
RAPID COMMUNICATIONS

PHYSICAL REVIEW A FEBRUARY 1998VOLUME 57, NUMBER 2
Microscopic lens effect in photoelectron imaging spectroscopy
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The photoelectron imaging spectrometer has been used to investigate the resonant multiphoton ionization of
xenon and hydrogen. Under certain conditions, extremely sharp unexpected features appear in the photoelec-
tron images. It is shown that these features are produced by the residual ions acting as a microscopic lens that
distorts the trajectories of the photoelectrons. The relevance of this phenomenon in zero electron kinetic energy
spectroscopy and in experiments concerned with angular distribution measurements in strong-laser-field mul-
tiphoton ionization or in the photodetachment microscope is discussed.
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Experimental and theoretical studies of the Stark eff
@1,2# in hydrogenic systems have been initiated in the ea
days of quantum mechanics. The understanding of the st
ture and dynamics of a simple quantum system in an exte
electric field is indeed a fundamental problem relevant
various physical processes such as photoionization or R
berg states spectroscopy@3#. It is well known that the spe-
cific shape of this potential, which presents a saddle p
located at energy2A2F, is responsible for the so-calle
field-induced ionization. The study of field-induced@4–6# or
forced@7,8# ionization has been the subject of many artic
and is directly at the origin of zero electron kinetic ener
~ZEKE! spectroscopy@9–12#. In a series of famous paper
Fabrikant@13# and Kondratovitch and Ostrovsky@14# have
discussed the classical motion of electrons in a hydroge
system in a static external field and have developed a s
classical analysis able to describe the interference patt
resulting from the different paths followed by the electron
These papers are directly at the origin of the photodeta
ment microscope described recently by Blondelet al. @15#.
The principle of the photoelectron imaging spectrometer
veloped by Helm and co-workers@16# and used in the
present work is also more or less contained in these pap
Our experimental results obtained in a photoelectron imag
spectrometer show that one cannot neglect the interactio
ejected electrons with the residual ions, even in conditi
where their energy is,a priori, large enough to do so.

The photoelectron imaging spectrometer used in
present experiments has been described in detail previo
@16,17# as well as the numerical procedures@18# used to
extract the meaningful information from the raw experime
tal data. Briefly the operation of the imaging spectromete
as follows: when electrons are ejected with a given kine
energyW in the focal region of the laser at timet50, they
are later found on the surface of a sphere expanding line
with time. An external homogeneous field is applied
project this sphere onto a position-sensitive detector~multi-
channel plates and phosphor screen!. This results in the ob-
servation of a circular image of electron impacts with a
ameter proportional toAW and a filling pattern that reveal
the spatial distribution of the electrons and their initial ang
lar distribution. If the polarization of the laser is set perpe
571050-2947/98/57~2!/681~4!/$15.00
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dicular to the electric field~i.e., parallel to the plane detec
tor!, the image contains all the information relative to t
initial energetic and angular distributions. The screen ima
is monitored with a charge-coupled-device~CCD! camera
and accumulated in a microcomputer. A statistically me
ingful image is obtained by the digital summing of electr
impacts from several thousands of laser shots. Figure 1
sents a schematic view of the apparatus. In the experim
described here@17#, the vacuum chamber is filled with xe
non, a tunable pulsed dye laser (20 ns,<1.0 mJ/pulse) is fo-
cused on a diameter of about 15mm at the center of the
spectrometer, and the applied field isF522.7 V/cm. A typi-
cal experimental image recorded withPXe5231026 Torr is
presented in Fig. 2~a!. The laser is tuned in resonance wi
a three-photon (l5357.61-nm) transition toward the

FIG. 1. Schematic view of the experimental setup.
R681 © 1998 The American Physical Society
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FIG. 2. Images obtained in (311) photon ionization of xenon with the 5d@3/2#J51 intermediate state and a fieldF522.7 V/cm. ~a!
Polarization perpendicular to the electric field,PXe52.1026 Torr, 500e2/ laser shot; ~b! polarization parallel to the field,
PXe52.1026 Torr; 500e2/shot; ~c! polarization perpendicular to the field,PXe52.1025 Torr; 5000e2/shot; ~d! polarization parallel to the
field, PXe52.1025 Torr; 5000e2/shot. In~a! and~c!, the laser polarization is vertical in the plane of the image, while it points towards
observer in~b! and ~d!. The gray scale~on the right of each image! ranges from 0%~black! to 100% ~white! of the relative maximum
electron signal. The distance between the ionization region and the detector isL588 mm and the size of the square image is 44 mm.
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5d@3/2#(J51) state. The absorption of a fourth photo
brings the system above the two final ion channels Xe1 2P3/2
~ground state! and Xe1 2P1/2 ~excited state!. The electrons
formed in the ground- and excited-state channels are eje
with an initial kinetic energy of 1.74 and 0.43 eV, respe
tively. Two concentric circular rings appear on the imag
the outer ring corresponds to electrons leaving the core in
ground state, the inner ring to those leaving the core in
excited state. Figure 2~a! is recorded with the laser polariza
tion perpendicular to the electric field. Under these con
tions, the angular distribution of the photoelectrons may
extracted from the experimental image@18#. Figure 2~b! has
been recorded under the same experimental conditions
cept that the light is polarized parallel to the field. As
consequence, the image is isotropic and the information r
tive to the angular distribution is lost. If, by any experimen
means, such as increasing of the laser fluence or gas de
one increases the photoelectron signal, a very specific
nomenon appears: namely, the observation of a thin equ
ed
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rial line in the experimental images. This thin line, indicatin
a very sharp electron emission limited to a direction perp
dicular to the light polarization, has been observed for
intense transitions in (311)-photon ionization of xenon and
also in H2 @19#. This seemingly general effect is clearly vis
ible in Fig. 2~c!, which has been recorded under the sa
experimental conditions as the image of Fig. 2~a!, except that
PXe5231025 Torr. As a consequence, the number of ele
trons ejected per laser shots is about ten times larger.
effect being observed either by increasing the laser inten
or the gas density, at least three different processes ca
suspected to produce it:~i! a light intensity effect directly
affecting the angular distribution by modifying the radiativ
field-atom coupling and inducing a sharp peak at 90° in
angular distribution;~ii ! a modification of the electron escap
trajectory due to a ponderomotive effect; and~iii ! a ‘‘pure’’
space-charge effect. Actually, processes~i! and ~ii ! may be
ruled out simply by comparison of Figs. 2~a! and 2~c!. The
laser characteristics~intensity, duration, focusing! are quite
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similar in both images, and since the gas density is increa
by a factor of 10 in image~c!, only a process linked to the
higher number of positive and negative charges create
the ionization process is likely. Moreover, the image of F
2~d! recorded in the same experimental conditions as im
2~c!, except for the laser polarization, which is set paralle
the field, shows that the appearance of the sharp equat
line is not governed by the laser polarization. In the imag
of Figs. 2~a! and 2~b!, we can estimate the number of ele
trons ejected to about 500 per laser shot. On the other h
images of Figs. 2~c! and 2~d! where the equatorial line is
visible have been obtained with about 5000 electrons
laser shot. Hence, both series of images have been obta
with, respectively, 500 and 5000 residual ions in the inter
tion region where ionization occurs. This region, defined
the focusing geometry of the laser is roughly 0.5 mm lo
and 15mm in diameter. The residual positive charges a
almost at rest with respect to the electrons and therefore
ate a large attractive potential. Due to the elongated shap
the ionization region and hence of the charge distributi
which creates this attractive potential, the effective poten
behaves roughly like a microscopic cylindrical lens. The t
jectory of the electrons emitted towards the detector is ha
perturbed by this microscopic lens. On the other hand, e
trons emitted in the opposite direction will again pass clo
to the residual ions and those emitted in the vicinity of t
plane defined by the electric field and the propagation dir
tion of the laser~major axis of the lens! will be deflected.
This qualitative explanation is schematized in Fig. 3. T
deflection creates on the final image, whatever the polar
tion, a sharp electron distribution parallel to the laser pro
gation. A simple classical numerical simulation has been
dertaken in order to justify this hypothesis. At first order, t
attractive potential generated by theN residual ions may be
approximated by the potential generated by a wire of len
L ~effective length of the charge distribution, close to twi
the Rayleigh length!, uniformly charged~total chargeNq!.
Strictly speaking,N increases from 0 to its final maximum
value during the 20-ns laser pulse. This can be accounted
phenomenologically in the simulation by choosing an av
ageN value. Assuming this attractive potential and the e

FIG. 3. Schematic of the microscopic lens effect. The traject
of an electron emitted toward the detector~trajectory 1! is not per-
turbed by the charge distribution, while an electron emitted in
opposite direction~trajectory 2! may be deflected by the residu
ions.
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ergetic and angular photoelectron distribution derived fr
reliable low-density experiments, a qualitative agreement
tween experiment and simulation may be obtained that c
firms the relevance of our hypothesis. The simulated im
presented in Fig. 4 has been computed with the meas
distributions combined with the following parameters:N
55000; L5500mm.

Beyond the somewhat anecdotal aspect of this effect,
observation is indeed of general interest and relevan
many experimental situations involving photoionization,
the more so when one is concerned with low-energy e
trons. The experimental results presented here show tha~i!
sharp features observed in photoelectron angular distr
tions must be analyzed with great care and~ii ! electrons
ejected with an energy on the order of 1 eV are sensitive
the presence of a few thousand positive charges. Concer
the first point, several examples of published angular dis
butions show a sharp intensity-dependent peak at 90° w
respect to polarization. Without casting any doubts on th
measurements, the images presented in Fig. 2 show tha
can easily be mistaken about the origin of sharp peaks
photoelectrons emitted at 90°. As far as point~ii ! is con-
cerned, the microscopic optics resulting from the presenc
ions in the interaction volume may have interesting appli
tions or consequences. Indeed, fast electrons~typically 1 eV!
are nevertheless extremely sensitive to a microscopic
made of a few thousand ions. From a topological point
view @14,20#, electron trajectories obey a scaling law whe
the key quantity is the ratioW/F between the kinetic energ
of the electron and the total electric field~Coulomb plus
Stark!. That is to say, effects of the same order of magnitu
could be expected for electrons in the meV range interac
with only a few positive charges. This inference has obvio
consequences in the whole field of ZEKE spectroscopy@9–
12#, where one is concerned with electrons of 0.01–0.1 m
in external fields of about 1 V/cm interacting with a possib
large number of ions. It is easy to understand how sl
electrons may be trapped in the potential well of resid
ions, at least as long as these ions are confined in a vol
small enough to generate an attractive potential larger t
the asymptotic kinetic energy. This aspect could partly

y

e
FIG. 4. Numerical simulation of the image of Fig. 2~c! com-

puted with the angular distributions derived from the image of F
2~a! and a charge distribution characterized byNe55000, L
5500mm. Same scale as in Fig. 2.
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plain the anomalously long lifetime of ZEKE states@21–23#
and particularly the lengthening of that lifetime when t
number of electrons increases, which has been previo
explained by the loss of axial symmetry~and subsequently o
ml! in the presence of distributed charges. For example
one considers the interaction of a slow electron ejected w
a kinetic energy on the order of 1 meV in a field of a fe
V/cm interacting with the single ion from which it has bee
removed, an exact classical trajectory calculation@14,20#
shows that the image splits into two rings with an inner ri
corresponding to electrons emitted towards the detector
an outer ring corresponding to electrons of the same en
emitted in the opposite direction. This behavior, which is
single particle analogous to the present microscopic lens
fect, will be discussed in detail in a separate paper. Un
these conditions, it appears that the asymptotic electron
interaction must be taken into account on dimensions of
order of severalmm as soon as one is concerned with ele
trons having a kinetic energy of a fraction of me
,
-

a

. R

. A

m

m

d

ly

if
th

nd
gy
e
f-

er
n
e
-

('1 cm21). It is almost certain that such interactions pr
duce unexpected effects, not only in ZEKE experiments@9–
12,21–23#, but also in an experiment such as the photo
tachment microscope developed by Blondelet al. @15#,
which is based on the same principle as the imaging sp
trometer.

As a conclusion, let us finally mention that the observ
tion of the analog of the microscopic lens effect for a sing
electron-ion system could probe the very long-range inter
tion ~mm scale! between the electron and the ionic core a
that our observation gives an indication of the possibility
achieving electron optics at the microscopic scale.
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