PHYSICAL REVIEW A

VOLUME 57, NUMBER 2

RAPID COMMUNICATIONS

FEBRUARY 1998

Microscopic lens effect in photoelectron imaging spectroscopy

C. Bordas and J. C. Pinare
Laboratoire de Spectroniée lonique et Moleulaire, UMR CNRS 5579, Universi@laude Bernard Lyon 1, Benent 205,
43 Boulevard du 11 Novembre 1918, F69622 Villeurbanne Cedex, France
(Received 30 July 1997

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 effecticular to the electric fieldi.e., parallel to the plane detec-
[1,2] in hydrogenic systems have been initiated in the earlytor), the image contains all the information relative to the
days of quantum mechanics. The understanding of the strudnitial energetic and angular distributions. The screen image
ture and dynamics of a simple quantum system in an externa$ monitored with a charge-coupled-devi6€CD) camera
electric field is indeed a fundamental problem relevant toand accumulated in a microcomputer. A statistically mean-
various physical processes such as photoionization or Rydngful image is obtained by the digital summing of electron

berg states spectroscop§]. It is well known that the spe-

impacts from several thousands of laser shots. Figure 1 pre-

cific shape of this potential, which presents a saddle poinsents a schematic view of the apparatus. In the experiments
located at energy- 2F, is responsible for the so-called described her¢l7], the vacuum chamber is filled with xe-

field-induced ionization. The study of field-inducpt-6] or

non, a tunable pulsed dye laser (20+4,.0 mJ/pulse) is fo-

forced[7,8] ionization has been the subject of many articlescused on a diameter of about }6n at the center of the
and is directly at the origin of zero electron kinetic energyspectrometer, and the applied fieldFis=22.7 V/icm. A typi-
(ZEKE) spectroscopy9—17]. In a series of famous papers, cal experimental image recorded wilty,=2x10 ° Torr is

Fabrikant[13] and Kondratovitch and OstrovsKy4] have

discussed the classical motion of electrons in a hydrogenia three-photon X=357.61-nm)

system in a static external field and have developed a semi-
classical analysis able to describe the interference patterns
resulting from the different paths followed by the electrons.
These papers are directly at the origin of the photodetach-
ment microscope described recently by Blondehl. [15].

The principle of the photoelectron imaging spectrometer de-
veloped by Helm and co-workergl6] and used in the
present work is also more or less contained in these papers.

presented in Fig. @). The laser is tuned in resonance with

transition toward the
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Our experimental results obtained in a photoelectron imaging
spectrometer show that one cannot neglect the interaction of
ejected electrons with the residual ions, even in conditions
where their energy isa priori, large enough to do so.

The photoelectron imaging spectrometer used in the
present experiments has been described in detail previously
[16,17 as well as the numerical procedurgks] used to
extract the meaningful information from the raw experimen-
tal data. Briefly the operation of the imaging spectrometer is
as follows: when electrons are ejected with a given kinetic
energyW in the focal region of the laser at tinte=0, they
are later found on the surface of a sphere expanding linearly
with time. An external homogeneous field is applied to
project this sphere onto a position-sensitive dete@tuulti-
channel plates and phosphor scredris results in the ob-
servation of a circular image of electron impacts with a di-
ameter proportional ta/W and a filling pattern that reveals
the spatial distribution of the electrons and their initial angu-
lar distribution. If the polarization of the laser is set perpen-
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FIG. 1. Schematic view of the experimental setup.
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FIG. 2. Images obtained in (81) photon ionization of xenon with thed$3/2]J=1 intermediate state and a fidid=22.7 V/cm. (a)
Polarization perpendicular to the electric field®y,=2.10®Torr, 50&/ laser shot; (b) polarization parallel to the field,
Py.=2.10"8 Torr; 5002 /shot; (c) polarization perpendicular to the fielBy,=2.10"° Torr; 500G /shot; (d) polarization parallel to the
field, Pxe=2.10"° Torr; 500@&/shot. In(a) and(c), the laser polarization is vertical in the plane of the image, while it points towards the
observer in(b) and (d). The gray scaldon the right of each imageanges from 0%black to 100% (white) of the relative maximum
electron signal. The distance between the ionization region and the detette8®8 mm and the size of the square image is 44 mm.

5d[3/2](J=1) state. The absorption of a fourth photon rial line in the experimental images. This thin line, indicating
brings the system above the two final ion channel$ Xe;,  a very sharp electron emission limited to a direction perpen-
(ground stateand Xe" 2P, (excited statg The electrons dicular to the light polarization, has been observed for all
formed in the ground- and excited-state channels are ejectédtense transitions in (8 1)-photon ionization of xenon and
with an initial kinetic energy of 1.74 and 0.43 eV, respec-also in H, [19]. This seemingly general effect is clearly vis-
tively. Two concentric circular rings appear on the image:ible in Fig. 2c), which has been recorded under the same
the outer ring corresponds to electrons leaving the core in itexperimental conditions as the image of Figa)2except that
ground state, the inner ring to those leaving the core in itPy,=2x10° Torr. As a consequence, the number of elec-
excited state. Figure(d) is recorded with the laser polariza- trons ejected per laser shots is about ten times larger. This
tion perpendicular to the electric field. Under these condi-effect being observed either by increasing the laser intensity
tions, the angular distribution of the photoelectrons may ber the gas density, at least three different processes can be
extracted from the experimental imaffi8]. Figure Zb) has  suspected to produce ifi) a light intensity effect directly
been recorded under the same experimental conditions, egffecting the angular distribution by modifying the radiative
cept that the light is polarized parallel to the field. As afield-atom coupling and inducing a sharp peak at 90° in the
consequence, the image is isotropic and the information relaangular distribution(ii) a modification of the electron escape
tive to the angular distribution is lost. If, by any experimentaltrajectory due to a ponderomotive effect; aiid) a “pure”
means, such as increasing of the laser fluence or gas densigpace-charge effect. Actually, proces¢gsand (ii) may be

one increases the photoelectron signal, a very specific phedled out simply by comparison of Figs(# and Zc). The
nomenon appears: namely, the observation of a thin equattaser characteristicéntensity, duration, focusingare quite
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FIG. 3. Schematic of the microscopic lens effect. The trajectory
of an electron emitted toward the detectoajectory 1 is not per-

turbed by the charge distribution, while an electron emitted in theputed with the angular distributions derived from the image of Fig.

FIG. 4. Numerical simulation of the image of Fig(cR com-

opposite direction(trajectory 2 may be deflected by the residual

ions 2(a) and a charge distribution characterized bi=5000, L

=500um. Same scale as in Fig. 2.

similar in both images, and since the gas density is increasegtgetic and angular photoelectron distribution derived from
by a factor of 10 in imagéc), only a process linked to the reliable low-density experiments, a qualitative agreement be-
higher number of positive and negative charges created itween experiment and simulation may be obtained that con-
the ionization process is likely. Moreover, the image of Fig.firms the relevance of our hypothesis. The simulated image
2(d) recorded in the same experimental conditions as imagpresented in Fig. 4 has been computed with the measured
2(c), except for the laser polarization, which is set parallel todistributions combined with the following parametei:

the field, shows that the appearance of the sharp equatoriad 5000; L =500 pm.

line is not governed by the laser polarization. In the images Beyond the somewhat anecdotal aspect of this effect, this
of Figs. 2a) and 2b), we can estimate the number of elec- observation is indeed of general interest and relevant to
trons ejected to about 500 per laser shot. On the other hanthany experimental situations involving photoionization, all
images of Figs. @) and 2d) where the equatorial line is the more so when one is concerned with low-energy elec-
visible have been obtained with about 5000 electrons petrons. The experimental results presented here show(ithat
laser shot. Hence, both series of images have been obtainetlarp features observed in photoelectron angular distribu-
with, respectively, 500 and 5000 residual ions in the interactions must be analyzed with great care aiid electrons
tion region where ionization occurs. This region, defined byejected with an energy on the order of 1 eV are sensitive to
the focusing geometry of the laser is roughly 0.5 mm longthe presence of a few thousand positive charges. Concerning
and 15um in diameter. The residual positive charges arethe first point, several examples of published angular distri-
almost at rest with respect to the electrons and therefore créutions show a sharp intensity-dependent peak at 90° with
ate a large attractive potential. Due to the elongated shape oéspect to polarization. Without casting any doubts on these
the ionization region and hence of the charge distributionmeasurements, the images presented in Fig. 2 show that one
which creates this attractive potential, the effective potentiatan easily be mistaken about the origin of sharp peaks of
behaves roughly like a microscopic cylindrical lens. The tra-photoelectrons emitted at 90°. As far as poiij is con-
jectory of the electrons emitted towards the detector is hardlgerned, the microscopic optics resulting from the presence of
perturbed by this microscopic lens. On the other hand, elegens in the interaction volume may have interesting applica-
trons emitted in the opposite direction will again pass closdions or consequences. Indeed, fast electfonscally 1 eV)

to the residual ions and those emitted in the vicinity of theare nevertheless extremely sensitive to a microscopic lens
plane defined by the electric field and the propagation direcmade of a few thousand ions. From a topological point of
tion of the laser(major axis of the lenswill be deflected. view [14,20, electron trajectories obey a scaling law where
This qualitative explanation is schematized in Fig. 3. Thisthe key quantity is the ratiV/F between the kinetic energy
deflection creates on the final image, whatever the polarizesf the electron and the total electric fie[@oulomb plus
tion, a sharp electron distribution parallel to the laser propaStark. That is to say, effects of the same order of magnitude
gation. A simple classical numerical simulation has been uneould be expected for electrons in the meV range interacting
dertaken in order to justify this hypothesis. At first order, thewith only a few positive charges. This inference has obvious
attractive potential generated by tNeresidual ions may be consequences in the whole field of ZEKE spectrosddpy
approximated by the potential generated by a wire of lengtii 2], where one is concerned with electrons of 0.01-0.1 meV
L (effective length of the charge distribution, close to twicein external fields of about 1 VV/cm interacting with a possibly
the Rayleigh length uniformly charged(total chargeNQ). large number of ions. It is easy to understand how slow
Strictly speakingN increases from 0 to its final maximum electrons may be trapped in the potential well of residual
value during the 20-ns laser pulse. This can be accounted faons, at least as long as these ions are confined in a volume
phenomenologically in the simulation by choosing an aversmall enough to generate an attractive potential larger than
ageN value. Assuming this attractive potential and the en-the asymptotic kinetic energy. This aspect could partly ex-
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plain the anomalously long lifetime of ZEKE staf@l-23 ~ (~1cm?). It is almost certain that such interactions pro-

and particularly the lengthening of that lifetime when the duce unexpected effects, not only in ZEKE experiméfts

number of electrons increases, which has been previousl? 2123, but also in an experiment such as the photode-

expl_ained by the loss of a_xia_l symmeii@and subsequently of tachment microscope developed by Blondatlal. [15],

my) in the presence of distributed charges. For example, ifyhich is based on the same principle as the imaging spec-

one considers the interaction of a slow electron ejected withy.;meter.

Slkme.t'c energy Or.]hthﬁ orderl Of. L rpev 'nh"’.‘ Ee_ldhof a:)few As a conclusion, let us finally mention that the observa-
cm interacting with the single ion from which it has been i, of the analog of the microscopic lens effect for a single

removed, an exact classical trajectory calculatjad,2( electron-ion system could probe the very long-range interac-

shows that the image splits into two rings with an inner ringt. n (um scalé between the electron and the fonic core and

corresponding to electrons emitted towards the detector a t b i . dicat f th ibility of
an outer ring corresponding to electrons of the same energga.ou.r observation gives an indication ot the possibility 0
chieving electron optics at the microscopic scale.

emitted in the opposite direction. This behavior, which is the
single particle_analogou_s to thg present microscopic lens ef- £ itful discussions with H. Helm and M. Broyer and the
fect, will be discussed in detail in a separate paper. Unde{echnical support of M. Barbaire, J. Maurelli, and F. Valadier

Fhese c_onditions, it appears that the asymp_totic glectron—mgre gratefully acknowledged. The Laboratoire de Spectrom-
interaction must be taken into account on dimensions of th fie lonique et Moleulaire is “Unite Mixte de Recherche”

order of severaum as soon as one is concerned with elec- : .
trons having a kinetic energy of a fraction of meV CNRS-Universite.yon I, No. 5579.
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