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Measurement of hydrogenic tunneling rates in a high-intensity laser focus
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An accurate measurement of the tunneling ionization rate for the hydrogenic ground state of (ktim
in a circularly polarized, 2-ps, high-intensity laser pulse is presented. The ionizing electric fields are deter-
mined with an uncertainty of less than 2% by measuring the energies of electrons ponderomotively accelerated
out of the focus. The inferred ionization rate agrees well with semiclassical and exact solutions of the
Schrédinger equation.
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Tunneling ionization of hydrogenic atoms exposed to aenergy, pulse width, and focal arg&-8§]. Intensities are of-
strong electromagnetic field is a classic phenomenon of norten calibrated by comparing ion-yield data to particular the-
perturbative atomic physics. Tunneling is the static strongoretical predictions, but this allows only relative rates to be
field limit of multiphoton ionization, in which the electron determined[8—10. Improved accuracy can be achieved by
escapes from the atom on a time sdal¢ much shorter than measuring electron spectra produced by short-pulse resonant
the field period(27/w), and is described by the Keldysh multiphoton ionization in conjunction with ion-yield data.
parametef1], y=wn=w(2Eg)*?/E, where Eg is the bind-  Using this approach, Walkegt al. [10] achieved intensity
ing energy of the atom ané is the electric field in atomic accuracies of +25% in studies of nonsequential ionization of
units. The tunneling regiméy<2m) is reached either by helium. Because the tunneling ionization rate varies rapidly
w—0 or£— . Under these conditions the atom—field inter- With the field strength, even small uncertainties in intensity
action is sufficiently simplified that, for a hydrogenic atom, cause large uncertainties in the value of the ionization rate, in
the Schrédinger equation can be solved exaf2lg). The the latter case about a factor of 10.
resulting electron behavior is completely characterized by a In this Rapid Communication an accurate measurement of
shift and induced width of the quasibound state, with thethe tunneling ionization rate for the ground state of hydro-
latter being proportional to the tunneling rate measured irff€nic helium is reported. Due to its large binding energy
experiments. (Eg=54.4 eV=2 a.y, He'* is expected to ionize well into

Previous accurate measurements of hydrogenic tunnelinge tunneling regim¢y~0.2—-0.3 for the conditions in this
rates as a function of field strength, by Koch and Marfdhi ~ experiment. By measuring the energy of electrons produced
used a weak static electric fie{e-500 V/cm to ionize high by tunneling and ponderomotively accelerated out of the fo-
Rydberg states of hydrogegprincipal quantum numben cus, the ionizing fields are determined with a total uncer-
=30, 40 and gave excellent agreement with numerical solufainty less than 2%. The corresponding ionization rates in-
tions of the Schrodinger equation. Both microwd®g and ~ ferred by comparing theory to the experimental results have
laser [6,7] ionization experiments indicate that atoms ex-an uncertainty less than 30%. The results give excellent
posed to quasi-static fields ionize near the classical threshoRgreement with both semiclassi¢al] and exact analyti€3]

[in atomic units(a.u)]: solutions of the Schrédinger equation for a hydrogenic atom
ionized by a quasistatic electromagnetic field. The results
Ectassicar (Ep)?14Z, (1)  show that the systematic errors associated with a high-

. intensity laser focus can be carefully controlled, leading to

wheredZ IS tthcta reS|;jhuaI cfhalrage of the.|og. F?r a hydrogfn'csensitive tests of tunneling ionization and other nonperturba-
groun state, e lelds  require or — 10NIZalion 0 effects in strongly driven atoms.

(€>1C° v/cm) are obtained only in the focus of a high- The energy of electrons produced during ionization and

|nteAnS|ty laser. ¢ q i ejected from the laser focus is related to the fields at the time
ccurate measurements of ground-state tunneling rates ionization[12]. Under tunneling conditions, electrons ac-

a function of field strength have not been possible to datg, i poth a constant drift energy during the first laser cycle

because ultrahigh laser intensities are notoriously inaccurat§g e jonization and a ponderomotive energy while traversing
especially when obtained from independent measurements e laser focus. When the laser pulse duration is much longer

than the time required for electrons to exit the focus, elec-
trons in a circularly polarized field gain about twice the full
* Also with the Department of Physics and Astronomy, University quiver energy(U,=£2/2w?) available at ionization. For the
of Rochester, Rochester, NY 14623, USA. circularly polarized, 2-ps laser pulse used in this experiment,
TPresent address: Department of Physics, Albright College, Readneasuring the final electron energy o2U,, allows the ion-
ing, PA 19604, USA. izing field to be determined.
¥Also with Department of Mechanical Engineering, University of A fully relativistic Monte Carlo simulation[13-1§ is
Rochester, Rochester, NY 14623, USA. used to obtain an accurate calibration between the final elec-
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tron energy and the ionizing field. The simulati¢h3,14 MCP output

assumes that electrons tunnel instantaneously into the laser =~ MCP voltage (to digitizer)

field with zero initial velocity[12] and subsequently propa-

gate through a time-dependent Gaussian laser focus via the T

classical Lorentz force. The assumptions underlying the i;=.ﬁ &1

simulation have been verified experimentally for this laser Magnetic gi L

system[14]. The results of the Monte Carlo simulation will shielding Jj1= 1 =

be discussed in detail elsewhere but are summarized here. \

The final electron energies have a broad Gaussian distribu- I =
tion with an average electron energy close t,2However,

inelastic ponderomotive scattering on the rising edge of the

laser pulse[17] can cause the average electron energy to

exceed BJ,, reaching a maximum of-2.2U,,. By carefully > L 174
choosing the laser focal parameters to obtain this maximum, lem wave plate
the final electron energy becomes highly insensitive to varia-

tion in the peak laser intensityAl= factor of 21 energy i

uncertainty~0.7%). Hence, the fields at ionization are de-

termined accurately not by measuring the peak laser intensity

accurately but by eliminating its effect on the final electron To turbo pump

energies.

The chirped-pulse-amplificatiol©PA) laser used in these  F|G. 1. Vacuum tank setup with retarding-field spectrometer. An
experiments, producing 2.0-ps pulses at a wavelength aflectron high-pass filter is created by grounding the two outer grids
1.053um, has been described elsewh§t8]. After passing  and negative biasing the center grid. The position of the focus was
through a quarter-wave plate to obtain circular polarizationscanned to test the effects of forward Compton scattering.
the laser beam is focused by an aspherical [gr20 cm,

f/4) to a Gaussian focal spot of @m (1/€? radiug, giving a  the electron energy distribution appear as a large negative
peak intensity of 1.5 10" W/cn?. The vacuum chamber, slope in the retarding-potential curve. The distribution in Fig.
with a background pressure ofx2107° Torr, is backfiled 2 behaves as expected. Electrons from the ionization of neu-
with helium to a pressure less thank30™® Torr to avoid  tral helium are evident where the signal falls off from 0 to
space-charge effects and detector saturation. TH&é tdeget 700 eV, followed by a flat, electron-free region. Above
gas is produced by sequential ionization of neutral heliumLO00 eV the signal falls off again, corresponding to electrons
earlier in the laser pulsgl9]. Electrons from both charge from the ionization of HE'.

states of helium are ejected from the focus, and their energies The solid curve gives the least-squares, double-erfc fit to
are measured using a retarding-potential spectrometer, &ge data, confirming the Gaussian form of the"Hgpectrum.
shown in Fig. 1. Three screens of fine stainless steel meshhe best-fit values for the Gaussian peak energy and tae 1/
(wire diameter =0.0025 cm, 40 wires/gnare mounted half-width are 1960+42 eV and 762+51 eV, respectively,
20 cm from the focus, with the two outer screens groundedvhere the uncertainties give thedlrandom error. The en-
and the middle screen connected to a variable negative volgrgy gained by the electrons is far less than the total energy
age supply(-Vg). The grids are clamped between flat copperavailable at the peak of the pulse at %.50'" W/cm?
rings (hole diameter =2.9 cinand mounted 2 cm apart, (2U,=31 keV). Moreover, the measured spectrum is insen-
separated by ceramic spacers. Electrons with sufficient en-
ergy pass through the screens and are detected by a micro-
channel plate(MCP). The front of the MCP is biased at
+550 V to collect the electrons and make the detection effi-
ciency constant. Triple-layered Co-Netic magnetic shielding
[20] surrounds the 28-cm flight path, providing a magnetic
field-free (<1-mG region with a detection aperture of
0.0045r sr.

Figure 2 shows the total observed electron signal in pico-
coulombs versus the electron energy in electron \@i).

Each data point is the average of all the laser shots in a 6% | | N\
energy bin, adjusted for relative peak intensity and normal- 0 1000 2000 3000 4000
ized to a pressure of 81076 Torr. For the lowest retarding
voltages and highest electron signals, the actual pressure is a
factor of ten lower to avoid space-charge effects. A single FiG. 2. Retarding-field electron spectrum for the ionization of
electron hit at the normalized pressure corresponds t@elium. The vertical axis gives the total measured charge from the
~1 pC. The retarding-potential measurement integrates alMiCP in picocoulombs. The horizontal axis is the electron energy
the electrons with energies abovwéggiving, for example, a  (eVy) calculated from the voltage-Vg) across the retarding grids.
complementary error-function(erfc) dependence for a The data points are averaged in 6% energy bins. The least-squares
Gaussian spectrum. Hence, energy intervals near a peak fi (solid line) is a double complementary-error function.
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FIG. 3. Average electron energy versus pulse width. Solid 5 4 Retarding-field spectrum for the ionization offeom-
squares mark the experimental data points. The solid line is a leasf, o 1o the simulation predictions of two tunneling theories. The
squares linear fit to the simulation results's) for the semiclassical  yo<hed curve shows the prediction of the semiclassical tunneling
tunneling model. model; the solid curve shows the prediction of the exact dc tunnel-
sitive to fluctuations in the peak laser intensity, which dif- ing rate. The horizontal line _of the central cross shows the total
fered by a factor of 2 among the various data runs. Conse2'or for the average energy inferred from the data.
quently, the observed energies represent the intensities at
ionization rather than the intensity profile of the focus. The The measured energy distribution can be compared to that
classical threshold for ionization given by El) signifi-  predicted for the ionization of a hydrogenic ground state in a
cantly overestimates the field where ionization occursstatic electric field. The Schrédinger equation in this case is
(2Up classicar 3-6 keV). This is in contrast to experiments separable in parabolic coordinates and can be solved analyti-
with hydrogenic Rydberg states, where Ed) underesti- cally. The ground-state ionization rate as a function of the
mates the observed fie[@1]. scaled fieldS,=E/(2 Eg)®?is [3]

To obtain accurate ionization fields and rates, systematic
errors in the experiment were investigated in detail. Potential 1
systematic errors resulting from uncertainties in the pulsd (€5 = SEBEG_Z/SES[l - 8.9%+25.6£)° - 159&9)°%+ .. ],
width, retarding-voltage measurement, imperfect beam po- S
larization, space charge, nonuniform MCP response versus (2
energy, and a finite detection aperture were experimentally
investigated. For example, the finite detection aperture cawhere all quantities are in atomic units. The coefficients are
preferentially cut off high-energy electrons accelerated in th&nown to arbitrarily high order and the expansion is
forward direction by multiphoton Compton scatterifi].  asymptotic. The leading term of this expansion is the semi-
This effect was tested by obtaining spectra at various lasetlassical hydrogenic tunneling rdtel]; the additional terms
focal positions relative to the detection axgee Fig. 1 result from the dc Stark shift of the ground state. For mod-

The dominant systematic error comes from uncertainty irerate field strength$€;<1), the exact rate is less than the
the absolute laser pulse width15%), which affects both the semiclassical rate because the downward Stark shift of the
observed electron energy and the calculated ionization ratground state binds the electron more tightly and widens the
Figure 3 shows the measured average electron energy versharrier for tunneling.
pulse width for four data runs in which full Hé spectra Figure 4 compares the data for the ionization of Heith
were obtained. The error bars give the statistical uncertaintihe predictions of both the semiclassical rad@ashed ling
for each erfc fit. The data are consistent with predictions ofnd the exact rate given in E) (solid ling). The cross
Monte Carlo simulations based on the semiclassical ionizamarks the average energy obtained from the least-squares fit
tion rate[11] for He!*, indicated byx’s. The solid line is the to the experimental data, and the horizontal bar shows the
least-squares linear fit to the simulation results. Although théotal uncertainty. Both theories agree with the data using
uncertainties in the pulse width data are too large to providéree parameters
a detailed test of the Monte Carlo predictions, the pulse The agreement between the observed average energy
width scan allows the uncertainty to be reliably determined(1960+75 eV and the simulation predictiond929 eV and
Taking into account all likely sources of uncertainty gives a2030 eV for semiclassical and exact rates, respechiisly
final systematic error of +3.2% for the average electron enespecially important for determining the field strength where
ergy. The pulse widtli+2.3%) and retarding voltagé&+2%) ionization is most probable. The simulation indicates that the
are the two main sources of uncertainty, with all otherelectrons gain on average 2.203+0.002 times the initial
sources contributing less than 0.6%. The systematic error faguiver energy, so thal,=890+34 eV. This initial quiver
the energy width(o) is somewhat larger: +13.6%, —8.2%. energy implies an ionization intensity 018.6+0.3
For the average energy, adding the random and systematik 10" W/cn? and an ionizing field of (1.80+0.03
errors in quadrature gives a total uncertainty of +3.8%. % 10° V/cm for hydrogenic helium in a 2.1-ps, 1.0%8n
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laser pulse. The corresponding ionization rate(3s’2f(1);§) of tunneling and over-the-barrier theories are desirgBle
X 10 st In summary, we have accurately measured the tunneling
The accuracy achieved in this present experiment is limionization fields and rates for hydrogenic helium and ob-
ited primarily by the laser’s low repetition rat@ne shot tained excellent agreement with semiclassical and exact so-
every 3 min. Using the higher repetition rates currently lutions of the Schrédinger equation. These results show that
achievable in CPA systems would allow energy accuraciethe systematic errors associated with a high-intensity laser
better than 1%. Experiments with this level of accuracy adfocus can be controlled. This work is important for the study
dress important issues in strong-field atomic physics. Tunnelyf myitielectron atoms in strong fields, and may lead to mea-

ing theories based on single-electron dynamics, including thgrements of dc Stark shifts and relativistic effects.
widely used semiclassical theory of Ammosov, Delone, and

Krainov (ADK) [22] and the single-active-electrofSAE)
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