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array with pixel pattern of 256 by 240 with 21-bit intensi-
ty resolution. The eAective frame capture rate is about 5
Hz.

Inspection of the equations of motion shows that when
the ratio of electron energy, W, to the energy gained in

the dc acceleration field, U, is kept small, the impact posi-
tions resulting from projection by the dc field very closely
resemble the idealized projection in which electrons first
expand for a fixed time and are then frozen in space and
projected onto the detector plate. For example, when a
field of 80 V/cm is used over an acceleration distance of
L =5 cm the impact positions are equal to the idealized
projection to better than 200 pm for electron energies of
1 eV and to better than 400 pm for electrons of 4 eV en-
ergy. The maximum deviations occur for electrons emit-
ted near an angle of 45 toward and away from the
detector plane. These deviations from the idealized pro-
jection should be compared with the overall size (D) of
the projected images for the above-mentioned conditions:
D =4L(W/U) '~ . For instance, for 1 eV energy the elec-
trons fall within a circle of diameter 1 cm; for 4 eV ener-

gy within a circle of 2 cm diameter.
In our experiments the drift chamber is filled with xe-

non to pressures of typically 10 —10 Torr. At these
pressures approximately 50-5000 atoms lie within the fo-
cal volume of the laser beam (as defined by 1/e peak in-

tensity). All images shown in this paper are accumulated
from typically 2&10 laser shots each (about 1 h of sum-
mation at 10 to 100 electrons/shot). The images shown
below represent the raw data without background sub-
traction or smoothing. The absolute gray scale is given
along with each image. The images are reproduced on a
2400 dots per in. printer with 8-bit gray resolution.

In Fig. 2 we show an example of an image obtained
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FIG. 2. Photoelectron image of xenon at 640 nm at 1 X10'
W/cm2. The image from one-photon ionization of the ac-
Stark-shifted Xe(4f) state occupies the central part of the
figure (rows —35 to +35). Rings at rows + 55, + 72, and
~85 are due to above-threshold ionization of the 4f state. The
laser polarization is along the vertical axis.

with a laser intensity of I X 10' W/cm at 640 nm and a
laser pulse length of 1.5 ps. This image results from ion-
ization of atomic xenon via the ac-Stark-shifted 4f inter-
mediate state [1-4]. The laser polarization is parallel to
the screen, along the vertical axis. The innermost circu-
lar portion of the image represents photoelectrons formed
in 6+1 photon ionization via the 4f state. The electron
energy associated with this image diameter is 1.08 eV.
The image very clearly reveals four planes of minimum
intensity that lie perpendicular to the laser polarization
(and the figure). These minima indicate that a dominant
contribution to this photoelectron spectrum arises from
l=4 (g), m =0 electrons, aligned with the laser polariza-
tion as the quantization axis. Such a distribution is ex-
pected in one photon ionization of a resonant intermedi-
ate with aligned f character because of the propensity in

excitation of hl =+1 states. At larger separations from
the center of the figure additional structured rings appear
that are due to above-threshold ionization (ATI), corre-
sponding to two-, three-, and four-photon absorption from
4f. The electron energy associated with the outer ring
structures is separated by the photon energy, in agree-
ment with this identification. Since the angular momen-
tum changes by 1 for each absorption step, a minimum in

intensity at the equator is expected for the first ATI im-

age as is indeed observed.
We have investigated the sensitivity of these images to

the strength of the dc electric field used to project the
electrons to the screen. Images obtained for field
strengths in the range from 20 to 150 V/cm were com-
pared explicitly. Except for the expected change in abso-
lute size of the features, no change in relative contribu-
tions from the individual patterns, and no change in the
angular distributions was noted. Hence, the dc Stark
eAect due to the projection field should not play a sig-
nificant role in the multiphoton ionization processes stud-
ied here.

For a linearly polarized laser we expect that the elec-
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FIG. 3, As in Fig. 2, but laser polarization is perpendicular
to the frame.
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channel. We cannot identify these contributions with
certainty since they overlap with the strong features that
arise from the Sf channel. A further diScu]ty in assign-
ment results from the fact that the angular distributions
of the 0.26 and 0.06 eV features are much more concen-
trated along the direction of laser polarization than can
be explained by simple angular momentum arguments.

At higher intensity [Figs. 5(b) and 5(c)] the low ener-

gy contributions disappear, because they are shifted out
of resonance too early in the pulse, as is the 5f state [3].
They are replaced by a new contribution to the electron
energy spectrum, appearing in Fig. 5(b) at an energy of
0.70 eV. This energy is somewhat lower than the energy
expected from 6+ 1 photon ionization of the 7p state if it
were to shift in a purely ponderomotive way (then it
should be observed at 0.85 eV). A peculiar property of
this photoelectron peak is that its energy distribution ex-
tends to ever lower values as the intensity is raised, awhile

the position of maximum intensity stays fixed [see Fig.
5(c)]. The angular distribution is also unexpectedly con-
centrated along the laser polarization (see Fig. 4). Simi-
lar observations were made at 640 nm (not shown). The
quasicontinuous and misplaced "7p" feature has also
been observed in previous investigations [3,7] but its an-
gular distribution has not been studied.

The energy resolution of our device actually improves
with decreasing electron energy, so we can assert that the
observed widths reflect that these electrons arise from a
more complex ionization mechanism. One possibility is
that the unidentified intermediate states(s) are subject to
ac Stark shifts that are nonlinear in the laser intensity or
do not shift by the same amount as the continuum. Such
an eAect might occur through near resonance between the
laser frequency and the 7p-7d' transition. A second pos-
sibility is that several intermediate states are contributing
simultaneously. For example, the 7d', 6s', and 6d' states
will be shifted into seven-photon resonance at higher in-
tensities. These states can contribute to the photoelectron
spectrum as a consequence of autoionization into the ( & )
channel giving rise to electrons at 0.696, 0.447, and 0.328
eV, respectively. The energy resolution of our apparatus
should suffice to resolve discrete contributions at these en-
ergies.

Finally, as motivated by the narrow angular distribu-

tions for low energy electrons and their continuous energy
distribution, we suggest that the appearance of these elec-
trons requires a modification of the generally accepted
mechanism of ionization via ac-Stark-shifted resonances
[1-4,7] in that an ionization mechanism must also be ac-
tive that can lead to a continuous distribution of low ener-

gy electrons. The possibilities for such a channel are (a)
a growing contribution from nonresonant ionization, (b)
tunneling ionization due to the periodic lowering of the
Coulomb barrier by the intense laser field [7], or (c) dou-
ble ionization. We are encouraged that an additional
mechanism is required because unpublished work in our
laboratory on He and H~ indicates that continuous, low

energy, and narrow angle distributions are a general
phenomenon in intense field laser ionization. These con-
tributions are suppressed in conventional photoelectron
spectrometers because of their inherent insensitivity to
very low energy electrons. Our technique gathers simul-
taneously all of the information that can be obtained by
conventional techniques. Actually seeing the energy and
angular distributions, for even very low energy electrons,
helps in the assignment of specific ionization paths and
should provide a useful tool for characterizing photoion-
ization processes.

This experiment was made possible by the National
Science Foundation under Grant No. PHY-9249199.
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