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We investigate forward scattering of ionization from neon, argon, and xenon in ultrahigh intensities
of 2 x 10*° W/cm2. Comparisons between the gases reveal the energy of the outgoing photoelectron
determines its momentum, which can be scattered as far forward as 45° from the laser wavevector
Kiaser for energies greater than 1 MeV. The shell structure in the atom manifests itself as modulations
in the photoelectron yield and the width of the angular distributions. We arrive at an agreement
with theory using an independent electron model for the atom, dipole approximation for the bound
state interaction and a relativistic, three-dimensional, classical radiation field including the laser
magnetic field. The studies provide the atomic physics within plasmas, radiation, and particle

acceleration in ultrastrong fields.

PACS numbers: 32.80.Fb, 32.80.Rm, 33.80.Rv, 33.20.Xx

High intensity laser light (~ 10'® W /cm?) was instru-
mental for notable advances across disciplines including
plasma physics [1], quantum control [2], multielectron
ionization and recollision dynamics [3, 4], attosecond sci-
ence [5], molecular dynamics [6], coherent x-rays [7], laser
fusion [8], and optical science [9]. Laser technology [10]
has now advanced to the next generation of ultra-high in-
tensities (I 2 10'® W/cm?) where the laser strength pa-
rameter, ag = Ejgser\/(27¢?) in atomic units for a field
Ey with wavelength A [11], exceeds one and the motion
of the electron becomes relativistic within a laser period.
In this new regime, particle and photon products exceed
a mega-electron volt [11, 12]. By rough categorization
and factor of ~ 50,000 in intensity, this represents a pro-
gression from what are commonly understood at optical
frequencies as perturbative interactions (10° W/cm?),
strong field dynamics (0.5 x 105> W/cm?), and now rela-
tivistic, ultrastrong field physics (2 x 10 W/cm?). The
atomic response to ultrahigh laser fields is the initial con-
dition of complex phenomena found in plasmas [13], x-ray
generation [14], and laser based particle acceleration [15].
Ultraintense field-atom measurements serve as a founda-
tion for intensity calibrations of extreme petawatt light
sources and provide the needed data for accurate mod-
eling of laser-muon interactions, compact laser accelera-
tors, and laser micro-colliders utilizing atomic ionization
physics [11].

Here we show atomic ionization at 2x 10! W/cm? and
observe photoelectrons with energies of 1.4 MeV emit-
ted into polar angles 45° from the laser wave vector,
kigser- Comparisons between neon, argon, and xenon re-
veal atomic structure, specifically the electron shell bind-
ing energy, modifies the photoelectron energy spectra and
highest energy cutoff. While highly excited states, rescat-
tering, high harmonic generation, and multielectron pro-
cesses are known to be prominent in strong fields [16],
we find the energy and angle resolved spectra can be
described over three orders of signal magnitude by a rel-
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FIG. 1. (color online) Probability density configuration space
for an electron bound to Ar'®* (a) field free with a color scale
from 0 (black) to 1 (dark red). The spatial range shown is
=+ 1 atomic unit in x and z for (a,b,c). The change due to a
1.2 x 1011V/cm Ejgser field (in direction of arrow) is shown
in (b) (i.e. the Eigser case minus the field free (a)). The
scale is -0.1 (black) to 0.1 (dark red). The probability density
difference with full Ejgser and Bigser (4.1 X 10* T along y)
fields minus with Ejgse- only is shown in (¢) as -0.004 (black)
to 0.004 (dark red).

ativistic, independent electron model with classical field
scattering and a full nonparaxial treatment of the laser
field.

The ultrastrong field-atom interaction may be thought
of in two stages: the bound state interaction with ioniza-
tion and propagation in the continuum including rescat-
tering. We begin by viewing the bound state and ion-
ization process. The high ion charge states [17] inter-
acting with an ultrastrong field (e.g. up to Xe?* in
these studies) have binding energies approximately 100
times the optical photon energy (fiw); hence, the bound
state can be thought of as responding adiabatically to
a quasi-static external field. Ionization adabaticity is
also gauged by an estimated ratio of the tunneling time
to the laser period called the Keldysh [18] parameter,
v = wV2IP/Ej4ser in atomic units for a state with a
binding energy (IP). For the ionization of helium (800
nm light at 10! W/cm?) v ~ 0.5 and the response is un-



derstood as tunneling since ionization occurs in less than
one optical cycle. Atoms in the ultrastrong field are even
further into the tunneling regime with v values of order
0.02 (e.g. Ar'®* 800 nm at 2 x 101% W/cm?).

To calculate the initial response of the atom to the
ultrastrong field we use a model based on semiclassical
trajectory ensembles. For bound state and ionization cal-
culations this method is described in [19]. Briefly, the
atom is treated as a single electron, hydrogen-like sys-
tem. In the calculation, we integrate Newton’s equation
of motion in 3D, relativistically for 10° trajectories. We
present the probability distributions for these trajectories
as a 3D, x-z color plot integrated over y (Ejqser is along
x and kigser is along z). Fig. 1 gives a snapshot of the
probability for an electron bound to a Z = 15 nucleus (IP
= 855 eV, angular momentum < 27) in the field free case
and in an Ejgeer = 1.2 x 101V /em, Bigser = 4.1 x 104 T
(2x 10 W/cm?) external field, which is 70% of the crit-
ical field where the magnitude of the Coulomb field and
FEjaser are equal for a bound state. One can see the peak
values for the polarized probability density (Fig. 1(b)
are of order 10% the peak in the unperturbed probability
distribution (Fig. 1(a)). To distinguish any non-dipole
effects on the bound electron, we show in Fig. 1(c) the
difference between the configuration space with the full
field and Ejgser only. The Fig. 1(c) results show includ-
ing Bigser changes the bound electron probability den-
sity by < 1%, primarily as an effectively additional shift
in the probability density toward the tunneling barrier
from the Lorentz force. When considering ionization un-
der these conditions in ultrastrong fields, we again look
to clarify the role of Bjgser. Consistent with the small
changes in the bound state (Fig. 1), the calculated clas-
sical ionization rates [17, 19] at 2 x 10'® W /cm? increase
by only ~ 5% with the inclusion of Bjgser. Hence, ion-
ization can be approximated by tunneling using Fjgser
only. The threshold where Bj,ser in ultrastrong fields
may be neglected or must be considered occurs in space
approximately at the critical point where Fj,scr equals
the Coulomb field. As photoelectrons appear in the con-
tinuum near the critical point (reriticar = %), we find
including Bjgser deflects the emerging photoelectron [19]
by 2° away from Ejgser into kjgser at 1019 W/ecm?. The
momentum of the photoelectron appearing in the contin-
uum is a small fraction of the final momentum; thus, the
final state emission angle is dominated by the propaga-
tion in the laser focus beyond the critical point and here
this initial deflection is neglected.

For our studies, the electron final states from Ne,
Ar, and Xe ionized by an ultrastrong field were exper-
imentally resolved in energy (ds/dFE) and polar angle
(d*s/dEdf). The measurements are performed with a
terawatt, solid-state, ultrafast chirped pulsed amplifica-
tion laser system [20] that uses micro-lens pump shaping
to achieve a Gaussian spatial mode. The laser emits 150
mJ (£ 2.9%) pulses with 40 £ 5 fs duration at 10 Hz rep-
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FIG. 2. (color online) Schematic of magnetic deflection spec-
trometer (a) and laser (red) focused into the sample gas jet
(gray). Photoelectrons (blue) are selected by a slit at an angle
(0) and analyzed by magnetic deflection. The time profile of
the experimental pulse intensity (circle symbols) and Gaus-
sian (solid line) used in the theory are shown in (b). The
focus intensity contours at 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01
times the peak intensity are in (c). The tick marks along z
are in units of the Raleigh range (R = 7.2 um) and along x
in units of the beam waist (wo = 1.35 pm). Sample electron
trajectories are shown (solid lines) calculated at (x,y,z)=(0,
0.5 um, 0), (0, 0, 0.5 um), (-3 pwm, 0, 20 um), (1 wm, 0, 10
um), and (-1.5 pum, 0, -20 um) over the time periods (initial,
final) = (-2.5 fs, 14.5 fs), (-2.5 fs, 20 fs), (-60 fs, -30 fs), (-100
fs, 30 fs), and (-60 fs, -5 fs), respectively.

etition rate and 800 nm center wavelength. The pre-pulse
to main pulse ratio is better than 1:10°. Polarization of
the incident beam is altered using a zero-order, quartz
A/4 waveplate. The peak intensity was confirmed with
ion yield measurements to be 2 x 1012 W/cm? within an
experimental uncertainty range of 0.9 x 101 W/cm? and
2.5 x 101 W/cem?2. The electron spectrometer [12] con-
sists of an ultra-high vacuum (UHV) interaction chamber
coupled to a magnetic deflection spectrometer (Fig. 2).
The UHV chamber is differentially pumped to achieve an
ultimate pressure of 107'° torr. In vacuum, the laser is
focused to 1.6 um (fwhm) diameter with an off-axis gold-
coated parabola intersecting a skimmed, 10! atoms/cm3
effusive gas beam with a 0.9 mm half-density width. Pho-
toelectrons are spatially resolved using a slit with an ac-
ceptance of 4° in 6§ prior to entering into the magnetic
deflection region. There is no azimuthal dependence since
the fields were circularly polarized. The photoelectrons
are detected with a scintillator and PMT assembly or
micro-channel plates. The spectrometer was calibrated
with radioactive beta sources, time-of-flight, and the scin-
tillation photon yield. The spectrometer energy resolu-
tion AE/E was 30%. The count rate uncertainty from
200 keV to 1.5 MeV is a factor of & 3, below 200 keV the
uncertainty increases to a factor of + 6 due to variations
in detection efficiency and gas density across the large
focal volume integration. Data points are the average of
several independent collections of 10* laser shots.
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FIG. 3. (color online) Photoelectron energy spectra (PES)
for § = 72° with AERPES at 2 x 10" W/cm?. AERPES for
Ne (a) at 75 keV and 250 keV and the PES (b). AERPES
for Ar (c) at 75 keV, 250 keV, and 500 keV and the PES for
Ar (d). AERPES for Xe (e) at 75 keV, 250 keV, and 500
keV and PES (f). Radial values in AERPES polar plots are
on a normalized Logio scale from 0 to -3, i.e. three orders of
signal magnitude. AERPES measurements are shown (square
symbols) with a fit to aid the eye. Calculations are shown
(solid line) in (b,d,f) and (fill) in (a,c,e). PES square symbols)
include representative error bars. Shaded rectangles indicate
where AERPES collections are taken. The bar height (b,d,f)
is the angle integrated yield (electrons/shot keV torr) at that
energy.

The experimental energy spectra shown in Fig. 3 re-
veal photoelectrons with energies from 50 keV up to a
cutoff energy of 1.4 MeV for Ar and Xe, and 500 keV
for Ne. The spectra for Ar and Xe both have modu-
lations as a function of energy. The most prominent
of these is the suppression in the Ar yield at 200 keV.
Since the laser is identical for Ne, Ar, and Xe, the cut-
off energy and modulation in the spectra reflect atomic
structure. Calculations of the continuum dynamics and
photoelectron final states (Fig. 3,4) are described in [21].
Tunneling is treated with the instantaneous electric field
across a 40 fs pulse (Fig. 2(b)). Starting with the neu-
tral atom, the ionization is evaluated sequentially with
respect to increasing charge using classical trajectory en-
sembles (weighted by the tunneling probability) to sim-
ulate the continuum photoelectron. The electron energy
at the time of its birth, or appearance in the continuum,
is set to be zero. The results are spatially integrated from
the center of the focus out to the points in the focus where
the peak intensity is 2x 107 W/cm?. Comparisons to the
experimental results (Fig. 3) used a 30% energy resolu-
tion and 4° @ convolution. The calculated ion populations
as a function of time are shown in Fig. 4(a). As the laser
pulse (Fig. 2(b)) is increasing to its maximum intensity,
deeper and deeper bound states are sequentially removed
as the laser sweeps across the Coulomb field binding the
electron. For Ne, the n = 2 valence shell is removed well
before the peak of the pulse. The final ion state is Ne®™
since 10 W/cm? is insufficient to ionize the 1s electron
(IP = 1,362 eV). For Ar, early in the pulse the n = 3
shell (Ar to Ar®") ionizes and then nearer to the peak of
the pulse the n = 2 shell (Ar°* to Ar!6*). Xe ionization
begins with the 5p electron (IP = 12 eV) and proceeds
through the pulse until reaching Xe?6*. Contrasting with
traditional strong fields, where photoionization is viewed
as a ‘stepwise’ process involving one- or two-electrons ion-
izing during the pulse and appearing distinctly in the
continuum [22], ultrastrong fields involve many charge
states and photoionization becomes essentially continu-
ous for electrons removed from an atomic shell. Between
shells, such as the n = 2, 3 in Ar, ionization shuts off
as can be seen in the stagnant Ar8* yield 40 fs before
the peak of the pulse (Fig. 4(a)). Consequently, there is
a reduction in electrons with energies produced at that
field strength. For Ar, this is manifested as the dip in the
yield at 200 keV (Fig. 3(d)). For Ne, ionization shuts off
after the n = 2 shell, explaining the simple structure in
the measured and calculated yield (Fig. 3(b)) and lack of
photoelectrons at the highest, MeV energies. For Xe, the
modulation in the ionization yield is less striking since
there is a lack of distinction between the n = 4 and n =
5 electron shells (due to the energy shift of the 4d elec-
trons) and ionization is only briefly interrupted (Xe®*,
Xe!8+) during the rise in the laser pulse.

As the electron velocity is driven relativistically by
Ejqser, the photoelectron is deflected by the Lorentz force
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FIG. 4. (color online) Calculated time resolved ion popula-
tions (a) before the peak of the laser pulse (0 fs) with (b)
the calculated energy, angle resolved photoelectron yields for
2 x 10'® W/cm?. Slices from the energy, angle resolved pho-
toelectron yield at 75 keV, 250 keV, and 500 keV, convoluted
with the experimental resolution are shown in Fig. 3(a,c.e).
The superimposed dashed line is the plane wave solution. The
logarithmic color scale in (b) ranges from red (1) to black
(< 1079).

into the laser propagation direction (Fig. 2(c)) since
Ejgser X Biaser is along kjgser. The effect of the Lorentz
force can be seen in the polar angle, energy resolved yields
(AERPES) of Fig. 3(a,c,e). The measured values (mean
+ standard deviation) at 75 keV are 75° £+ 6°, 79° +
7°, and 72° £+ 6° for Ne, Ar, and Xe, respectively, and
at 500 keV are 63° + 7° and 67° £+ 7° for Ar and Xe,
respectively. The simple relationship between the elec-
tron energy and forward deflected angle in a plane wave
is significantly modified by the curvature of the focus
wave front [23]. In our experiments the irradiance con-
tour asymptote of the focus (Fig. 2) approaches a cone
angle of § = %wo = 11°, where wy is the exp(—2) irradi-
ance radius at the focus. The agreement with the calcu-
lated angular distributions (also shown in Fig. 3(a,c,e))
indicates the width in the emission angle is a result of
the angular range of k45 across the outgoing wave front
and the mean polar angle is primarily a function of the
emitted photoelectron energy (the mean emission angles
at 75 keV, for example, are all within the measurement
accuracy). A comparison between the calculated energy,
angle resolved yield with a plane wave and the experi-
mental focus is shown in Fig. 4(b). Broader polar an-
gular distributions (e.g. Ar at 250 keV) occur when the
emission at that angle is suppressed and contributions

to the yield are coming from ionization prior to or after
the intensity that would normally create electrons at that
energy.

The model showed a similar sensitivity to the experi-
mental signal range. Changes in time dependent ioniza-
tion (Fig. 4(a)) much greater than 1073 of the peak value
visibly modify the yields reported in Fig. 3. Multiply
populated fine-structure states, highly excited states, and
multielectron interactions are known to occur in strong
field ionization. We find these processes do not lead to a
disagreement with the electron yields expected using an
independent, sequential ionization model. The result can
be interpreted to mean the integrated yields of the ion
population from these processes (including rescattering)
is at the level of 1073 compared to the independent elec-
tron processes. More likely however they are prominent
in ultrastrong fields, especially high Z species like Xe, but
are highly correlated with the one-electron processes and
occur on attosecond to few femtosecond times scales. As
a result they ‘follow’ the sequential ion populations (Fig.
4) and energy, angle resolved yields. In the future, clas-
sical and quantum calculations should be able to shed
additional light on the important role of the excitation
and multi-electron dynamics in ultrastrong fields [24].

Atomic ionization in ultrastrong fields gains new dy-
namics from the role of the Bjyser, relativistic motion,
extended laser focus, and a change in the role of atomic
structure from individual electrons towards the electron
shell structure. AERPES are measured as far as 45°
into kjgser at 10 W/cm? for final energies greater than
a mega-electron volt. While multielectron effects, col-
lisional excitation, high harmonic radiation, and highly
excited states, for example, are certain to play a role
in the dynamics, agreement with the energy and angle
resolved data may be obtained with an independent elec-
tron model with classical field scattering and a full non-
paraxial Figser, Biaser treatment of the field.
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