
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Above-threshold ionization at laser intensity greater than
math

xmlns="http://www.w3.org/1998/Math/MathML">msup>mn
>10/mn>mn>20/mn>/msup>mo> /mo>mi

mathvariant="normal">W/mi>mo>//mo>msup>mrow>mi
>cm/mi>/mrow>mn>2/mn>/msup>/math>

A. Yandow, T. N. Ha, C. Aniculaesei, H. L. Smith, C. G. Richmond, M. M. Spinks, H. J.
Quevedo, S. Bruce, M. Darilek, C. Chang, D. A. Garcia, E. Gaul, M. E. Donovan, B. M.

Hegelich, and T. Ditmire
Phys. Rev. A 109, 023119 — Published 27 February 2024

DOI: 10.1103/PhysRevA.109.023119

https://dx.doi.org/10.1103/PhysRevA.109.023119


Above-threshold ionization at laser intensity greater than 1020 W/cm2

A. Yandow
Center for High Energy Density Science, The University of Texas at Austin,

2515 Speeday Stop C1600, Austin, TX 78712 and
Lawrence Livermore National Laboratory, Livermore, CA 94550∗5

T. N. Ha, C. Aniculaesei, H. L. Smith, C. G. Richmond, M. M. Spinks, H. J. Quevedo, S. Bruce,

M. Darilek, C. Chang, D. A. Garcia, E. Gaul, M. E. Donovan, B. M. Hegelich, and T. Ditmire
Center for High Energy Density Science, The University of Texas at Austin, 2515 Speedway Stop C1600, Austin, TX 78712

(Dated: January 31, 2024)

We present the first experimental observation of above-threshold ionization (ATI) electrons pro-10

duced by ionization of the neon K-shell in a laser field where intensity exceeds 1020 W/cm2. An array
of plastic scintillating calorimeter detectors was used to measure the high-energy electrons at four
angles in the laser forward direction. Coarse energy resolution was obtained using aluminum filters
of several thicknesses to block lower-energy electrons. A threshold intensity around 2×1020 W/cm2

is observed for production of energetic ATI electrons in the laser forward direction, with maximum15

electron energy exceeding 10 MeV. L-shell electrons with energies < 1.4 MeV are scattered further
forward along the laser direction than expected. We present comparisons of the measured total
electron energies to the predictions of a Monte Carlo models employing the ADK-PPT ionization
model and the Augst barrier suppression ionization model.

I. INTRODUCTION20

Above-threshold ionization (ATI) is the process by
which an electron absorbs many more photons than re-
quired for ionization during a laser-atom interaction. Ab-
sorption of a single additional photon over the required
threshold was observed in 1979 by Agostini et al. [1]. The25

modern two-step model of ATI was proposed by Corkum
et al. to explain the absorption of thousands of laser pho-
tons above the threshold [2], and it has been extended to
explain high-harmonic generation in gases [3][4] and non-
sequential double ionization (NSDI)[5][6][7]. The two-30

step model of ATI in a strong, near-infrared laser field
describes the ionization process as a quantum mechani-
cal tunneling model and predicts the subsequent electron
dynamics by integrating the classical Lorentz force equa-
tions. The two-step model of ATI has explained well-35

characterized experimental observations, including that
relativistic ATI electrons gain a momentum component
in the laser forward direction, resulting in higher-energy
ATI electrons being confined to a smaller forward cone
in the laser forward direction given by40

tan(θ) =

√
2

γ–1
(1)

where θ is the angle from the laser propagation direc-
tion and γ is the Lorentz factor of the ejected ATI
electron[8][9][10]. The two-step model of ATI also ex-
plains the preferential ejection of ATI electrons along the45

laser polarization direction [11][9]. ATI electrons with en-
ergies exceeding 1 MeV from argon and xenon have been
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observed, corresponding to the absorption of one million
excess photons above the ionization threshold[9][10].

Tunneling ionization becomes the dominant ionization50

mechanism for near-infrared laser fields when intensity
exceeds 1014 W/cm2. Tunneling ionization was first
observed in the pioneering experiments of Augst et al.
[12][13]. The Ammosov-Delone-Krainov and Perelomov-
Popov-Terent’ev (ADK-PPT) model of tunneling ion-55

ization [14][15] has been verified with precision mea-
surements of argon charge states at intensity exceeding
2 × 1019 W/cm2 [16]. The highest ion charge states ob-
served experimentally are Ar16+[16][17], Xe26+[17][18],
and Kr24+[18]. The probability of tunneling ionization60

is a strongly nonlinear function of laser intensity, lead-
ing to the use of high ion charge states as a direct peak
laser intensity diagnostic with varying degrees of success
[18][19]. With laser intensity estimates calculated from
indirect diagnostics exceeding 2 × 1022 W/cm2 [20][21]65

and 10-PW-class laser facilities in their final stages of
development[22], there has been considerable renewed in-
terest in highly-charged ions as a direct peak laser inten-
sity diagnostic.

Recent numerical studies of ionization have developed70

a tunneling cascade ionization model for complex ions
in a laser field [23] and identified features of the ioniza-
tion yield curves that are robust when considering dif-
ferent intensity distributions at the focal plane [24]. K-
shell ionization yields, corresponding to the ionization of75

helium-like ions, have been demonstrated to be the most
robust when considering different ionization models [25].
Helium-like ions also display a much smaller ionic po-
larizability and Stark shift correction to the ionization
potential than more complex ions, with these effects com-80

bined expected to increase the tunneling ionization rate
by a factor of ∼ 2 over the ADK-PPT ionization rate
[26]. Monte Carlo simulations of ionization that include
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ion motion in the laser field demonstrate the ions can
be accelerated to energies that make conventional time-85

of-flight ion yield measurements impossible at intensity
above 1021 W/cm2 [27], so we explore the detection of
the ATI electrons from the K-shell for future ionization
physics experiments and direct laser intensity diagnos-
tics.90

Modulations in ATI electron energy spectra and angu-
lar distributions corresponding to ionization of different
electron shells of the target atomic species has been ob-
served for the N, M, and L-shells of krypton and xenon
[10]. These modulations arise from the large difference95

in ionization potential between the atomic shells, with
ATI electrons produced by ionization of a deeply-bound
state accelerated to higher energies by a stronger laser
electric field than an outer shell state[10]. The large ion-
ization potential gap between the L-shell (< 239 eV) and100

K-shell (> 1195 eV) of neon will result in a strong mod-
ulation of the energy spectrum and angular distribution,
with the K-shell electrons predicted to gain about an or-
der of magnitude more energy than the L-shell electrons.
This strong modulation in both the energy spectrum and105

the angular distribution raises the possibility of a novel
direct laser intensity diagnostic, where the production of
highly-charged ion states can be inferred by the detection
of high-energy ATI electrons ejected in the laser forward
direction. Such a diagnostic will be relatively easy to ex-110

ecute experimentally using a low-density stream of noble
gas as a target and a magnetic spectrometer to detect
the ATI electrons. The ionization of the K-shell in noble
gases would allow for direct laser intensity measurement
around 1020 W/cm2 (Ne9+), 3 × 1021 W/cm2 (Ar17+),115

and 1023 W/cm2 (Kr35+) in any laser field, provided the
ADK-PPT tunneling ionization model can be verified ex-
perimentally on a laser system with reliable indirect di-
agnostics at these intensities as well.

The reliability of indirect laser diagnostics can be de-120

graded by a number of factors, including coating trans-
missions, both bulk and coating dispersions, undesired
spatio-temporal couplings, and B-integral accumulated
in the diagnostic line. For the ultra-short (< 25 fs),
large bandwidth (> 35nm) laser pulses produced by125

Ti:Sapphire laser systems, indirect intensity diagnostics
and ionization yield experiments do not always compare
favorably [18]. The longer pulse duration, narrower band-
width, and lower bulk dispersion around 1 µm motivated
the use of the Texas Petawatt Laser, and other petawatt-130

class Nd:glass laser systems have shown favorable agree-
ment between calculated intensity and ionization exper-
iments elsewhere [19].

ATI electrons hold significant promise as a di-
rect laser intensity diagnostic between 1020 and 1024135

W/cm2, where ponderomotive expulsion of the ions be-
comes a significant obstacle to direct ionization yield
measurement[27]. Recently proposed techniques using
vacuum-accelerated electrons and protons [28][29] will
not yield an accurate intensity estimate without a well-140

known pulse duration when prepulses scatter target elec-

trons [30] and the ions gain only a fraction of their pon-
deromotive potential energy [29]. The strong nonlinear-
ity of the tunneling ionization rate prevents the K-shell
electrons from being scattered by prepulses on the pi-145

cosecond timescale, although Coulomb explosion of a pre-
ionized target gas can deplete the target gas at focus on
the nanosecond timescale. The ceiling intensity of our
method is about 1024 W/cm2, above which expulsion of
highly-charged ions before the arrival of the peak laser150

field strength would prevent K-shell ionization [27] and
an ion ponderomotive diagnostic such as that proposed
in [28] would be most appropriate.
We report in this paper the observation of multi-MeV

ATI electrons produced by the interaction of a low-155

density neon gas jet (< 3 × 1014 cm−3) with a well-
characterized laser pulse with intensity exceeding 1020

W/cm2. We observe these ATI electrons on four plastic
scintillating calorimeter detectors positioned in the laser
forward direction and along the plane of laser polariza-160

tion. We compare the observed integrated ATI electron
energy yields to the predictions of an ADK-PPT Monte
Carlo model of ATI and a barrier suppression model of
ATI, using methods similar to those described previously
elsewhere[27]. The measurements have qualitative simi-165

larities with the models’ predictions, including the exis-
tence of a threshold intensity above which the ionization
probability increases rapidly with intensity and a sat-
uration intensity above which the ATI electron energy
yield is dominated by the focal volume rather than by170

the probability of ionization in the center of the focus.
However, we observe poor quantitative agreement with
the modeling, which significantly underestimates the ob-
served threshold intensity by a factor between three and
four. We also observe electrons with energies exceeding175

10 MeV for the first time.

II. EXPERIMENTAL DESIGN

A diagram of the experimental setup is given in Fig.
1. A low-density plume of neon is introduced in vacuum
using a flow-calibrated orifice with a diameter of 100 µm180

held at a backing pressure of 60 Torr located 4 mm be-
low the laser focus. We estimate a gas density of 3×1014

cm−3 from a steady-state Ansys-Fluent simulation of the
gas expansion into vacuum [31].A conservative estimate
of the plasma period is more than an order of magnitude185

longer than the laser pulse, so collective plasma effects
are expected to be negligible. The target chamber was
maintained at a base pressure below 5 × 10−5 Torr dur-
ing operation of the gas jet. Five scintillating calorimeter
detectors were placed around the focus. Four detectors190

were placed in the laser forward direction, with one ori-
ented along the direction of laser propagation, two lying
in the plane of laser polarization, and one outsize the
polarization plane. The fifth detector was placed out
of the forward direction and polarization plane, where195

no ATI electrons are expected, as a control. We expect
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FIG. 1. a) A conceptual diagram of the experimental setup
with scintillating detectors in the laser forward direction. The
dashed lobes demonstrate angular separation of the L-shell
and K-shell electrons. Aluminum shielding is used to block
lower-energy electrons. b) Diagram of the experimental setup,
showing five detectors arranged around the laser-atom inter-
action region. Three detectors were placed in the plane of
laser polarization at angles of 0◦, 30◦, and 53◦ from the laser
forward direction. One additional detector was placed 60◦

out of the plane of polarization and 43◦ from the laser for-
ward direction. A control detector was placed 110◦ from the
forward direction out of the polarization plane. Color figures
are available online and drawings are not to scale.

the higher-energy ATI electrons to be ejected further to-
wards the laser forward direction [8][10] and preferen-
tially ejected in the plane of laser polarization [11][9].

Each detector consisted of a 50 mm diameter, 40 mm200

long cylinder of long-lifetime (285 ns) scintillating plas-
tic (Eljen Technologies EJ240) coupled to a photomul-
tiplier tube ( ET Enterprises 9266KB) with a tapered

voltage divider for optimal pulse linearity. The plastic
scintillator and photomultiplier tubes (PMTs) were en-205

cased in a vacuum-compatible PTFE housing that was
made light-tight with colloidal graphite and aluminum
foil. The light-tight shielding is expected to block elec-
trons with energy less than 0.3 MeV, ensuring the non-
relativistic electrons from ionization of the background210

gas do not affect the measurements. The plastic scin-
tillator was chosen to decrease sensitivity to high-energy
photons and a long scintillating lifetime allowed the de-
tector to function as a calorimeter, with the output cur-
rent pulse representing an integrated measurement of the215

energy of all electrons incident on the detector. The rel-
atively large solid angle subtended by the detectors (∼
0.03 steradians) allowed several hundred relativistic ATI
electrons to hit each detector, enabling relatively accu-
rate calorimeter measurements with only a few shots at220

each laser intensity. Information about the shape of the
energy spectrum was obtained by varying the thickness
of aluminum shielding in front of each detector, which is
explained further in the next section.

The scintillating detectors were calibrated by using225

standard pulse-height analysis techniques to measure ab-
sorbed energy spectra from two gamma radiation sources,
Co-60 and Cs-137, at high operating voltage. An MeV-
equivalent charge was obtained by measuring the loca-
tion of the Compton edges in the acquired spectra and230

comparing to absorbed energy spectra calculated using
G4beamline [32], a Monte Carlo particle transport soft-
ware package based on Geant4. The uncertainty in this
MeV-equivalent charge is between 20% and 25%, and is
the dominant source of uncertainty in the ATI electron235

energy yields. The PMT gain curves as a function of bias
voltage were characterized by exposure to a frequency-
doubled, Q-switched Nd:YAGlaser light source (532 nm).

The output current pulse from each PMT was recorded
on a Tektronix TDS5054 oscilloscope and digitally fil-240

tered to eliminate noise from electromagnetic pulse
(EMP) on shot. The current pulse amplitude and in-
tegrated charge obey a linear relationship during normal
detector operation. The upper saturation limit showed
increasing amplitude without increasing charge, and cor-245

responded to 7 GeV of integrated ATI electron energy
absorbed in the scintillator. The lower charge limit corre-
sponded to a regime where residual ringing disrupted the
linear relationship, with large amplitude current pulses
integrating to near-zero charge, and was chosen to pre-250

vent uncertainty induced by detector ringing from domi-
nating over the uncertainty from the charge calibration.
Measurements falling outside these limits are excluded
from the figures presented in this paper but the lowest
detector charge threshold is marked if appropriate.255

We performed a series of control tests to confirm that
the observed scintillator signal was caused by high-energy
electrons. We compare the signal with minimal detec-
tor shielding at the 30◦ and 110◦ (control) positions and
found the signal at the forward detector position was at260

least two and a half orders of magnitude greater than
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the signal observed at the control detector position. We
swapped the scintillating detectors between these two po-
sitions several shots after the experiment start to verify
that the observed signal in the laser forward direction265

was not an artifact of that particular scintillating detec-
tor. Multiple control shots were taken with no target
gas to confirm the signal was not just electromagnetic
pulse (EMP). We also verified the effect was intensity-
dependent and not energy dependent by stretching the270

pulse to a length of 2 ps and observing the signal to
disappear. The observation of a much stronger intensity-
dependent signal in the laser forward direction means
that the observed signal is generated by high-energy elec-
trons, as it cannot be attributed to a detector artifact.275

We also included a number of helium control shots in this
study to demonstrate the contribution of any vacuum-
accelerated L-shell electrons to the signal.

We used the Texas Petawatt Laser in rod shot mode
(64 mm Nd:silicate amplifier only) allowing an increased280

repetition rate of 2.5 shots per hour. We installed a f /1.4
off-axis parabolic mirror (OAPM) to reach an intensity
exceeding 2×1020 W/cm2. Laser intensity was calculated
using the indirect Output Sensor Package (OSP) of the
Texas Petawatt Laser, which includes diagnostics to mea-285

sure near field, equivalent far field (focal spot), wavefront,
pulse duration, and energy [20]. Pulse duration was de-
convolved from a second-order autocorrelation assuming
a Gaussian pulse shape. Wavefront was measured using a
PHASICS SID4 wavefront sensor, and a deformable mir-290

ror was used to optimize the laser wavefront before every
shot. The dominant source of uncertainty in the laser
intensity originates from the relative pointing jitter (∼
20 µrad) of the laser, which was estimated to be ∼ 20%
by propagating an ideal top-hat beam through the ex-295

periment focal geometry in Zemax[20]. The total laser
intensity uncertainty is estimated to be ∼ 30%.

The focal spot in the target chamber was measured
using a Mitutoyo 50x plan apochromatic long-working
distance microscope objective (0.55 numerical aperture),300

a 200 mm achromatic lens, and a vacuum-compatible
CCD camera mounted in a Thorlabs optical cage sys-
tem. We estimate the central maximum of the focal spot
to have a full-width half-maximum (FWHM) of 2.6± 0.2
µm from Gaussian fittings of focal spot images, with 50-305

60% of the laser energy contained in the 1/e2 Gaussian
fitting diameter of 4.5 µm. The far-field diagnostic plane
measured at OSP does not necessarily coincide with the
plane of highest laser intensity within the low-density
gas jet due to defocus remaining in the wavefront af-310

ter correction, which can lead to a systematic underes-
timate of the laser intensity. The focal spot profile used
to compute the peak laser intensity was calculated from
the measured wavefront including all aberrations except
defocus. An inverted-field autocorrelator was used to di-315

agnose pulse-front tilt. We estimate a 42 fs pulse front
tilt from the angular shift of the far-field during grating
optimization, for a total typical pulse duration of 170 fs.
Intensity changes were achieved by inserting calibrated

neutral density filters (ND) before the rod amplifier in the320

TPW laser chain. The gain of the rod amplifier remained
fixed to ensure the amplified spectrum, compressed pulse
duration, and laser wavefront remain the same when the
pulse energy is decreased.
The amplifier architecture of the Texas Petawatt laser325

was significantly upgraded in 2015 to improve the laser
contrast and prevent the pre-ionization of a target at
focus. The relatively long fluorescence lifetime of the
laser glass (∼ 350 µs) and low combined gain of the
glass stages (∼ 100) naturally suppresses amplified spon-330

taneous emission from the laser gain media. The up-
graded design utilizes off-axis parabolic mirrors in the
multi-pass amplifiers to prevent accumulation of radial
group delay [33][34] in the laser chain and to prevent
the formation of pencil-beam prepulses that would ar-335

rive tens of nanoseconds before the main pulse. The laser
front-end, based on optical parametric chirped-pulse am-
plification (OPCPA), was redesigned with two stages of
optically-synchronized short-pulse (< 8 ps) OPCPA to
suppress amplified spontaneous parametric fluorescence340

on the nanosecond timescale. The pulse intensity con-
trast on the nanosecond timescale is measured to be less
than 5 × 10−8 on timescales greater than 100 ps [35].
The laser intensity contrast was measured using a Del
Mar Photonics Rincon third-order cross-correlator after345

the experiment and, although significant prepulses were
likely present during the experiment, they were not suffi-
cient to pre-ionize the target gas more than 22 ps before
the arrival of the main pulse.

III. ATI MODEL DESCRIPTION350

The theoretical K-shell electron yields and energy spec-
tra were calculated using the two-step quasi-classical
models of ATI. A Monte Carlo simulation of tunneling
ionization in the laser field using the ADK-PPT model
of ionization[15][14][36] predicted the initial conditions355

for K-shell electrons in the laser field. The static tun-
neling ionization rate for a single electron expressed in
atomic units is given by:

WADK−PPT (t) = C2
n∗l∗Ip

(2l + 1)(l + |m|)!
2|m||m|!(l − |m|)!

×(
1

2
F̃ (t)

)1+|m|−2n∗

exp

(
− 2

3F̃ (t)

)
(2)360

where the reduced field strength F̃ (t) is defined as

F̃ (t) =

√
E∗(t)E(t)

(2Ip)3/2
(3)

where Ip is the ionization potential and l,m are the or-
bital quantum numbers. The extension of the original
PPT model by Ammosov, Krainov, and Delone intro-365

duced an effective principle number n∗ and an effective
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orbital quantum number l∗ given by

n∗ =
Z√
2Ip

(4)

l∗ = n∗
o − 1 (5)

where Z is the residual charge (Z = 1 for neutral atoms).370

The constants C2
n∗l∗ are expressed as

C2
n∗l∗ ≈

[(
2exp(1)

n∗

)n∗
1√
2πn∗

]2
(6)

The exponential factor in Eq. 2 dominates the scal-
ing of ionization probability with laser intensity, leading
to an intensity threshold for the appearance of high ion375

charge states. Ion motion, although it has no signifi-
cant effect on the ionization yield at 1020 W/cm2, was
included [27].

At each timestep, Eq. 2 was used to predict the prob-
ability of ionization and Monte Carlo methods were used380

to increment the ion charge state. The single-active elec-
tron approximation is assumed in the modeling, and non-
sequential double ionization (NDSI), inelastic tunneling
effects[37][38][39], and collective tunneling effects[40][38]
are not included in the ionization model. Although the385

authors are not aware of a relativistic ionization model
for multi-electron atoms, relativistic tunneling models for
hydrogen-like neon do not predict any significant cor-
rections [41][42][43] and the ionization potential is much
smaller than the electron rest energy (Ip/mc2 ∼ 0.003)390

for hydrogen-like neon. Relativistic corrections to the
electron’s initial momentum arising from the breakdown
of the electric dipole approximation during the tunnel-
ing process are not considered since they would impart
a momentum component on the order of ∆p ∼ Ip/3mc395

along the laser forward direction to the electron’s ini-
tial momentum[44][45], which leads to an initial velocity
component that is smaller than the parent ion’s quiver
velocity in the laser field.

From the initial conditions determined by the ion-400

ization modeling, the electron trajectories were calcu-
lated by integrating the Lorentz force equations using
an adaptive-timestep Runge-Kutta (RK45) numerical
method. A maximum of 105 test electrons were simu-
lated at each intensity, originating within an isointensity405

boundary where ionization outside could be neglected
due to the strong ionization rate dependence on intensity.
We chose a series of model intensities between 3 × 1019

W/cm2 and 4 × 1020 W/cm2 to demonstrate the model
behavior above and below the barrier suppression inten-410

sity of Ne9+. Within each volume, we chose 2.5 × 105

initial positions for neutral ions. From these ionization
events, we calculated the energy spectrum and angular
distribution of at most 105 ATI electrons.

An additional ATI Monte Carlo model using the Augst415

barrier suppression ionization (BSI) model [13] was de-
veloped as well. The simulations were performed simi-
larly, except the ionization event occurred at the timestep
F̃ > 1/16n∗ and did not occur otherwise. Figure 2 shows
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FIG. 2. Total number of neon K-shell ATI electrons pre-
dicted by different models of ATI. Solid, dashed, and dotted
curves are the predictions of the ADK-PPT [14][15], Tong-
Lin-Lotstedt model for helium-like ions [47], and barrier sup-
pression ionization [13]. Blue circles and green squares are
from Monte Carlo simulations using the ADK-PPT and BSI
models, respectively. Gas density is assumed to be 3 × 1014

cm−3 in the laser focus. Color figures available online.

the K-shell ATI electron yield predicted by the Monte420

Carlo simulation as a function of laser intensity assum-
ing a gas density of 3× 1014 cm−3. Analytic predictions
of the ADK-PPT model, the Tong-Lin-Lotstedt model
for tunneling rate near the barrier suppression regime
[46][47], and the Augst BSI model compare favorably425

with the Monte Carlo modeling. The effect of barrier
suppression corrections on the tunneling ionization rate,
which is predicted to be significant with pulses shorter
than 15 fs [48], can be safely neglected for this relatively
long pulse duration.430

The laser focal spot is computed for every shot but
we lack information on the exact structure of the phase
fronts as the laser pulse propagates through the focal
plane, so we make a considerable number of simplifying
assumptions when modeling the laser focus. Ionization435

rate depends strongly on intensity, so we assume the K-
shell electrons are all produced in the central maximum
at the focal plane, and we do not consider laser energy
scattered outside the central maximum in the model. We
also make the assumption that we can treat this central440

maximum as a Gaussian laser focus with nonparaxial cor-
rections included up to fifth order in the diffraction angle
[49]. We assume a focus with a 1/e2 diameter of 2.25 µm,
which we estimated from direct measurements in the tar-
get chamber. During the experiment rod shots, we esti-445

mate the 1/e2 spot of the central maximum was 2.2 ± 0.2
µm. We incorporate the measured pulse front tilt of 42
fs by assuming a Gaussian pulse shape with an intensity
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FIG. 3. a) Simulated energy spectrum of the K-shell electrons
at an intensity of 1.06 ×1020 W/cm2 (blue) And 4.20 ×1020

W/cm2 (green, dashed). Inset figures shows same curves on
a linear scale. b) Simulated L-shell electron spectrum at the
same two intensities. Color figures available online.

FWHM of 170 fs. Similar approaches have been taken to
model the laser fields at focus in previous experimental450

studies [9][10][8]. Some particle-in-cell (PIC) methods
have shown promise for predicting the energy spectra
of vacuum-accelerated electrons at an intensity of 1019

W/cm2 [50] and some additional numerical methods have
recently been developed to model relativistic ponderomo-455

tive electron scattering in a paraxial Gaussian beam with
small wavefront aberrations [51][52],but no such methods
have been applied to simulating ATI electron dynamics
in a nonparaxial laser field with a more complex spatial

structure than a Gaussian beam.460

Figures 3a and 3b show the energy spectra of the K-
shell and L-shell ATI electrons, respectively, predicted
by the Monte Carlo ADK-PPT modeling at two intensi-
ties (1.06 × 1020 W/cm2 and 4.2 × 1020 W/cm2). The
predicted angular distributions of the ATI electrons at465

the same intensities are shown in Figure 4. The model-
ing predicts the ATI electron energy spectra and angular
distributions are be strongly modulated, with the higher-
energy K-shell electrons expelled at an angle around 25◦

from the laser forward and the lower-energy L-shell elec-470

trons expelled an angles greater than 60◦ from the laser
forward direction.

The modeled K-shell energy spectra in Figure 3a also
show that the number of high energy electrons (> 15
MeV) produced can increase by more than an order of475

magnitude as the laser intensity increases toward the
maximum intensity used in the experiment. However,
other features of the K-shell electrons are relatively sta-
ble when the model intensity increases by a factor of four,
with the peak of the energy spectrum in Fig 3a (inset)480

increasing from 3.5 MeV to 4.7 MeV and the angular dis-
tribution in Figure 4 nearly unchanged. The modeling
predicts that the energy yield attributed to the highest-
energy electrons, which are observed on the 0◦ detector,
demonstrate a stronger scaling with laser intensity than485

the other detectors. The energy yield at this position
increases with intensity due to both the larger number
of electrons generated in the focus, as shown in Figure 2,
and the larger number of electrons in the high-energy tail
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7

of the spectrum. The energy yields detected at the 30◦490

position, where the electron energies and angular distri-
bution change little with increasing intensity, will display
a scaling dominated by the total number of electrons pro-
duced by the K-shell ionization.

The L-shell electrons, shown in Figure 3b, are pre-495

dicted to obtain energy less than 1 MeV and be ejected
from the focus at an angle around 70◦, and can there-
fore be filtered from the K-shell electrons in energy and
angle, but we must treat these model predictions with
caution. Vacuum acceleration of electrons demonstrates500

very strong sensitivity to initial position in the laser focus
[53], leading to the possibility that the simulation method
may under-sample initial positions in the focus that yield
L-shell electrons that are accelerated to higher energies
or ejected further towards the laser propagation direc-505

tion. The last study of vacuum acceleration of electrons
from ionized helium in this intensity regime (∼ 3× 1020

W/cm2) found disagreement between the measured an-
gular distribution of vacuum-accelerated electrons and
the angular electron distributions predicted by particle-510

in-cell modeling. The authors suggested this discrepancy
may be caused by poor sampling of the focal volume in
their simulations [54], and there is evidence of L-shell
electrons scattered as far forward as 30◦ from the laser
propagation direction from the helium control shots.515

The simulated ATI electron yields and energy spectra
incident on each detector are used to calculate the en-
ergy deposited in the plastic scintillator. Several thick-
nesses of aluminum shielding were used in the experiment
to block lower-energy electrons. The detector efficien-520

cies for each shielding thickness were calculated using
G4beamline [32], a Monte Carlo particle transport soft-
ware package based on Geant4, that includes energy de-
posited in the plastic scintillator by electrons, positrons,
and high-energy photons generated in the interaction.525

The detector efficiencies are shown in Figure 5. The de-
tector efficiency at each energy and shielding thickness is
calculated from the simulated visible energy deposited in
the scintillating plastic by a monoenergetic beam of 104

electrons with a divergence similar to the incident ATI530

electrons.

The predicted energy yield in the scintillators can be
computed by combining the electron yields and energy
spectra from the ATI modeling with the calculated de-
tector efficiencies. The predicted ATI electron energy535

yield is given by

YATI(θ, ϕ, Z) =

∫ Emax

0

wV E
′p(E′, θ, ϕ)ηAl(E

′, Z)dE′

(7)
where p(E, θ, ϕ) is the energy spectrum (count) at the de-
tector position, ηAl(E,Z) is the detector efficiency with
an aluminum shielding thickness of Z, and wV is a volume540

weighting factor corresponding to the number of real K-
shell electrons produced per simulated ATI electron. The
volume weighting factor is calculated by using a gas den-
sity of 3 × 1014 cm−3 and a confocal volume estimated
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FIG. 5. Detector efficiencies at different aluminum thick-
nesses (right axis) alongside a simulated K-shell ATI elec-
tron spectrum using the ADK-PPT model at intensity of
1.06 × 1020 W/cm2 (left axis). Color figures available on-
line.

by integrating a Gaussian beam volume bounded by the545

same isointensity shell used in the model simulations.

Information about the energy spectrum of electrons at
a given intensity can be gained by varying the shield-
ing thickness Z and measured the energy deposited. Al-
though the energy integration cannot be uniquely in-550

verted to give an electron spectrum, we can compare
the predicted energy deposited to the observed energy
deposited and search for energy ranges where the ATI
model spectrum either overestimates or underestimates
the experimental measurements. A single-filter approach555

to electron spectroscopy is justified because the ATI elec-
tron modeling predicts the electron energy spectra and
angular distributions to be relatively insensitive to laser
intensity fluctuations on the order of the laser intensity
uncertainty. Statistics can then be gathered by repeated560

measurements at each aluminum thickness, with the error
bars reflecting an uncertainty in the number of incident
electrons at each detector position rather than shot-to-
shot variations in the electron energy spectrum. From
the efficiency curve shapes, we conclude this method has565

poor resolution for electron energies above 10 MeV but
can yield some energy information in the 0.3-6 MeV en-
ergy range.

IV. ATI ELECTRON ENERGY YIELDS

A number of laser intensity scans were performed us-570

ing different shielding configurations. On all unshielded
detectors in the laser forward direction the integrated
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ration is marked. Monte Carlo simulations of the K-shell ATI
electrons using ADK-PPT (solid) and BSI (dashed) models
shown for comparison. Color figures available online.

electron energy increases by up to almost three orders of
magnitude as the laser intensity is increased to its max-
imum. Helium control shots show that some of the elec-575

trons accelerated toward these detectors are low-energy
L-shell electrons (< 1.4 MeV) scattered in the laser for-
ward direction by vacuum acceleration.

Figure 6 shows the energy absorbed in the scintillating
detector at 30◦, where the number of K-shell ATI elec-580

trons is expected to be the highest. Intensity scans with
the unshielded scintillator (blue circle) and a shielded
configuration (green triangles) are shown to compare the
total integrated electron energy with the integrated en-
ergy from electrons with energy greater than 2.8 MeV.585

Helium control shots (purple crosses) demonstrate that
the L-shell electrons contribute some of the deposited en-
ergy in the unshielded configuration. The helium control
shot energy yield is about an order of magnitude lower
than the neon yield at 2.5 × 1020 W/cm2, demonstrat-590

ing that the neon L-shell electrons account for ∼ 1/2 of
the observed energy yield when accounting for the differ-
ence in electron density at the focus. Two helium control
shots taken in the shielded configuration with the same
backing pressure (na ∼ 3 × 1014 cm−3) yielded no re-595

peatable signal, with the dynamic range floor for these
control shots marked on Figure 6. The helium control
shots establish an upper limit of 2.8 MeV for vacuum-
accelerated, which is slightly lower than the maximum

energy of vacuum-accelerated electrons by Kalashnikov600

near this angle in this intensity regime [54].
The shielded measurements show a threshold inten-

sity around 2 × 1020 W/cm2, above which the prob-
ability of electron production with energy > 2.8 MeV
increases rapidly with intensity. A scaling transition605

around 3 × 1020 W/cm2 marks the saturation intensity
where the scaling transitions from an ionization proba-
bility scaling dominated by the exponential term in Eq.
2 to a focal volume scaling. The threshold-like behavior
and scaling transition are features of ATI that are mir-610

rored both Monte Carlo models, although neither model
correctly predicts the threshold or saturation intensities
and both overestimate the ionization yield.
Similar laser intensity scans at two additional positions

are presented in Figures 7 and 8, corresponding to posi-615

tions 53◦ from the laser forward direction (in polariza-
tion plane) and 43◦ from the laser forward direction (60◦

out of the polarization plane), respectively. The helium
control shots with no shielding installed are comparable
to the deposited energies measured with neon in both620

cases, showing the L-shell electrons will contribute to
the signal substantially. Installing a 1 mm aluminum
shield, which blocks electrons with energy < 1.4 MeV,
decreases the electron energy yields an order of magni-
tude at each detector. The electron energy yields in the625

shielded configuration show the same characteristic ATI
features, the threshold and saturation intensities, seen in
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respectively. Helium control shots in the unshielded configu-
ration are given by purple crosses. Monte Carlo simulations
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(dashed) models shown for comparison. Color figures avail-
able online.
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6, with the saturation effect somewhat more exaggerated
because the K-shell ATI electrons will be ejected further
forward in the laser direction as laser intensity continues630

to increase. The unshielded measurements dominated by
lower-energy electrons do not display the clear scaling
change visible in the shielded measurements, and so they
are likely L-shell electrons scattered in the laser forward
direction by a vacuum acceleration process.635

At these larger angles, the ADK-PPT simulations
tended to overestimate the electron energy yields while
the Augst BSI model tended to be an underestimate,
instead predicting a greater proportion of higher-energy
ATI electrons that would scatter further forward in the640

focus. The BSI model also exhibited an unexpectedly
strong polarization dependence for low-energy ATI elec-
trons because the probability of being “born” into the
field off a laser cycle peak is higher for ATI electrons pro-
duced by the rising edge of the laser focus and scattered645

out before the arrival of peak laser intensity. An insuffi-
cient number of test electrons in the BSI simulations were
scattered toward the 43◦, so only the ADK-PPT model
is shown in Fig. 8.

Figure 9 shows the measured electron energy deposited650

in the scintillating detector oriented in the laser forward
direction, shielded with a minimum of 1 mm of alu-
minum to block electrons with energy < 1.4 MeV. We ob-
serve a threshold appearance intensity of 2×1020 W/cm2

for high-energy electrons in the laser forward direction,655

which are found to penetrate the the thickest (12.7 mm)
aluminum filters used in the experiment. The measured
ATI electron energy yields along the laser forward direc-
tion fall nearly two orders of magnitude lower than the
ADK-PPT and BSI simulation predictions. While a scal-660

ing transition is not obvious in the measurements, it is
important to note that the average energy of these elec-
trons is much higher than at other detector positions. A
single 15 MeV electron incident on this detector would
yield a∼ 500 MeV/sr response, so some of these measure-665

ments between 2-3 ×1020 W/cm2 represent a single-digit
number of electrons, and uncertainty due to sampling
statistics obscures the scaling transition. Measurements
falling below the instrument dynamic range floor (hollow
markers) at 1020 W/cm2 show that not even a single one670

of these ATI electrons exceeding 10 MeV was detected
below the threshold intensity.

We do not observe good quantitative agreement be-
tween the predicted ATI energy yields of either Monte
Carlo model and the measured energy yields, although675

the measurements demonstrate self-consistent qualitative
features of tunneling ionization between the four detector
positions. All show an appearance intensity for a pop-
ulation of high-energy electrons above 2 × 1020 W/cm2

and three of the four detector positions show a consis-680

tent saturation intensity. The ADK-PPT tunneling ATI
model predicts these features will appear on all detectors
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est detector charge floors are marked over the intensity range
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Carlo simulations of the K-shell ATI electrons using ADK-
PPT (solid) and BSI (dashed) models shown for comparison.
Color figures available online.
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at about the same intensity, although the model intensity
underestimates the experimental intensity by a factor of
3-4. The BSI ATI model predicts a narrower angular dis-685

tribution of ATI electrons that broadens as the intensity
increases, the focal volume grows, and a broader range of
electron initial conditions over the focal volume and pulse
duration are sampled. This broadening of the ATI elec-
tron angular distribution as intensity increases leads to690

the higher predicted appearance intensity at 53◦ for the
BSI model. Therefore, the measured ATI energy yields
are more consistent with some form of tunneling process
that allows for electrons to originate from a wider range
of initial conditions below the saturation intensity than695

it is with a true intensity threshold process.

V. ELECTRON ENERGIES

The limited number of laser shots and the low den-
sity of target gas necessary to avoid collective plasma
effects prevented measurement of the electron spectrum700

using a magnetic spectrometer. We placed a series of
aluminum filters of different thicknesses in front of the
scintillating plastic to gain spectral information. While
such a method provides only crude information about the
energy spectrum, it can be used to show the maximum705

ATI electron energy is between 10-16 MeV.
Figures 10a and 10b show the measurements of inte-

grated electron energy at the 30◦ positions at two av-
erage laser intensities. The predictions of ADK-PPT
Monte Carlo model and BSI model at several intensities710

are marked on Figures 10a and 10b, respectively. Figure
11 shows the measured electron energy yield along the
laser forward direction and the predictions of the ADK-
PPT (solid) and BSI (dashed) models. Both models only
show that quantitative agreement with the electron en-715

ergy yield measurements is only possible when the laser
model intensity is taken to be significantly less than the
laser intensity computed using indirect laser diagnostics.
As with the laser intensity scans discussed in Section IV,
we observe the ADK-PPT ATI model provides a more720

consistent description of the measurements between dif-
ferent detector positions, even though the model inten-
sity is four times lower than the estimated laser inten-
sity in the experiment. The BSI model does not make
predictions that are consistent between the on-axis and725

30◦ detectors, with the intensity that is most consistent
with the electron energy yields for the on-axis detector
in Figure 11 (1.55 × 1020 W/cm2) underestimating the
measurements at 30◦ by a factor of ∼ 5. The ADK-PPT
model shows a more consistent model intensity around730

1020 W/cm2 between the two detector positions.
Some qualitative statements about the shape of the

spectrum can be gathered by comparing the measure-
ments in Figure 10a to the detector efficiency curves in
Figure 5. We cannot make a conclusive comparison to735

the ATI models for ATI electrons with energies < 2.8
MeV due to evidence of forward-scattered L-shell elec-

trons shown by the helium control shots in Figure 6.
The Monte Carlo ADK-PPT model predicts a steeper
electron energy yield drop-off than the measurements,740

corresponding to a model overestimate of the proportion
of electrons with energy between 2.8-4.7 MeV and an un-
derestimate of the number of electrons with energy > 6.5
MeV. The BSI model predictions in Figure 10b show a
decrease in electron energy yield with shield thickness745

that is more consistent with measurements, which could
indicate an ionization process with higher onset intensity
than predicted by the ADK-PPT model.

We performed a similar analysis for the detectors at
the 53◦ and 43◦, and found that the installation of 1 mm750

aluminum shield decreased the energy deposited more
than an order of magnitude as seen in Figs. 7 and 8. No
repeatable signal was observed when 2.6 mm of shielding
was used, limiting the maximum ATI electron energy to
below 2.8 MeV at these two angles.755

Although the lack of a sharp cutoff in the detector effi-
ciency curves makes it impossible to invert our integrated
measurements to obtain a unique electron energy spec-
trum, we can estimate a maximum ATI electron energy
range by comparing the ratio of the measured integrated760

electron energy for the two thickest shields and to the
ratio of the respective efficiency curves. The maximum
ATI electron energy ranges consistent with our measured
integrated energies at these two intensities (4± 1× 1020

W/cm2 and 2.2 ± 0.7 × 1020 W/cm2) are 5.6-13 MeV765

and 10-16 MeV, respectively. Figure 12 compares these
ranges to different analytic models of peak ATI elec-
tron energy: the ponderomotive, relativistic ponderomo-
tive, and superponderomotive “wave-particle resonance”
[55][56] models. The experimentally determined ranges770

fall between the relativistic and nonrelativistic pondero-
motive models, with the Monte Carlo model overestimat-
ing the maximum ATI electron energy by a factor or 2-3.

The Monte-Carlo modeling likely overestimates the in-
tegrated ATI electron energies because a Gaussian laser775

focus is assumed to make the model computationally
tractable. Higher-order spatial modes experience in-
creased Gouy phase shifts as the beam passes through
the focus, which will limit the distance a relativistic elec-
tron can stay in phase with the peak of the paraxial laser780

electric field to a fraction of a Rayleigh range, which
should substantially decrease the maximum ATI elec-
tron energy[56]. The fields of higher-order spatial modes
will also scatter high-energy electrons over a larger range
of angles than expected from a Gaussian model, which785

could explain why the ADK-PPT model underestimates
the electron energy yield at the 30◦ detector with 7.6 mm
of shielding in Figure 10a. Our experimental finding that
the maximum ATI electron energy falls between the pon-
deromotive and relativistic ponderomotive models raises790

an important theoretical question about whether the su-
perponderomotive scaling of the maximum ATI electron
energy at the onset of “wave-particle resonance” pre-
dicted by D. F. Gordon et al. [55] and demonstrated
by our Monte-Carlo modeling in Figure 12 would be a795
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feature of a non-Gaussian laser focus. Further develop-
ment of ATI simulation techniques to incorporate a more
realistic model of the laser fields is necessary to further
study ATI electrons and develop laser intensity diagnos-
tics using ATI electrons.800
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FIG. 11. Electron energy yields measured along the laser
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circles) are ADK-PPT model predictions for the K-shell ATI
electrons and dashed curved (open squares) are BSI model
predictions for the K-shell ATI electrons.

FIG. 12. Comparison between the peak ATI electron en-
ergies predicted by different models and our experimental re-
sults. Curves are analytic models (see Refs. [55] and [56]) and
the markers represent the average of the top 10% most en-
ergetic electrons in the ADK-PPT Monte-Carlo simulations.
The shaded blue (dashed boundary) and red (solid bound-
ary) rectangles represent peak ATI electron consistent with
the data in Figs. 10 and 11
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VI. CONCLUSION

We report the first observation of ATI electrons with
energies exceeding 10 MeV as well as the first indirect ev-
idence of the ionization of helium-like neon in an intense
laser field to the best of our knowledge. We measured the805

energy deposited in an array of scintillating detectors by
high-energy ATI electrons, performed scans of laser in-
tensity in several shielding configurations, and presented
a comparison with two Monte Carlo models of neon K-
shell ionization. The ADK-PPT ATI model predicted810

roughly consistent appearance and saturation intensities
between the four detector positions, a qualitative pre-
diction consistent with the experimental measurements,
although the ADK-PPT model significantly underesti-
mated these intensities. These qualitative features were815

not predicted in the BSI Monte Carlo modeling because
a probabilistic tunneling process allows for a much less
restricted range of electron initial positions in the focal
volume and laser phases at ionization.

ADK-PPT model-derived intensities derived from ion-820

ization yield measurements in prior studies have not al-
ways demonstrated consistency with laser intensity cal-
culated from indirect diagnostic measurements or self-
consistency when different atomic species are used. Ion-
ization of lithium-like argon (Ar16+) has been demon-825

strated to occur in an intensity range from 1 − 2 × 1019

W/cm2 in two different studies [16][17]. Ionization yields
of xenon in the same laser field were found to give an
ADK-PPT model intensity of 3.5 × 1018 W/cm2, much
lower than the indirectly estimated intensity of 2.6×1019830

W/cm2 or argon-yield ADK-PPT model-derived inten-
sity of 1.3 × 1019 W/cm2 [17]. The authors emphasized
the repeatability of their results but were not able to pro-
vide a theoretical explanation for the systematic decrease
of model-derived intensity with atomic number. Chowd-835

hury et al. similarly calculated a model intensity from
precision measurements of argon charge states and found
a similarly low model intensity, although it was within
the lower bound of their experimental intensity uncer-
tainty [16]. An ADK-PPT model intensity shift factor of840

∼ 4 was not expected for ionization of helium-like neon
given the simplicity of the electronic shell structure and
given how precisely helium ionization yields agree with
the ADK-PPT model [6].

Some recent modifications to the ADK-PPT model845

have been proposed to account for barrier suppression
effects for helium-like ions [47], but they are typically
more relevant for pulses much shorter than 170 fs [48]
and L-shell or M-shell orbitals [25], which we confirmed
in the calculations presented in Figure 2. Relativistic cor-850

rections that suppress the ionization rate are predicted to
be negligible at an intensity of 1020 W/cm2 [41][42]. The
spectral information we were able to obtain by increasing
the shielding thickness at 30◦ may be consistent with a
higher threshold intensity accelerating electrons ejected855

at this angle to higher energies but the model of the laser
fields is not realistic enough to demonstrate this agree-

ment conclusively. Our observation of a neon K-shell
ionization intensity above 1020 W/cm2 may be a reason
why it has not been reported in previous studies, but no860

study has explicitly stated that neon charge states were
not observed in this intensity range. Momentum conser-
vation during the ionization process will accelerate the
ions to energies on the order of tens of eV, so spectrome-
ter design in previous studies may have been a factor as865

well.
Our observation of forward-scattered L-shell electrons

is unexpected from the simplified model of the laser focus
used in this paper but is consistent with other experi-
ments reported. Kalashnikov et al. report vacuum accel-870

erated electrons from helium over a similar laser inten-
sity range and angular distribution [54]. They also found
disagreement with the angular distributions of vacuum-
accelerated electrons predicted by both their particle-
in-cell modeling and analytical calculations, which pre-875

dicted a local maximum around 20◦ for forward-scattered
electrons. Instead they observed the electron number to
increase monotonically as angle increased from 5◦ to 70◦,
which they attribute to poor sampling of initial condi-
tions in the focal volume. A comprehensive model of880

the L-shell electrons in the detected energy range (> 0.3
MeV) will likely have to into account pulse shape [30],
focal spot asymmetry [57], and a more realistic model of
laser fields at the focal plane to match experiment.
At laser intensity exceeding 1021 W/cm2, ATI elec-885

trons from the K-shell of argon (> 3× 1021 W/cm2) and
krypton (> 1023 W/cm2) are predicted to exceed energies
of 100 MeV and 1 GeV, respectively. These ATI electrons
will be ejected very nearly in the laser forward direction
and hold promise as a low-dose ultrafast radiation source890

and as a direct laser intensity diagnostic. Measurement
of the ATI electron spectrum would be more straightfor-
ward than the measurements presented in this paper, as
the high energy and low electron divergence would en-
able the use of a large-aperture magnetic spectrometer895

located outside the vacuum chamber and along the laser
forward direction. Similar scintillating detectors could be
placed behind the magnet to detect ATI electrons in dif-
ferent energy ranges. Vacuum acceleration of the L-shell
electrons to comparable energies can be suppressed by900

engineering a ∼ 10−2 pre-pulse that arrives a few pulse
durations before the main laser pulse [30].
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