in the spectrum below 0.8 eV may have their
origin in the blend of a large number cf states, including m =5
odd-parity resonances.

bound excited states of xenon all shift upward along with
the ionization potential by approximately U~. These lev-

els will therefore come into resonance with a harmonic of
the laser field at some intensity, resulting in a resonant
enhancement in the ionization rate. Since the electron's
kinetic energy is tied to the intensity according to Eq.
(2), the energy spectrum records a peak for each oc-
currence of resonance enhancement. The position of the
peak is independent of the temporal and spatial inhomo-
geneity of the laser pulse. If the shift of a state with an
original energy E, above the ground state is Uz, it will

produce a peak in the spectrum at energy

F = (n +s) 6 ru
—Io —(m 6 ro —E; ), (3)

where the intermediate resonant enhancement occurs for
m (=6, here) photons. Thus, the fine structure in the
electron energy spectrum is predicted to be the direct re-
sult of resonance enhancements.

The potential six-photon resonant enhancements in xe-
non involve even-parity intermediate states Sp ( P3y2)nj,
for /=p, f,h, . . . Figure 3 rec.ords the positions of each
state of this type listed by Moore' and mapped accord-
ing to Eq. (3) onto our data for the s= I ATI group.
We stress that there are no adjustable parameters. With
the exception of the missing peak corresponding to the
Sp ( P3~2) IOp state, the agreement of the positions of
the tabulated levels and the experimental peaks for ener-
gies greater than 0.8 eV is surprisingly good. Indeed, we
did not expect states as deeply bound as the 7p or the 4f
to have their shifts given so nearly by Uz. The residual
mismatch between tabulated levels and experimental

peaks most likely is due to additional ac Stark shifts of
the levels not given by Eq. (3).

We have not attempted to assign the spectrum in the
region below 0.8 eV, because unlike the higher-energy
region, there are too many possible energy levels of xe-
non which could contribute. These include m = 5,
Sp ( Py2)6s odd-parity resonances, as well as an entire
series of Sp Sns '[ —,

' ]1, Sp Snd'[ —,
' ]1, and Sp Snd'[ 2 l2 3

autoionizing resonances between the P~i2 and P3g2 limits.
These latter states contribute resonances ' from m =7 at
energies betv een 0.3 and 0.8 eV.

The intensities of the resonant enhancements depend
on several factors: the total volume experiencing a given
intensity; the relative oscillator strengths; and most im-
portantly, the highly nonlinear ionization rate as a func-
tion of intensity. This last factor probably accounts for
the large enhancements for the 7p and 4f states, because
these states require greater intensities to be shifted into
the m =6 resonance than do higher-lying ones, and thus
have a relatively larger ionization rate at resonance.

Finally, we note that the fine structure will appear
only for the shortest-pulse excitations. For longer pulses,
all the electrons will leave the interaction volume during
the pulse and arrive at the detector with the same weak-
field value of kinetic energy.

The results of this work strongly suggest that the ex-
cited states of the atom do play a crucial role in deter-
mining the properties of ATI, even when the experiment
is nominally "nonresonant. " For example, the angular
distribution of electrons within each ATI group may be
strongly influenced by the transient resonant enhance-
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ments they experience at the moment of ionization. We
conclude that the use of ultrashort-pulse excitation in

high-intensity multiphoton ionization experiments pro-
vides a means of obtaining spectroscopic data on target
atomic or molecular species without the masking eAects
of final-state (ponderomotive) scattering.
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