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‘‘Nonrelativistic’’ ionization of the L-shell states in argon
by a ‘‘relativistic’’ 10 19 WÕcm2 laser field
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The field ionization cross sections for theL-shell states in argon are presented as measured with pulsed-laser
radiation at an intensity of up to 1019 W/cm2. For ultrahigh intensities, the photoelectron continuum dynamics
will be relativistic. However, the measured charge-state yields for Ar91 to Ar161 compare favorably to nu-
merical solutions of the nonrelativistic Schro¨dinger equation and a widely used Ammosov-Delone-Krainov/
WKB tunneling ionization model. The results are interpreted within a two-step, strong-field ionization model,
where the initial tunneling ionization process is dominated by nonrelativistic effects while the photoelectron
continuum dynamics are strongly relativistic.
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I. INTRODUCTION

Extensions of the field-matter interaction into the relat
istic regime, such as recently with multiphoton Compt
scattering@1# and the angular emission of electrons@2#, de-
pend upon understanding the ultrahigh field ionizat
mechanism. Several relativistic phenomena resulting fr
ultrahigh field-atom interactions have been predicted. Th
include Larmor radiation, differences in the energy-resolv
photoionization cross section, and the stabilization@3–5# of
an atom against field ionization. However, many aspects
the relativistic field-atom interaction are not known becau
approximations within models can fail at relativistic inten
ties @6#. Furthermore, it has remained experimentally uncl
how even basic physical quantities, such as the photoion
tion cross sections, are modified in the relativistic domai

We present here the fundamental, single-atom photo
ization cross sections for argon in a field with an intens
range from 1018 W/cm2 to 1019 W/cm2. These measure
ments quantify the atomic ionization rates for field streng
of 100 GV/cm and quantify the field ionization of atom
inner shell states as high as Ar161.

II. EXPERIMENT

The laser system we used to generate an irrandianc
1019 W/cm2 is described in@7#. This laser system is the mos
recent generation of the terawatt class. Previous terawat
ser systems were based on a glass amplification med
The single-shot operation of these lasers allowed ultrah
field plasma studies@8,9# but hindered ultrahigh intensity
studies of atomic systems. Our laser system has a repet
rate of 10 Hz and pulse-energy fluctuations of 5%. This p
formance allows ultrahigh intensity atomic measurement
be made accurately over a high dynamic range. Briefly,
system is a four-stage Ti:sapphire chirped pulse ampl
system that produces linearly polarized pulsed radiation w
a pulse energy of 1.260.06 J, a duration of 2565 fs, and a
center frequency of 800 nm. The pulse is temporally co
pressed in a vacuum of 1026 Torr and then enters an ultra
high vacuum interaction region via a 11-cm-diamet
1050-2947/2001/63~4!/042712~6!/$20.00 63 0427
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5-mm-thick antireflection-coated nitrocellulose pellicle. Tw
high-compression turbo pumps in series evacuate the h
intensity interaction region to a base pressure of less tha
pTorr. In the interaction chamber, the laser pulses are
cused by a 11-cm-diameter,f /2.5, metal off-axis parabolic
mirror. Approximately 40% of the laser-pulse energy is d
livered within a 3-mm-diameter focal spot. The dominan
focal aberration is chromatic that results in an estimated
duction of the focused intensity by a factor of 2. The pu
duration, spot size, and integrated pulse energy optical m
surements give an intensity calibration in the laser focus
1020 W/cm2 for every joule of energy in the laser pulse.

Ultrahigh purity (.99.999%) sample gases of helium
neon, and argon are introduced to the focal region in
skimmed, effusive gas jet whose diameter at the focus
approximately 0.25 mm. The gas pressure in focal regio
varied from 1025 Torr to 1028 Torr. The ion products from
the laser-matter interaction region are swept into a one-m
time-of-flight tube by a 200-V potential. Microchannel plat
~MCP! are used to detect the fragments. The MCP sign
were amplified and discriminated with a combination co
stant fraction/threshold discriminator. To avoid bleaching
the MCP detector area with high detector currents from l
charge state species (q,2), the MCP was operated with low
gain. The MCP/amplifier/discriminator detection system w
set for optimal detection efficiency form/q ratios less than 5.
Tests of the MCP response as a function of the gain volt
and incident charge species were done. The variance in
perimental detection sensitivity for Ar81 to Ar141 argon spe-
cies was 20%.

To calibrate the laser intensity with greater accuracy th
the calibration inferred from the independent optical me
surements, we record known intensity-dependent ioniza
rates in the laser focus of the experiment. The ionizat
rates of helium are the highest-intensity measurements a
able with a cross section shown reliable to an accuracy
15% over a large signal range@10#. The experimental and
calculated photoionization yields for helium ionized by
25-fs pulse of 800-nm radiation are shown in Fig. 1. T
number of detected ions~normalized to the pressure in Tor!
©2001 The American Physical Society12-1
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is plotted as a function of the pulse energy. This data wa
with the calculated ionization yield@11# by adjusting the
energy to intensity calibration and ion yield. The measu
ments were collected with pulses from the 0.2-J laser p
amplifier and the 1.2-J amplifier. The agreement between
0.2-J and 1.2-J data indicates that laser amplifier distort
were not significant in the experiment. The intensity calib
tion measured with the photoionization of helium shown
Fig. 1 is 3.231019 W/cm2 at the focus per joule of energy i
the laser pulse. The estimated uncertainty of the photoion
tion yield intensity calibration is 60%. We believe that c
mulative or undetected optical errors in the convoluted o
cal measurements are responsible for the disagreem
between the photoionization yield calibration and the hig
optical estimate. The factor-of-3 disagreement between
intensity calibration using photoionization and that inferr
from optical measurements emphasizes the need for acc
quantification of ultrahigh intensities in the interaction r
gion, just as has been the case for previous high-field stud
The peak intensity achieved in these studies was 2.061.2
31019 W/cm2 according to the helium photoionization ca
bration with 0.62 J of energy in a pulse duration of
65 fs delivered to the interaction region.

For peak intensities approaching 1019 W/cm2 the valence
and inner shell electrons of many atoms will be fully ionize
However, theL shell of argon is ideally suited for atomi
studies in the intensity range from 1018 W/cm2 to
1019 W/cm2 since theL-shell ionization potentials exten
from 422 V to 918 V. Furthermore, argon’sM-shell valence
electrons ionize at much lower intensities, so Ar81 is a clean
high-field ion ground state unencumbered by possible mu
electron dynamics from valence shell electrons. The ion
tion of Ar through Ar71 occurs over the intensity range o
231014 W/cm2 to 331016 W/cm2. The third-order autocor-
relation of our experimental pulse shows the intensity
1015 W/cm2 is reached 270 fs before the peak of the pul

FIG. 1. Experimental and calculated photoionization yields
helium ionized by a 25-fs pulse of 800-nm radiation. Data collec
with the 0.2-J laser preamplifier (,) and full 1.2-J amplification
(1) are shown. The intensity to energy calibration is obtained
fitting the experimental measurements to the calculated yields~solid
line!.
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1016 W/cm2 is reached 190 fs before the peak of the pul
The measured photoionization yield at 231019 W/cm2 is
shown in Fig. 2. Tie bars are used to show the peaks for
dominant isotope of argon. Ar151 is not visible due to the
O61→O71 ~ionization potential 138 V→739 V) transition
from residual ionized water in the chamber. The backgrou
in the experiments does not otherwise encumber the stu
due to the very low level of detected H1, H2

1, and a lack of
degeneratem/q ratios for other argon charge states. T
event rates for Ar91 to Ar161 were kept below 0.25/~bin-
shot! to prevent pulse pileup. Figure 2 is the sum average
20 000 shots. The sample pressure was varied in the ex
ments to verify the absence of collective effects.

III. THEORETICAL ANALYSIS

Several gauges of the atom-field interactions can be u
to analyze the observed ultrahigh intensity ionization yiel
Perhaps the most fundamental of these is the Keldysh pa
eter, g is equivalent to field frequency/tunneling frequen
@12#, which relates the radiation time scale to the tunnel
ionization-time scale. The Keldysh parameter for these st
ies averages 0.03. The slowly varying ionizing field relati
to the tunneling rate in these experiments is consistent wi
predominantly quasistatic dc field ionization, which has be
verified for g values as high as 0.5@10#.

More than 30 years ago, Landau@13# used a semiclassica
method, also known as WKB, to obtain the dc field ioniz
tion rates for hydrogen. Smirnov and Chibisov@14# and Per-
elomovet al. @15# later devised a way to apply this approx
mation to hydrogenic atomic states of different atom
Following Landau, these derivations used a parabolic cy
drical coordinate representation of the Schro¨dinger equation
with the atomic state approximated with a single active el
tron hydrogenic state under the influence of a dc field. W
an electric field along thez axis, electron dynamics may b
separated alongj5r 1z, and h5r 2z parabolic axes. The
two separated equations can be rendered in a form iden
to a one-dimensional Schro¨dinger’s equation. Since electro
ionization occurs predominantly on one side of the atom

r
d

y

FIG. 2. Time-of-flight ion spectrum for argon at the intensi
231019 W/cm2. The tie bars identify18Ar40 while the isotopes

18Ar38 and 18Ar36 are identified by* and d, respectively. The
contaminants H and O are also labeled in the figure. The A81

species is saturated.
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‘‘NONRELATIVISTIC’’ IONIZATION OF THE L- . . . PHYSICAL REVIEW A 63 042712
ion, where the electric field has suppressed the barrier,
one of these two coordinates is of interest and the equa
reduces to a one-dimensional barrier penetration probl
The general atomic wave function is expressed in parab
coordinates asC(r ,u,f)5z(j)x(h)F(f)/Ajh, wheref is
the usual azimuthal angle. The separated equation forh be-
comes

d2

dh2
x~h!1

me

\2 S E

2
1

ke2b2

h
1

\2

4meh
2

1
eFh

4 D x~h!50,

~3.1!

whereE is the bound state energy of the electron of massme
and chargee. The separation constants forz(j) andx(h) are
b1 andb2, respectively, whereb11b25Z, the charge of the
ion. The termske2b2 /h and \2/4meh

2 represent the Cou
lomb potential.F is the electric field, andk is 1/(4pe0) for
MKSA units. The WKB method begins by assuming certa
characteristics about the tunneling wave function. For
wave function entering the barrier, the asymptotic field-fr
radial atomic wave function is used. This amounts to an
sumption the barrier is far from the core, i.e.,Ze2/(2E)
!h whereZ is the charge of the ion final state. A seco
approximation requires the potential in the region of the b
rier, due to the external field, is much less than the energ
the electron, i.e.,h!2E/eF. In a classical sense, this wi
mean the electron will experience no significant accelerat
which would change its kinetic energy, until into the co
tinuum and well outside the barrier. If these conditions ho
then the WKB wave function inside the barrier can be o
tained and matched to the asymptotic continuum wave fu
tion. Table I summarizes these criteria for the ionization
the argon charge states studied. From Table I, it is appa
the WKB inequality relationships are satisfied by a factor
3. When the electron is presupposed to be in an atomic s
with quantum numbersn*, l *, m, the often-used Ammosov
Delone-Krainov@11# rate is obtained. This formula has bee
used to describe a broad range of interactions from hydro
in microwave fields@16# to diatomic molecules in femtosec
ond laser fields@17#. By comparing the WKB/Ammosov-
Delone-Krainov~ADK ! solution with numerical solutions to
the Schro¨dinger equation and experimental measureme

TABLE I. Criteria for evaluating the validity of the WKB ap
proximation along theh coordinate for theL states of argon orK
state of helium. The field strengthsF used are the average of thos
in Table II for each species. The extent of the wave function
approximated byZe2/2E and twice the ratio of the bound energy
the external potential is given by 2E/eF.

Species Ze2/2E Barrier start Barrier end 2E/eF
Z (Å) (Å) (Å) (Å)

2 0.27 0.72 5.0 5.6
9 0.15 0.58 3.1 3.6
14 0.13 0.50 2.5 3.0
16 0.13 0.49 2.4 2.8
04271
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we will demonstrate whether it is justified to invoke the
approximations in ultrahigh-field interactions with inn
shell states.

Numerical@18# and power series basis set expansion@19#
methods were used to calculate the tunneling rate through
barrier using the Schro¨dinger equation in parabolic coord
nates. We calculated the ionization for argon’s bound sta
as represented by purely hydrogenic (n,l ,m) states and the
empirically adjustedn*, l *, m states@11#. When comparing
between methods, we present here the analysis ofm50
states since they all have the same form in parabolic cy
drical representation. Among the possible states of thL
shell in argon, Ar(1s22s22p6)81, Ar(1s22s22p)131, and
Ar(1s22s)151, were selected as representative of the ioni
tion physics. The solutions were compared for ionizati
rates of order 1010/s to 1013/s. The numerical solutions wer
propagated well outside the barrier~more than 100 atomic
radii!, with a local error tolerance of 10212. We used stan-
dard techniques of elementary one-dimensional barrier p
etration to rule out unphysical solutions. As an initial cond
tion, the lowesth value in the solution was set to 0.2% o
the radial expectation value of the bound state. This bou
ary condition was motivated by the fact that the Coulom
field is much greater than the external field near the core
the wave function should therefore be least perturbed fr
the field-free solution. The equation was then solved and
converged solution to the equation was used to calculate
tunneling rate. Also, to check for consistency asymptotica
this equation was converted to the Airy’s equation by
affine transformation. The solutions were then compu
with standard subroutines and compared against the phy
solution family well outside the barrier. They were in exce
lent agreement with each other. Outside the barrier, the
lutions are oscillating functions with an amplitude scaling
the square root of the momentum and a slowly varying f
quency. We also calculated power series solutions to
same equation. These were in excellent agreement with
numerical solutions over their range of validity. Because
wave function is oscillating, a large number of terms nee
to be retained to keep accuracy of solutions. In the cas
He1, to achieve convergence up to 7 Å, 70 terms neede
be used. The wave functionx(h) for Ar(1s22s22p)131 for
an ionization rate of 1013/s is shown in Fig. 3. In this case
despite the high-field intensity and large binding energy
the ionizing state, the WKB approximation should be va
and accurately represent the physics of the ionization p
cess.

The calculations of the dc tunneling ionization rate usi
the various methods are summarized in Table II for hyd
genlike, single electron,L-shell states in argon. Two sem
classical analysis methods are shown in the table. The
rived ADK rates, which include the coefficientsCn* l* and
our own WKB solution to the Schro¨dinger equation. The
differences between these two rates can be tied to the
lytical coefficient Cn* l* used to match the bound to con
tinuum wave function in the ADK solutions. Our WKB so
lutions are otherwise very much like the ADK wav
function. The numerical solutions to the Schro¨dinger equa-

s
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tion are very close to the WKB and ADK rates though th
are slightly higher on average than either the ADK or WK
rates.

For comparison, the dc ionization rates were also ca

FIG. 3. Thex wave function for Ar(1s22s22p)131 for an ion-
ization rate of 1013/s is shown~solid line! along theh coordinate.
The field strength~intensity! is 5.631010 V/cm (431018 W/cm2).
Also shown is the field free atomic wave function fo
Ar(1s22s22p)131 ~dash line!. Thex wave function is shown in~a!
and the absolute value,uxu, is semilogarithmically plotted in~b!.

TABLE II. dc ionization rates for selected states of argon. H
lium is also shown for reference. Hydrogenic states, noted by s
script H, use integernlm quantum numbers while scaled hydr
genic states use fractionaln* l * m states. NSE represents the resu
from numerically integrating the Schro¨dinger equation.

Z Field ADK WKB NSE
Ion ~V/cm! uCn* l* u2 1/s 1/s 1/s

2H 1.93109 4.0 1.031013 1.031013 1.131013

9H 9.73109 1.3 1.731010 1.731010 2.131010

1.33109 1.131013 1.131013 1.331013

14H 3.631010 1.3 2.531010 2.531010 3.131010

4.531010 1.031013 1.031013 1.331013

16H 5.331010 4.0 1.831010 1.831010 2.331010

6.731010 1.031013 1.031013 1.331013

9 2.131010 2.3 8.131010 3.831010 6.131010

2.731010 2.731013 1.331013 2.031013

14 4.531010 1.6 4.931010 3.831010 5.131010

5.731010 1.431013 1.131013 1.431013

16 5.731010 4.1 1.131010 1.031010 1.331010

7.431010 1.131013 1.131013 1.431013
04271
-

lated using a perturbative theoretical technique derived
Silverstoneet al. @20# for the ionization of hydrogenic states
This calculated rate for the ionization of hydrogen
Ar(1s22s)151 at a field of 5.331010 V/cm is 1.13109 s and
may be compared to the other values in Table II.

Questions about the validity of the nonrelativistic a
proximation used when formulating the Schro¨dinger equa-
tion for the interaction of ultrahigh intensities with high
energy bound states can be addressed by evaluating
aspects of the problem. If one considers the field-free
proximation to the initial state and neglects the magne
force from the field, then an additional criteria for a WK
analysis is the semiclassical condition for the wave funct
near the barrier. We have compared the semiclassical
straint for the barrier penetration problem@13# in argon (n
52) and hydrogen (n52) for field strengths with significan
tunneling ionization, i.e., Coulomb/laser field'15. We
determined that hydrogen and theL-shell states
Ar(1s22s22p6)81 to Ar(1s22s)151, all approach the barrie
with nearly the same semiclassical constraint parameter.

When the Lorentz force from the external field is cons
ered, it is likely that nonrelativistic approximation will no
accurately represent the interaction of the bound state w
the external field. A new aspect of the ionization dynam
should occur. For the Ar (1s22s)151 state in these experi
ments, thev3B force on the electron is significant sinc
uv/cu for the bound state electron is approximately 0.07. T
Lorentz force, which for linear polarization can accelera
the electron in the propagation direction, will alter the io
ization probability off the axis of the electric field. Whethe
or not ultrahigh fields can modify the ionization process v
the magnetic force on the initial state is a question of
electron dynamics. As higher and higher energy bound st
are ionized by ultrastrong fields, the increase in thev3B
force will make such phenomena more pronounced. So
aspects of these highv3B forces should be mentioned. A
the peak of the potential barrier, the electric field is ze
while the magnetic field is at a maximum. Furthermore,
cyclotron frequency for bound-state electrons in fields w
intensities of 1019 W/cm2 to 1020 W/cm2 is much greater
than the 0.4-PHz laser frequency often used in high fi
experiments. Such an interaction may suppress ionizatio
the electron is ‘‘deflected’’ from ionizing along the electr
field. In these studies, though the rates are lower than
pected from the intensity calibration, the total ionization ra
is not beyond the experimental error. Theoretical studies
currently underway to study this topic. Experimental stud
of the energy-resolved photoelectron yield could be m
sensitive to such relativistic effects@21,22#.

IV. DISCUSSION

The agreement between the WKB, ADK, and numeri
solutions, for the dc field ionization rate is high. The com
parison between the experimental ionization yields and
calculated yields using these rates answers the validity of
common assumptions within the models. To compare to
experiments, the calculated yields were spatially and tem

-
b-
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rally integrated using a gaussian focus and a cos2 pulse en-
velope.

In order to characterize the degree of agreement or
agreement, we analyzed the deviation between the exp
mental and theoretical charge state distributions over
range of the experimental uncertainty in the field intens
and the gas density. The best agreement is a minimum in
sum of squares deviation between the calculated and the
perimental Ar91 to Ar141 and Ar161 charge-state distribu
tion. The deviation of each ion in the distribution was no
malized to the charge state yield to avoid biasing the fit w
the higher yield, low-charge ions in the charge-state distri
tion. In addition, the sum of squares was calculated
weighting each ion yield in the charge distribution by
statistical and experimental uncertainty.

The best agreement between the calculated and ex
mental yields occurs when using a theoretical intensity
0.831019 W/cm2 ~which is at the lower bound for the ex
perimental intensity uncertainty.! This lower bound in the
possible experimental intensity is consistent with our ioni
tion measurements of theK shell of neon. At an intensity o
231019 W/cm2 the calculated semiclassical tunneling io
ization probability for the Ne 1s2 state is 0.001%, at 2.5
31019 W/cm2 the ionization probability for this state i
0.3%. Since no significant ionization of theK shell in neon
could be observed in experiments at the intensity of
61.2)31019 W/cm2 and an event probability detection lim
near 1025, the actual experimental intensity may be towar
the lower bound of the calibration range.

For the case of best agreement, Fig. 4 compares the
ization yields for the species Ar91 to Ar141 and Ar161 as
calculated using the ADK model of ionization. Across all t
charge states, the agreement in the yields is very good.
the charge state Ar161, where relativistic effects are expecte
to be most pronounced, the estimated one-sigma experim
tal uncertainty in the yield of Ar161 is 660%. One may infer
from the agreement between the measurements and the
culated ionization rates, for example, the ultrahigh fie

FIG. 4. Plot of experimental (,) ion yields at an intensity of
231019 W/cm2 and calculated ionization probability scaled to t
experimental yield (s) at 0.831019 W/cm2. The yields have been
normalized relative to the experimental yield of Ar91.
04271
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single electron ionization process at field strengths of 1
GV/cm for the ionization of the 2s state in argon is quasi
static and semiclassical. These measurements reveal an
portant aspect of the strong field photoionization process
ultrahigh experimental intensities the photoelectron c
tinuum dynamics are relativistic; the peak kinetic energy
an electron in the experimental field ranges from 0.1 MeV
0.8 MeV. However, relativistic effects that might be e
pected to play a leading part in the fundamental ionizat
process, are not pronounced in these studies.

To resolve this paradox, one can consult classical@23# and
two-step models@24# of strong field ionization first con-
ceived for ionization at field strengths of less than o
atomic unit. In step one of these models, the atom is ioni
by the strong field, e.g., via the tunneling mechanism. In
second step, the dynamics of the ionized electron are do
nated by the strong, oscillating electromagnetic field, wh
may cause rescattering of the continuum electron with
parent ion@25#. For the experiments considered here, t
physics of step one has remained nonrelativistic whereas
dynamics of step two, most of which have yet to be se
will likely be relativistic. Experiments at field intensities o
531017 W/cm2 already manifest such continuum relativist
effects @26#. The measured ionization cross section, i.
‘‘step one’’ of ionization, does not significantly deviate from
nonrelativistic models of ionization up to Ar161. These ob-
servations are consistent with the measurements mad
lower intensities on Ne81 where the initial kinetic energy o
electron just after ionization was measured to be 0.2% of
energy of the electron in the continuum, a maximum of
keV in @27#.

Although our calculations neglect multielectron ionizatio
phenomena, our measurements have been done near or
above the saturation point of the single ionization proce
Previous nonrelativistic, strong-field multielectron studi
have shown that multielectron ionization rates are less tha
few percent of the single electron rate@28#. Therefore, unless
this trend is reversed for the relativistic continuum case, m
tielectron phenomena will not significantly contribute to t
ionization yields measured in our experiment. The differen
between adjacent observed charge-state yields is not o
order of a few percent. The yield of Ar141, for example, is
29% that of Ar131. Therefore, double ionization would hav
to account for roughly 10% of the total ionization yield
skew the results. We would like to emphasize the agreem
in Fig. 3~b!, best stated as a relative agreement between
charge states and the calculated rates. To better define
experimental results, absolute and energy-resolved rate m
surements are necessary and such experiments are cur
underway.

V. CONCLUSION

We have measured and calculated the photoioniza
yields for theL shell of argon with 10214-s pulses at a field
~intensity! of 100 GV/cm (1019 W/cm2). The observed rates
are in good agreement with the nonrelativistic tunneling ra
calculated using numerical and WKB solutions to the no
2-5
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experiments extend the general intensity domain for a w
known ADK/WKB tunneling model of strong-field optica
atomic ionization up to interaction intensities
1019 W/cm2. Despite the expected prominence of relativis
effects in ‘‘step two’’ of the ionization process at the expe
mental intensities, higher field strengths are required to
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