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Abstract

The first generation attosecond light sources were driven by few-cycle near-infrared (NIR)
Ti:Sapphire lasers centered at 800 nm. The photon energy of the generated single isolated
attosecond pulses (IAPs) are limited to 150 eV. The MURI team demonstrated isolated 53-as pulses
with continuous spectra extending to the water window spectral region. The extremely broad
bandwidth covers the carbon K-edge and the boron K-edge. The breakthrough was achieved by
using a 3 mJ, two-cycle, 1 kHz, carrier-envelope phase-stable laser source at 1.7 um. A novel
scheme for attosecond phase retrieval from noisy streaking traces was developed, which is based
on conditional variational generative network. It has the ability to incorporate a complete physics
model of the streaking process, and the ability to model the uncertainty of pulse reconstruction in
the presence of noise. In-situ methods were introduced as an efficient, all-optical approach to
attosecond pulse measurement in which measurement and pulse generation take place
simultaneously. While the next generation attosecond light sources are being developed, new
physics experiments using the Ti:Sapphire based first generation sources have obtained exciting
results with solid and water jet targets. A new powerful tool, attosecond transient reflectivity has
been demonstrated. Both attosecond transient absorption and attosecond transient reflectivity have
been successfully used in investigating the dynamics of core-level excitons in semiconductors and
insulators, carrier thermalization and coherent phonon dynamics in metals, as well as coherent
magnetism in multi-layer systems. In addition, theoretical study of attosecond optical field control
of electron population and symmetry in a two dimensional material silicone, graphene and transition
metal dichalcogenides has suggested new schemes to measure fundamental topological properties.

1.Scientific Progress and Accomplishments

1.1 Next Generation Attosecond Light Sources

1.1.1 Attosecond pulse retrieval from noisy streaking traces with conditional variational
generative network, Chang

Compared to its femtosecond laser characterization with FROG (Frequency Resolved Optical
Gating), attosecond phase retrieval suffers from both experimental and theoretical challenges. The
photon flux of attosecond soft X-ray is much lower than that in a typical FROG experiment, giving
rise to higher statistic noise in the streaking trace. Accurate characterization of an attosecond pulse
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from broadband streaking trace in the water window is an indispensable step in studying the
ultrafast electron dynamics on the attosecond scale. Conventional attosecond pulse retrieval
methods face two major challenges: the ability to incorporate a complete physics model of the
streaking process, and the ability to model the uncertainty of pulse reconstruction in the presence
of noise. We developed a pulse retrieval method based on conditional variational generative
network (CVGN) that can address both demands.

Instead of using a neural
network to learn the direct
mapping from a streaking trace to
a pulse profile, the CVGN models
the distribution of the pulse g
profile conditioned on a given o g e o
streaking trace measurement, and | 5
is thus capable of assessing the :
uncertainty of the retrieved I 2 S (R EEI I/ N N 4+
pulses. This capability is highly i e LS e =
desirable for low-photon level : : il T e
measurement, which is typical in " A ]
attosecond streaking experiments I
in the water window X-ray range. B S SO B R . N L h
In addition, the proposed scheme oo e

3.90.3fs 18.9+0.3fs.

incorporates a refined physics <
model that considers the
Coulomb-laser coupling and )

photoelectron angular distribution
in streaking trace generation.
CVGN pulse retrievals under
various simulated noise levels and
experimental measurement have

been demonstrated. The res‘,ﬂts Fig.1. Pulse retrieval from a simulated streaking trace. (a) Input
showed high pulse reconstruction streaking traces. (b, c) Retrieved X-ray spectral phase (b) and temporal
consistency for streaking traces | envelop (c). (d) Reconstructed IR pulse in time domain. The dashed
when peak signal-to-noise ratio | red curves on (b-d) indicate the ground truth. Error bars on (b-d)
(SNR) exceeds 6, which could represent the variance of the retrieved pulse instances. Numbers on
serve as a reference for future | the upper right corner indicate FWHM of retrieved pulse. (e)
learning-based attosecond pulse Reconstructed streaking trace from the retrieved pulses. The MSE
. indicates the error between the reconstructed streaking trace and the
retrieval.
ground truth.

o 50 s
b3), delay (fs)

ER) s
delay (fs)

The training data were
generated by adding noise to the ideal, noise-free traces from the physics model. We first created
10000 ideal traces with random pulse parameters, X, and normalized their intensities to the range
between 0 and 1. Poisson noise was added to each ideal trace y, to simulate noisy traces in
experiments
y~Poisson(ly,), (1)

where the parameter A is the average peak count of the Poisson distribution.
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Fig. 1 (al-a3) shows three simulated streaking traces from the same noise-free test trace with A=5, 21
and 100. For each trace, 25 instances of the pulse parameter set, X, were retrieved from the posterior
distribution p, (x|y, z). The frequency (Fig. 1 (b1-b3)) and time-domain (Fig. 1 (c1-¢3)) X-ray pulses, along
with the time-domain envelop of IR pulses (Fig. 1 (d1-d3)), were reconstructed from these retrieved pulse
parameters. Streaking traces (Fig. 1 (el-e3)) were then generated from the retrieved X-ray and IR pulses
using the physical model in Eq. (1)-(4). Error bars on Fig. 1 (b-d) represent the variance of the 25 instances
of retrieved X-ray pulse.

The reconstructed streaking traces and the full-width-at-half-maximum (FWHM) of the time-
domain X-ray pulse were compared with the ground truth. The mean squared error (MSE) of the
25 reconstruction instances was used as the error metric to evaluate the performance under various
noise levels. The reconstructed and ideal streaking traces were all normalized to facilitate the
comparison among various A. For the errors on pulse duration, the MSE was normalized by the
FWHM of the X-ray ground truth, which was 209 as in the simulation.

The results show that as the average peak count, A, exceeds 32.5, the MSE of the reconstructed
streaking trace decreased and remained below 3.5x10™*. The MSE of pulse duration also decreased
from ~80% (A=5) down to 6% (A=32.5). The results suggest an average peak Poisson SNR of at
least 6 to achieve satisfactory pulse retrieval. It is worth noting that for low photon count (5 counts),
the retrieved X-ray field exhibits increased bias in pulse profile, which is an indication of strong
regularization. This is the effect of using the training data with mixed noise level, which can be
reduced by training with traces with same noise level or implementing additional mechanism to
adjust the posterior distribution based on noise level. The retrieved time-domain IR envelop, on the
other hand, is less affected by the noise. This is because IR envelop is represented by a Gaussian
function with relatively few parameters, and is oversampled by 20 delays per cycle in the streaking
measurements. Because of CVGN’s flexibility in capturing the distribution of solutions satisfying
a physical model, it is not necessary to restrict the IR envelop to a Gaussian shape. We envision a
complex IR envelop (amplitude and phase chirp) can be retrieved by using more parameters
describing the IR field.

1.1.2 Waveform synthesis for attosecond metrology, Krausz

Using CEP stable few-cycle pulses generated from the OPA system at MPQ with 2.1 um
central wavelength, on which was reported previously, a supercontinuum was generated within an
air-filled hollow core fiber that extended from 300 nm to around 3 pm (figure). The simplified two-
stage OPA design has over the last couple years provided a superior day-to-day reproducibility, as
depicted by the average and standard deviation of the OPA output spectrum (figure, top left). The
supercontinuum was divided into three channels, to facilitate dispersion compensation using
chipped mirrors and wedges. The high frequency channel of the synthesizer (shown in blue, figure)
was designed specifically with waveform metrology in mind. With the design and subsequent
implementation of proper dispersion compensation, the “blue” channel, with a power of 160 pW,
provided the necessary probe field for performing electro-optic sampling (EOS) of the waveform
transients synthesized using the other two channels, successfully extending the range of EOS to red
side of the visible spectral range (700 nm). As compared to attosecond streaking, field metrology
using EOS is based on non-linear optics, does not require a vacuum infrastructure, and has been
shown to have advantages in terms of sensitivity and dynamics range.
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By adjusting the relative delay between the two IR channels, the field of the synthesized
transients could be adjusted—providing the means for directly tuning the electric field and
producing transients of sub-cycle duration. With irises used to throttle the pulse energy of the two
IR channels during synthesis, the pulse energy of the <4 fs transients was around 1.6 pJ and thus
the peak power of 400 MW should be sufficient for our future attosecond experiments.
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Fig. 2. A waveform synthesizer for ultrafast metrology with a high frequency (VIS-UV)
channel for direct EOS characterization of the electric field of the transients produced
by synthesizing the two IR channels.

1.2 Attosecond experimental end-station and two-source transient absorption spectroscopy,
Agostini and DiMauro

The OSU group had proposed the design of a new photon spectrometer capable of resolving
energies up to 600 eV, as well as building a new beamline to perform preliminary attosecond
transient absorption spectroscopy measurements in 2D materials. The group has designed, built and
commissioned both a photon spectrometer with a spectral range of 20 — 1,240 eV and a new flexible
beamline that can accommodate different end-stations. Two end-stations were specifically designed
and commissioned for this project: a gas/solid sample target chamber and the aforementioned
photon spectrometer.

The OSU group has performed preliminary transient absorption measurements in both
gaseous and condensed matter systems. The stability of the instrument was demonstrated by
measuring the sub-cycle dynamics of the Argon Fano resonance induced with a long wavelength
(A = 1255 nm) excitation; see Fig 3 (a). Preliminary transient absorption measurements of Si using
a multi-photon excitation (1590 nm) reveal a previously unreported broad spectral feature centered
at ~70 eV, in addition to the well-known L-edge feature at ~100 eV; see Fig. 4(b). The OSU group
initiated a collaboration with material scientists Prof. S. K. Sundaram (Alfred University) and Y.
Du, G. Johnston, V. Prabhakaran & L. Wang (PNNL) to obtain high quality thin membrane samples
grown via MBE and a novel ambient soft landing deposition technique. This collaboration has
provided high quality samples of Cr2O3 and PW12040. The ground states of these materials have
been measured (see Fig. 3 (c)-(d)) and the OSU group is preparing to measure the transient
absorption spectra.
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The polyoxometalate PW 1204 is part of a larger class of materials with a Keggin structure.
Owing to their unique capacitance properties, these materials have earned the moniker “electron
sponges” by absorbing up to 24 electrons without structural damage; see Fig.3 (f). The OSU group
plans to study the electron dynamics following photoinjection from the membrane substrate.
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Fig. 3. (a) Argon Fano resonances excited via a long wavelength (A = 1255 nm) excitation. Sub-cycle
oscillations, representing a beating between the two Fano states, are visible at 2« (2.09 fs). The high contrast
of these oscillations indicate the interferometric stability of the apparatus. (b) Transient absorption spectrum of
a 200 nm Si membrane near temporal overlap, using multi-photon excitation (A = 1590 nm). The large positive
feature corresponds to the Si L-edge; the broad negative feature at 70 eV (previously unreported) has yet to be
assigned to a physical process. (c) Ground state measurement of MBE-grown Cr»Os on a nitride membrane
using an XUV harmonic comb. Red arrows indicate the Cr M-edge. (d) Ground state measurement of ambient
soft-landed PW 204 on a nitride membrane. The red arrow indicates the W M-edge. For (c) and (d), the ground
state was finely sampled by shifting the comb (fundamental wavelength) and taking multiple spectra. For each
wavelength, the faint line represents the transmission function of the harmonic comb; the bolded dots represent
the transmission function evaluated at the peak of the comb. The apparent 2 oscillations in the transmission
functions are due to the poor statistics between the tines of the harmonic comb. (e) The energy diagram of
Cr203 showing a possible relaxation pathway for ultrafast demagnetization. (f) Structure of PW2040.
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Cr20s is an antiferromagnet with a Néel temperature slightly above room temperature (Tn =
307 K). The optically induced ultrafast demagnetization of Cr>O3 has been recently studied, but the
exact relaxation pathway has not been resolved experimentally. Transient absorption provides a
new way to study the relaxation pathway by probing the Cr M-edge, see Fig. 3(e). The OSU group
plans to observe the spin-orbit mediated relaxation pathway that has been theoretically predicted.

In another study, we used a 0 —  square-wave phase grating to shape 1350 nm and 1450 nm
femtosecond pulses and create two intense lobes at the focus of a lens. We show that the relative
phase between these two lobes (the +1st-orders of diffraction of the grating) is controlled very
simply and precisely by shifting the position of the grating in its plane. We generate high harmonic
orders from the two bright lobes and record the beating between the two emissions for each
harmonic order up to the 53rd harmonic order. Our study shows that the relative phase between the
two beams created by the duplicator can be controlled with 14 mrad precision. Finally, we studied
the peak intensity modulations due to interference between the different diffraction orders of the
grating and gave theoretical insight into the resulting modulation of the envelope of the harmonics
beating. We found that all harmonic orders in the plateau region should be affected in a similar way.

1.3 Probing and controlling electron dynamics in condensed matter
1.3.1 Attosecond transient spectroscopy and time-resolved photoelectron spectroscopy on
liquid jets, Leone and Neumark

Attosecond transient absorption (ATA) and attosecond transient reflectivity (ATR)
measurements in the extreme ultraviolet (XUV) have been conducted at the University of California,
Berkeley under the guidance of S. Leone and D. Neumark to investigate the dynamics of core-level
excitons in semiconductors and insulators, carrier thermalization and coherent phonon dynamics in
metals, as well as coherent magnetism in multi-layer systems. Regarding the research on core-
excitons, the Leone and Neumark group measured the dynamics and lifetime of core-excitons in
bulk tungsten disulfide (WS>) at the W Ne 7 edge and O23 edge with the ATA method (Fig. 4(a)).
The ATA measurements on WS, revealed that the lifetimes of core-excitons at the W Ng 7 edge are
approximately 4 fs and the lifetimes of core-excitons at the W O23 edge below 3 fs.

In addition to the study of core-excitons in non-conducting materials, the Leone and Neumark
group studied electron thermalization dynamics in nickel (Ni) (Fig. 4(b)) and ultrafast
demagnetization dynamics in cobalt-platinum (Co/Pt) multilayer thin films. The ATA study using
a 4 fs long visible-near-infrared (Vis-NIR) pulse as the heating pump pulse on Ni showed that the
electron thermalization time in Ni is approximately 10 fs and a multi-temperature model can be
utilized to simulate the heat exchange between the electronic, phonon, and spin thermal bath after
such time scales. In the investigation of ultrafast demagnetization dynamics on Co/Pt thin films,
magnetic XUV scattering is applied in lieu of the ATA technique. The transient magnetic scattering
of the Co/Pt thin film after the Vis-NIR pump pulse with different polarizations with respect to the
magnetization in the thin film showed that the demagnetization dynamics are influenced by both
the heating of the spin bath and the induced spin current by the electric field of the pump pulse
across different magnetic domains. The study of electron thermalization and demagnetization
dynamics in metals should shed further light on the mechanisms for controlling magnetizations at
ultrafast time scales. Moreover, a novel XUV magnetic circular dichroism (XMCD) approach was
developed to directly probe the spin dynamics of the Co/Pt thin films. Using a 4-mirror XUV phase
shifter, elliptically polarized radiation was obtained and used to perform element-specific XMCD
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at both the Co and Pt edges, with sub 5-fs resolution. The observed spin response (Fig. 4(c)) showed
that in the first few femtoseconds, minority spin carriers are injected from Pt to Co, resulting in a
coherent increase (resp. decrease) of the magnetization in the Pt (resp. Co) layers. Furthermore,
spin-orbit mediated spin-flips were clearly distinguished in next 10-20 fs. These observations are
the first of their kind and open numerous perspectives towards dynamic and coherent manipulation
of magnetism at the few-femtosecond timescale.

Furthermore, the Leone group explored exciton, phonon and carrier dynamics in a variety of
metallic and semi-metallic systems. The topic of highly coupled electronic and phonon dynamics
was explored in bismuth, which presents a prototypical Peierls-Jones distortion. ATR
measurements at the Bi O4 5 edge revealed that photoexcitation leads to a complex response in which
the excitation of the coherent Ajg phonon is accompanied by oscillation of both electron and hole
temperatures, in anti-phase with the atomic motion (Fig. 4(d)). Progressing towards more complex
systems, bulk semiconducting transition metal dichalcogenides were then studied with the ATA
method (Fig. 4(e-f)). Probing carrier dynamics in WSe; at the W N¢7 edge after a 4 fs long VIS-
NIR pump pulse shows a direct bandgap transition in the layered indirect bandgap semiconductor,
indicating the formation of an initial exciton in the monolayers. Simultaneous observation of Se
My s edge region measures an oscillatory feature with a frequency of 7.5 THz and an intervalley
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Fig. 4. (a) XUV absorption spectrum (black) of 40 nm thick WS, at W Ng 7 edge (32-34 eV) and O, 3 edge (35-
40 eV) and their transient absorption recorded with ATA. (b) XUV transient absorption at Ni M3 edge of a 50
nm thick Ni thin film taken with ATA. (c) Attosecond magnetic circular dichroism in Co/Pt multilayers. The
change in magneto-optical index is shown for Co and Pt layers (left and right axes, respectively). The shaded
area highlights the different dynamics caused by coherent phenomena. (d) Bismuth photoexcited dynamics
extracted from ATR measurements. The phonon motion, hole and electron temperatures are shown for two
photoexcitation densities. (¢) XUV absorption spectrum (top) of bulk WSe at the W Ng 7 edge and Se My s edge
and their transient XUV absorption feature (bottom) recorded with ATA. (f) Transient XUV absorption feature
of 2H-MoTe; at Mo N, 3 edge and Te N4 5 edge. Hole and coherent phonon dynamics are extracted from
transient absorption signal at the Te N5 edge.
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scattering time of 700 fs. This indicates that the carrier thermalization dominantly proceeds via
coupling with the in-plane phonon mode, and subsequent carrier diffusion to adjacent layers is
driven by intervalley scattering. Investigation into carrier dynamics of 2H-MoTe> with the same
technique shows a sub-30 fs hole thermalization time and electron-hole recombination time at 1.5
ps. In addition, our results show displacive excitations of coherent Ajg and Ei¢ phonons (Fig. 4(f)).
These unique electronic properties of layered semiconductors shed light on their superior properties
into photo-energy conversion systems.

Apart from studying few-femtosecond dynamics in solids, the Neumark group also conducted
experiments on the dynamics of nucleic acid constituents in liquid jets using UV pump-probe time-
resolved photoelectron spectroscopy (TRPES). Thus far, there is one published paper on adenosine
and adenosine monophosphate and a second paper in preparation on thymine-containing nucleic
acid constituents. While this work has been ongoing, a beamline for generating femtosecond XUV
pulses has been constructed, with the goal of carrying out UV/XUV TRPES on liquid jets. This
beamline and its incorporation into the liquid jet experiment will be a key new focus of the
laboratory in the coming months.

1.3.2 Attosecond strong-field processes in condensed matter, Stockman

Topological resonance is manifested by a selective population of a conduction band of a two-
dimensional hexagonal solid (Dsn point group symmetry), in particular, transition metal
dichalcogenides (TMDCs), gapped graphene, and hexagonal boron nitride (h-BN). This resonance
is due to a constructive interference involving two phases: the dynamical phase, ¢, = A ¢, where

A, 1s the bandgap and ¢ is time and the topological (Berry) phase.

We have ecarlier established that graphene does not exhibit a pronounced topological
resonance but the TMDCs do. The difference between these two classes of compounds is the
chemical composition and symmetry (D6h for graphene vs. D3n for TMDCs). The point symmetry
also defines whether the material is a semimetal (Degn is for the gapless graphene) or semiconductor
(D3n for TMDCs allows for a finite bandgap). A remaining question is whether the presence of the
topological resonance is due just to the D3, symmetry, or to chemical composition difference, which
also leads to a significant spin-orbit coupling (SOC) in TMDCs but not in graphene.

We have answered that question. We have shown that the topological resonance is necessarily
dependent on the bandgap presence and relatively weekly depends on SOC. To illustrate the result,
let us turn to Fig. 5 where we display the electron density distribution in the reciprocal space after
a strong chiral optical pulse whose waveform is shown in the inset. For the native (gapless)
graphene, as Fig. 5 (a) shows, there is strictly no chirality or valley polarization: the distributions
in both the K and K' valleys are mirror-symmetric with respect to a reflection in the y axis. As
the bandgap increases, the K valley becomes progressively greater than that of the K’ valley
[panels (b) to (d)]. This is the effect of the topological resonance whose other signature is that the
distribution of the electrons excited into the conduction band is narrowly concentrated around a
closed curve caused the separatrix that separates the Bloch trajectories that encircle or not encircle
the corresponding K point. The topological resonance effect allows one to induce a strong and
lasting chiral memory in the hexagonal two-dimensional solid by just a single cycle of the chiral
optical field.
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We theoretically study the interaction of ultrashort optical pulses with gapped graphene. Such
a strong pulse results in a finite conduction band population and a corresponding electric current,
both during and after the pulse. Since gapped graphene has broken inversion symmetry, it has an
axial symmetry about the y -axis but not about the x-axis. We show that, in this case, if the linear
pulse is polarized along the x-axis, the rectified electric current is generated in the y direction. At
the same time, the conduction band population distribution in the reciprocal space is symmetric
about the x-axis. Thus, the rectified current in gapped graphene has an interband origin, while the
intraband contribution to the rectified current is zero.

We theoretically study the strong-field absorption of an ultrafast optical pulse by a gapped
graphene monolayer. At low field amplitudes, the absorbance in pristine graphene is equal to the
universal value of 2.3 percent. Although the ultrafast optical absorption for low field amplitudes is

independent of the polarization,
linear or circular, of the applied
optical pulse, for high field
amplitudes, the absorption strongly
depends on the pulse polarization.
For a linearly polarized pulse, the
optical absorbance is saturated at the
value of approximately 1.4 percent
for the pulse’s amplitude of greater
than 0.4 V/A, but no such saturation
is observed for a circularly polarized
pulse. For the gapped graphene, the
absorption of a linearly polarized
pulse shows a weak dependence on
the bandgap, while for a circularly
polarized pulse, the absorption is >

-1 0 1 2 -2 -1 0 1 2
very sensitive to the bandgap. k_(1/A) k_(1/A)

Finally, we theoretically Fig. 5. Effect of topological resonance. We display residual CB

introduce a topological spaser which population Ngf;’(k) for gapped graphene with variable bandgap in

consists of a hexagonal array of | the extended zone picture. The applied optical pulse is right-hand

plasmonic metal nanoshells | circularly polarized with an amplitude of F, =0.5VA™ . Inset:

containing an achiral gain medium in | Waveform of this pulse F(r) ={F, (1), F,(1)}. as a function of time
their cores. Such a spaser can | .Thewhitesolid line shows the boundary of the first Brillouin zone
generate two mutually time-reversed | withthe g, k’-pointsindicated. The bandgapis0(a), 0.2 eV (b), 0.8
chiral surface plasmon modes in the | eV(c), and 1.6 eV (c), as indicated on the corresponding panels. The
K and K’ Valleys, which carry the separatrix is shown in all panels with dash white line and solid black

opposite topological charges, +1, and line for X and K’ valleys respectively.

are described by a two-dimensional
E’’ representation of the Dsn point
symmetry group. Due to the mode competition, this spaser exhibits a bistability: only one of these
two modes generates, which is a spontaneous symmetry breaking. Such a spaser can be used for an
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ultrafast all-optical memory and information processing, and biomedical detection and sensing with
chirality resolution.

1.4 Applications of intense light to solids

1.4.1 Multi-electron Dynamics (Corkum)

Collision physics, wherein the fate of a colliding electron is mapped from an incident beam
to a scattered beam, has been central to studying multi-electron dynamics for decades. A colliding
electron may be deflected elastically or create new particles inelastically. Attosecond science,
through its precise temporal control of ionization and recombination, can probe both possibilities
while contributing the highly developed diagnostic tools of optics to collision physics.

Attosecond science’s first attempt at probing multielectron dynamics used time-resolved
photoelectron spectroscopy with well-characterized attosecond pulses. The relative time delay was
measured for the emission of electrons from different orbitals in atoms or different bands in solids.
However, in conventional attosecond science, it is difficult to separate time delay due to
multielectron dynamics from time delay due to the electrostatic structure of system (how the
electron interacts with its charged, but static environment) since both contribute to photoelectron
time delay. To differentiate these effects, we have shown that one must turn to in-situ attosecond
measurement.

In-situ methods were introduced as an efficient, all-optical approach to attosecond pulse
measurement in which measurement and pulse generation take place simultaneously. However, in-
situ measurement is insensitive to the phase of the transition moment. Therefore, the transition
moment phase must be known for a complete pulse measurement.

However, this incomplete pulse measurement is a complete measurement of multi-electron
dynamics. The re-collision electron must share its energy with the other parts of the many-electron
system in any multi-electron response. Therefore, for in-situ measurement, any deviation from a
hydrogen-like atto-chirp is a signature of multi-electron dynamics.

Experimentally, as described below, we observe multielectron dynamics associated with the
giant plasmon resonance in Xenon. We observe multielectron dynamics in other systems as well.

Theoretically, also described below, we observe both the giant plasmon resonance in C60 and
in Fano resonances in 1D Helium.

1.4.2 Single Image In-Situ Measurement

We have developed a single image measurement approach that generalizes in-situ
measurement to a level where it is possible with a milli-Joule, A=800 nm driver, to make one
measurement per laser shot. The energy is used efficiently because we image the beam in the near
field of the emitting medium, allowing this method of measurement to be extended well into the
soft X-ray region. Figure 6 is a schematic of the measurement method.

10
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We irradiate Xenon
simultaneously by a carrier-
envelope-phase (CEP)
stabilized, few-cycle,
polarization-gated  pulse
together with a much
weaker CEP  stabilized
beam at a small angle, as
seen in Figure 6. Together,
these two fundamental
beams create a grating and
we measure this grating at

Toroidal mircor

each frequency of the Fig. 6. A sketch of the experimental apparatus for single image
ttosecond pulse emission measurement. The intense beam creates the attosecond pulse and the
a p weaker beam, irradiation at an angle modulates the incident light. The

1n. the near field as seen in spectrally resolved emission is imaged and measured.
Figure 7 (a). The

modulation on the dipole

emission is clearly pronounced. It is used to determine the spectrum and spectral phase of the
generated radiation. In Figure 7 (b) we see these parameters as measured between 20 and 55 eV.
In Figure 7 (a)we extend the measurement up to 110 eV where we see the spectral signature of the
giant plasmon resonance near 80 eV and the group delay of the beam in each spectral region, making
a clear departure from its smoothly varying phase in this spectral region.

(@) (b)

80 15 1 1
14 —Intensity
60 ) ——Group delay
13 508 |- -Classical calc. 0 .
40 2 0 &
12 @ , )
=20 11 8oy o 0
E | £ " 3
3 0 1 o] b i ‘:t g—
£0.4 05
>‘-20 09 8 g
8 & ——_
-40 0T 0.2 Short lrajectory »
%0 0.6
-80 05 0 =15
’ 20 25 30 35 40 45 50 55
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Wavelength (nm)

Wavelength (nm)

Fig. 7. (a) Shows the normalized difference between a beam created with and without a
perturbing beam. (b) shows the spectrum and group delay measured for the attosecond beam
within the spectral region of 25-55 eV.

1.4.3 The giant plasmon resonance in Xenon and C60 (Corkum)

To test the general concept, we turn to TD-DF simulations. We simulate C60, a somewhat
similar system to Xenon, due to its computational accessibility. To keep the dimensionality of the
simulation tractable, we simulate a linearly polarized 25 fs, 800 nm pulse with intensity 2 x 1013
W cm™2 and a co-propagating perturbing second-harmonic beam field with 2x107° W cm2. We
reduce the dimensionality of the simulation further by approximating Ce as a closed-shell spherical
jellium shell. The results of this simulation are shown in Figure 8 (right). The shaded blue curve is

11
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the group delay of an attosecond pulse generated directly calculated from the simulation. The black
circles depict the reconstructed times of emission of the attosecond pulse spectra from the simulated
collinear in situ measurement. The qualitative agreement between experiment and theory for these
similar systems shows that the excitation of the plasmonic resonance occurs during propagation and
lies within the domain of in-situ techniques.

~ 1 T 45
g —By grating % 400 4
. =~ ~Atto-chirp 8
S D 2 00 S
() e a ®
Sos6 15 @ ¢ 200
= O =
3 \ 2 5 100
a =
= 0.4 0 = g)
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@© L 7]
Z02 159 &
I ' £ -100 4 °
£,
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Photon energy (eV) Energy (eV)

Fig. 8. Left: Experimental measurement showing the Giant Plasmon resonance through the spectral
amplitude (left axis) and group delay (right axis). The standard deviation of a set of 20 measurements
is shown by the pink shaded area. Right: The blue shaded area shows the Wigner Smith time delay
calculated using time dependent density functional theory. The red data points are a simulation of a
two-color in-situ measurement.

1.4.4 High harmonics from solids (Corkum)

MgO is an important medium for generating high harmonics from solids extending to 25 eV.
We have studied how to produce harmonics efficiently from MgO and we have applied a second
new measurement method to determine the structure of the radiation that is created. While this
work was not complete by the end of the MURI 9 grant, it is clear that radiation created by Block
oscillations can be differentiated from radiation created by re-collision, opening a path to study
each of them individually.
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4. Honors and Awards Received During the Current Reporting Period
Louis DiMauro, 2017 APS Arthur Schawlow Prize in Laser Science.
Zenghu Chang, UCF College Excellence in Research Award, 2020.

Zenghu Chang, UCF Research Incentive Award, 2020.

Paul Corkum, Royal Medal from the Royal Society, London, UK, for his major contributions to
laser physics and the development of the field of attosecond science.

Paul Corkum, Schneider Medal, National Research Council Canada, Ottawa, Canada, (their highest
distinction bestowed upon employees).

Stephen Leone, 2019 Distinguished Dreyfus Foundation Lectureship, The State University of
New York (SUNY)

Stephen Leone, 2019 Distinguished Gislason Lectureship, University of Illinois, Chicago

Stephen Leone, 2019 Distinguished Brian Bent Lectureship, Columbian University
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5. Patents Awarded During the Current Reporting Period

7. Chang et al., The U.S. Provisional Application Serial Number 16/032,808.
K. Murari et al., The U.S. Provisional Application Serial Number 62/768,643.

6. Students / Postdocs, Supported Personnel Metrics During the Current Reporting Period
(Name, % Supported, and Total for Each Category: Grad, Postdoc, Faculty, Undergrad, Etc.)
6.1 Graduate Students

UCB, Hung-Tzu Chang (50%)
UCB, Christopher J. Kaplan (50%)
UCB, Holly Williams (50%)
UCB, Blake Erickson (50%)

OSU, Stephen Hageman, 100%

OSU, Greg Smith, 100%

UCF, Fangjie Zhou, 70%

UCF, Zheyuan Zhu, 44%

UCF, Graham Brown, 100%

UCF, Jonathon White, 100%

UCF, Zachary Alphonse Marra, 87.5%
GSU, Fatemeh Nematollahi, 100%

6.2 Faculty

Zenghu Chang, 1.5 summer month.
Stephen Leone, none

Daniel Neumark, 7 days in summer.
Vadym Apalkov, 3 summer months.
Mark Stockman, 1 summer month.
Louis DiMauro, 1 summer month.

6.3 Post Doctoral Scholar
UCB, Romain Géneaux (100%)
UCF, Matthew Weidman, 100%
UCEF, Jialin Li, 85%

UCF, Seunghwoi, 87.8%

UCF, Yi Wu, 55.4%

GSU, S. A. O. Motlagh, 100%
GSU, Jhih-Sheng Wu, 100%
OSU, Li Fang, 30%

OSU, Zhou Wang, 60%

6.4 Administrative
Kathleen Buckley (8%)
Michelle Haskins 8%
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7. Graduating Metrics

Jie Li received a PhD degree in May 2018.

Shuyuan Hu received an MSc degree in May 2018.
Christopher Kaplan received a PhD degree in May 2019.

Andrew Chew received a PhD degree in July 2020.

8. Technology Transfer

None.
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