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Photon Energy Limits of Bright High Harmonic X-Ray Generation

Margaret M. Murnane, and Henry C. Kapteyn
JILA and Department of Physics, University of Colorado, Boulder CO 80309-0440
Ph. (303) 210-0396,; FAX (303) 492-5235; E-mail: tenio.popmintchev@yjila.colorado.edu

The goal of this research effort is to explore the fundamental quantum physics and phase
matching limits of high harmonic generation (HHG) in the multi-keV spectral region. The
understanding developed as a result of this work will make it possible to identify the best path
forward for future experiments in generating bright coherent hard X-ray beams in the 10 keV
range and greater using a tabletop-scale aparatus. This capability promises revolutionary
advances in remote sensing through use of well-directed, penetrating hard X-ray radiation with
extremely low beam divergence, and also in dynamic imaging of fucnition in thick samples at the
spatio-temporal resolution extreme for current and next-generation nanotechnology and medical
imaging.

At the start of this research effort, the two most promising approaches for generating HHG in the
multi-keV region were:

1) Phase matched HHG using mid-infrared (IR) driving lasers and gently ionized gas atoms.

2) All-optical quasi phase matching (QPM) of HHG at higher ionization levels of the neutral
atomic media.

During this grant, we discovered two exciting and important new aspects of HHG:

3) There is a third unexpected and exciting HHG scheme that generates bright soft X-ray high
harmonics, where the photon energy limits are also not known. This approaches uses intense
ultraviolet (UV) lasers to generate HHG in multiply charged plasmas. This unexpected new
finding was published in Science, with a patent also awarded.[1, 2]

4) We also identified that the HHG yield per atom does not drop as rapidly as expected due to
magnetic field effects, as the driving laser wavelength in increased to 2 um and longer. The
presence of a wave guide HHG geometry helps to mitigate the Lorentz drift, and the X-ray
beam profile becomes highly symmetric instead of being distorted.[3]

Background

The major advantage of mid-IR laser driven HHG is that by increasing the laser wavelength, the
max1mum HHG photon energy that can be generated by each atom also increases: 7 Viinge
atom~1, 1 A2 where I, and /1L are the laser intensity and wavelength. And simultaneously, the limit
of phase matching also increases very strongly, nearly quadratically: 4 Vihase matching™ IL/ILI We
had demonstrated experimentally that using 4 um lasers, phase matching could be extended into
the keV soft X-ray region of >1.6 keV. Interestingly, the generated X-ray spectra exhibit
supercontiuum spectral structure (i.e. a “coherent X-ray white light” beam). Using longer
wavelength >8-10 pm lasers, we expect to extend HHG into the = 10 keV hard X-ray region.
However, the long time the electron spends in the continuum when a long-period mid-IR driving
laser is used results in significant quantum diffusion of the electron wavefunction, and hence,
lower emission per atom. Thus, an additional physical mechanism or a new scheme is required to
mitigate this fundamental quantum physics effect. Furthermore, multi-millijoule lasers with
wavelengths >8 um are also not yet available to explore experimentally the scaling of the phase
matched HHG flux. Also, even the best state-of-the-art computer clusters cannot model coherent
HHG build- -up under such extreme upconversion conditions (>5000™ harmonic order at 1.6 keV,
or >300000" order at 20 keV).



The second most promising
route towards multi-keV X-
ray HHG is all-optical QPM
which has the advantage of
selectively enhancing an
HHG spectral band in the X-
ray region and focus on
sensing of specific elements
in nano and bio targets. This
scheme had been
experimentally
demonstrated by our group
upto photon energies >0.15
keV using only near-IR
drivers. We also developed
theoretical schemes that
extended QPM HHG well
into the multi-keV regime.
However, QPM is
challenging to implement
because two or more driving
laser beams of various
wavelengths are required.
Also in  contrast to
perturbative  low  order
harmonic  generation in
periodic crystals, the HHG
coherent zones in plasmas
vary in length along the
direction of laser
propagation and can also
shift in space making it
challenging to optimize.

The  third route  of
effectively phase matched
HHG wusing UV driving

lasers compliments the first
two schemes in the spectral
and temporal domains. The
UV-driven  soft  X-ray
harmonics have a comb
spectral structure with very
narrow linewidths ideal for
high resolution imaging. In
the time domain, the X-rays
emerge as a train of large
number of pulses that boost
the HHG flux, in contrast to
mid-IR driven HHG where
only one bright X-ray burst
can be phase matched.
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Fig. 1. (A) While each atom of the nonlinear medium can emit HHG up to high photon
energies, the phase matching photon energy limits for bright emission from many
atoms are dictated by the dynamically changing index of refraction of the medium.
The balance between the index of refraction of the neutral atoms and the plasma sets a
limit on the maximum laser intensity that can be used for each laser color. (B) As the
driving laser wavelength increases from the UV into the mid-IR region, the full phase
matching limits for bright HHG emission move to higher photon energies. Solid lines
show theoretical models that have not been validated beyond 4 pum driving
wavelengths. Solid circles show where phase matching has been demonstrated
experimentally. Alternatively, combining very intense UV driving-lasers and multiply
charged ions can also result in bright X-ray HHG emission that is predicted to scale
into the keV regime. (C) Experimental X-ray supercontinuum HHG from neutral
atoms broaden and extend to shorter wavelengths as the laser wavelenoth is increased.




Highlights from Grant: We made advances in two areas:

1. Theoretical scaling of effective phase matching limits of UV-driven HHG in the spectral and
temporal domains: In a new regime, which was recently patented and published in Science [1, 2],

we demonstrated that by driving
HHG with intense UV lasers, we
can increase the conversion
efficiency throughout the VUV,
EUV, and soft X-ray regions of the
spectrum. It is well established that
the low quantum diffusion of the
radiating electron wavepacket for
shorter wavelength UV driving
lasers maximizes the single-atom
yield. However, in this new regime
of intense UV-driven HHG, the
macroscopic phase matched buildup
also becomes favorable.
Unexpectedly, the higher linear and
nonlinear indices of large atoms and
ions can contribute significantly to
the dispersion experienced by the
driving laser, and serve to
counteract large plasma dispersion
(see Fig. 2). Moreover, low group
velocity walk-off as well as slowly-
varying phase matching conditions
means that group and phase
velocity matching is possible over
many cycles of the laser. This
enables good coherent build-up of
the HHG signal, for the first time,
in multiply-ionized plasmas at very
high gas pressures, extending to
photon energies ~300 eV (see Fig.
2). This interpretation is evidenced
by the high conversion into single
harmonics in the vacuum UV and
soft X-ray regions from 107 - 107,
which are orders of magnitude
brighter than has been observed to
date from ions. In fact, the
efficiencies in the VUV-EUV are
higher than have been observed
using any other approach to date.
The well-separated narrowband
HHG peaks, with record narrow
linewidths of M/AA ~ 450 in the
VUV to soft X-ray regions, are
ideal for applications in dynamic
imaging and photoelectron
spectroscopies.
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Fig. 2. Comparison of phase-matched HHG for mid-IR and UV
driving lasers. (A) Conventional phase matching of HHG using an
0.8um laser: the linear dispersion of atoms balances plasma dispersion at
very low ionization, to equalize phase velocities of the laser and HHG
fields. Av is the offset from c, the speed of light. (B) For UV lasers, the
high linear and nonlinear indices of atoms and ions balance the relatively
low plasma dispersion, ensuring a long coherence length even in the case
of ~5x ionized gas. The lower transverse quantum diffusion of the
electron wavefunction for UV lasers enhances the microscopic HHG
yield. The characteristic X-ray spectra show discrete harmonics with very
narrow linewidths using UV drivers in contrast to using mid-IR lasers.




Under this grant, to quantitatively explain why bright harmonics from Ar driven by UV lasers
can extend into the soft X-ray region, we used simple numerical models, which have been
extensively validated for near and mid-IR driving lasers, as well as exact integration of the time-
dependent Schrodinger equation. To aid with physical insight, Fig. 1A (dashed lines) plots the
calculated index of refraction contribution of an Ar atom compared with that of a free electron.
As expected, the refractive indices of neutral atoms are largest in the UV region of the spectrum.
On the other hand, the free electron plasma contribution to the refractive index scales as —

— — 2 2 — 2
nplasma - Jl wp/wLaser’ where wy = ne.e /me50=

and where o, is the plasma frequency corresponding to an electron density 7., and where e and
m, are the charge and mass of the electron. Hence, lower frequencies (i.e. longer laser
wavelengths) will experience much higher plasma dispersion, and therefore phase matching
occurs only at low ionization levels, that are below the critical ionization.

In contrast, for wavelengths in the visible and UV spectral regions, the positive refractive index
contribution of a neutral Ar atom exceeds the negative contribution of a free electron. This
corresponds to a critical ionization level = 40% for UV-driven HHG at ~40 eV. Moreover, the
refractive indices of ions in the UV are comparable to that of neutral Ar, since the ionization
potential of each successive ionization stage is increasing only modestly. Thus, for UV driving
lasers, good buildup of the HHG signal is possible even in a multiply ionized plasma. This
enables a new regime of effective phase matching extending into the soft X-ray region, and in
theory even to hard X-rays. Note that for UV-driven HHG, full phase matching is possible in the
VUV- EUV, while efficient HHG is possible in soft X-ray region at high pressures.

In collaboration with a group at LLNL, we also investigated the transparency of the multiply
charged plasma. Decreased medium opacity due to removing several valence electrons can also
increase the yield, particularly for intense UV-driven HHG, where the single-atom yield is
already very high. However, we calculate that increasing transparency of the medium is not
sufficient to explain the observed increase in HHG yield, especially when the coherence length is
smaller than the absorption length. Thus, in the future, all-optical quasi-phase matching HHG
techniques could take advantage of the full X-ray absorption length to enhance the yield further.

Under this grant we also studied theoretically the temporal properties of the UV-driven
harmonics for ultrafast dynamic imaging. In contrast to the strongly-chirped HHG emission
driven by near and mid-IR driving lasers, calculations show that HHG driven by UV is
particularly suitable for generating nearly transform-limited attosecond bursts (or pulse trains),
with very low temporal chirp that should be straightforward to compensate. It is already known
that the atto-chirp of each individual attosecond burst will be reduced as the driving laser
wavelength is reduced in the UV, due to the shorter time the electron spends in the continuum (=
300 as). However, for higher photon energies using more intense UV driving lasers, the pulse
duration and atto-chirp will reduce even further due to the larger phase matched bandwidth. In
the case of UV driving lasers, the duration of the highest harmonics naturally emerge as slightly
chirped ~105 as pulses, compared with a strongly chirped 325 as pulses for an 0.8 pum driving
laser in the same photon energy range. For comparison, for 2 - 4 um mid-IR driven HHG, the
emission is brightest when the HHG pulse emerges as an isolated, very strongly chirped, 300 -
1200 as burst. The experimental HHG emission from Ar in Fig. 2 is predicted to emerge as a
long 10 fs train of near-transform-limited ~100 attosecond pulses, eliminating the need for any
X-ray post-compression techniques that are lossy and bandwidth limited.



2. Lorentz Force Drift and Electron Wavepacket Spread for Very Intense UV Drivers: To
achieve the brightest harmonics possible at any driving laser wavelength, the probability of the
electron to recombine with its parent ion must also be maximized. As our past analysis have
shown, phase-matched HHG emission using mid-IR driving lasers scales well into the hard X-
ray reglme of >10-20 keV (see Fig. 1) while still requiring nonrelativistic laser intensities of 10'*
- 10" W/em®. However, the B-field component of the ponderomotive force cannot be neglected
because the excursion time for the recolliding electron is also increasing with longer driving laser
wavelengths. Fortunately, in the absence of any other external fields, the electron wavepacket
drifts along the laser propagation direction to a distance that is smaller that the wavepacket
spread due to quantum diffusion. For example, for a 9 pm driving laser and a phase matching
intensity of 3x10'* W/cm?, the electron fluence at the site of the atom drops 10x due to this drift,
which reduces the smgle-atom HHG efficiency.

Under this grant, we studied the highest HHG photon energy as a function of the color of the
laser usm% peak intensities where the electron fluence at the site of the atom drops on the scale of
1/e to 1/e”. Under such conditions there is still a significant overlap between the rescattring
electron wave function and the wave function in the ground state. Surprisingly, the electron
wavepacket spread for 0.2 um UV driver can be greater than the drift induced by the Lorentz
force even for very high photon energies well into the hard X-ray spectral region of >80-120
keV, allowing for strong

recombination propability. The

same fluence of the electron at _/\
the site of the atom is reached at £\
a photon energy limit of >9 keV _/\

for a 10 um mid-IR driver. This Blkidisiie
intriguing result suggests that the wavepacket A \
fundamental rescattering physics " '
of the HHG process does not
terminate the HHG emission
from a single atom even at very
high UV laser intensities
required to reach the hard X-ray
region.

z, =Ac

Magnetic drift=Wavepacket spreading

We also implemented a semi- 120]
classical study of the effects of
the Lorentz force on electrons
during high harmonic generation
in the soft and hard X-ray
regions driven by near- and mid-
infrared lasers with wavelengths
from 0.8 to 20 pm, and at
intensities below 10" W/cm®. 201
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magnetic Lorentz drift in some recombination probability. (Bottom) Maximum HHG photon energy for UV
regions of the focus, once each to mid-IR lasers at peak ingensitieg Whgre the elec'tron. fluence at Fhe site Qf
full optical cycle. We show that the ion drops by 1/e and 1/e7, showmg high recombination probability even in

. the 80-120 keV hard X-ray region when UV lasers are used.

the Lorentz force contributes a

PHOTON ENERGY [keV]




super—Gau551an scaling which acts in addition to the dominant high harmonic flux scaling of 2

) due to quantum diffusion. We predict that the high harmonic yield will be reduced for driving
wavelengths > 6 um, and that the presence of dynamic spatial mode asymmetries results in the
generation of both even and odd harmonic orders. Remarkably, we show that under realistic
conditions, the recollision process can be controlled and does not shut off completely even for
wavelengths >10 pm and recollision energies greater than 15 keV.
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