aps CHCRUS

physics

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

Radiation for laser-driven rescattering near the ultimate
high-energy cutoff: The single-atom response and
bremsstrahlung limit
Evan Jones, Zach Germain, Jakob Niessner, David Milliken, Joey Scilla, Liam Kelley, James
MacDonald, and Barry C. Walker
Phys. Rev. A 103, 023113 — Published 22 February 2021
DOI: 10.1103/PhysRevA.103.023113


https://dx.doi.org/10.1103/PhysRevA.103.023113

Radiation for laser driven rescattering near the ultimate high energy cutoff: The
single-atom response and bremsstrahlung limit

Evan Jones, Zach Germain, Jakob Niessner, David Milliken, Joey

Scilla, Liam Kelley, James MacDonald, and Barry C. Walker
Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716, USA*
(Dated: February 10, 2021)

The discovery of laser driven rescattering and high harmonic radiation out to a maximum photon
energy of 3.17 times the ponderomotive energy laid the groundwork for attosecond pulse generation

and coherent x-rays.

As the laser field drives the interaction to higher energies, relativity and

the Lorentz force from the laser magnetic field enter into the dynamics. Recent studies of laser
rescattering have included these effects to give a quantitative description of rescattering dynamics
in the high energy limit, i.e. recollision energies of order 1,000 hartree (27 keV). In this high energy
limit, we treat the emitted high harmonic radiation from rescattering as a bremsstrahlung process.
We find the highest energy photons in the radiated energy spectra follow the rescattering electron
energy near the ultimate cutoff. The effective charge from the ion core shielding does not affect
the radiation yield at cutoff; however, the overall energy radiated does scale quadratically with the

atomic number of the parent ion.

I. INTRODUCTION

Strong field, laser driven rescattering [1] and the dis-
covery of high harmonic radiation (HHG) [2] led to a rev-
olution in laser science. The scientific push to generate
spatially and temporally coherent x-rays using HHG is
an international quest now spanning three decades. This
effort has achieved numerous milestones including the
creation of sub one-hundred attosecond (atto = 107'%)
duration pulses [3-5] of soft-x-ray light.

Two critical aspects of marching into the frontiers of
laser driven acceleration are the laser characteristics and
the high energy recollision physics including relativistic
effects [6-8]. The optimization of the laser driven recolli-
sion is a complex physics parameter space that includes
atomic, optical, and plasma physics. By way of example,
this space has been searched out with studies of the laser
carrier wavelength [9, 10], laser intensity, phase matching
and plasma dynamics [11], pulse duration, field ellipticity
[12, 13], and counter propagating interference [14].

From the earliest studies of rescattering in strong laser
fields, a classical physics description [15, 16] was an essen-
tial part of understanding the new observations of HHG
and multielectron excitation. Complicated multielectron
dynamics [17, 18] can be interpreted as classical electrons
in a Coulomb potential interacting with a classical exter-
nal laser electric field [19, 20]. As the energy of the recol-
lision process increases and the deBroglie wavelength of
the electron decreases, the validity of the classical repre-
sentation should only improve. With the complications of
3-D relativistic dynamics and multiply charged ion states,
the framework of classical physics is more essential to ex-
tend the initial insights into strong field physics to higher
intensities involving relativistic effects [21].

As the rescattering electron energy increases, it is de-
flected away from the parent ion by the Lorentz force
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from the laser magnetic field. A Lorentz deflection pa-
rameter [22, 23] describes the degree of deflection and is
given for an electron charge e and mass mg by,

V2Ipmoc2ad
lp=——rr—r (1)
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where ag = eEy/(mgcw), ¢ is the speed of light, Ip is the
ionization potential energy, and Fy, w are the laser elec-
tric field magnitude and angular frequency, respectively.
I'r = 1 serves as the demarcation between nonrelativistic
and relativistic regimes [22].

Recollision near the HHG limiting cutoff [23] from
relativistic deflection can be considered in a high en-
ergy limit when compared to the atomic energy scale.
That is the photoelectron kinetic energy at the recolli-
sion (E,) with the parent ion greatly exceeds the ioniza-
tion energy for the atom of ion species under consider-
ation. In this limit the atomic radiative recombination
and dielectric recombination cross sections are known to
scale as ~ 1/(E,)? (see e.g. [24-26]). Conversely, we
find bremsstrahlung in this energy limit scales linearly
with F,.. The energy increase for the recollision process
results in bremsstrahlung [27, 28] becoming an impor-
tant mechanism. As an example, our calculations with
E, = 1,000 hartree (27 keV) and a Ne2* parent ion show
the bremsstrahlung yield exceeds the recombination ra-
diation into the ground state by two orders of magnitude.

We present here the limit for the HHG photon energy
and yield from the fundamental single atom radiation re-
sponse with a few-cycle, linearly polarized drive laser.
We find the expected radiation yield is primarily deter-
mined by the rescattering fluence, described relativisti-
cally and semi-classically, and the atomic number of the
parent ion, which affects the bremsstrahlung mechanism.
Radiation from rescattering has an ultimate energy cut-
off that follows the ~ 1,000 hartree energy cutoff for the
rescattering electron fluence. Depending on the drive
laser frequency and intensity, the radiation yield from
rescattering can be significant across all atoms and ions
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FIG. 1. Visual representation of tunneling ionization for
the outermost electron, acceleration in the external laser
field, and rescattering with the parent ion potential in the
bremsstrahlung process.

in the periodic table.

II. METHOD OF CALCULATION

A. Dynamics of Laser-Driven Bremsstrahlung
Collisions

Laser driven rescattering begins when the external field
ionizes the bound state electron from the Coulomb po-
tential, typically by tunneling (Fig. 1). Once in the
continuum, the external laser field dominates the photo-
electron dynamics. The photoelectron is initially pulled
by the laser field away from the nucleus. Then, when the
laser field direction reverses, the electron is accelerated
back toward the parent ion with an energy gained by the
work done on the electron in the external field. “Rec-
ollision” occurs for electrons that return to “re”-interact
with the parent ion.

Recollision as a process extends up to an ultimate limit
for the acceleration and rescattering energy [22, 23] of
order 1000 hartree. Electrons at 1000 hartree have a
DeBroglie wavelength (Ageprogiie = h/p) of 0.14 bohr,
where a classical approach [19] can be considered valid
for many atomic and molecular interactions. Viewing
recollision in the classical regime is also consistent with
the large ~ e|Eg|/(mow?) excursion distance for the pho-
toelectron as it is driven by the laser field. Inelastic
rescattering with the parent ion can create (e,ne) [29-
31] secondary electrons, or HHG radiation.

We model the radiation process as a bremsstrahlung
mechanism with the recollision occurring as the return-
ing electron is accelerated by the parent ion potential.
All results here are in the single atom response limit
and use plane wave radiation for the laser field. We
consider both the bare nucleus, where the interaction
is between the incoming electron and the full nuclear
charge, and scattering from the ion core shielded nu-
cleus in the approximation of a centro-symetric represen-
tation for the bound electrons [32]. The scattering pro-
cess is calculated using classical, numerical-relativistic,
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FIG. 2. Rescattering flux F~'R as a function of the rescattering
kinetic energy F, for uranium ions driven by 100nm (a) and
800nm (b) lasers respectively. The species shown for 100nm
are U?°F (black, circle) g = 0.06 and 9.4 x 10'7 W/em?,
U7 (red, triangle) at Tr = 0.4 and 2.7 x 10*® W/em?, U
(orange, empty circle) at Tr = 1 and 5.4 x 10'® W/cm?, U3+
(green, cross) at Tr = 6 and 1.3 x 10" W/em?, U*"* (blue,
square) at g = 17 and 2.7 x 10'° W/cm?, and U*** (purple,
inverted triangle) at Tr = 80 and 6.7 x 10'° W/cm?. The
species shown for 800nm are U’ (black, circle) at T'r = 0.06
and 6 x 10'® W/em?, U (red, triangle) at Tr = 0.4 and
2 x 10'® W/em?, U™ (orange, empty circle) at I'r = 1 and
4 x 10" W/em?, U (green, cross) at T'r = 5 and 9 x 10'°
W/em?, UT (blue, square) at T'r = 40 and 3 x 1017 W/em?,
and U?°T (purple, inverted triangle) at I'gr = 200 and 8 x 10'7
W/em?.

and well known relativistic quantum [33] treatments for
bremsstrahlung. The calculation of this process is con-
nected to laser driven bremsstrahlung in laser plasma [34]
and related as a physical process to a broad range of laser
driven phenomena including optical supercontinua [35].
The results are also relevant to calculations of coherently
driven bremsstrahlung processes [36]. Far reaching im-
pacts may include attosecond bremsstrahlung [37] and
measurements of electron wave functions in laser assisted
bremsstrahlung [38].

B. Rescattering Model

The rescattering flux is determined by employing a
semi-classical model previously described in [22, 39].
Briefly, tunneling ionization is calculated using the
Amosov, Delone, and Krainov (ADK) [40] rate. The
electron wave packet is relativistically propagated in the
external laser field using semi-classical trajectory ensem-
bles. Relativistic effects do not drastically impact the
ionization process [41] for all but the highest intensities
used in these studies [42]. Even in these cases, while the
ionization rate may need to be adjusted to account for
the Lorentz electron drift during ionization, the ultimate
cutoff of the bremsstrahlung results presented, which are
presented normalized to account for small differences in
ionization rates, will not be strongly affected.
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FIG. 3. Comparison of classical non-relativistic (blue, dot-
ted) and relativistic (red, solid) trajectories for 1000 hartree
incident electrons upon a bare Z = 18(Argon) nucleus.

Electron trajectories that return to the parent ion are
used to calculate the rescattering fluence, which is ap-
proximated as a plane wave. This is a valid approxi-
mation considering the transverse width of the rescatter-
ing electron is many times greater than impact param-
eters responsible for bremsstrahlung. All results are for
a ~ 10% ionization probability per optical cycle to cre-
ate the species being studied; the single atom response
is considered to be below saturation [43]. To standard-
ize the comparisons between atoms, we use a normalized
flux Fg, i.e. the flux divided by the single cycle ioniza-
tion probability. This approach follows the convention of
[23] and avoids nonphysical results due to the events at
negligibly low event rates or due to nonadiabatic ioniza-
tion where saturation effects occur on a time scale of less
than a single cycle.

Examples of the energy resolved rescattering flux (di-
mensionally electrons/(energy-area)), i.e. the amount of
the photoelectron returning to the parent ion as a func-
tion of the energy at the rescattering event, are shown in
Fig. 2 for ionization in uranium. Uranium is the highest
atomic number (Z) species considered in our study. The
rescattering flux F in Fig. 2 show the nonrelativisitic
rescattering interaction with the well known 3.17 U, scal-
ing of the cutoff for I'r < 1. As the energy increases,
rescattering reaches the onset of the ultimate limit for
the cutoff at a collision energy around ~ 1000 hartree,
beyond which the process transitions to the relativistic
regime (I'p > 1).

From the figure, one can see rescattering as a physical
process is not limited to one- or two-electron strong field
processes at mid-IR fields [44], rather it is an inherent
part of ionization across ion charge states, a wide range
of laser wavelengths and intensities. By way of example
we show in Fig. 2(a) the ionization of the highly charged
U*34 by deep ultraviolet radiation with a wavelength of
100 nm at an intensity ~ 102 times greater than one
atomic unit of intensity, the rescattering fluence is still
significant and extends to ~ 1000 hartree as it enters into
a relativistic interaction with I'g = 6.

Given the significance of relativity at the ultimate
cutoff, it is prudent to consider relativistic effects for
bremsstrahlung. We model the impact of relativity by
modeling the recollision between a classical electron and
a nuclear Coulomb potential, charge Z. We numerically
solve the equations of motion with and without relativis-
tic dynamics. Trajectories for 1000 hartree electron colli-

sions with an argon nucleus at various impact parameters
are shown in Fig. 3. These example trajectories in argon
give an idea of the core penetration. The HHG process
is fundamentally an atomic and molecular process. Rel-
ative to this perspective, Fig. 3 shows highly deflected
trajectories, which experience the highest acceleration,
are those with a closest approach to the atomic nucleus
within the principle quantum number n = 1 bohr orbit.
Impact parameters closer to the valence electron states
are only slightly deflected. Just as the radius of curva-
ture for the bound states scales as n2, the deflection of
the accelerated rescattering electron falls off quickly as
one moves away from the nucleus.

For these 1000 hartree collisions, relativistic dynam-
ics change the trajectory only for impact parameters,
b < 0.05 bohr, well inside the n = 1 electron state for
argon and much smaller than Ageprogiie for an electron
with a kinetic energy of 1000 hartree. The relativistic
Lorentz factor for a 1000 hartree electron is v = 1.05.
It is therefore expected that, to a high degree of accu-
racy, the radiation process near the cutoff can be treated
nonrelativistically.

C. Radiation Calculations

We present the general formulation of calculating
rescattering bremsstrahlung yields (hartree/hartree di-
mension for a single atom or ion) as a function of photon
energy by,

ET,E)

/FR dE,

where Fgr(E,) is a generalized rescattering flux
(electron/(energy-area) dimension) as a function of the
rescattering energy E,, and x(E,, E,) is a generalized en-
ergy cross-section ((energy-area)/electron dimension) as
a function of F, and photon energy E,. Integrating Eq.
2 over I, gives the radiated energy per photon interval.

The radiation yield is calculated using three cross-
section formulations. For the purpose of quantifying the
differences of the approximations with each cross section
in the clearest way, we use a mono-energetic flux of 1000
hartree incident electrons, Fis(E,) = d(E, —1000) where
¢ is the Dirac delta functlon. We chose E, = 1000 hartree
as the energy to show the rescattering physics for electron
energies near the ultimate cutoff.

The first energy resolved cross-section is the classical,
non-relativistic treatment [45] for bremsstrahlung,

Ebrem dET (2)

dy. 8 €522 1 h (2E,)3/?
dE, = 3hm. E, e2ml/?  ZE,

3)

where Z is the atomic number and E, is the energy of
the emitted photon.

The second energy cross-section utilizes a numerical
approach. We calculate the radiation spectra as defined
by [45]. This approach gives the frequency and solid angle
resolved emission for a given trajectory solved using the
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FIG. 4. Comparison of bremsstrahlung yields between clas-
sical non-relativistic (blue, empty square, Eq. 3), solid angle
integrated relativistic-numerical (red, triangle, Eq. 5), and
Bethe-Heitler (black, square, Eq. 7) energy cross-section for-
mulations. These yields are calculated (Eq. 2) for a mono-
energetic 1000 hartree electron flux, Fi;(E,) = §(E, — 1000),
incident upon a bare nucleus uranium atom. For clarlty, sym-
bols in the figure are for a reduced number of points. Lines
shown in the graph are a linear connection of the full calcu-
lated result.
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FIG. 5. Argon (a) and uranium (b) solid angle integrated
relativistic-numerical yields (Eq. 5, 2) calculated with a
mono-energetic Fis(Ey,) = §(E, — 1000) for a bare nucleus
(blue, empty square) and full electron shielding (red, circle).
For clarity, symbols in the figure are for a reduced number of
points. Lines shown in the graph are a linear connection of
the full calculated result.

relativistic equations of motion for the collision. The
bremsstrahlung I (energy/electron dimension) for a given
trajectory r(t) is given by,

10bohr . 2

nx[n—p8)xgG ,, t— o)
dE dQ ‘ [ el Jat

(1-8-n)?

(4)
where K = €?/(4m%hc), w = E,/h, n is the unit vector
oriented in the direction of the observation point from a
fixed centro-symmetric point potential, ¢ is the time when
the field began propagating (retarded time), r(¢) is the
position of the electron measured from a fixed centro-
symmetric point potential, vy is the magnitude of the
initial velocity, 8 = v/¢, and B8 = v/c. The bounds of
the integration are set to cover the span of the collision,
typically £10 bohr.

We then perform the integration over the impact pa-
rameters b,

d2XN bmaz g2
AN ——_(2rb)db
dE, A /bm a, a2 (5)

which gives us our energy and solid angle resolved
relativistic-numerical energy cross-section. The upper
bound of the integration b,,,, = 100 bohr, while the
lower bound b,,;, is defined using the conventional
method of the scattering electron deBroglie wavelength,
bmin = )\deB'r‘oglie~

Finally, the third approach is the Bethe-Heitler cross
section [33], doprem (area/electron dimension), which
gives the relativisitic, quantum bremsstrahlung emission
from an unscreened Coulomb potential,

2\ 2
dE, (4
Aoy — a2 (e) Pv{_
w) pr By (3

M of &F B,
2F. F (pc)z(prc)Z ((prc)g (pc)3
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where p,. and p are the electron momentum (E, and F

for the energy) before and after rescattering, respectively.

The emitted photon energy from the scattering is F,

where E7 = E, — E. Other factors include: a = €?/he,

p=mc? e = 210g(E+(pc)), € = 210g(ET+/75”C)), and
2

L =2log E,,.E+(12»E)v(pc)

The Bethe-Heitler cross section is the result of making
the first Born approximation; the scattered electron wave
is small compared to the incident wave and the scattered
electron wave function is a combination of a plane wave
and an outgoing spherical wave. This approximation is
valid if aZ < |B|. Eq. 6 in the form of an energy cross-
section is,

dXBH doprem
=F
dE, " TdE, Q

which allows us to make our yield comparison between
the energy cross-sections in Fig. 4.

III. RESULTS AND DISCUSSION
A. Ton Core Screening

Multiple ionization in strong fields is predominantly a
sequential process where the least tightly bound electrons
are field ionized from the parent ion. With different laser
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FIG. 6. Numerical rescattering flux (a) and bremsstrahlung
yields (b) given by Eq. 2 with Tg = 1 for U™ (square, blue)
at 304nm and 3.9 x 10'7 W/cm?, Kr®" (open circle, black)
at 409nm and 2.2 x 107 W/em?, and Ne®* (triangle, red) at
409nm and 2.2 x 10'” W/cm?. Reference lines are projected
onto (b) to indicate Z? scaled yields for U and Kr based on
the relative yield from Ne.

field strengths and ionization states, recollision could oc-
cur with any residual charge for the parent ion core. Ac-
celeration due to the effective charge of the scattering
potential will vary from the parent ion residual charge to
the full nuclear charge depending on the penetration of
the impact parameter into the shielding ion core.

To compare the effect of electron shielding on radiation
yields, we utilize numerical Dirac-Fock electron densities
found in ELSEPA [32] to calculate the scattering poten-
tial with and without electron shielding. It is advanta-
geous with this study of the HHG at the ultimate cutoff
to show the impact of the ion core shielding using only
the 1000 hartree Fj; flux, which represents the portion
of F'r near the ultimate cutoff.

We calculated the bremsstrahlung (using eq. 5) and
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FIG. 7. Numerical rescattering flux and resulting

bremsstrahlung yields (Eq. 2) at Tr = 1 for U**T (triangle,
blue) at 5 x 10*° W/em?, X = 38nm, and Ne™ (empty circle,
red) at 5 x 10'* W/cm?, X = 5um. For clarity, symbols in the
figure are for a reduced number of points. Lines shown in the
graph are a linear connection of the full calculated result.

F); rescattering electrons with a fully shielded nucleus,
i.e. scattering with a neutral parent ion, as well as a bare
Z nucleus. The difference in the radiation yield for the
fully shielded and bare nucleus with lower Z species such
as argon (Fig. 5(a)) is a factor of two to three depending
on the scattering energy. The factor changes only slightly
across the radiation frequency, which correlates with the
impact parameter and penetration into the ion core; low
frequency scattering at high impact parameters see the
largest difference. For uranium the difference in the ra-
diation yield is a factor of six across the frequency range
plotted in Fig. 5(b). These are the two limiting cases for
the scattering potentials from which the bremsstrahlung
is generated; partially ionized species will have a radi-
ation yield falling between these extremes. Given the
predictable and minor factor of two to six scaling for ra-
diation yields, we will exclude the ion core potential for
all results shown in all subsequent figures.

B. Atomic Species Dependence

The rescattering flux Fr(F,) and the energy cross sec-
tion x(E,, Ey) are independent functions in our method
of calculation. Given this we can seek species with com-
parable Fr and different Z to determine the dependence
of the radiation on the atomic species. Fig. 6(a) gives
Fp, for three very different species that, however, all have
a I'r = 1, the same 400 hartree rescattering cutoff en-
ergy, and similar ionization rates for the conditions given:
NeST and K78t at 409nm and 2.2 x 107 W/ecm?, and
Ut at 304nm and 3.9 x 10'7 W /cm?.

The Bethe-Heitler bremsstrahlung for these cases is
shown in Fig. 6(b). Consistent with the common rescat-
tering cutoff energy, the highest energy radiation in all
cases in Fig. 6(b) converges to 400 hartree. However,
the overall HHG yields strongly depend on the atomic
species with higher Z resulting in the greatest yield. Fig.
6(b) includes superimposed yield lines with a Z2 scaling.
To a reasonable agreement, for nearly identical Fg the
radiation yield near the ultimate cutoff can be expected
to follow a simple Z? relationship. This understanding of
the radiation yield near the 1000 hartree cutoff allows an
optimization of the radiation yield based on the atomic
species.

HHG with neon is well understood in traditional strong
fields with a I'p = 1 for the ionization of Ne to form Ne*t
at 5x 10'* W/cm? with 5 pum light having an Fr ~ 1078
electrons/ (hartree bohr?) and a cutoff near 100 hartree
(3000 V) in Fig. 7(a). The Bethe-Heitler yield from this
rescattering gives an energy resolved radiation of ~ 10711
hartree/(hartree) emitted per ionization event.

New x-ray free electron lasers [46] and innovative XUV
laser radiation sources [47] allow strong field physics to
explore new frontiers in HHG. Our calculations show for
the ionization of U3 to form U14° with 38 nm light at
5x 10 W/ecm?, a I'r = 1 rescattering process can occur
with Fg of order of ~ 10~7 and radiation three orders
of magnitude higher (~ 107® hartree/hartree in Fig. 7)
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FIG. 8. Angle resolved total radiated energy cross-section
plotted on a unit sphere for photon energies between E., =
300 — 1000 hartree (a), and total radiated energy from a 1000
hartree charged particle in 10 degree uniform circular motion
from B into E (b). The bremsstrahlung yields are incident
upon Argon (Z = 18) at Er = 1000 hartree. Note the ra-
diation direction bias parallel to the incident particles final
momentum. The color scale is linear in the radiated energy
from 0 (violet - blue) to the peak value (brightest red).

than for neon in a strong field while having a cutoff ap-
proaching 1000 hartree. Traditional strong field results
for the single atom response dipole radiated power using
the single-active-electron quantum [48] or semi-classical
results [15] compared favorably with the yield for neon
shown in Fig. 7.

C. Angular Emission

We discuss finally the angular emission radiation pat-
tern for the generated bremsstrahlung. The physics can
again be conveyed using F)j;. For this example with ar-
gon, we limit the collision to only positive impact param-
eters shown in Fig. 3 with an initial velocity direction
¥ = & = Fyie1q. The angle resolved bremsstrahlung en-

ergy integrated for photon energies from 300 hartree to
1000 hartree is mapped onto a unit sphere in Fig. 8 for
electrons directed along the &, Epj;e1q direction. For ref-
erence, the dipole radiation for this case would be peaked
along the g, B and Z, k direction with a no emission in
the direction of travel, i.e. Eyieq. In this case the elec-
tron for our calculations is accelerated in one direction,
rather than oscillating as with impact parameters uni-
formly distributed on both sides of the parent ion, i.e.
positive and negative impacts for Fig. 3. As a result,
only part of the azimuthal emission “doughnut” is ob-
served. Full azimuthal symmetry would be observed for
uniformly incident electrons (positive and negative b) also
travelling in & and —2 directions.

The limitation of impact parameters and direction cho-
sen for Fig. 8 is helpful to see the physics of the colli-
sion near the cutoff. We can compare this complex laser
driven rescattering and radiation emission pattern in ar-
gon to that of a 1000 hartree electron traveling initially in
the direction of £, E;c14 and undergoing a 10° arc of uni-
form circular motion. The angle resolved bremsstrahlung
emission for this second, pedagogical case is shown in Fig.
8(b). Note that the direction of the radiation for Fig.
8(a,b) are very close; HHG near the cutoff is similar to
the radiation pattern from small angle, i.e. of order ~ 10°
arc, deflection of electrons with energies near the cutoff.
The interaction of the rescattering electron with the par-
ent ion is a complex process. However, using the com-
parison in Fig. 8 and the dependence of bremsstrahlung
on acceleration, we can infer it is the closest approaching
impact parameters that contribute strongly to the yield.

IV. CONCLUSION

We present the bremsstrahlung yields from laser driven
rescattering near the ultimate cutoff of HHG. Our find-
ings show this regime can be accurately described as a
semi-classical process where relativity must be included
for the acceleration of the rescattering photoelectron but
can be neglected when calculating the radiation from the
collision. The shielding of the core electrons and ioniza-
tion state of the parent ion affects the yield in a slight
and predictable way, i.e. decreasing radiation from a
fully shielded ion by a factor of a few compared to the
unshielded nucleus. The radiation yield scales with the
square of the nuclear charge, Z2, across atomic species.
Optimization of the rescattering fluence near the cutoff
by using short laser drive wavelengths and high Z species
like uranium gives a radiation yield with a photon cut-
off out to the region of the ultimate cutoff with a yield
103 higher than from neon with traditional strong field,
mid-IR light.

This material is based upon work supported by the
National Science Foundation under Grant No. 1607321.
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