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Measurement of the Initial Condition of Electrons lonized by a Linearly Polarized,
High-Intensity Laser
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We have measured the angular spectrum of electrons born in a linearly polarized, high-intensity laser
focus. The spectrum is directly related to the initial conditions of the ionized electrons in the plane
perpendicular to the propagation direction. Our measurements for high charge states of neon are in
good agreement with predictions of quasistatic tunneling models and limit the initial electron kinetic
energy to approximately 0.5% of its average quiver energy. This measurement is important for studies
of high-order harmonic generation and direct double ionization. [S0031-9007(96)02268-5]

PACS numbers: 32.80.Fb, 32.80.Rm

Over the past several years, a simple two-stage modéreaks the symmetry of the ponderomotive potential. We
of ionization, referred to as the “quasistatic” or “simple- used a high-intensity laser to ionize electrons from neon
man’s” model [1-4], has succeeded in explaining a wideggas at low density and measured the electron spectra as
variety of experimental aspects of intense field-atom ina function of the forward anglé (relative tok) and the
teractions in the tunneling regime. These include manyzimuthal anglep (relative to the polarization direction in
characteristics of the electron energy spectra [5], directhe plane perpendicular to the propagation direction). We
double ionization in the tunneling regime [6], and the cut-observed a significant asymmetry in the electron number
off energy of the high-harmonic plateau [7]. The basic asdistribution in the plane perpendicular to the direction of
sumption of the model is that ionized electrons can returpropagation, with more electrons detected along the direc-
to collide with the nucleus with an energy that dependgion of polarization than perpendicular to it. The observed
on both their initial momentum and the phase within theasymmetry is due to the nonzero initial conditions and is
optical cycle at which they were born. The initial phase,consistent with quasistatic tunneling models.
in turn, depends on the ionization model. For classical Earlier work utilizing the retarding-potential grids
ionization, or barrier-suppression ionization (BSI) [8], theattempted to measure the initial drift momentum by calcu-
electrons are born only at the peak of the field and henclating the difference between the electrenergyspectra
have zero initial phase. In ac tunneling models [9,10]parallel and perpendicular to the polarization direction
the electrons are born over a range in phase within th§8,15]. The direction of the initial momentum along the
optical cycle near the peak of the field. After ioniza- polarization direction implies that the number, as well
tion, the trajectory is calculated classically, neglecting theas the energy, of electrons seen along the polarization
Coulomb force of the residual ions, as it is much weakedirection will be larger than the number seen perpen-
than the force due to the laser field [3]. The distributionsdicular to it. The azimuthal distribution of theumber
of electrons as a function of their initial momentum andof electrons is a more sensitive measure of the initial
initial phase determine the rates of several of the abovezonditions than the azimuthal distribution of teeergy
mentioned processes. of the electrons. In addition, at high electron energies,

This Letter reports a measurement of the initial con-the forward electron momentum [16] complicates the
ditions of electrons ionized in the long-pulse tunnelingretarding potential method.
regime. The Keldysh adiabaticity parameter [Il]= The distribution of electrons as a function of enekgy
(I,/2U,)'/? < 0.1, wherel,, is the ionization potential of forward angled, and azimuthal anglee was measured
the atom andU, is the ponderomotive energy [12]. Un- for electrons produced during the creation of °Ne
like some previous studies of above-threshold ionizatiolNe’™, and Né&* with linearly polarized laser light.
electrons [5,13] in which the effect of the ponderomo-Electrons with energies up to 30 keV were observed
tive potential was minimized, our intent was for the freedusing the magnetic spectrometer described below [16].
electrons to gain the full energy provided by the field gra-Previous measurements with circularly polarized laser
dient. For electrons born at the peak of the field and wittpulses showed photon momentum transfer to the ejected
zero initial momentum perpendicular to the propagatiorelectrons [16] and effects of the mass shift of electrons
direction, the ponderomotive potential leads to an axisymescillating in the laser field [17]. The measurement of
metric electron distribution in the plane perpendicular tothe electron distributions as a function of both energy
the propagation direction [14]. A small initial momentum and# was necessary to resolve the closely spaced energy
perpendicular to the propagation direction or ionizationpeaks of the upper charge states of neon in the linearly
of the electron at an off-peak phase of the optical cycleolarized field. Measurement of the electron distributions
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perpendicular to thé& vector exclusively would neglect 90° [21]. Gaussian fits were then made to the number
the forward momentum gained by the electrons [16]. Theof electrons seen ap = 0° and ¢ = 90° as a function
relation between the electron’s final kinetic eneigand  of @ for each charge state. The forward anglef peak
forward scattering angle is given to good approximation electron number agreed with Eq. (1) for all charge states

by [16,18-20] observed. Figure 1 shows the measured distributions of
2 Ne®™ and Né* electrons as a function of forward angle

0 = tan 1,27 (1) 0, both parallel and perpendicular to the direction of

polarization. The ratio of the peak number of electrons

This relation remains valid regardless of the electron’sseen along the polarization axig,,., to the peak number

initial momentum. Electron energy distributions wereseen perpendicular to the polarization ax¥,..,, was

measured both along and perpendicular to the polarizatiofound to bel.9 = 0.4,2.3 + 0.3, and1.8 = 0.2 for Ne*,

vector by leaving the spectrometer stationary and rotatingle’*, and Né™, respectively.

the laser field polarizatior-45° using an AR-coated half- As stated above, ionization of the electron at a nonzero

wave plate. phase of the optical cycle or with a nonzero initial kinetic
The spectrometer [16,21] consists of an electromagneghomentum perpendicular to the propagation direction can

for selecting electron energy and a detector composed ofgive an asymmetric angular spectrum. Both contributions

scintillator coupled to a photomultiplier tube. The energycan be described on equal ground as the initial transverse

window of the spectrometer was varied by changing the&anonical momentum. This quantity can be written as

magnetic field in the 2-mm gap of the steering magnet. A B

calibration using a beam of electrons of known energy P (tg) = p.(t)) + —AL(An), (2)

showed an energy resolution &E/E = 0.3 FWHM. ¢

The distribution of electrons as a function @fwas mea- Where p, (1) is the kinetic momentum perpendicular to

sured by rotating the entire spectrometer about the cylinthe propagation direction at the time of ionization

drical axis that passes through the laser focus at@the and A is the phase displacement from the peak of

laser axis. The angular resolution of the spectrometer ifh€ field atn = kz — wtg = nw(n = 0,1,2..). The

A6 = +1.5° due to the 1 geometric angular resolution €lectric field has the fornF () = F,cosy if we choose

of the spectrometer and a 0.6ncertainty in the position the vector potentia(n) = (cFo/w) siny and note that

of the spectrometer about the cylindrical axis. The anguF = —(1/c)dA/at. Fyis the field strength at the peak of

lar acceptance in the plane perpendicular tokheector  the optical cycle during which ionization occurs, ands

wasAg = 3.3°. Peak signal-to-noise ratios of 1000 to 1 the laser frequency. The initial kinetic momentym(zo)

were obtained with this setup [16]. could have components both parallel and perpendicular
The laser System used for the experiments was g) the pOlariza'[ion direction. In our calculations of a

1.054.um, 2-ps laser using chirped-pulse amplification

described elsewhere [22]. The laser was focused to a 600 ———————— s

5-um (1/e? radius) focal spot and a peak laser intensity 500 @ i

of approximately 1 X 10'® W/cm?. Neon gas at a

pressure ofl X 1073 Torr in a background pressure of 400 ¢

1 X 10~® Torr was used to minimize space charge effects. 300 ]
Laser ionization provided electrons whose interaction 200 T
time with the focus was shorter than the pulse length 100} -

Number of electrons

or collision time. The signal obtained at eadh, ¢, ¢) 0
point was normalized to the focal volume expected 800

at 1 X 10" w/cn? to correct for a 10% shot-to-shot 2 () --0—~|Perpenc'iicular_
fluctuation in laser energy. Imaging of the focus onto a 2 600l —o— Parallel

CCD camera revealed a stigmatic focus with.2 = 0.2 § i
aspect ratio independent of the direction of polarization ‘g 400 - ]
determined by the position of the half-wave plate. The 5 .
shot-to-shot variation in the laser's pointing accuracy 'E 200 _
was *1.2 um and did not increase if the wave plate was 3 0 A SN .

rotated between shots. 75 80 85 90 95

The number of electrons seen parallel and perpendicular Angle from k vector (°)

to the polarization direction for each charge state was

determined through the contribution of each state to th{l'eeé; 1én dArzg;J'?\'lréfp‘zlcéggngegagg’;v?d trlf)txe;tz;)rgllgr gg?oen

energy spectrum by making a multiple-Gaussian IeaSt(':ircles) and perpendicular (closed circles) to the direction of
squares fit to each spectrum measured at forward angl@sjarization. The solid and dashed lines are Gaussian fits to
0 of 78° through 90 and azimuthal angles of°Cand the data.
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classical trajectory, we disregard contributions such asear, but below, the peak of the field during the optical
wave-packet spreading, and assume any initial kineticycle.
momentum is small and in the polarization direction. To determine the initial canonical momentum width
A fully relativistic Monte Carlo simulation [21] has produced by the ADK theory, the Monte Carlo simulation
been used to determine the relation between the numbe&ras modified to employ this tunneling theory of ionization
ratio Npara/Nperp @nd the electron’s initial canonical instead of the simpler BSI theory. For each atom, the ioni-
momentum. We performed a series of simulations irzation rate was calculated several hundred times per laser
which the atoms were ionized according to BSI [8]cycle, and the electron was released with zero initial kinetic
at the peak of the fieldAn = 0), and the electrons momentum at a phase corresponding to this probability
were given a Gaussian distribution of initial canonicalrate. Figure 3 shows the distribution of electrons produced
momenta with a HWHM widthPy aroundP, (1) = 0. A by the simulation for the eighth charge state of neon as a
linearly polarized laser pulse with a Gaussian spatial anfunction of An. The HWHM width of this distribution
temporal profile was propagated over several thousandas found to be about 0.27 rad for each charge staté Ne
atoms placed randomly throughout the focal volume. ThéNe’*, and Né*, corresponding to &, (,) distribution
fully relativistic equations of motion for the trajectories width of about0.27¢Fy/w, in good agreement with the
were solved for each electron. The parameters used in thalues derived from the experimental data.
simulation reflect those of our laser system. Data obtained The agreement of our data with the predictions of the
from this simulation were analyzed in the same manneADK model implies that the initial kinetic momentum
as the experimental data. Figure 2 shows the number (7;) of the electrons must be small in comparison with
ratio Npara/Nperp fOr electrons released in the creation the electron’s final momentum. The error ranges of our
of the eighth charge state of neon as a function of thgpeak electron energy data (parallel and perpendicular to
HWHM width Py of the initial canonical momentum the polarization direction) and 0lyara /Nperp data put an
distribution. Py is given in units of the maximum upper limitonp (z). If we allow for a nonzero initial ki-
quiver momentumeF,/w. The calculated relationship netic momentum in the polarization direction in the Monte
betweenP , (1y) andeF/w is similar for Né* and Né™. Carlo simulation using the ADK theory, our data limits
From the calculations we can estimate the experimentg, (7)) to 5.5 = 1.6%, 2.7 = 2.1%, and 6.1 * 3.0% of
value of Py to be 24 + 9%, 29 = 3%, and25 = 3%  eFy/w for N&®", N&’", and Né*, respectively. This cor-
of eFy/w for N&®*, N&’", and N&*, respectively. This responds to initial kinetic energies of less than 50 eV for
corresponds to an average initial rms drift energy that idigh-energy electrons with final energies of about 10 keV.
about 10% of the ponderomotive energy for all charge  Future experiments using a higher-resolution spectrometer
states considered. and elliptic polarization could lower this upper limit on
The initial canonical momentum distributions inferred the initial kinetic momentum.
from the data are in good agreement with those pre- In summary, we have made the first distribution mea-
dicted by the Ammosov-Delone-Krainov (ADK) tunnel- surement of the initial conditions of electrons born in a
ing ionization model [10] when the electrons have zerdinearly polarized, high-intensity laser focus in the tunnel-
initial kinetic momentum. The ADK rate falls off ex- ing regime. Good agreement was achieved between the
ponentially as the amplitude of the applied electric fieldfully relativistic simulation employing the ADK tunnel-
and, therefore, gives a significant probability of ionizationing model and measurements of the momentum distribu-
tion width deduced from the asymmetry measured in the
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FIG. 2. Comparison of the N& asymmetry ratiaVpara / Nperp

to the HWHM width Py of the initial canonical momentum FIG. 3. Distribution of the electrons produced during the
distribution. Squares represent values\gf;, /N, calculated  creation of N&* as a function of the laser phaskn at
from data generated by a simulation with the momentumwhich they were ionized, from the ADK simulation. The
distribution widthPy. The error bars are statistical. The solid amplitude of the laser electric field (dashed line) is overlaid
line is a polynomial fit to the data. The limits of the shadedfor comparison. The top axis shows the corresponding initial
region are those of the experimental data. electron momentum in units efFy/w.
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