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ABSTRACT

We examine the effect of laser focusing on the effectiveness of a recently discussed scheme [M. F. Ciappina et al., Phys. Rev. A 99, 043405 (2019)
and M. F. Ciappina and S. V. Popruzhenko, Laser Phys. Lett. 17, 025301 (2020)] for in situ determination of ultrahigh intensities of elec-
tromagnetic radiation delivered by multi-petawatt laser facilities. Using two model intensity distributions in the focus of a laser beam, we show
how the resulting yields of highly charged ions generated in the process of multiple sequential tunneling of electrons from atoms depend on the
shapes of these distributions. Our findings lead to the conclusion that an accurate extraction of the peak laser intensity can be made either in the
near-threshold regime, when the production of the highest charge state happens only in a small part of the laser focus close to the point where the
intensity is maximal or through the determination of the points where the ion yields of close charges become equal. We show that for realistic
parameters of the gas target, the number of ions generated in the central part of the focus in the threshold regime should be sufficient for a reliable
measurement with highly sensitive time-of-flight detectors. Although the positions of the intersection points generally depend on the focal shape,
they can be used to localize the peak intensity value in certain intervals. Finally, the slope of the intensity-dependent ion yields is shown to be
robust with respect to both the focal spot size and the spatial distribution of the laser intensity in the focus. When these slopes can be measured,
they will provide the most accurate determination of the peak intensity value within the considered tunnel ionization scheme. In addition to this
analysis, we discuss the method in comparison with other recently proposed approaches for direct measurement of extreme laser intensities.

©2020Author(s). All article content, exceptwhere otherwisenoted, is licensedunderaCreativeCommonsAttribution (CCBY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/5.0005380

I. INTRODUCTION

The interaction of high-power electromagnetic radiation with
different forms of matter, including free electrons, atoms, molecules,
solids, and plasmas, has been an important topic of experimental and
theoretical research for more than 50 years, since the early days of
laser physics. For the fundamental phenomena that can potentially be
observed in such interactions, the strengths of the electric and
magnetic fields of laser radiation are crucial parameters determining
the interaction scenario and indeed the very possibility of experi-
mentally observing various effects. Progress in the development and
application of high-power laser sources had led to a gradual growth in
the maximum available field strengths. This has already made it
possible to experimentally explore the nonlinear quantum dynamics

of atomic, molecular, and solid state systems subjected to intense laser
radiation, the physics of relativistic and ultrarelativistic electron
plasmas, and relativistic nonlinear optics (see Refs. 1–6 and references
therein for an overview of these research fields). Currently, elec-
tromagnetic fields of peak strength E0 ≈ 1012 V/cm can be achieved in
infrared and optical femtosecond pulses generated by multi-terawatt
(TW) and petawatt (PW) laser systems. For linearly polarized ra-
diation, such an electric field corresponds to an intensity

I � cE2
0

8π ≈ 1021 W/cm2. (1)

Although individual reports of even higher intensities of
≈1022 W/cm2 have been published,7–10 there have been no in-
dependent unambiguous confirmations.
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Several laser facilities with multi-PW power have recently been
commissioned and should start operating in the near future. An
incomplete list of such laser sources includes Apollon in France,11

APRI12 in South Korea, CAEP13 and SULF14 in China, and ELI in the
Czech Republic, Hungary, and Romania.15,16 These new facilities are
expected to start experimental campaigns in a couple of years,
forming a network of 10-PW class laser sources. Projects with
even more powerful, sub-exawatt lasers are currently under
development.17 These new technical achievements will open
the door to experiments with electromagnetic fields of intensity
1022 W/cm2–1024 W/cm2, allowing physicists to enter so-far unex-
plored regimes of laser–matter interaction, including radiation-
dominated dynamics of isolated charges and plasmas, laser initiation
of cascades of elementary particles, excitation of extremely strong
magneticfields, and a plethora of laboratory astrophysics phenomena.4–6

In view of these expectations, the problem of precise charac-
terization of the electromagnetic field distribution in a laser focus, and
in particular the determination of the value of the peak intensity,
becomes of great practical importance. At high radiation power,
direct measurement of the intensity distribution using cameras is
clearly impossible, while extrapolation of results recorded in the low-
power regime is questionable and can only be considered as an in-
direct, and generally uncontrollable, estimation method. Thus, it is
commonly accepted that reliable methods for laser focus charac-
terization in the high-power regime should employ observation of
effects whose magnitude is highly sensitive to the parameters of the
laser pulse.

Several proposals for experimental characterization of a laser
focus at extreme intensities have been discussed. The list of currently
examined methods for in situ intensity measurement includes di-
agnostics based onmultiple tunneling ionization of heavy atoms,18–25

on scattering of laser light by electrons,26–28 and on ponderomotive
scattering of electrons, protons, or even heavy ions in the laser
focus.28–31 In this paper, we continue our analysis of atomic diag-
nostics based on the observation of tunneling ionization of multi-
electron atoms in a laser focus.23–25 The idea of the method is to
employ the highly nonlinear dependence of the probability of tun-
neling ionization both on the amplitude of the applied electromag-
netic field and on the ionization potential of atomic levels. This
nonlinearity appears in the form of the celebrated tunneling expo-
nent32 and allows us to estimate the peak intensity by knowing the
highest charge state produced in the laser focus filled by a low-density
gas of high-Z atoms, with Z being the charge of the nucleus. Noble
gases commonly used in strong-field experiments are particularly
convenient for such measurements. For each charge state, there is a
well-defined value of the threshold intensity required to produce a
noticeable amount of the respective ions. In particular, observation of
bare ions of Ar18+, Kr36+, and Xe54+ would allow proof that intensities
≈3 3 1021 W/cm2, 3 3 1023 W/cm2, and 2 3 1024 W/cm2, respec-
tively, had been achieved.23,25 The idea of atomic diagnostics
based on multiple ionization of noble gases was proposed and
experimentally verified in Refs. 18–22 for intensities in the range of
1016 W/cm2–1019 W/cm2.

In our earlier publications,23–25 the method of atomic diag-
nostics was theoretically examined with emphasis on the measure-
ment of ultrahigh intensities I > 1021 W/cm2. A brief summary of the
results obtained can be found in Sec. II. The aimof the present paper is

to consider the effect of the focal distribution of laser intensity on the
ionic signal that can bemeasured by a time-of-flight (TOF) detector of
ions. As was demonstrated in Ref. 25, the intensity dependence of the
ionic signal results from an interplay between the dependence of the
tunneling exponent on the laser field strength and the volume effect
determined by the shape of the laser focus. Here, we present a more
detailed consideration of this problem by exploring two focus shapes,
including an exact solution to the Maxwell equations that describes a
tightly focused static laser beam.33Our results deliver three important
messages:

(a) If a TOF detector is sensitive enough to register a few dozens of
highly charged ions generated in the central part of the focus, and
the gas density in the jet and the beam focal diameter can be ac-
curately controlled, this will allow determination of the peak value
of the intensity with a reasonable accuracy independently of the
particular form of the intensity distribution within the focal spot.

(b) Simultaneous observation of intersections between the intensity-
dependent yield curves would allow extraction of the peak value of
intensity independently of the result obtained in (a) and of the value
of the concentration in the atomic jet.

(c) If the laser is stable enough to provide subsequent shots at gradually
growing values of the pulse energy, then measurement of the ionic
yield slopes could deliver the most precise information on the peak
intensity, essentially independently of the focal spot size, initial
atomic concentration, and focal intensity distribution.

The rest of the paper is organized as follows. In Sec. II, we give a
brief overview of the recently discussed methods for in situ mea-
surement of the peak laser intensity and its distribution in the focal
spot. In particular, Sec. II C presents a concise description of atomic
diagnostics based on observations of tunneling ionization of multi-
electron atoms, including results reported in our previous pub-
lications.23–25 In Sec. III, we describe twomodels of the laser focus that
are later used to examine the focal-averaging effect. The results of this
examination are reported in Sec. IV. Section V presents our con-
clusions in brief. Atomic units are used throughout unless otherwise
stated.

II. PROPOSALS FOR IN SITUMEASUREMENT
OF LASER INTENSITY

The task of measuring the peak value of laser intensity or its
distribution in space imposes several significant requirements on the
effects that can potentially be used. To avoid the generation of an
additional field comparable to that of the laser wave, the target has to
be sufficiently rarefied, which implies the use of gases at low pressure
or electron or ion beams of low density. The crucial requirement
imposed on any potential method for determination of the peak
intensity value is that the observed effect should be sensitive to the
local values of the electric and magnetic fields. As an example, for an
atom in a low-pressure gas environment, the probability of its ion-
ization is determined by the electromagnetic fields in the close vicinity
of the atom. By contrast, the momentum distributions of photo-
electrons produced by ionization of this atom are formed not only by
the dynamics of the ionization event, but also by the motion of the
photoelectrons from the atom to the detector through the laser focus,
where they experience ponderomotive scattering. Thus, for the re-
alistic case of a large number of atoms distributed in the laser focus, it
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is hardly possible to extract unambiguous information on the in-
tensity value from the photoelectron spectra.

The requirements of locality and low target density leave only a
few effects to be considered as potential candidates for an in situ
intensity probe. So far, tunnel ionization,18,20,22,23 nonlinear
Thomson scattering (NTS),26–28 and ponderomotive scattering of
electrons28,29 and protons30 have been examined with the aim of
reaching this objective. Below, we briefly describe these effects,
giving a more detailed account of the method based on tunnel
ionization.

A. Thomson scattering

In the field of an intense electromagnetic wave, the classical
motion of a charged particle becomes nonlinear. The nonlinearity is
governed by the relativistically invariant dimensionless intensity
parameter

a0 � zE0

mcω, (2)

with z and m being the particle charge number and mass, in atomic
units z �m � 1 for the electron. The onset of nonlinear and relativistic
effects, a0 � 1, corresponds to an intensity I ≈ 1.431018 W/cm2 for
an electron in a field with linear polarization and λ � 1 μm. Thus, for
the intensities of interest, the electron motion is highly nonlinear and
ultrarelativistic. The former results in emission of high harmonics of
the laser frequency, and the latter makes the instantaneous angular
distribution of emitted radiation strongly peaked along the instan-
taneous velocity vector. Radiation by a charged particle in the field of
an intense electromagnetic wave is known as nonlinear Thomson
scattering (NTS), the classical limit (Z → 0) of nonlinear Compton
scattering.34,35 A detailed account of the theory of NTS can be found
in Ref. 36. The angular distributions and spectra of the emitted ra-
diation depend in particular on the laser field amplitude, whichmakes
them of potential use for determining the peak intensity value.

In Ref. 26, it was proposed to measure the intensity via the
angular offset in the distribution of radiation emitted by an ultra-
relativistic electron counterpropagating to the laser pulse under
examination. It was shown that an intensity ≈43 1022 W/cm2 can be
inferred with ≈10% accuracy if an electron beam of energy ϵ0 � 23
MeV with a narrow ≈5% energy spread collides with the laser pulse,
and the angular distribution offset is measured with accuracy ≈1%.
The peak intensity can be inferred with greater credibility when both
radiation of an electron beam and its scattering are simultaneously
characterized. This approach was examined in Ref. 28. It was shown
there that a highly accurate measurement becomes possible when an
electron beamwith a gamma factor γ≫ a0 and a width b≪w0, where
w0 is the laser focal waist, collides with a counterpropagating laser
pulse. Simultaneous measurement of the radiation angular variance
and of the mean electron energies before and after the interaction
allows the peak value of a0 to be extracted with an accuracy ≈10%. In
the field amplitude range 5 < a0 < 150, where the upper limit cor-
responds to an intensity ≈53 1022 W/cm2, this scheme has also been
shown to be practically insensitive to the model chosen for the de-
scription of the radiation reaction effect. The schemes in Refs. 26 and
28 potentially provide highly accurate intensity measurements.
However, they need to use an electron beam of controllable high
quality, which may complicate experimental realizations.

In a monochromatic field, the frequency ωs of the sth harmonic
emitted by an electron generally depends on the angle θ between the
wave vectors of the photon and electromagnetic wave and on the
intensity parameter from Eq. (2):36

ωs � ωs(a0, θ,ψ0). (3)

In the special reference frame where the electron is on average at rest,
ωs0 � sω0, with ω0 being the laser frequency there. Equation (3) then
results from a Lorentz transformation to the laboratory frame. Here,
the variable ψ0 denotes the initial condition for the electron’s motion,
which essentially specifies the character of the trajectory in the
laboratory frame. By knowing this initial condition andmeasuring the
frequency ωs at fixed emission angle θ, one can extract the value of a0
and therefore that of I � c3ω2a20/8π.

This procedure was demonstrated in a recent experiment,27

where a peak intensity value ≈1018 W/cm2 was estimated from
measurement of the second-harmonic shift. NTS of laser radiation
proceeded on electrons generated in the focus owing to strong-field
ionization of molecular nitrogen at a backing pressure ≈10−3 mbar.
Thomson radiation was then separated from that resulting from
recombination, and the second-harmonic frequency profile in the
direction perpendicular to that of laser beam propagation was
recorded. The measured value of the intensity appeared to be in fair
agreement with estimates of the peak intensity extracted from images
of the focal area, obtained at reduced laser power.

The main drawback of this method stems from the dependence
of the frequency shift in Eq. (3) on the initial condition. In Ref. 27,
where the electron plasma was created by tunneling ionization on the
leading edge of the laser pulse, a particular form of Eq. (3) was used
that corresponded to the electron being initially at rest. However, with
increasing peak intensity, and therefore increasing ionization po-
tentials of ionic species, this assumption will become less relevant,
because ionization eventsmay also occur a considerably time after the
leading edge of the pulse has interacted with the gas. As a conse-
quence, the relation in Eq. (3) exhibits a significant dependence on the
time instant, within the laser pulse duration, at which the electronwas
released. This willmake the procedure of intensity extraction from the
spectra less unambiguous than it was in Ref. 27. Another restriction of
this method results from the smallness of the focal spot size and the
short pulse duration required to reach extreme intensities of elec-
tromagnetic radiation: in a nonmonochromatic field, the broadening
of NTS spectra can considerably hinder determination of the
intensity-induced shift. This is precisely the case for intensities 1023

W/cm2 and higher, which can only be reached through tight focusing
with awaist of a fewmicrometers. An electronwill thenmove in afield
whose spatial inhomogeneity scale is comparable to the laser
wavelength. Complications in the intensity extraction algorithm that
become more serious with increasing intensity are discussed in
Ref. 27. Finally, at ultrahigh intensities >1025 W/cm2, NTS from
protons27 can be used for the same purpose.

B. Scattering of electrons and ions on the laser beam

The intensity distribution in a laser focus can also be probed
through scattering of charged particles. This approach has been
theoretically examined for electrons and protons (see, e.g., the recent
Refs. 29, 30, and 37, and references therein). Scattering of charged
particles on a laser focus in the limit of low density, when the self-field
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of the beam has no effect on the particle dynamics and radiation, have
been widely considered, starting from the pioneering work by Kib-
ble.38 A detailed account of the theory of relativistic ponderomotive
scattering can be found in Refs. 33 and 39. Generally, there is no doubt
that momentum distributions of electrons or protons after their
interaction with a laser beam carry complete information on the peak
intensity value and on the intensity distribution in space and time.
The challenge is to find a suitable setup where the inverse problem of
extraction of these values from the spectra can be reliably solved.
Scattering of electron bunches on a laser focus can give information
on the peak intensity value through measurement of the maximum
deflection angle of the electrons.29 This approach suffers a serious
drawback, however: a certain spatial profile of the laser has to be
assumed to calculate the angle. Besides, additional constraints are
imposed on the parameters of the electron beam, introducing extra
difficulties into the experimental scheme and increasing uncertainties
in the interpretation of results.

Reference 30 presented a theoretical examination of laser pulse
diagnostics based on the detection of momentum distributions of
protons produced in ionization of a rarefied hydrogen target and
ponderomotively accelerated from the laser focus. In the nonrela-
tivistic domain of intensities for protons, I ≤ 1024 W/cm2, themethod
was shown to reliably determine the peak value of intensity via the
cutoff position in the energy spectra.Moreover, the focal spot size was
shown to be related to the angular width of the proton spectra. A
recent paper31 examined laser acceleration of highly charged ions, up
to Kr36+, produced through tunneling ionization. It was shown that at
intensities ≈1023 W/cm2 and for a tightly focused pulse with 1/e2

diameter ≈3 μm, the ponderomotive force strongly modifies the
energy spectra, even for such heavy ions. A sharp cutoff of these
spectra observed in the simulation (see Figs. 2 and 3 in Ref. 31) can
also be used as a measure of the laser intensity.

C. Tunneling ionization of heavy atoms

Nonlinear ionization of atoms or ions and related phenomena
have been used as a probe of laser intensity for several decades. At
moderate intensities I ≈ 1013 W/cm2−1015 W/cm2, single-electron
above-threshold ionization (ATI) and the generation of high-order
harmonics [high-harmonic generation (HHG)] are routinely ob-
served processes. The theory of ATI and HHG has been advanced to
the level of quantitative accuracy (see Refs. 1, 2, and 40–42, and
references therein for reviews), which allows extraction of the peak
laser intensity from the position of the cutoff inHHGandhigh-energy
ATI spectra or other characteristic features of photoelectron mo-
mentum distributions (for the latter, see, e.g., Ref. 43) with ∼10%
accuracy. Measurements of photoelectron spectra have also been
shown to allow full characterization of laser pulses, including their
carrier envelope phase.44 In determinations of the peak intensity,
accuracies up to 1% can be achieved by comparing experimental
photoelectron yields from atomic hydrogen with predictions from
exact numerical solutions of the three-dimensional time-dependent
Schrödinger equation.45 At higher intensities, HHG and high-order
ATI vanish, and photoelectron distributions become affected by
ponderomotive scattering, as discussed above. The degree of ioni-
zation of an atomic species then becomes the simplest measure of the
peak intensity. The fundamental advantage of nonlinear ionization
as a probe of laser intensity stems from the relative physical simplicity

of the process: the higher the intensity, the smaller are the effects of
electron–electron correlations and nonadiabaticity, owing to the
smallness of the Keldysh parameter46

γ �
���
2Ip

√ ω
E0

∼ I−1/2, (4)

where Ip is the ionization potential of the bound state. For intensities
I > 1015 W/cm2 and wavelengths in the infrared range, λ ≈ 1 μm,
ionization proceeds in the regime γ< 1, known as optical tunneling. In
the intensity domain I > 1020 W/cm2 of interest here, γ≪ 1 and the
electromagnetic field of the laser wave can be considered static during
the tunneling event, which makes formulas for the probability of
quasistatic tunneling [known as Perelomov–Popov–Terentiev (PPT)
rates47,48] quantitatively applicable to the description of multiple
sequential ionization of heavy atoms. The validity of these formulas at
relativistic intensities has been proven by measurements of the in-
tensity dependence of ion yields recorded in ionization of noble gases
at I ≈ 1019 W/cm2.18–21 These measurements aimed to check the
accuracy of the PPT tunneling formulas, but at the same time they
offered away to preciselymeasure high laser intensities usingmultiple
tunneling ionization of heavy atoms. In a subsequent publication,22

themethod of in situ peak intensity measurement was experimentally
verified at the Sandia Z PW laser facility. In Ref. 22, the basic principle
of the method was clearly formulated as “Detection of (the) highest
ionization charge state of a species and nondetection of (the) next
highest charge state essentially impose a lower and an upper bound on
peak intensity, when the measurement is performed with a highly
efficient detection system.” It was demonstrated that a sufficient
number of multiply charged ions can be detected in the single-shot
regime,which is of particular importance for laser sources of ultrahigh
power operating at low repetition rates.

The scheme of Refs. 18–22 was examined in Refs. 23–25 with the
aim of adapting it for the diagnostics of extremely intense laser pulses
in the future multi-PW laser facilities. These studies revealed the
following:

• Tunneling proceeds in the nonrelativistic regime up to intensities
I ≈ 1026 W/cm2, so that nonrelativistic PPT rates can be safely
used for calculations.23 This statement must not be confused with
the fact that after the tunneling, the electron motion in such
intense fields quickly becomes ultrarelativistic. This relativistic
stage affects only the photoelectron distributions and not the ionic
yields.

• Although, for heavy atoms and high-charge ionic states, the
system of rate equations describing ionization cascades that
develop from a neutral atom appear extremely cumbersome, it
was shown that owing to the highly nonlinear dependence of the
tunneling ionization rates on the values of ionization potentials
and on the laser field amplitude, this system can be reduced to a
great extent to one containing only about a dozen equations.23

This allows considerable speeding up of numerical calculations.
• The exponential dependence of the tunneling rates on the values

of the ionization potential Ip and field amplitude E0 allows the
derivation of a simple and yet reliable estimate for the threshold
intensity at which a given level is quickly ionized. In terms of the
laser field amplitude, this condition reads23E∗ ≈ 0.05(2Ip)3/2 and
can be used to select a suitable target for probing a certain intensity
interval.
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• There is a danger that ionic states chosen for intensity diagnostics
will not be fully saturated in the tunneling regime of ionization,
but, with a further increase of intensity, the ionization process will
partially proceed in the barrier suppression regime. Barrier sup-
pression ionization (BSI) is not covered by such a quantitatively
precise theory as tunneling ionization (for an overview of ap-
proximate methods for the description of BSI, see Refs. 49–51 and
references there), and therefore entering the BSI regime can
considerably decrease the accuracy of the method. To avoid this
pitfall, ionization of H- and He-like ions should preferably be
used, which imposes an additional constraint on the atomic
constituents of the target.25

• Finally, the focal volume effect was briefly examined in Ref. 25. It
was shown that the focal-integrated ionic signal exhibits two
characteristic features that can be used for determination of the
peak intensity value and, to some extent, of the focal shape. These
are (a) the position of a steep part of the intensity-dependent yield,
where the number of ions per laser shot increases by two orders of
magnitude while the peak intensity grows by 30%–50%, and (b)
the intersection point of the numbers of two neighboring ionic
states: N(An+) ≈ N(A(n+1)+).

In Sec. III, we present a further analysis of the effect of focal
volume on the accuracy of intensity measurement.

III. CALCULATION OF THE FOCAL-AVERAGED IONIC
SIGNAL

In the nonrelativistic regime of tunneling, which correctly de-
scribes production of ionic states at intensities up to ∼1026 W/cm2,23

ionization rates depend only on the absolute value of the electric field
E(t), while the magnetic field has no significant effect. In a focused
laser pulse, the electric and magnetic field vectors are no longer
orthogonal and equal in absolute value. This means that an atomic
diagnostics based on the ionization mechanism will measure not the
absolute value of the Poynting vector, but the electric field amplitude
E0. To avoid confusion, below we refer to the value given by Eq. (1) as
the effective intensity.

For a given time dependence of the electric field E(r, t), the
populations ck(r, t) of ionic states A

k+ can be found by solving nu-
merically the system of rate equations with time-dependent coeffi-
cients expressed as linear combinations of tunneling ionization rates.
These systems for argon, krypton, and xenon, appropriately truncated
from the side of small k, were formulated and examined in Ref. 23.
When the coefficients ck are computed, their values at the end of the
laser pulse, t � T, give the distribution Ck(r) ≡ ck (r, T) over the charge
states Ak+ at a fixed point in space. The number of ions of charge
0 ≤ k ≤ Z produced in the focal volume is then given by the integral

N(Ak+) � n0 ∫Ck(r) d3r, (5)

with n0 being the initial concentration of neutral atoms. In the co-
efficients Ck, the r dependence enters via that of the electric field
amplitude or, equivalently, the effective intensity [Eq. (1)], so that Ck

can be considered as functions of the latter. These functions were
numerically calculated in Ref. 23 for the pulse time envelope
sin2(πt/T), with a full duration T � 33 fs, corresponding to 10 periods
at λ � 1 μm. The intensity intervals were chosen to be
1019 W/cm2–1022 W/cm2 for Ar14+, . . ., Ar18+ and Kr26+, . . ., Kr34+

and 1021 W/cm2–5 3 1024 W/cm2 for Xe50+, . . ., Xe54+. Ionization
potentials were taken from Refs. 52–54.

To examine the potential influence of the focal distribution on
the ion yield, including its dependence on the peak intensity value Im,
we consider two model pulse shapes, namely, the simplest TEM00

Gaussian beam and an exact solution to the Maxwell equations for a
stationary focused beam found in Ref. 33.

A. Gaussian beam

For the TEM00 Gaussian beam, the following intensity distri-
bution results:

I(x, y, z) � Im

1 + z2/z2R exp −
2(x2 + y2)

w2
0(1 + z2/z2R)[ ], (6)

where w0 is the beam waist and zR � πw2
0/λ is the Rayleigh length.

For numerical calculations, we take w0 � 3 μm, and so for λ � 1 μm,
zR ≈ 28.3 μm, the FWHM focal spot diameter d0 �

�����
2 ln 2

√
w0 ≈ 3.5

μm and the beam angular divergence θ � arctan(λ/πw0) ≈ 0.105. At
these values of the parameters, the value of d0 is close to that reported
in Ref. 10 for the 10-PW SULF laser facility with its focusing ability
improved by optimizing the wavefront aberrations. The ion yield N
(Ak+) ismost sensitive to the value of Im near the ionization threshold
of the (k − 1)th charge state, where Im ≈ I∗(Ak+).23,25 In this do-
main, the ions are predominantly generated in close proximity to the
field maximum, where the distribution can be approximated by the
parabolic expansion in Eq. (6). Then, the volume with intensities
I 0 ≤ I ≤ Im grows as

V ≈
2π
3

w3
0

θ
1−

I 0

Im
( )3/2

. (7)

B. Narozhny–Fofanov beam

We will compare results obtained for the beam in Eq. (6) with
those for another focused beam, which is an exact stationary solution
to theMaxwell equations found byNarozhny and Fofanov33 (referred
below as the NF beam). This solution describes a family of stationary
(monochromatic) focused beams that are superpositions of plane
waves withwave vectors lying inside a conewith an aperture angle 2Δ.
The wave vectors k are uniformly distributed in a polar angle with
respect to the beam axis z and may have a nontrivial distribution in
angle α between the projection of k on the plane perpendicular to the z
axis and the x axis; see Fig. 1 for an illustration. This solution, given by
Eqs. (5)–(14) of Ref. 33, can describe different polarizations defined in
the limitΔ→ 0 corresponding to the planewave. For our purposes, we
use a particular solution corresponding to a beamwith asymptotically
linear polarization along the x axis and with the transverse electric
field such thatEz� 0 everywhere. This solution can be expressed in the
form

E(r, t) � iE0Δ2

2π(1− cosΔ) exp −iω t−
z

c
( )[ ]

3 ∫+π
−π

dα (sin2 α ex − sin α cos α ey)G(ν, χ,Δ),
(8)

where
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ν � 2πΔ
λ (x cos α + y sin α), χ � 2πΔ2

λ z, (9)

and the function G is given by the integral

G(ν, χ,Δ) � 2∫
1

0

duf1(u,Δ)exp[iνf1(u,Δ)− iχf2(u,Δ)], (10)

with

f1(u,Δ) � sinΔu
Δ , f2(u,Δ) � 2 sin2(Δu/2)

Δ2 . (11)

This solution describes a field with its maximum amplitude E0 at the
origin, ] � χ � 0, and the intensity distribution shown in Fig. 2. To
provide a meaningful comparison of the ion yields produced in the
two beams, we choose their parameters such that the maximum
intensity Im and focal volume V calculated for the parabolic ex-
pansion near the focus center are respectively equal. These re-
quirements are met if Im in Eq. (6) and E0 in Eq. (8) are connected
by Eq. (1) and

Δ � 23/4 θ. (12)

Although the value of cE2
0/8π in Eq. (1) is not the true intensity, it

differs from that defined as the absolute value of the Poynting vector
only by terms∼Δ≪ 1.Most of our calculations are done forΔ� 0.178,
which corresponds, through Eq. (12), to an interaction volume equal
to that of a Gaussian beam with w0 � 3 μm. To test the tight-focusing
case, some calculations were also done for Δ � 0.35, which makes the
linear size of the focal spot approximately two times smaller. Then, the
1/e2 focal diameter is ≈2 μm along the y axis and ≈4 μm along the x
axis [see Fig. 2(b)], which corresponds approximately to the focal spot
used in the simulations in Ref. 31 and exceeds that in Ref. 55 by a
factor of ≈1.5.

Both the solutions in Eqs. (6) and (8) describe monochromatic
static beams, while we devise a theory applicable for description of
ionization dynamics in femtosecond laser pulses. A time-dependent
envelope can be added as a factor.When this is done, the solutions are
no longer exact. However, they remain approximately valid under

condition T≫ w0/c, which is reasonably well satisfied for the chosen
w0 � 3 μm and T � 33 fs.

IV. RESULTS AND DISCUSSION

Using the intensity-dependent populations Ck numerically
found in Ref. 23, we calculate the number of highly charged ions of
argon, krypton, and xenon in the intensity interval 3 3 1020

W/cm2–53 1024 W/cm2. The results are shown in Fig. 3. The initial
neutral gas density is taken as n0 � 23 1012 cm−3, which corresponds

FIG. 1. Schematic illustration of the notation in Eqs. (8)–(11).

FIG. 2.Normalized distributions of the effective intensity [Eq. (1)] in the planes (x, y, z
� 0) (a), (x, y � 0, z) (c), and (x � 0, y, z) (d) for the NF beam with Δ � 0.178
corresponding to the parameters λ � 1 μm and w0 � 3 μm of the Gaussian beam
[Eq. (6)]. (b) shows the cuts x� 0 (solid red line) and y� 0 (solid blue line) of the (x, y,
z � 0) distribution in (a). The dashed lines show the analogous cuts for the NF beam
with Δ � 0.35.
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to a pressure in the gas jet ≈5.6 3 10−5 Torr at room temperature.
These parameters of the gas target are numerically close to those used
in the experiment described in Ref. 22, where the method of atomic
diagnostics was verified. In the same experiment, a TOF detector with
≈50% efficiency was used to identify the highest ionic states. For a
high-quality detector, it can reasonably be assumed that several dozen
ions produced in the central part of the focus will be sufficient for a
reliable measurement in the single-shot regime. We set the detection
threshold as N(Ak+) ≈ 10. Above this threshold and for the chosen
values of n0 and w0, the number of ions grows by approximately one
order of magnitude in a relatively narrow interval of intensity. We

denote the corresponding intensities byI 10 andI 100. Their numerical
values are shown in Table I for the two pulse shapes. For the intervals
ΔI � I 100 − I 10 of intensity corresponding to a one order-of-
magnitude growth in the number of ions, the data in the table give
ΔI(Ar18+) ≈ 0.73 1021 W/cm2, ΔI(Kr34+) ≈ 0.33 1021 W/cm2,
ΔI(Xe52+) ≈ 0.23 1022 W/cm2, and ΔI(Xe54+) ≈ 0.53 1024

W/cm2. These values, along with those of I 10 and I 100, can be used to
determine the peak intensity value with accuracy ≤30% by detecting
the highest charge states in discernible amounts. It is instructive to
compare the values of I 10 and I 100 with that introduced in Ref. 23 on
the basis of a simple estimatemade with logarithmic accuracy [see Eq.
(14) there]. This equation can be reformulated as

I∗ ≈ 7.033 10−6(Ip)3[1020] W/cm2. (13)

The values ofI∗ are given inTable I and are shown in Fig. 3 by vertical
red lines. For Ar18+, the estimate from Ref. 23 is in a good agreement
with I 100, while for the ions of Kr and Xe, a roughly 50% difference is
apparent. This discrepancy is, however, not crucial, since the estimate
in Eq. (13) is only designed to approximately locate the domain of
intensities that can be probed with the given charge state.

It can clearly be seen that the ion yields calculated for the two
pulse shapes practically coincide in the domain N(Ak+) � 10–100,
where they can already be reliably detected by a sensitive TOF setup.
This makes the approach based on the identification of the intensity
interval corresponding to rapid growth in the ion signal within
N ∼ 10–100 practically insensitive to the pulse shape, provided the
focal spot diameter is approximately known. A serious drawback of
this algorithm stems from the fact that the efficiency of the TOF
detector and the atomic concentration n0 in the gas jet might not be
precisely measured. These two uncertainties will lead to an uncer-
tainty in the coefficient connecting the number of ions shown by the
curves of Fig. 3 and the number of counts in the TOF detector.
Moreover, an uncertainty in the focal diameter of a factor of 2 ormore
will have a considerable effect on the value of I 10 and even more on
that ofI 100. To demonstrate this sensitivity, we calculated the yields of
Ar17+, Ar18+, Xe51+, and Xe52+ for the NF beam at the same peak
amplitude but with a value of Δ twice as large, i.e., Δ � 0.35, which
corresponds to a FWHM spot size of ≈1.2 3 2.2 μm2. The effective
focal volume then appears roughly 16 times smaller than that for Δ �
0.178. As a result, for Xe, the value of I 10 increases by ≈30%–40%,
while that of I 100 increases by several times. The corresponding shifts
for Ar are even bigger. Exact values are given in Table I. This ob-
servation shows thatmeasurement just of the absolute number of ions
might be insufficient for accurate determination of the peak intensity.

A complementary approach can be based on determination of
the intensities for which the numbers of two charge states appear
equal.25 These points are indicated in Fig. 3 by open squares (for the
Gaussian beam) and open triangles (for the NF beam) for the pairs of
charge states Ar17+ and Ar18+, Kr27+ and Kr34+, Xe51+ and Xe52+, and
Xe53+ and Xe54+. Numerical values of these intensities, denoted by I 0,
are given in Table I. The positions of the intersection points do not
depend on n0 or on the detector efficiency, provided the latter is close
for the two ions of the chosen charge states. However, these positions
do depend on the focal intensity distribution, as can be seen from the
data in Fig. 3 and Table I. Moreover, the positions of these inter-
sections remain almost insensitive to the focal spot size, as can be seen
by comparing the curves for argon and xenon calculated for two

FIG. 3. Number of ions vs peak laser intensity calculated from Eq. (5) for argon (a),
krypton (b), and xenon (c) using the intensity distributions for the Gaussian (solid
lines) and NF (dashed lines) beams. The beam parameters are the same as in
Fig. 2. For argon and for Xe51+ and Xe52+, the results corresponding to the tightly
focused NF beam with Δ � 0.35 are shown by dash-dotted lines. The gray areas
indicate the interval N(Ak+) � 10–100 where the number of ions grows by one order
of magnitude. The values of I 10 and I 100 given in Table I are indicated by filled and
open circles, respectively. The values of I 0 where the numbers of two selected
charge states become equal are shown by open squares for theGaussian beam and
by open triangles for the NF beam. For the pair of states Xe51+ and Xe52+, the values
of I 0 for the two beams are difficult to distinguish visually, and so the corresponding
triangle symbol is omitted. Vertical lines indicate the threshold intensities calculated
from the analytic estimate in Eq. (13).
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different values ofΔ for theNF beam. The greater the difference in the
ionization potentials, the further is the intersection point from the
initial steep part of the yield curve and the greater is the difference in
their positions found for the two beams.

Finally, the value of the intensity can be inferred from the slopes
of the ion yields. Figure 4 shows the doubly logarithmic derivative of
the ion yield vs laser intensity for argon and xenon. The value of the
slope decreasesmonotonically with increasing intensity (except in the
domain of sufficiently high intensities, where the volume effect be-
comes quite strongly dependent on the intensity distribution) and

appears remarkably independent of the spot size and only weakly
sensitive to the pulse shape. Note that the intensity distributions in the
focal plane appear quite different for the Gaussian and NF beams.
Therefore, one may expect that the slope is in general rather weakly
sensitive to this distribution, which in practice may appear quite
complicated (see, e.g., Refs. 56 and 57). This feature makes the slope
probably the most precise measure of the peak intensity. However, as
in the case of the yield intersection points, measuring this value
requires a set of laser shots at known relative energies, so that the ratio
of intensities for subsequent shots can be reliably estimated. This
might appear problematic for multi-PW lasers.

V. CONCLUSIONS

In conclusion, we studied the effect of the focal intensity dis-
tribution on themethod of peak intensity determination based on the
observation of multiple tunneling ionization of heavy atoms. Three
algorithms for extraction of the peak intensity value were examined.
Thefirst, based on the detection of new charge states that appear as the
intensity increases, was shown to be essentially shape-independent in
the intensity interval where this number grows quickly. It suffers from
some uncertainty resulting from the uncertainties in the TOF de-
tection efficiency, the atomic concentration in the gas jet, and, most of
all, in the focal spot size. The second algorithm requires measurement
of the ratio of the ion numbers for two selected charge states. It is
robust with respect to the TOF efficiency, atomic concentration, and
focal spot size, but appears in general to be dependent on the intensity
distribution in the focal spot. This dependence is less pronounced for
pairs of charge states with relatively close ionization potentials, such
as the pair Xe51+ and Xe52+ and the pair Xe53+ and Xe54+. Finally, the
third algorithm relies on measurement of the slope of the intensity
dependence of the ion yield. In the interval of intensities where this
slope is high, ≈5–10, the algorithm appears essentially insensitive to
the factors discussed above, including the intensity distribution
within the focal spot. The second and third algorithms do, however,
require multiple consecutive measurements with controllable relative
laser pulse energies, which could be challenging for lasers of extreme
power. In an experiment targeted to measure the peak intensity value
through the detection of highly charged ions produced in the process
of tunneling ionization, the three algorithms can be simultaneously
applied to increase the accuracy.

TABLE I. Reference intensity values for ion yields shown in Fig. 3: I 10 and I 100 are the intensities corresponding to N(A
k+) � 10 and N(Ak+) � 100, respectively, I 0 is the value of

intensity such that N(Ak+) � N(A(k+1)+), and I∗ is given by the analytic estimate in Eq. (13). Intensities are given in units of 1020 W/cm2. The parameters of the laser beams are
w0 � 3 μm, λ � 1 μm, and Δ � 0.178. Values of I10 and I100 for the NF beam with Δ � 0.35 are shown in parentheses for Ar17+ and Xe52+.

Ion Ip (eV) IG
10 INF

10 IG
100 INF

100 IG
0 INF

0 I∗

Ar17+ 4120 17 17 (25) 23 23 (98) 56 45 24
Ar18+ 4426 24 25 31 32 30
Kr27+ 2929 4.1 4.1 5.5 5.7 32 62 8.8
Kr34+ 4108 11 11 14 14 24
Xe51+ 9607 86 87 118 120 151 140 310
Xe52+ 9812 110 106 (145) 130 130 (381) 330
Xe53+ 40 272 1.2 3 104 1.2 3 104 1.6 3 104 1.7 3 104 2.7 3 104 2.5 3 104 2.3 3 104

Xe54+ 41 300 1.6 3 104 1.6 3 104 2.1 3 104 2.0 3 104 2.5 3 104

FIG. 4. Derivative d log(N)/d log(I ) for Ar17+ (a) and Xe52+ (b) calculated for the
parameters of Fig. 3. Solid curves correspond to the Gaussian beam and dash-
dotted curves to the NF beam.Δ� 0.178 for the blue curves andΔ� 0.35 for the red
curves.
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We also presented a brief comparative overview of several ap-
proaches for in situ measurement of extreme laser intensities.

We hope that our analysis will help to provide the reader with
some orientation in this currently emerging field of laser diagnostics.
The present paper concludes a set of publications23–25 dedicated to
theoretical analysis of the atomic diagnostics method for extreme
laser intensities.
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