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Abstract. As atomic matter interacts with ultrastrong fields, the bound electrons are
polarized and have ionization energies changed by Stark-shifting. The unprecedented range
of laser intensities from 10*® Wem™2 to 10%* W em ™2 can take the interaction from the neutral
atom to a bare nucleus. We have used an outer, single active electron approximation to calculate
the polarization and Stark-shifted binding energy for ultraintense lasers interacting with highly
charged ions at intensities from 10 Wem™ to 10?2 Wem ™2, The polarization of the bound
state can result in a dipole moment and Stark shift that may be 0.1 e ap and 50 E},, respectively.
At these high intensities, relativistic effects must also be considered. Across the intensity range
of these studies, the magnetic field of the laser does not comparably affect the bound state of
the atom; the impact of polarization and Stark shift exceed changes to the bound state wave
function and binding energy from including relativity.

1. Introduction

Tunneling ionization is fundamental to the physics of attosecond science [1], above-threshold
ionization [2], high harmonic generation [3], strong field elastic rescattering of photoelectrons [4],
multielectron rescattering ionization [5], and ultra-strong field interactions with highly charged
ions [6, 7]. These interactions are often treated in the dipole approximation and ubiquitously use
field-free properties for the atom to calculate the ionization rate, neglecting the impact of the
strong laser field on the bound state [8]. In Fig. 1, the interaction of a strong field with an atom
is shown in the three-step classical model simplification [9]: (1) ionization, (2) acceleration, and
(3) recollision. The importance of the current work can be understood in that it addresses step
(1) of this sequence and, therefore, influences all subsequent observations.

Additional motivation for this study is the advancement in laser technology. Chirped pulse
amplification [10] laser intensities now exceed 10%® Wem™2 [11], corresponding to electric fields
reaching 1,500 Ej, e~ agy 1in atomic units (Hartree energy Fj, elementary charge e, and bohr
distance ag). At high intensities, the electrons bound to the ions are certainly no longer in a
“field-free” environment and the force from the laser magnetic field must be also considered
[12]. A Lorentz rescattering parameter [13] was able to differentiate traditional dipole strong-
field atomic and molecular interactions and the ultrastrong field regime, where the full laser
electric and magnetic field is required to describe the rescattering physics. Larmor radiation
[14, 15], bremsstrahlung [16], and high harmonic generation [17] have been studied including
relativistic effects. The impact of relativity has also been studied in multielectron interactions
with non-sequential ionization [18] and laser recollision inner shell excitation [19]. Recently, an
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Figure 1. Sequence of (1) tunneling ionization (red) of the outermost electron, (2) laser
acceleration of the photoelectron over length scale of Fy A%, (3) electron return on a time
scale of 1/w to the parent ion where recollision occurs (blue).

ultimate energy limit of rescattering [20] was discovered giving an energy maximum for laser-
driven rescattering as approximately one thousand Hartree (27 keV).

In this work, we calculate the electron wave function for highly charged ions to characterize
the polarization and Stark shift of bound states at intensities generated by modern terawatt
[21, 22] and petawatt [23] laser systems. Our findings show an interplay between polarization
and the Stark shift resolves how tunneling models based on a ‘field-free’ approximation can
appear to agree with experimental measurements [24, 25, 26, 27, 28, 29] when, in fact, the
tunneling rates are impacted by the atomic states polarizing and energy shifting in the external
laser field [30].

To introduce how fields change atomic states we briefly examine the response of krypton [27]
calculated according to the method described in section II. Theory. In Fig. 2 the outermost
electron wave function of Kr?>* is shown at an intensity of 1.2 x 10 W cm™2. The outermost
electron is often identified as the spherically-symmetric hydrogenic 3s, about a closed shell neon
1522522p% core. In Fig. 2 one can see the outermost electron wave function |1 (z,0, 2)| in the plane
of the electric field E = 12.4 Epe ! ag 12, The force from the external field causes the electron to
spatially displace away from the nucleus. Fig. 3 is a plot of ¢(z)*1(z) with no external field and
at 1.2 x 10" Wem™2. The shift of the peak electron probability to z ~ —0.4 ag is identifiable
in Fig. 3 and evaluates to a similarly large electric dipole p'= 0.33 e ag 2. The binding atomic
potential for the outer electron with and without the external field is also plotted in Fig. 3 as
a function of the distance from the nucleus along the electric field (z-axis). The Stark shift due
to polarized state alignment in the external field can be a sizable fraction of the binding energy
since |p] ~ 0.1 e ag and ultrastrong fields are of order 10 to 10? Ej, e 'ay'. In Fig. 3 the Stark
shift of the binding energy from -44 Fj, to -46 FE}, is displayed in the potentials as an offset of
the electron wave function probability 1 (z)*1(z).

2. Theory

Our model moves beyond a field free atomic bound state by approximating the atomic response
as a ‘frozen’ ion core with a outermost and least tightly bound single active electron (SAE)
interacting with the external field (E - 7 = |E|z), and ion core comprised of the nucleus
and the electronic density minus the one active electron. The ion core potential Viy..(r) is
computed via Hartree-Fock with a 6-31G* basis and the external laser field off. The electronic
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Figure 2. Wave function magnitude [(z,0, 2)| (a) in the y = 0 plane for the Kr?** outermost
electron in an external electric field (intensity) of 18 Ej et ag’ 2 (1.2 x 10" Wem™2).

density contributing to Vere(r) is in good agreement when compared against Thomas—Fermi,
Thomas-Fermi-Dirac, and Dirac-Hartree-Fock-Slater electronic densities from reference [31].
Once Viore(r) is obtained, the 3D time-independent Schrodinger equation (TISE) is solved in
the quasi-static approximation for SAE in the external field [32]. The TISE in this case takes
the following form in atomic units,

_ §v2 + Veore(r) + | Bz | 0(7) = ew'(7) (1)

where € is the energy eigenvalue, and the external laser field is aligned along the z axis. Eq. 1
is diagonalized with a hydrogenic basis set parameterized with atomic number 7 defined by the
nuclear charge of the species being calculated. The corresponding matrix elements are calculated
to 1076 Ej, precision. Convergence of the solution to Eq. 1 is achieved by increasing the size
of the basis set to include increasingly large principle quantum number functions along with
the corresponding angular momentum quantum number functions. The criteria for basis set
convergence is when adding an additional principle quantum number shell changes the SAE
energy by less than 107® E) with the external laser field on. The polarization and Stark
shift energy is then determined from the SAE wave function. The interaction for each species
typically ranges from a field strength of 0.1x ‘barrier suppression ionization’ (BSI), or ‘classical
ionization,” (0.01 of the BST intensity) to 0.9xBSI. In this range, the energy and dipole converge
with a basis set of typically n=25 for the principal quantum number. The field free ionization
energy of the calculated bound states typically ranges within ~ 10% of NIST values [33].

By way of example and to highlight the relevant energy scales, the calculated ion core
potentials, bound states, and radially dependent effective charge for Kr?** are shown in Fig. 4.
The core state radial probabilities in Fig. 4(a) are offset in the figure to correspond to the binding
energy in the potentials to aid the reader’s eye. The electron correlation energy is included in
Fig. 4(a) and can be seen to account for up to ~ 5E}, /e of the several hundred Hartree ion core
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Figure 3. Wave function magnitude for the Kr?* outermost electron in an external electric
field (intensity) of 18 Epe tag! 2 (1.2 x 10" Wem™2). The electron probability (z)*1(2)
is shown field-free (red, upper bold line) and along the 18 Ej e 'ag' # field direction (blue,
lower bold line). The ¥ (z)*1(z) probability (right y-axis) is shown offset to indicate the binding
energy of -44.1 Ej, field free and -46 Ej, in the field. The binding ion potentials for the Kr?>+
outermost electron ion with no external field (red, thin line, light fill to x-axis) and in an electric
field of 18 Ej, e~ ! aal Z (blue, thin line, dark fill to x-axis) are also shown.

potential that binds the outer electron. For ultraintense laser interactions many electrons are
field ionized; the ultraintense field interactions are with highly charged ions. As a result, the
large, unscreened nuclear charge dominates the ion core potential. In Fig. 4(a) the bare 36+
nuclear charge (gray, thick line) can be seen to account for most of the ion core potential (red,
solid line) with the bulk of the difference between the ion core potential and the bare nuclear
potential attributable to the ten-electron shielding. The contribution from electron correlation
to the potential is shown in Fig. 4(a) (black, dashed line) as a separated energy term. Fig.
4(b) gives the Kr?5* ion core electron radial probability for Kr?**. The localization of ion core
to radial values of r < 0.15 ag can be compared to the ~ 0.4 ag extent of the polarized outer
electron wave function. Since polarizability scales as ~ 3, the polarizability of the ion core
is neglected as it is typically an order of magnitude less than the polarizability of the outer
electron.

3. Polarization and Stark Shift

A detailed analysis of the outermost electron properties for O7*, Kr26*, and Hf6!'* are presented
in this section. The field-free orbital descriptions for these species are O 1s', Kr 15225%2p°, and
Hf 15%22522p53s!. These three cases were chosen as they demonstrate characteristic cases of a
one-electron atom, active and core electrons in the same shell, and closed-shell ion cores.

The calculated field free binding energy and Stark shifted binding energy of the outermost
electron for O™, Kr 26+ and Hf ®'* are plotted in Fig. 5(a). Depending on the orientation of
the electron state, p - E can increase the ionization energy as the state becomes more tightly
bound (more negative binding energies). This is the case for O™" and Hf '+ when the induced
dipole is parallel to the field. Conversely, the dipole of the outermost electron in Kr26* has an
anti-parallel alignment. This lifts the state’s energy in the field, decreasing the ionization energy
[34]. The magnitude of the outermost electron dipole for O”*, Kr 2+ and Hf '+ are shown in
Fig. 5(b). The alignment of the electron probability ©*(z)1(z) at an external field 0.71xBSI
can be compared to the field-free solution in Fig. 5(c-e).

We begin with O™* at an intensity of 10'” Wcem™2. The binding energy shifts in the field
from -32 Ej, to -32.5 Ej,, approaching the BSI intensity. The 2.5 x 1072 e ag dipole response at
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Figure 4. Potential energy (a) for the ion core Kr[1s?2s22p°] (left axis) including the Kr36+

nucleus Coulomb potential (gray, thick line), the ion core potential Viu.(7 (red, solid line),
and electron correlation energy for the core (black, dashed line). A split scale is used in (a)
for electron correlation energy. The radial probabilities, right axis of (a), for the electron core
states (green fill shading) are offset according to binding energy. The ion core is displayed as
the radially dependent effective charge in (b).

one-half of the BSI intensity is barely observable in Fig. 5(c) as a —0.0252 ag shift of {*(2)y(2)
from the field free probability.

Turning next to Hf%'*, Fig. 5(a) portrays the binding energy changes from the field free value
of —234 E), to —262 E), as one approaches the BSI intensity at 2 x 102" Wem™2. The induced
dipole is of order 10! e ag due to a combination of the larger radial values for the n=3 state
and the extremely high intensity. The peak value of *(2)1(z) for the outermost electron in a
field strength of ~ 173 Ej e~ ! aal is seen in Fig. 5(e) to be approximately 0.15 ay along —2.

The Stark effect gives a splitting of the energy levels by mixing the atomic states and then
interacting with the resulting electric dipole moments. States shifting to lower energies, such
as for O™ and Hf 1F | result from an alignment with the field. Kr 257 illustrates the impact of
the external laser field on states shifting to higher energies due to an alignment opposite to the
field. In terms of [nlm) states [200), [210), |21 —1), and |211) in an electric field mix to create
eigenstates with a dipole moment parallel and anti-parallel to a 2 field: 1/+/2 (]200) —|210)) and
1/+/2 (|200) +|210)). This high-energy state of the Stark-shifted manifold has its binding energy
shifted by p- E up from the field free value of —125 Ej, to the —115 Ej, shown in Fig. 5(a). The
external field forces the electron in the direction of —Z, pushing back the initial alignment along
2; the initial 0.08 e ag dipole at 10" W cm™2 drops to 0.07 e ag as one approaches 102" W cm™2.
Y*(2)1(2) for the outermost Kr 25+ electron is shown in Fig. 5(d).

Common tunneling models [35] used to calculate the tunneling rates from neutral species
and highly charged ions make a single electron approximation for partially filled shells with
equivalent electrons. Furthermore, the electrons are treated as degenerate with no consideration
for splitting of the n-1 sublevels by the external field. When comparing highly charged ions
to neutral species for the same nucleus, highly charged ions have electrons in lower principle
quantum numbers. This reduction to low principle quantum number states improves the validity
of frozen cores as the binding energy and radial extent change greatly for n = 1,2,3. One can
intuitively justify, for example, the single-active-electron approximation with a frozen closed-
shell n =1 core and an outer n = 2 electron.

For cases where the ion core and active electron occupy the same shell, such as Kr 2p5,
including the Stark shift lifts the degeneracy for electrons in the same shell. While not
providing the ion-core to active-electron separation that a change in the principle quantum
number provides, including the Stark shift significantly lifts the degeneracy of states within the
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same shell and improves the justification of treating the electrons separately. By way of example,
for Kr 2p°%, the binding energy of the outer electron is 10E), and 20E), less than the more tightly
bound Kr 2p* and Kr 2p? electrons, respectively.

Beyond a frozen core and active outer electron approximation, one may consider the
polarizability of the core. For electrons in different principle quantum numbers, the 73
polarizability scaling highly favors the electrons in the outermost principle quantum number.
However, electrons with the same n, [, and |m;| states will have similar polarizabilities for
partially filled shells. Allowing polarization for the core with partially filled shell configurations
will effectively decrease the external field experienced by the active outer electron. When
compared to a frozen-core model, the partial cancellation of the external field form polarization
of the core will reduce, but not eliminate, the polarization and Stark Shift of the least tightly
bound active electron.

We have presented results using our numerical solutions to the Schrédinger equation using
a hydrogenic basis. To extend the work to other approaches and basis sets, we have used
GAUSSIAN 16 [36] with Gaussian basis sets that can account for polarization, such as 6-31
G(d,p) [36]. While commonly used to calculate molecular structure, GAUSSIAN 16 may also
be used to calculate atomic orbitals for highly charged ions at the level of Hartree-Fock in
ultrastrong external fields. We find the Stark shifts, and induced polarizabilities in external fields
calculated using GAUSSIAN 16 are consistent with the results presented. The wide availability
of GAUSSIAN 16 means the findings presented here can be incorporated generally for other
species or fields with commercially available software.

4. Relativistic Effects

Despite the significant work on relativistic effects in strong laser fields, an ‘intuitive model’ of
relativistic effects for bound atomic states is still lacking. Relativistic effects come into play, for
example, as they change the bound state wave function or the interaction with the external field,
especially in the spatial region near the tunneling barrier. The changes in the wave function
due to relativity and the laser B field effects are small for the interactions considered [7]. For
highly charged ion of Ar'®*, changes to the field free wave function probability from the E field
of order 10% were reported to correspond to changes from the B field of order 0.4%.

There are two additional ways to view the relativity and B field impact. Among the most
straightforward is quantifying the force from the external electric and magnetic fields [37]. The
work by [37] uses Monte-Carlo trajectory ensembles to give insight into how the laser magnetic
field affects the electron in the bound state. Briefly, the forces on the semi-classical electron
ensembles as a function of time (given in Kepler Orbits) are studied for ions at field strengths
from 0.06 a.u. to 500 a.u. (intensities of 10* W/cm? to 102! W/cm?). Though the role of v/c B
relativistic effects increases over this range, they are still 10* orders of magnitude smaller than
the forces from the electric fields. In terms of ‘how quickly’ these Lorentz forces impact the
dynamics, the scaling can be explained as a function of the highly charged ion binding charge.
The increasing influence of the force on the electron at higher intensities due to Bjgser can be seen
from a simple Z scaling. The force from Ej,g., at BSI scales as Z2 and the corresponding force
from Bjser scales as Z* with the inclusion of the velocity, which scales as Z for the bound-state
electron. As a result, one expects relativistic effects (forces and energies) to increase slowly, i.e.
approximately linearly, as a function of the ion charge.

The role of relativistic effects and the external laser magnetic field for the bound states of
highly charged ions have been examined with semiclassical [37] and quantum [38] treatments.
Including the external laser magnetic field in calculations changes the bound state energy by a
few percent at 102> Wem™2. For reference, the Zeeman energy from the laser magnetic field
acting on the calculated polarized states is given in Fig. 5(a) relative to the Stark shift and
bound state energy. For tunneling ionization, the angular distribution of the bound electron



LPHYS'23 - 31st Annual International Laser Physics Workshop 10P Publishing

Journal of Physics: Conference Series 2894 (2024) 012007 doi:10.1088/1742-6596/2894/1/012007
-31.5
i (a)
-32.0 [ ] o9
32s5f Ol e
o -0 F T
8 120 |- A
E ) = A——b0—""
= -130 : Kr 2p6 |
225 . T
[ .\
230 HF 3s' "
=275 - IR RN R T1 R R A IR R AT1 BN NI REET1 B RN W N1 R N A W RRTT)
-~ r Hf 3s' (b)
g oL oA .‘__A____.———I‘.
L K 2p —a-Aa
= £
2 C o
g | o
= 102 = /
% F O 151/.
g .
A L TR R T| B SN I WU T 7] NI NI W11 B B AN AR T] BRI WA AT}
1017 1018 1019 1020 1021 1022
Intensity (W/cm?)
S () (d) (e)
=25 i i
e \
= 0 N . ‘.I" . ) AL !
-02 00 02 -02 00 02 -02 00 02

z(a) z(a) z(a)

Figure 5. Binding energy (a) for the outermost electron of O7* (red, dark line, filled circle),
Kr?6* (blue, dark line, open triangle), and Hf '+ (black, dark line, filled square) notated by
the assignment O 1s', Kr 2pS and Hf 3s', respectively. As an aid to the eye the field free
binding energy is indicated as (horizontal, light line) in each case. The dipole magnitude for the
outermost electron for O™* (red, filled circle), Kr20* (blue, open triangle), and Hf ' (black,
filled square) is shown in (b) as a function of intensity. A larger symbol is used for the 0.71 BSI
point, which is the field used in (c-e). 1(z)*y(z) for the outermost electron are shown for O7*
(c) at field of 22.6 Ej e tay’ (ved, solid line, fill); Kr20+ (d) at 102.5 Epe 'ag' (blue, solid
line, fill); and HfS'* (e) at 173 Ej, et ay ' (black, solid line, dark fill). The field free ¢(z)*1(z)
are also shown in (c-e) for reference (light gray, dash line, light fill). The extent of the Zeeman
energy splittings (0.08 Ej, for O™, 0.6 Ej, for Kr26* and 1.1 Ej, for Hf%'* is smaller than the
symbol size) are indicated by a highlighted horizontal bar A Ej, region within the 0.71 BSI Stark
shift symbols in (a).

wave function as it appears in the continuum [39] from under the barrier [40] is deflected by
~ 0.1 radian at intensities above 10%2 Wem™2. This amount is negligible relative to changes
in the angular distributions due to the Lorentz force for the photoelectron in the continuum
[13]. Despite changes to the angle-resolved photoionization current, the magnetic field does not
significantly affect the total ionization rate [37, 41] up to intensities of 1022 W cm 2.

The energies for the bound states we consider are < 2.5% of the electron rest mass. As a
result, the relativistic kinetic energy shift and relativistic energy fine structure shift are neglected.

Extensions of our work to highly charged ions with intensities above 1022 Wem™2 [42, 41] will
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need to involve careful consideration of the nonrelativistic approximation and role of the external
laser magnetic field as well as the linear or circular external field polarization [43].

5. Conclusion

As matter interacts with ultrastrong fields, the bound electrons in ion states are both
polarized and Stark shifted. The unprecedented range of laser intensities from 10 W cm™2
to 10%* Wem™2 can take the interaction from the neutral atom to a bare nucleus. We have used
a single active electron approximation to calculate the polarization and Stark shifted binding
energy of the outermost electron as a function of the external field strength. The calculated
response shows induced dipole and Stark shifts as significant as 0.1 e ap and 50 Ep. The
magnitudes of these changes to the bound states impact common tunneling models that use the
field-free approximation for the ionizing bound state [30].
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