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Abstract

In recent years, a new generation of attosecond driving lasers centered at ~1.7pum
based on carrier-envelope phase stabilized Optical Parametric Amplification have
enabled the generation of X-ray pulses reaching the water window (282-533 eV), which
is of great interest given their applications in the study of electron dynamics in atoms,
molecules and condensed matter containing carbon, nitrogen, oxygen and other
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important elements. Various gating methods emanated isolated attosecond pulses for
pump-probe experiments. Atto-chirp compensation has made the X-ray pulses at the
carbon K-edge as short as 53 attoseconds. Novel spectral phase retrieval schemes such
as neural network have been implemented to attosecond streaking techniques for
faster and more reliable characterization of X-ray pulses. The water window X-ray
sources have been applied to ultrafast measurements, such as attosecond transient
absorption spectroscopy and photoelectron spectroscopy with element specificity
and sub-optical-cycle temporal resolution.

1. Introduction

The generation of attosecond photon pulses for observing and control-
ling electron dynamics in atoms, molecules and condensed matter is the one of
the most active frontiers in ultrafast science in the last two decades (Chang
et al., 2016; Corkum and Chang, 2008; Krausz and Ivanov, 2009). Since
the spectrum in the infrared and visible bands is not wide enough, coherent
optical fields in ultraviolet and X-ray regime are needed to support attosecond
pulses (Chang, 2011). Although attosecond X-ray pulses have been demon-
strated with large-scale X-ray free electron lasers (Duris et al., 2020), it is dif~
ficult to develop tabletop attosecond lasers because of the lack of proper gain
medium. High-order harmonic generation (HHG) is a coherent frequency
conversion process arising from gaseous atoms or molecules when they are
irradiated by an intense laser pulses that supports production of attosecond
pulses. The HHG phenomenon was discovered in 1980s (Ferray et al.,
1988; McPherson et al., 1987) and the temporal coherence of X-ray light
was explained by a three-step semiclassical model (Corkum, 1993; Schafer
et al., 1993). According to the model, an electron tunnels out from the
Coulomb barrier of an atom in a strong laser field (step 1) is also accelerated
by the same field (step 2). The returning electron wavepacket interfere with
the remaining ground state standing wave, forming an oscillatory dipole that
emits an attosecond pulse (step 3). This process periodically repeats itself every
half cycle of the driving pulse, which natural generates an attosecond pulse
train (Paul, 2001). In 2001, the first isolated attosecond pulses was demon-
strated by HHG (Hentschel et al., 2001), which is critical for pump-probe
experiments. The development of high-power femtosecond near infrared
(NIR) Ti:Sapphire laser with few-optical-cycle duration pioneered new area
in strong-field physics and led to attosecond optical sources in the 15-150eV
photon energy range (Chini et al., 2014). There is a strong demand for
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attosecond light sources in the water window, which is important for studying
charge dynamics in molecules containing C, N and O that are relevant to
photochemistry (Young et al., 2018).

The highest achievable photon energy from HHG predicted by the
three-step model is determined by the maximum kinetic energy of the
retuning electron. This cutoft photon energy hv,, 4 based on single atom
response is given by:

W = 1, + 317U, o€ Ay, (1)

where I, is the ionization potential of the target atom, U, is the ponderomotive
energy, Iy is the laser intensity and Az is the infrared (IR) driving laser
wavelength. There are potentially two approaches to extend the cutoff to
the water window for a given target element, i.e., increase the laser intensity
or wavelength. However, the highest intensity that can be applied is limited by
the depletion of the ground state (Chang et al., 1997).

The strong field approximation of high harmonic generation provides a
quantum trajectory interpretation of the three-step semi-classical model
(Lewenstein et al., 1994). There are two types of trajectories that contribute
to X-ray emission, the so-called short and long, which correspond to the
time between departure and return of the electron to the parent ion in one
IR optical cycle. An isolated attosecond X-ray pulse measured experimentally
may originates from a single short trajectory. An analytical expression of
the complex dipole moment, the source of the isolated X-ray pulse, can be
obtained by applying the saddle point approach (Nayak et al., 2019),

D(wx) = Er(t;)a" (t))d" [p, + Ar(1,)]

7 . ]3/2 27

X exp [i(a)xt,, — S(ps’ ty, t,’) — Ip(tr - ti))] |:€ T l(t — ¢
407 ,.1)]

xa(t,)dp, + A(t,)],

2
where Ejp(f) and A (f) are the electric field and vector potential of the driv-
ing laser. f; and ¢, are the stationary values of the time that ionization
(corresponding to first step of the semi-classical model) and recombination
(third step) occur, respectively, that leads to the emission of the X-ray wave
with frequency wx. p,= IQ'AIR(t) dt/(t,—t;) is the canonical momentum.
These complex quantities can be calculated from a set of saddle point equa-
tions. The spectral range of the X-ray is determined by the semi-classical
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action S(p,, t;,t,) = J"tt'%[p3 + AIR(t)]zdt. The total phase is O(p,, f;, ,) =
oxt,— S(ps, ti t) — (t,— t)1,. d is the complex dipole matrix element of the
target atom, a is the complex amplitude of the ground state, which is related
to the ionization probability of the atom, p=1—aa*.

Obviously, the intensity of the HHG power spectrum Ix(w,)oc

w‘;{‘ﬁ(mx) ‘2 diminishes when the ground state is completely depleted, i.e.,
a— 0 or p=1. Therefore there is an upper limit for the intensity that can be
applied. In 1997, water window HHG was demonstrated with Ti:Sapphire
lasers by driving the target atom close to this limit (Chang et al., 1997,
Spielmann et al.,, 1997), but the X-ray intensity was too low for time-
resolved experiments. In 2001, extending the HHG cutoff in the extreme
ultraviolet region by using a long wavelength laser was first demonstrated
(Shan and Chang, 2001), which paved the way for generating water window
X-rays with high photon flux (Takahashi et al., 2008).

In this article, we review recent progress in the development of novel
attosecond driving lasers in the short-wave infrared band (SWIR,
1.4-3 pm) based on few-cycle optical parametric chirped pulse amplification
(OPCPA) and optical parametric amplifier (OPA), which enabled isolated
attosecond pulse generation in the water window. We discuss the challenges
in characterization of the X-ray pulses and introduce time-resolved spectros-
copy applications where core to valence transitions provide element
specificity.

2. Novel attosecond driving lasers

Most modern laser systems used for driving HHG mainly relies on
frontend lasers based on titanium or ytterbium doped crystals as the gain
medium. The most widely used laser for HHG is the titanium sapphire
(Ti:Sapphire) lasers, which operate around 800nm. The broad bandwidth
of Ti:Sapphire allows for the generation of multi-millijoule laser pulses with
sub-25 femtosecond (fs) durations (<10 optical cycles) in as little as a single
amplification stage (Lenzner et al., 1995). These specifications are ideal for
driving HHG in the extreme ultraviolet (XUV, 15-150¢eV), and for the past
two decades these systems have been the main workhorse behind the
development and expansion of attosecond (as) physics. These systems have
been utilized for generating HHG (Papadogiannis et al., 2001); pulse com-
pression down to the single-cycle limit and carrier envelope phase (CEP)
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stabilization combined for generating single isolated attosecond pulses
(Haworth et al., 2007; Mashiko et al., 2007); or used as a frontend pump
for an optical parametric amplifier (DiChiara et al., 2012) or a chirped pulse
optical parametric amplifier used for HHG (Yin et al., 2016). In the last few
years ytterbium based frontends have slowly been gaining grounds on the Ti:
Sapphire based systems within the field of attoscience. The surge of
ytterbium-based frontends is driven by several favorable characteristics of
the material and recent developments of the laser technology. For example,
ytterbium doped yttrium aluminum garnet (Yb:YAG) has closely spaced
absorption and lasing peaks in the near-infrared, which together with
high-power near-infrared laser diodes allows for a high-average power
high-efticiency lasers with minimal thermal load. This led to the first devel-
opment of industrial grade picosecond (ps) and sub-ps ytterbium lasers cen-
tered at 1.03 pm (Innerhofer et al., 2003). While the maximum pulse energy
of ultrashort ytterbium lasers remains limited by their narrow bandwidth
coupled with the accumulated B-integral within the laser chain, pulses with
several hundreds of microjoule and durations above 150fs with repetition
rates of tens or hundreds of kHz have become readily accessible. The slightly
longer picosecond lasers are mainly used as a pump source for next gener-
ation optical prametric chirped pulse aplifiers (Pupeikis et al., 2019), while
the sub-ps lasers may deployed in all the same ways for HHG as the Ti:
Sapphire lasers described above (Beetar et al., 2019; Lorek et al., 2014).

One of the main reasons OPAs and OPCPAs have been extensively
deployed within the attosecond physics community in recent years is the
possibility for shifting the driving laser wavelength toward the short-wave
infrared (SWIR) and mid-wave infrared (MWIR, 3-8 pm) region. The
HHG cutoff photon energy scales quadratic with wavelength at the same
intensity (Shan and Chang, 2001). This means that if the laser systems can
deliver the needed required focused intensities ~10"°—10">W/cm® soft
X-ray photons in the water window is generated by shifting to longer
wavelengths (DiChiara et al., 2012). By utilizing few-cycle pulses higher
peak intensities can more readily achieved before the generation medium
is saturated by the critical ionization for which HHG cannot be efficiently
produced. Few-cycle SWIR pulses from both hollow-core fiber compressed
pulses from an OPA (DiChiara et al., 2012) or directly from an OPCPA
has been successfully deployed to generating harmonics covering the
entire SXR water window (>543eV) (Johnson et al.,, 2018; Pupeikis
et al., 2019).
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2.1 Optical parametric chirped pulse amplifiers at 1.6-2.1pum

The motivation of developing 1.6-2.1 pm optical parametric amplifier or
optical parametric chirped pulse amplifier (Cerullo and De Silvestri,
2003) is the need for reliable HHG or attosecond light sources for explore
ultrafast dynamics above 150V, which is rarely fulfilled with near infrared
drivers. The main advantage of parametric amplification over rare earth gain
medium is the possibility to phase match and amplify a broad spectral range.
By operating near the degeneracy condition, where the signal/idler wave-
length is close, the gain bandwidth is close to one octave span (Cerullo and
De Silvestri, 2003). Therefore, a high energy pulse with two or three cycles
can be generated directly from amplifiers with proper dispersion compen-
sation. The parametric wave mixing process can offer an optical gain larger
than few hundreds for a single pass. Therefore, to increase the pulse energy
from few nJ to mJ level, only two to three OPA/OPCPA stages are required.
The typical pump to signal conversion efficiency is 10-30% in the final
booster stage of the broadband OPA/OPCPA. Other advantage such as
passive carrier-envelope phase stability caused by different frequency gener-
ation (DFG) between two phase locked pulses (Baltuska et al., 2002) is
attractive for isolated attosecond pulse generation.

In a OPA/OPCPA, the parametric gain is determined by the instanta-
neous pump intensity and the phase match efficiency (Boyd, 2008). For
femtosecond OPA, a thin crystal and high pump intensity combination is
favored to reach broad bandwidth with sufficient gain. In an OPCPA,
the gain spectrum can also be reshaped by tailoring the temporal profile
of the pump pulse, which is not applicable in OPA or rare earth gain
medium. Additional advantages of an OPCPA includes the tolerance to
pump-seed delay jitter since they are both picosecond pulses.

2.1.1 Nonlinear crystal for broadband OPA/OPCPA at SWIR and
MWIR range

A suitable nonlinear crystal for parametric amplification should have a rel-
ative large nonlinear coefficient for effective energy transfer from pump to
signal wave (Dmitriev et al., 1999), a broad phase matched gain bandwidth
for supporting few-cycle pulse and a low loss at the wavelength of interest.
The amplification of signal field intensity can be analytically calculated
(Cerullo and De Silvestri, 2003) using Eq. (3) by assuming an undepleted
pump wave.
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where the I, and I(L) is the signal field intensity at the front and exit face of
crystal with length L, d is the effective nonlinear coefficient, and
Ak =k, — k;— k; is the wave vector mismatch. The subscripts p, s and i indi-
cate the pump, signal and idler field, respectively. The wave vector mis-
match is usually approximated using a Taylor expansion in terms of

frequency.
Ak Ak 4 ok, Ok; Ao + 1 ()ZkS azk,' (A )2
"\ oo, dw; 2\ o, o,
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Aky=0 for perfect phase matching, Aw=Aw,=m,— ®, denotes the
offset from a central angular frequency @, for the signal wave, the idler fre-
quency change Aw; equals —Aw, by energy conservation. In degeneracy
condition, the odd terms in the Taylor expansion vanishes since k,= k;, thus
leaving only the second order k) w, + 0°k;/ 0w, and high order terms,
which corresponds to the group velocity dispersion of signal and idler pulse.
One can further choose to operate the OPA/OPCPA at zero dispersion
point 8*k,/0°w, =0, so the wave vector mismatch only includes the fourth
and higher order terms.

Table 1 shows several crystals that can support ultra-broadband OPA
schemes in degeneracy condition (Petrov et al., 2010). Only pump wave-
length below 1pm is listed. With commonly available pump source from
the Ti:Sapphire (= 0.8 pm) or Yb:YAG (= 1.0 pm) laser. The gain bandwidth
could cover an octave spanning from 1.2 to 2.4 pm thus attracting much atten-
tion by the ultrafast community to develop few-cycle SWIR/MWIR systems
for soft X-ray HHG/attosecond light source.



8 Seunghwoi Han et al.

Table 1 Parameter of several crystals that can support ultra-broadband OPA
schemes when pumped below 1pm. A, is the pump wavelength for 0*%,/0°ws=0
at degeneracy case.

0/¢ [degree]l 1/v,—1/v,

Crystal Ap [pm] AN [pm] or A[pm] [fs/mm]
KDP (ooe) 0.493 0.746-1.444 4211 14
LBO (ooe/eeo) x—y/x—z  0.599 1.043-1.408  1.35 17.9
CLBO (ooe) 0.627 0.987-1.713  28.57 10.8
BBO (ooe) 0.716 1.203-1.767  21.33 15.2
BIBO (ooe) x—2 0.789 1.233-2.189  10.97 11.9
BIBO (eeo) x—z 0.81 1.237-2.345  35.11 31.5
PPSLT (ece) 0.825 1.486-1.856  21.56 189
PPKTP (eee) 0.895 1.471-2.286  32.54 141
LiNbO3 (ooe) 0.949 1.624-2.284  46.27 37.2
PPLN (eee) 0.957 1.647-2.272  27.93 161
KNbO3 (ooe) x—y 0.988 1.665-2.442  47.71 46.3
KNbO3 (ooe) y—z 1.004 1.681-2.497 15.63 17.8
LiIO3 (ooe) 1.04 1.784-2.488  20.13 16

A\ is the FWHM gain bandwidth for 5mm long crystal and a pump intensity of 50 GW/cm?. 6/¢ and A
is the phase matching angle and the period in birefringent and quasi-phase-matching, respectively,
1/v, —1/v, is group velocity mismatch (GVM) parameter between pump and signal calculated for
degeneracy operation.

Adapted from Petrov, V., Ghotbi, M., Kokabee, O., Esteban-Martin, A., Noack, F., Gaydardzhiev, A,
Nikolov, I., Tzankov, P., Buchvarov, 1., Miyata, K., Majchrowski, A., Kityk, I.V., Rotermund, F.,
Michalski, E., Ebrahim-Zadeh, M., 2010. Femtosecond nonlinear frequency conversion based on
BiB 3 O 6. Laser Photon. Rev. 4, 53-98. https:/doi.org/10.1002/1por.200810075.

2.1.2 Few-cycle short-wave infrared OPCPA laser system for attosecond
science

In 2006, Fuji et al. demonstrated a 2.1 pm, CEP stabilized, three-cycle
OPCPA based on the periodically poled lithium niobate (LiNbO3) crystal
(PPLN) pumped by a 5m] Nd:YLF laser at 1053nm (Fuji et al., 2006).
With an upgraded 20m] Yb:YAG disk pump laser, the signal pulse energy
was increased to 1.2m]J (Deng et al., 2012). In the same year, a two cycle,
1.6 pm OPCPA system based on BiB3;O4 (BIBO) crystal was demonstrated
by Ishii et al. (2012), which is capable of generating attosecond super-
continuum in the water window by properly controlling the CEP.
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The ideal wavelength for pumping BIBO perfectly matches the central
wavelength of Ti:Sapphire laser at 0.8 pm. Therefore, BIBO becomes a suit-
able nonlinear crystal for updating attosecond driving laser from 0.8 to
1.6 pm. In 2016, Yin et al developed a 3m]J, 1.7 pm OPCPA system pumped
by an 18mJ, cryo-cooled multi-pass Ti:Sapphire laser (Yin et al., 2016).
By utilizing the polarization gating technique, 53 attosecond pulses were
demonstrated with a spectrum covering 100-330¢eV (Li et al., 2017).

To drive bright attosecond source at soft X-ray regime, these novel
short-wave infrared OPCPA systems share similar design schemes (Fuji
et al., 2006) to achieve CEP stabled, few cycle at ~kHz repetition rate.
As an example, the 1.7 pm OPCPA system by Yin et al. is shown Fig. 1.
The OPCPA system consists of two parts: a high power three stage Ti:
Sapphire CPA laser serving mainly as the pump and an seed generation
(signal) beam line covering 1.2-2.2pm. The 14-pass amplifier can deliver
4m] of uncompressed pulse, from which 2.6 m] is compressed down to
301s by a pair of transmission grating. This femtosecond beam is spectrally
broadened to 500-900 nm by selt-phase modulation (SPM) in a 350-pm-
diameter, 1.5-m-long hollow core fiber filled with neon gas. Fig. 2A shows the
spectra before and after SPM. Chirp mirrors pairs are used to compensate the
positively chirp of caused by SPM and material dispersion (exit window, focus
lens, etc.) resulting in a few-cycle pulse. The white light pulses are focused
into a2 0.5mm BIBO to generate the 1.2-2.2um seed pulse (Fig. 2B) using
intra-pulse different frequency generation (DFG). Intra-pulse DFG is a

Hollow core fiber with 30 psi neon

Ti:Sa Osc. 2.2md, 301 l I
80 MHz, 8fs I Chirped
?0? SiBW 1,y BIBODFG 0 |mirrors
Ti:Sa R S
14-pass Amp BIBO 1 BIBO 3

BIBO 2
N 50 nJ p~1 30p) - 400 pJ D(i
= Filter ¥ 1] [

_1@ ﬁ ﬂJ é 3md, 11.4fs
GHIESS AT Delay 1 E Delay 2 E Delay 3 E
) A

Fused silica

BS 2
e L
Ti:Sa 18mJ,5ps | BS1

3-pass Amp

Fig. 1 Schematic setup of the 1.7 um OPCPA system at UCF. BS1, 20% reflection beam
splitter; BS2, 10% reflection beam splitter; Si BW, silicon window at Brewster’s angle.
AOPDF, acousto-optic programmable dispersive filter for pulse stretching and
accurate spectrum phase tuning. Adapted from Yin, Y., Li, J, Ren, X, Zhao, K, Wu, Y.,
Cunningham, E., Chang, Z., 2016. High-efficiency optical parametric chirped-pulse amplifier
in BiB_30_6 for generation of 3 mJ, two-cycle, carrier-envelope-phase-stable pulses at
17 um. Opt. Lett. 41, 1142. https://doi.org/10.1364/0L.41.001142 © The Optical Society.
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O 2 1
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Wavelength (nm) Wavelength (um)

Fig. 2 (A) The Ti:Sapphire amplifier output spectrum for seeding the hollow core fiber
(red); White light spectrum after hollow core fiber (yellow). (B) Spectra of OPCPA signal
beam taken at successive stages. Adapted with permission from Li, J,, 2018. Generation
and Characterization of Isolated Attosecond Pulse in the Soft X-ray Regime. Yin, Y.,
Li, J,, Ren, X, Zhao, K., Wu, Y., Cunningham, E., Chang, Z,, 2016. High-efficiency optical
parametric chirped-pulse amplifier in BiB_30_6 for generation of 3 mJ, two-cycle,
carrier-envelope-phase-stable pulses at 17 um. Opt. Lett. 41, 1142. https://doi.org/10.
1364/0L.41.001142 © The Optical Society.

commonly used method for passively stabilizing the CEP of the SWIR seed
(Fujt et al., 2004), which is crucial for driving isolated attosecond pulse gener-
ation. The remaining 1.4mJ pulse from thel4-pass amplifier was spectrally
clipped to 760-810nm before being boosted to 21 m]J in cryo-cooled multi-
pass amplifiers. This bandwidth was chosen to pump the BIBO crystal in a
non-collinear geometry illustrated later.

The bandwidth of the signal pulse is close to one octave. Angularly
dispersive devices such as grating can hardly manage this bandwidth and will,
on the other hand, couple mechanical vibration into CEP jitter (Li et al.,
2006). Therefore, the stretching and compression of the signal pulses is
performed by an acousto-optic programmable dispersive filter (AOPDF)
and material dispersion in fused silica bulk, respectively. The AOPDF allows
for pre-compensation of high-order phase that would not otherwise be
compensated by the fused silica. The signal pulse in the parametric amplifier
stretched to ~4.4 ps. The 18 mJ pump beam is set to ~5 ps to match the seed
pulse duration. The CEP values of the signal pulse can be preserved and
fine-tuned by the AOPDF.

To separate the signal beam from the pump and idler, the parametric
amplification is operated in a noncollinear geometry with a noncollinear
angle of ®=0.6° and a phase matching angle of 8=10.8° inside the crystal


https://doi.org/10.1364/OL.41.001142
https://doi.org/10.1364/OL.41.001142

Tabletop attosecond X-rays in the water window 11

A B

2.00

1.95 ] )f axis

!
§ 1.90 4 1 ks ki
=
9 BIBO e, Ak
= 1.85- E L o 111 ~
: N, ---<._ &
E 1804 ©p0.8 um ; ©g 1.6 pm | 2] i D
top veiw Z axis
1.75 - g
1.70 T T — T

0.5 1.0 1.5 20 25
Wavelength (um)
Fig. 3 (A) Optical refractive index of BIBO crystal for type | interaction (0.8 pm (e) —
1.6pm (0)+ 1.6 um (0)). Refractive index for X, Y and Z-axis is plotted in red, blue and
black line. Refractive index for pump wave is plotted in dashed gray line with a phase
matching angle of 6=11 degree. (B) Top view of crystal oriental with respect to the
input field polarization. Adapted with permission from Li, J, 2018. Generation and
Characterization of Isolated Attosecond Pulse in the Soft X-ray Regime.

(Fig. 3B) (Li, 2018). In this case, the modulus of wave vector mismatch Ak
can be calculated by:

Ak = \/ 2+ k2 — 2k k, cosa — k; )

where k;, k,, and k; are the wavenumbers of the pump, signal and idler
beams, respectively. The phase matching efficiency sinc®(AkL/2) as a func-
tion of pump and signal wavelength in BIBO crystal is shown in Fig. 4B.
The black line represents the actual temporal overlapping of the pump
and signal wavelength according to their chirp in the parametric amplifier.
The overlap of black line with red region indicates that a good phase
matching condition is fulfilled for 1.2—2.2 pm. Notice that the symmetry
between signal and idler is broken under noncollinear geometry. As can
be seen in Fig. 4B that the red area is tilted. This increases the useful band-
width of pump in the OPCPA and improves the efficiency of CPA laser.
The signal spectra in each stage were compared in Fig. 2B. Gain narrowing
is eliminated by the broadband phase matching. For such a broad bandwidth,
spectral phase up to at least the fourth order need to be tuned carefully to
ensure that a two-cycle, 11.4fs pulse is achieved after the bulk compressor
(Fig. 5). Without adding active feedback for phase compensation or slow
CEP drift, the kHz OPCPA system can run stably for over 8 h, which is long
enough for data collection in most attosecond experiments.
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>
w

Group Delay (ps)
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Sinc’(AkL/2)
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Fig. 4 (A) A schematic illustration of a positively chirped seed (signal) and a negatively
chirped pump pulse overlap in time domain. The dashed lines indicate the matched two
wavelengths in time. (B) Calculated phase match efficiency (sinc>(AkL/2)) as a function
of pump and signal wavelength in BIBO crystal using the condition 6=10.8° and
a=0.6°. The black line represents the chirped signal pulse with its corresponding wave-
lengths marked by the left axis and its temporal chirp marked by the top axis. The chirp
of signal and pump pulse in three OPCPA stages are determined by the dispersion in a
fused silica rod and grating pairs, respectively. Adapted with permission from Li, J,, 2018.
Generation and Characterization of Isolated Attosecond Pulse in the Soft X-ray Regime.;
Yin, Y., Li, J, Ren, X, Zhao, K, Wu, Y., Cunningham, E., Chang, Z,, 2016. High-efficiency
optical parametric chirped-pulse amplifier in BiB_30_6 for generation of 3 mJ, two-cycle,
carrier-envelope-phase-stable pulses at 17 um. Opt. Lett. 41, 1142. https://doi.org/10.1364/
OL.41.001142 © The Optical Society.

2.2 Cr:ZnSe chirped pulse amplifier centered at 2.5 um

An alternative route for high-energy mid-infrared few-cycle systems is to
deploy the more conventional technique of chirped pulse amplification
(Strickland and Mourou, 1985) in novel laser media. Of particular interest
to the attosecond community are transition metal-doped zinc and cadmium
chalcogenide compounds, which allows for broadband vibrionic lasing at
mid-infrared wavelengths. The spectroscopic properties of these materials
have been investigated since the end of the 1960s (Vallin et al., 1969), but
it was not until the mid-1990s that they were successfully deployed as a gain
medium in a laser (DeLoach et al., 1996; Hommerich et al., 1997; Page et al.,
1997). One class of these laser media is the chromium doped chalcogenide
compounds, which was extensively reviewed by Sorokina (2004).

The chromium doped zinc selenide (Cr:ZnSe) laser is similar to the Ti:
Sapphire laser in many aspects including the broad bandwidth and lifetime
of the fluorescence as well as high emission and absorption cross-sections
(Sorokina, 2004). In Table 2, the material properties of Ti:Sapphire,
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Fig. 5 (A) Experimental SHG FROG trace; (B) retrieved SHG FROG trace;
(C) independently measured spectrum (black), retrieved spectrum (red), and retrieved
spectral phase (green); (D) retrieved pulse (red) and temporal phase (green). Adapted
with permission from Yin, Y., Li, J, Ren, X, Zhao, K., Wu, Y., Cunningham, E., Chang, Z,
2016. High-efficiency optical parametric chirped-pulse amplifier in BiB_30_6 for generation
of 3 mJ, two-cycle, carrier-envelope-phase-stable pulses at 17 um. Opt. Lett. 41, 1142.
https://doi.org/10.1364/0L.41.001142 © The Optical Society.

Yb:YAG and Cr:ZnSe are compared. It is clear by inspection that Cr:ZnSe
has the potential to scale like Ti:Sapphire in terms of pulse energy and dura-
tion, while the high quantum efficiency minimizes heating issues, which in
principle would allow for high repetition rate options for Cr:ZnSe based
laser systems. The first high-energy short pulse laser amplifier based on
Cr:ZnSe was developed in 2011 by Slobodchikov and Moulton, who dem-
onstrated 300-pJ, 50-nm, 300-fs pulses at a repetition rate of 1 kHz utilizing
a Cr:ZnSe oscillator followed by chirped pulse amplification in a regener-
ative amplifier pumped by a Q-switched holmium-doped yttrium lithium
fluoride (Ho:YLF) laser (Slobodchikov and Moulton, 2011). This system
was further amplified in two single pass amplification stages up to 1m],
184 ts output pulses in 2016 (Slobodchikov et al., 2016). Earlier this year
Vasilyev et al. demonstrated a compact 1.5mJ, 138fs system (Vasilyev
et al., 2019). This system, which had a footprint of 1.7 x 1.2 m?, also con-
tained a chromium-doped zinc sulfide (Cr:ZnS) oscillator followed by
chirped pulse amplification in a Cr:ZnSe regenerative amplifier, and was
then followed by a single pass Cr:ZnSe power booster stage.
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Table 2 Laser parameters for Yb:YAG, Ti:Sapphire, Cr:ZnSe (Anashkina and Antipov,

2010; Durand et al.,, 2014; Koerner et al., 2012; Major et al., 2004; Sorokina, 2004; Takeuchi

et al., 2009).

Material Ti: Yb: Cr:
Sapphire  YAG ZnSe

Peak emission (nm) 780 1030 2450
Peak absorption (nm) 500 940 1780
Quantum efficiency between peaks (%) 64 91 73
Fluorescence bandwidth (nm) 300 20 900
Peak emission cross-section (102" c¢m ™) 39-45 2 90-130
Peak absorption cross-section (1072’ cm ™) 6.5 0.8  87-110
Fluorescence lifetime (ps) 3 850 8
Saturation intensity (kWem™ ) 188 11 11
Nonlinear refractive index at lasing wavelength 5 6.5 80

(10 " em* W

Thermo-optic coefficient (107 °K ™) 12 73 70

Diode pumped amplifiers No Yes  Yes

At University of Central Florida (UCF) we have also explored the possi-
bility of utilizing Cr:ZnSe as a gain medium for high-energy mid-infrared
ultrashort lasers (Ren et al., 2018b; Wu et al., 2019). The laser schemes we
have developed are shown in Fig. 6. The minimal pulse duration of a laser pulse
is inversely proportional to the spectral bandwidth, due to the uncertainty prin-
ciple, and for attosecond pulse through HHG it is advantageous to have as short
driving laser pulses as possible. So it is important for these lasers to maximize the
bandwidth of the laser chain. It is well known that gain narrowing is more
severe in a regenerative amplifier than in a multi-pass amplifier (Le Blanc
etal., 1996). In order to maximize the bandwidth of our amplified laser pulses
we therefore deployed multi-pass amplification schemes in our systems. In
order to minimize the overall gain factor, we generate broadband microjoule
seed pulses through a technique called intra-pulse difference frequency
generation (IDFG) (Yin et al., 2017) as described below.

A 14-pass Ti:Sapphire CPA system is used to generate 1.5m], 30fs,
800 nm pulses at a repetition rate of 1 kHz. These pulses are spectrally broad-
ened and compressed in a conventional argon-filled hollow-core fiber setup
followed by a set of double-angle chirped mirrors. The few-cycle near infra-
red pulses are focused into a 0.8 mm thick bismuth borate (BIBO) crystal
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Fig. 6 Overview of the two iterations of laser systems we have developed at UCF. The
red font indicates the changes between (Ren et al, 2018b) and (Wu et al, 2019).
A DAZZLER was installed, the amplification stages were reduced from 3 to 1, and the
entire system starting from the IDFG was rebuilt inside a sealed nitrogen atmosphere.
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Fig. 7 Measured IDFG output spectrum from (A) 0.4mm and (B) 0.8 mm BIBO crystals
with the input polarization parallel to the ordinary axis of the BIBO crystals. The green
shaded area shows the input pulse, while the yellow and magenta area indicates the
signal and idler pulses, respectively. This figure was reproduced from Yin, Y., Ren, X,
Chew, A, Li, J, Wang, Y., Zhuang, F., Wu, Y., Chang, Z., 2017. Generation of octave-spanning
mid-infrared pulses from cascaded second-order nonlinear processes in a single crystal. Sci.
Rep. 7, 11097. https:/doi.org/10.1038/541598-017-11652-9 under the Creative Commons
Attribution 4.0 License.

cut for type-I phase matching that allows for IDFG. The broad bandwidth of
the IDFG process combined with the bandwidth of the few-cycle pump
laser allows for a two very broadband down converted pulses to be generated
as shown in Fig. 7 (Yin et al., 2017). For a BIBO crystal thickness of 0.8 mm
the idler spectrum covers the 1.8—4.2 pm range. A long-pass filter is used to
block the signal and seed pulses, while the idler is used a seed pulse for the
laser chain. The idler pulse is sent to an aberration free Offner-triplet
stretcher containing a reflective grating with groove density of
300L/mm. The radius of curvature of the convex and the concave mirror

of the Offner telescope is 1m and 0.5m, respectively. The stretched pulse
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duration and energy after the stretcher were roughly 300 ps and 3 pJ, respec-
tively. At this point the two iterations of the laser system differs. In the first
iteration the amplification was performed in first a six-pass amplifier
followed by two single pass amplifiers using Brewster cut polycrystalline
Cr:ZnSe crystals (Ren et al., 2018b), while in the second iteration the ampli-
fication consisted of a five-pass amplifier in normal incidence cut polycrys-
talline Cr:ZnSe crystals (Wu et al., 2019).

In both cases the compression was subsequently performed with a
double-pass grating compressor. In the initial work we managed to produce
2.3m], 88fs pulses, while the newer version produced 3.5m], 44fs pulses.
We attribute the enhanced pulse duration performance (Wu et al., 2019)
to better dispersion management by the deployment of a mid-infrared
acousto-optic programmable dispersive filter, DAZZLER (Maksimenka
etal., 2010), and that the laser was built inside a nitrogen purged atmosphere,
thus eliminating issues with water vapor in the laser chain. This allowed us to
better compress the pulses as shown in Fig. 8.
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Fig. 8 Output pulse duration and spectrum from the two systems. The figure was
adapted with permission from Ren, X.,, Mach, L.H., Yin, Y., Wang, Y., Chang, Z, 2018b.
Generation of 1 kHz, 23 mJ, 88 fs, 25 um pulses from a Cr 2+:ZnSe chirped pulse amplifier.
Opt. Lett. 43, 3381. https:/doi.org/10.1364/0L.43.003381 © The Optical Society, and Wu, Y.,
Zhou, F., Larsen, EW., Zhuang, F., Yin, Y., Chang, Z, 2019. Generation of 3 mJ, 44 fs, 2.5
micrometer pulses from a single-stage Cr2+:ZnSe amplifier. arXiv 1910.06650.
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3. Isolated attosecond pulse generation in the water
window

Driving high harmonic generation with long wavelength lasers is an
effective approach to extent the cutoff photon energy. However, the ampli-
tude of dipole moment scales unfavorably with laser wavelength, as indicated

by

Ix(wx) o< | D(wy)| o [ﬁ] oc ;—3 (8)

The underlying physically mechanism is quantum diffusion of the elec-
tron wave packet during the second step of the HHG process. The recom-
bination cross-section in the third step decreases with the high harmonic
photon energy, which also reduces the single atom response in the water
window and beyond. This phenomenon was first investigated experimen-
tally in 2001 (Shan et al., 2001). More precise scaling law (47>~ of single
atom response was later discovered (Shiner et al., 2009; Tate et al., 2007).
As described below, the weak single atom response in the water window
range can be partially compensated by phase matching HHG in gas target
with large density-length product since X-ray absorption by the large atoms
is low.

3.1 Phase-matched high harmonic generation in the water
window

The HHG signal strength achieved in experiment is affected by the phase

match condition, where the driving field and the HHG field need to prop-

agate with the same phase velocity to ensure that the HHG field emitted

from different atoms buildup coherently (Popmintchev et al., 2009;

Rundquist et al., 1998).

The instantaneous phase of a harmonic wave with angular frequency @
and wavelength A traveling along the z direction of a one-dimensional
medium can be described as ¢(z, f) =kz — ot by using the physicists’ sign
convention, where k=2n/4 1s the wave vector and the phase velocity is
vy =w/k. Apparently, the wave number can be calculated from the phase,

Le., k= %. For a wave propagating in a three-dimensional space, the phase

becomes (]5(7, t) = %k - 7 — wt. The wave vector k = V¢, which is the

generalization of the expression of k.
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The phase matching condition of the X-ray wave generation can be
— —
expressed as 7¢,wx — 1_/’¢’W,,w =0 or kx — kue =0, where @wx, Vg0,
—
and kx are the angular frequency, phase velocity and wave vector of the
X-ray wave. The X-ray wave propagates in the HHG gas target with
the speed of light in vacuum, i.e., vy, =c¢, thus kx=wx/c. 1_/'¢,SWEC and
=
R source = V@ oure are the phase velocity and wave vector of the polarization
wave (source) that produces the X-ray wave. The latter can be decomposed
® .
Source w_f,( V¢IR + v¢dipol@ where W 18 the angu-

lar frequency of the IR driving laser field. The phase of the IR field, ¢z,
depends on the focusing condition, as well as the spatial distribution of

into two contributions V¢

the plasma and neutral gas density. ¢ is the intrinsic single atom dipole
phase predicted by the strong field approximation (Salieres et al., 1995).
A full three-dimensional determination of the phase matching including
propagation effects such as plasma defocusing and laser reshaping is cumber-
some (Jin et al., 2018; Johnson et al., 2016). However, it is informative to
calculate the phase-matching ignoring these effects. When the X-ray is gen-
erated in a uniform target by a plane IR wave, V @ ;,,.= 0 there is no Gouy
phase contribution to V¢, therefore ke = Z—i% 1+ Anpeua(@0) +
Anplasm(a)o)]. The sign of the index of refraction change caused by the neutral
gas, Attyeuas 15 Opposite to that by the plasma, Ay, at the IR frequency.
The two contributions cancel out at certain ionization probability, p,,, of target
atom, which leads to perfect phase matching (Rundquist et al., 1998). Here p,,
depends on the driving laser wavelength and target element. The so-called
phase-matching cutoft can be estimated using Eq. (1) by setting I, to the
intensity value at which p,, is reached for a given pulse duration, which yield

O.SI;'SAIRZ

* 2
0.861,3%" 7' Gy,
n
| —5a

The unit of hw, and ionization potential I, is eV. The unit of laser wave-
length A7 is pm. The laser pulse duration (FWHM) 7,,is fs. The values of n*,
Gy, and Ci* 1+ are found in Chang (2011).

The index of refraction of noble gas in the SWIR and MWIR region
can be expressed by the Lorentz Classical Electron Oscillator model with

ho. =1, +

©)

2
a single resonance frequency @, which leads to p. = ( ;ZI‘R) (Chang,

2011). The pulse duration can also be expressed in term of wavelength,
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ie., T,= n,Ar/c, where n, is the number of optical cycles fitting into the
given pulse duration.

O.SI;'SAIRQ

ho. =1, +

3 (10)

2,871,321 Ginca s

I

—dxeln (1— (;r-;;;{)z)

which shows the explicit dependence of the phase-matching cut-oft photon
energy on the driving laser wavelength. The unit of o, is given in rad/fs.

Fig. 9 shows the calculated HHG cutoft from different driving laser
wavelengths using Eq. (10), i.e., under perfect phase matching condition
where the plasma induced index of refraction and that of the neutral target
gas is well balanced (Rundquist et al., 1998). A few-cycle laser pulse with
wavelength >1.6 pm is enough to produce water window harmonics from
neon and helium gas.

The ionization probability to achieve perfect phase matching for helium
atom and a plane-wave driving laser centered at 2 pm is p, =8 x 10~ *, which
indicates that the three-step HHG process occurs in less than 1/1000 of the
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Fig. 9 Calculated phase matched cutoff of high harmonic generation from various
inert gases driven by lasers at different wavelengths. Adapted with permission from
Ren, X, Li, J, Yin, Y, Zhao, K, Chew, A, Wang, Y., Hu, S., Cheng, Y., Cunningham, E.,
Wu, Y., Chini, M., Chang, Z.,, 2018a. Attosecond light sources in the water window. J.
Opt. 20, 023001. https:/doi.org/10.1088/2040-8986/aaa394.
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target atoms. The value becomes even smaller for longer wavelength lasers.
Mechanisms for phase matching at higher ionization probability have also
been investigated (Geissler et al., 2000). When the three-dimensional distri-
bution of a focused Gaussian-type laser field is taken into consideration,
the instantaneous intensity Ijp(7, 2) and phase ¢r(z, 2) of the driving lasers
in the gas target can be calculated by solving the nonlinear wave-propagation
equation in a moving frame where 7=¢—z/c. The phase mismatch along
the propogation axis can be described by

Ak(z,2) = — aa))_fazﬁbm(f’ z) — az¢dipole(77 2), (11)
where ¢p(7,2) = o [An,mml(a)(), 7,2) + Anyiagma(@0, 7, z)]z + q’)f(a)o, 7,2).
The term ¢(w,,,z) includes Gouy phase and plasma defocusing effects.
The dipole phase @ipoe(r, 2) = — alU,(t, 2)/hw,, where a ~ 3 for the short
trajectory, U, [eV] =922 k[ um)*L[10"* W/em?] is the ponderomotive
potential. When the plasma induced frequency blue shift of the driving laser

is considered, az¢dipolc(7’ z)=-% |:a)() 01 Up0=Ir + awm( )a CUIR:| = _ah((f)n
[d«lm(r; z) 0:,wne(f’~ z)} (Schotz et al., 2019), therefore the phase-mismatch
Ir(7, 2) or(7, 2)

becomes

o
all

Ak(z, 2) = —2X5. [

o A”mutml(w()v T, ) + A”plasma (w(% T, 2)} zt d’f(w(), T, Z):|
0 .

|:d I[R(T Z) 3620)11{(7:’ Z>:|
ha)o I[R(T Z) a)IR(T’ Z) ’
(12)

It has been pointed that the decrease of IR intensity in the propagation
direction, d.I;z <0, and a blue shift of the driving laser 0.@k >0 can coun-

teract the plasma dispersion —A#njgn, = N > 0, which may enable

e p:
phase-matching the generation of an isolated attosecond pulses significantly
above p,, (Schotz et al., 2019). Here e and m, are the charge and mass of an
electron, respectively, and & is the vacuum permittivity and N, is plasma
density.

Recent development of high energy, high repetition rate SWIR lasers
base on OPA/OPCPA technique have enabled the generation of water win-
dow high harmonic sources with sufficient photon flux for time resolved
experiments. High photon flux of isolated attosecond pulses in the water
window has been obtained using different approaches a semi-infinite cell
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Table 3 Cutoff photon energies that extend beyond carbon K-edge from kHz infrared
laser systems.

Infrared laser  Generation Cutoff energy

systems gas (eV) Year

1.5 pm, 1.6mJ, Neon 400 2009 (Xiong et al., 2009)
50fs

1.6 pm, Neon 320 2014 (Ishii et al., 2014)
0.55mJ, 9fs

1.8 pm, 0.7mJ, Neon 375 2016 (Johnson et al., 2016)
8fs

1.85 pm, Neon 350(500) 2016 (Teichmann etal., 2016)
0.4m]J, 12fs (helium)

2.1 pm, Neon 450 2016 (Stein et al., 2016)
1.35mJ, 32fs

1.7 pm, 1.5mJ, Neon 450 2016 (Li et al., 2016)

121fs

1.8 pm, Helium 600eV 2018 (Johnson et al., 2018)
0.55mJ, 12fs

Adapted from Ren, X., Li, J., Yin, Y., Zhao, K., Chew, A., Wang, Y., Hu, S., Cheng, Y., Cunnin-
gham, E., Wu, Y., Chini, M., Chang, Z., 2018a. Attosecond light sources in the water window.
J. Opt. 20, 023001. https:/doi.org/10.1088/2040-8986/22a394.

filled with helium gas with relative low density (Saito et al., 2019), and tight
focusing into a high-density helium gas jet (Johnson etal., 2018). Table 3 list
some high harmonics source with photon energy extending beyond the
carbon K-edge from various OPA/OPCPA system at kHz repetition rate
(Ren et al., 2018a).

3.2 Sub-cycle gating techniques for isolated attosecond pulse

A variety of time-resolved measurement, such as attosecond transient
absorption spectroscopy (Goulielmakis et al., 2010; Wang et al., 2010) or
photoelectron detection (Itatani et al., 2002; Schultze et al., 2010), prefer
single isolated attosecond pulses (IAPs). Various gating techniques have been
developed to obtain IAPs from the high harmonics pulse train and some of
them have been implemented to generate IAPs in the water window. It is
quite challenging to generate water window IAPs with high enough photon
flux for time resolved experiments.
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The generation of isolated attosecond pulse always favors a short driving
pulse. However, the amplification bandwidth of typical rare earth gain
medium is limited to about one octave and a post-amplified laser pulse usu-
ally ends up containing multiple cycles. Even broadband OPA/OPCPA can
hardly support single-cycle laser pulses. To isolate a single attosecond burst
from a multicycle driving laser, the most straightforward way is amplitude
gating (AG) (Hentschel et al., 2001). In AG, the strongest half-cycle of
the driving pulse will lead to the brightest attosecond burst whose photon
energy exceeds that of the neighbor bursts. Weaker half-cycle of the driving
field will still generate photon with lower photon energy. As a result, har-
monic peaks are produced by the spectral interference at lower energy side.
Proper filters are needed to select the cutoft spectrum that is generated by the
strongest half-cycle.

Recently, AG has been adapted in the few-cycle short-wave infrared
laser to demonstrate water window IAP (Cousin et al., 2017; Ishii et al.,
2012, 2014; Teichmann et al., 2016). An example of the dependence of har-
monic cutoff on the CEP for a 1.9-cycle pulses at 1.85 um laser is shown in
Fig. 10A. For a few-cycle pulse, the AG works well because neighboring
peaks strength differs significantly. However, for a multicycle pulse, the dif-
ference between cutoft energy from neighboring peaks is small, which limits
the bandwidth of the attosecond continuum and increases the difficulty of
selecting a proper filter. Therefore spectral filtering idea of AG is often
combined with other gating methods such as ionization gating (IG) (Abel
et al., 2009; Ferrari et al., 2010) and two color gating (Mauritsson et al.,
2006; Takahashi et al., 2013).
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Fig. 10 CEP influence on the attosecond supercontinua in the water window by using
AG (A, B) and PG (C, D). Panels (A) and (B) adapted from Teichmann, S.M., Silva, F.,
Cousin, S.L, Hemmer, M., Biegert, J, 2016. 0.5-keV Soft X-ray attosecond continua.
Nat. Commun. 7, 11493. https:/doi.org/10.1038/ncomms11493, and Panels (C) and
(D) adapted with permission from Li, J, Ren, X, Yin, Y., Cheng, Y., Cunningham, E.,
Wu, Y., Chang, Z, 2016. Polarization gating of high harmonic generation in the water
window. Appl. Phys. Lett. 108, 231102. https:/doi.org/10.1063/1.4953402.
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To overcome the bandwidth limitation from AG and IG, techniques
based on the temporal “on and off” switching of the HHG process were
developed to generate IAPs with broad spectrum. The most common tem-
poral gating method is the polarization gating (PG) (Chang, 2005; Corkum
et al., 1994; Shan et al., 2005; Sola et al., 2006). To compose the PG field,
two counter rotating circularly polarized fields overlap collinearly. The
resulting PG driving field is near linearly polarized in the middle of the pulse
duration and elliptically polarized elsewhere. Illuminated by an elliptically
polarized driving field, the freed electron will accumulate a transverse dis-
placement and reduce the recollision probability with its parent ion. As a
result, attosecond burst only occurs in the linearly polarized field which is
less than half of an optical cycle.

The invention of double optical gating (DOG) technique (Chang, 2007;
Mashiko et al., 2008) follows the same principle of PG, in DOG, a second
harmonic field is added to the break the fundamental field’s symmetry and
increase the interval of the attosecond pulse train. The corresponding gate
width of PG can be doubled to a full optical cycle. This will lower the
leading-edge field intensity and reduce the ground state depletion before
the center linearly polarized fields generates the IAP. Therefore, a stronger
IAP with better phase match condition can be expected by using the DOG
(Li et al., 2019). In a long wavelength driving field, the recombination of
tunneled electron is largely affected by the field ellipticity. Therefore, PG
and DOG become more efficient to generate IAPs with long wavelength
drivers (Li et al., 2019, 2017).

Another type of gating method relies on spatially separating each
attosecond burst, known as the spatiotemporal gating or the “attosecond
lighthouse” (Vincenti and Quéré, 2012). This is realized by using pulse front
tilt, i.e., a spatially chirped pulse with a wavefront that gradually changes its
direction in time. The corresponding attosecond bursts propagate along the
direction of the instantaneous wavefront in each half cycle and separate
themselves in the far field. This method was first demonstrated from a plasma
mirror (Wheeler et al., 2012) and then applied to generated the first water
window IAP from the neon gas (Silva et al., 2015). To implement the
attosecond lighthouse technique, a higher CEP stability is required since
the pointing of the each IAP is coupled with CEP jitter. A method very sim-
ilar to the attosecond lighthouse technique is called noncollinear optical gat-
ing (Louisy et al., 2015). In noncollinear optical gating the driving laser is
spatially split in two halves and recombined at a crossing angle with a small
delay between the two. This leads to a time dependent pulse front tilt in a
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similar manner to the lighthouse and allows for single attosecond pulse gen-
eration from multicycle pulses. This method has not yet been implemented
for water window harmonics.

3.3 Atto-chirp compensation

The attosecond pulses from high harmonic generation are intrinsically
chirped. The electron motion along the short trajectory emits attosecond
pulses with positive chirp and long trajectory yield a negative chirp. The dif-
ferent signs of atto-chirp arise from the high harmonic generation process. In
X-ray emissions from HHG, only the short trajectory can be phase matched
along the propagation axis. The value of the atto-chirp at the center of the
plateau region of the high harmonic spectrum can be estimated by using the
semi-classical three-step model (Chang, 2011).

Chirp = 1.63 x o1 (13)
oo

where the unit of the chirp is in as”. Iis the peak intensity of the driving laser
in W/cm?, and 4, is the center wavelength of driving laser in pm. The chirp
is 1920 as” for a 1.7 pm driving laser with and intensity ofis 5 x 10'*W/cm”.
The positive chirp of the attosecond pulses in the wavelength below
300eV can be compensated by the negative group delay dispersion of thin
metallic filters. Fig. 11 shows the transmission and group delay dispersion of
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Fig. 11 Calculated transmission (A) and group delay dispersion (B) of 100 nm Sn filter.
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100nm Sn filter. Since the value of group dispersion of Sn filter approaches
zero at 300 eV, the positive atto-chirp compensation is only possible below
300eV. Recently, isolated attosecond pulses around the Carbon K-edge
(282eV) has been realized where the atto-chirp is compensated by Sn thin
films of 400 nm thickness (Li et al., 2017).

However, for compensation the atto-chirp beyond 300eV, it is hard to
find appropriate materials that have sufficient dispersion with high transmis-
sion. Chirped multilayer mirrors (Guggenmos et al., 2013) and grating
stretcher (Poletto et al., 2008) with high negative group delay dispersion
can be designed and reduce the positive chirp but the bandwidth is narrow
and the reflectivity is low. Recently, atto-chirp compensations by dispersion
of plasma was demonstrated by numerical simulations for broadband X-ray
attosecond pulses in the water window (282-533 V) with low loss (Chang,
2018). Unionized hydrogen gas with the proper pressure-length product can
reduce the positive chirp partially in the 530-1000eV (Chang, 2019).

The group delay dispersion of a plasma is

€2h3 NeLp

GDD(hex) = — €omec (hay )’

(14)

where /i is the reduced Planck constant and @, is the angular frequency of the
X-ray. N, is the number density of electrons, and L,, is the length of plasma
column. The electron density-length product determines the GDD value.

A standard gas at 1atm pressure and room temperature has the number
density of electrons of 2.5 x 10'?/cm’. The number density of electrons of
fully ionized 1atm H, gas is thus 5 x 10"?/cm’. Such plasma can induce the
GDD of —599 as> with L,=10cm at iwmx=300eV. It can compensate the
positive chirp of the attosecond pulses in water window arising from high
harmonic generation. The absorption or reflectivity of hydrogen plasma
1s almost zero for X-ray pulses at 300eV (Chang, 2018). Fig. 12 shows cal-
culated electric fields of the attosecond X-ray pulses in time domain with/
without the chirp compensation by plasma dispersion. The intrinsic positive
chirp of the attosecond X-ray pulses can be attuned by hydrogen plasma
with proper electron density-length product, which can compress the
attosecond pulse duration close to the transform-limited value.

For the atto-chirp compensation by unionized neutral hydrogen mole-
cules, the GDD of a neutral hydrogen gas is

h’ NLL

GDD(hw,) = ~ eomec (ha,,)’

(15)
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Fig. 12 Electric field profiles of attosecond X-ray pulses in time domain. (A) Without
chirp compensation. (B) With chirp compensation of plasma dispersion.
(C) Transform-limited pulse. The pulse durations are the full width half maximum of
the intensity profiles. Adapted with permission from Chang, Z,, 2018. Attosecond chirp
compensation in water window by plasma dispersion. Opt. Express 26, 33238. https://
doi.org/10.1364/0E.26.033238 missent>/missent> The Optical Society.

The only difference with the GDD of the plasma is that the length of
the plasma is replaced by the length, L, of hydrogen gas column. In the case
of hydrogen gas, the number densities of electron of the fully ionized
plasma and unionized neutral hydrogen gas are same. The neutral hydro-
gen gas column with identical length can compensate the positive GDD
same with the plasma dispersion column. The neutral gas has lower trans-
mission than plasma. However, it is easier to implement the chirp compen-
sation than plasma dispersion since ionizing the gas with discharge require
high voltage and current.
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4. Characterization of attosecond X-ray pulses

It is difficult to measure the temporal profile of an isolated attosecond
X-ray pulses directly with conventional detector since the electric field
oscillates too fast. An attosecond pulses can be characterized by measuring
the spectrum and the spectral phase. The spectrum can be measured easily
by X-ray grating spectrometers and the spectral phase can be unveiled by the
attosecond streaking technique. The attosecond streak camera converts
temporal information to momentum information which can be measured
by time of flight (TOF) spectrometers. Retrieving the spectral phase will
enable a complete characterization of the X-ray pulse in both time- and
frequency-domain. This phase retrieval task has long been solved with
FROG-CRAB and its derived algorithms (Chini et al., 2010; Mairesse
and Quéré, 2005) adapted from frequency-resolved optical gating
(FROG), a technique commonly used for femtosecond pulse retrieval.
However, attosecond pulse retrieval in the water window is intrinsically
plagued by the low photon flux of X-ray pulse and low quantum efficiency
in photoelectron emission (Wang et al., 2009), both contributing to large
shot noise on the streaking trace. The poor signal-to-noise ratio (SNR)
of the measured streaking trace can be compensated by increasing the col-
lection solid angle (Mauritsson et al., 2006; Wang et al., 2009), but the
resulting smearing effect on the trace needs to be considered for high fidelity
pulse reconstruction. In addition, phase retrieval of ultra-broadband X-ray
pulses requires a more complete theoretical modeling of the photoelectron
wave during the streaking process, including its momentum and angular
distribution, as well as its interaction with the laser field (Ivanov and
Smirnova, 2011). Until recently, there has not existed a single pulse retrieval
method that can both model the effect of experimental noise on the error
and uncertainty of the pulse retrieval, as well as incorporate a complete
description of the streaking process. This section summarizes recent
advances in attosecond pulse retrieval, with the goal of illustrating how
learning-based pulse retrieval handles the challenges facing conventional
FROG-derived attosecond pulse retrieval methods.

4.1 Attosecond streaking and FROG-derived attosecond pulse
retrieval

The conventional streak camera operates based on converting time-varying
information of the signal into spatial information. A picosecond streak
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camera consists of a photocathode, a deflection plate, and a phosphor screen.
‘When an unknown optical pulses are incident on the photocathode through
a slit, a narrow beam of electron pulses is emitted in to vacuum then imaged
on the phosphor screen by the deflection plate (Bradley et al., 1971). Since
the photoelectron conversion is considered to be instantaneous, the electron
pulses can be regarded as a replica of the unknown optical fields. A linearly
ramped voltage on the deflection plates can sweep the electron across the
phosphor screen, which make different temporal portion of the electron
pulses are displaced at different positions on the screen. One can measure
the electron pulses profile with a known sweeping rate and thus one can
determine the optical pulses profile. For measuring attosecond pulses,
a well-defined oscillating electric field could operate like the sweeping volt-
age (Fig. 13).

In an attosecond streak camera, an unknown attosecond X-ray pulse and
a phase-locked IR pulse are focused into the neutral gas with a relative delay.
The delay can be controlled well by piezo stages. The streaking trace is a

k
between an attosecond X-ray pulse Ex{(f) and a femtosecond infrared (IR)
pulse Ejr(f) in a gaseous medium at various time delays T. Both X-ray
and IR pulses are polarized along the axis of time-of-flight (TOF) spectrom-
eter. Once the gas atoms with ionization potential I, absorb the energy from

series of photoelectron spectra y( ,’L’) generated from the interaction

an X-ray pulse, photoelectrons with momentum k (and hence kinetic

—12 —
k| /2) are produced via dipole transition d ( Ie). The dressing

energy W =

IR field introduces a momentum shift to the photoelectrons, which is
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Fig. 13 The principle of attosecond streak camera. (A) Unknown XUV pulse (blue) and
known phase-locked IR pulse (red). (B) The streaking trace obtained by tuning of the
delay between the XUV and the IR pulses.
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manifested in the form of a phase modulation, ¢, on the photoelectron

wave packet. The spectrogram s(?, T) is described by Eq. (16) in atomic

units
[eS) 2
s(Z,r, 9) - JEX(I —)d_exp (idbc (Z, t)) exp (i(W + 1)0)dt | (16)
¢G(Z, t, 9) . T(‘Z‘A(t’) cosf + |A(t’)|2/2> dr| (17)

t

where A(f)= — ILOOE,R(I') df is the vector potential of the IR field along the
TOF spectrometer; € is the observation angle between the photoelectron

momentum, Z, and the TOF axis. If we assume the angular distribution
of the photoelectron is f(#) against the TOF axis, the ideal streaking trace,
I, expressed in terms of photoelectron energy 7 and delay 7 between XUV

and dressing IR pulse, is the integral over all the directions of k that fall
within the maximum collection angle 8,,,,, of the TOF spectrometer

gm.xx

1w, ) :j

S(Z,r, 9) £(0) sin (0)d0. (18)
0=0

Experimentally obtained traces typically contain shot noise due to the
low photoelectron flux. If the ideal trace (Eq. 18) is normalized by its max-
imum intensity, and the experimental average peak count of the trace is 4,
for each energy channel I and delay 7, the measured count y on the trace
follows Poisson statistics

(AI) exp (—AI)

T (19

p(yII) =

where the parameter A is determined by the photoelectron flux and the
integration time.

Under central momentum approximation (Wang et al., 2009), the
energy bandwidth of the induced photoelectron is assumed to be much
narrower than the central energy. The photoelectron energy can thus be

- - 2 P .
approximated by W, = ‘ko‘ /2, where ky is the central momentum of

the photoelectrons, and the dipole transition element d? can be considered

as a constant. Moreover, if the angular collection range of TOF spectrometer
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is limited, the observation angle € can be treated as a constant 6, i.e.,
f(0)=06(0—0,). With these two assumptions, and combine Eqs. (17) and
(18), the streaking trace can thus be expressed as a Fourler transform on
the product between delayed X-ray pulse and the phase modulation

2

1(W.7) = JEX(t—T)G(t)exp(i(W+Ip)t)dt sin(0,).  (20)

where

o)

G(t) = exp |—i J(\/ZWOA(/) cos@y + |A(t’)|2/2) dt’ (21)

t

is a temporal phase gate on the photoelectron wavepacket.

Eq. (20) describes the measurement principle behind frequency-resolved
optical gating for complete reconstruction of attosecond bursts (FROG-
CRAB), which has the same form as the FROG trace in conventional fem-
tosecond pulse characterization. The FROG-CRAB retrieval is thus similar
to the principal component generalized projections algorithm (PCGPA)
used in blind-FROG (Kane et al., 1997) for retrieving both the signal
and unknown gating pulse. This algorithm Fourier transforms back and forth
between the time domain and frequency domain, looking for a pair of fields
(Ex, G) that satisfies the outer product form in time domain, and the known
X-ray spectrum in frequency domain (Kane, 1999).

The central momentum assumption in FROG-CRAB conveniently
offers a Fourier transform form of the streaking process that fits in the scope
of PCGPA, but at the expense of limited XUV pulse bandwidth it can char-
acterize. This assumption has proven inadequate for characterizing the
attosecond pulses generated from the double optical gating and polarization
gating (Mashiko et al., 2009; Sansone et al., 2009), which can produce ultra-
broad pulses with durations on tens of attoseconds. In this case, the depen-
dence of the phase modulation on the photoelectron momentum (Eq. 17)
has to be considered. This yields a phase gate that is a function of both energy
IV and time ¢,

o)

G(W, 1) = exp —iJ(\/z“WA(t')coseo+|A(/)|2/z>dﬂ )
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and the ideal streaking trace is expressed by

2

(W, ) = JEx(t—T)G(W,t)exp(i(W+Ip)t)dt sin(0).  (23)

The second harmonic component of Eq. (23) describes the measurement
principle of PROOF (Chini et al., 2010). By obviating the central momen-
tum assumption in FROG-CRAB, PROOF is capable to characterize
traces shorter than atomic unit of time, yet it falls beyond the scope of
PCGPA, which requires a gate pulse independent on energy. The pulse
retrieval from PROOF trace has been implemented with genetic algorithm
(Baumert et al., 1997), which seeks X-ray spectral phases (represented as
“chromosomes” in 0~2x) that minimize the mean square error between
the second harmonic component of the measured trace and reconstructed
trace from guessed phase angles.

To improve the fidelity of reconstructed attosecond pulse, and lower the
limit on retrievable pulse duration further below atomic unit of time, more
accurate description of the streaking process should be incorporated in the
pulse retrieval algorithm. Toward this end, the angular distribution of the
photoelectron has been considered in the streaking process (Gaumnitz
et al., 2018). Instead of using a delta function to simplify f{8), the angular
distribution is more accurately represented by

f(O) =1+ g(s cos’0 — 1), (24)
where f is a parameter that accounts for the asymmetry distribution of the
ionized photoelectrons (Kennedy and Manson, 1972). The complete streak-
ing trace is thus

I(W,7)= J JEXUV(t—r)G(W, t,0)exp (i( W +1,)t)dt| f(6)sin(0)do,

(25)

where the phase gate G depends on both energy and the observation angle

G(W,1,0) = exp | —i J(\/ZWA(t’)cosﬁ + |A(t’)|2/2) il o)

t
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The inclusion of photoelectron angular distribution in the streaking pro-
cess opens up the opportunity to allow a larger angular range collected by the
detector, thus also improving the signal-to-noise ratio (SNR) of the mea-
sured streaking trace. The pulse retrieval from Eq. (25) employs the
Volkov transform generalized projection algorithm (VT GPA) (Gaumnitz
et al., 2018; Keathley et al., 2016). Difterent from PCGPA, which enforces
the outer product in time domain, VT GPA minimizes the mean square error
between the measured and reconstructed streaking trace with a gradient-
based search for the optimal time-domain amplitude and phase of Ex(f)
and A(f).

Fig. 14 is a schematic illustration for generation and characterization of
isolated attosecond pulses with streak camera technique (Li et al., 2017). In
this case, the driving IR laser pulses have pulse energy of 1.5m], pulse dura-
tion of 12fs, and stabilized CEP. The driving IR laser pulses is split into two
arms, X-ray generation arm and dressing IR laser field. Most of pulse energy
(>80%) goes to the X-ray generation arm then passes through polarization
optics for the gating of isolated attosecond pulses. The pulse energy and
beam size at X-ray generation can be controlled by an iris and focus lens.
The focused pulses generate isolated attosecond pulses in soft X-ray regime
by high harmonic generation.

To characterize the generated isolated attosecond pulses, well-defined
IR pulses are combined to the attosecond pulses by a mirror with a hole
(Lietal., 2017) or a two-part mirror (Fabris et al., 2015) mounted on a piezo
controlled stage for delay control. The delayed two pulses are focused onto
an eftusive gas target positioned at the entrance of an electron TOF spec-
trometer. Photoelectron spectra are recorded as a function of the time delay

1.5mJ,12fs, Mggnetic-t_)ottle
1.2-2.2 um, CEP stable = umT-oHllght
i tron
Beam Delay mirror \u< elec
FR9 - PZT controlled spectrometer
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Iris o iohs compensate plate Focusing " P
Tin filter lens s detector
v

y
\ (variable thickness) \ > \ (g / E
Polarization - ! é/
gating optics Y
Photodiode ~ Hole  Helium (neon) ~ Soft X-ray
(removable) ~ mirror gas jet grating

Neon gas cell
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Fig. 14 Experimental setup for attosecond streaking camera. Adapted with permission
from Li, J., Ren, X, Yin, Y., Zhao, K, Chew, A., Cheng, Y., Cunningham, E., Wang, Y.,
Hu, S., Wu, Y., Chini, M., Chang, Z, 2017. 53-attosecond X-ray pulses reach the carbon
K-edge. Nat. Commun. 8, 186. https:/doi.org/10.1038/s41467-017-00321-0.
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Fig. 15 Photoelectron spectrogram from attosecond streaking camera and retrieval of
the attosecond pulses. (A) Photoelectron spectrogram as a function of temporal delay
between the attosecond pulses and the IR pulses. (B) Retrieved temporal profile and
phase of the attosecond pulses by PROOF method.

between the unknown X-ray attosecond pulses and the well-defined IR
pulses. Fig. 15 shows the measured photoelectron spectra of 53 attosecond
pulses. The streaking camera recorded the photoelectron spectra and it was
retrieved by phase retrieval by omega oscillation filtering (PR OOF) (Chini
et al., 2010).

4.2 Attosecond pulse retrieval with neural networks

Despite efforts to refine the attosecond streaking model used in pulse
retrieval algorithms, complete descriptions on the interaction between pho-
toelectron and IR laser field have not been fully included (Ivanov and
Smirnova, 2011). Implementing these interactions necessitates modeling
the dipole transition element d as energy- or time-dependent, and is destined
to bring more complexity to the current retrieval algorithms, making them
more time-consuming. Moreover, the output of these algorithms is typically
a deterministic solution of the XUV and IR pulse pair, given an input streak-
ing trace. The effects of experimental noise on the error and uncertainty of
the retrieved pulse cannot be easily studied with existing algorithms because
this requires an algorithm that can output all possible solutions given a
noisy trace.

Neural networks have seen increased usage in solving a wide range of
signal/image reconstruction problems, such as image de-blurring and
super-resolution (Nehme et al., 2018), speckle imaging through random
medium (Horisaki et al., 2016; Zhao et al., 2018), phase retrieval (Sinha
etal., 2017), etc., thanks to their ability to approximate the inverse mapping
of a complicated physical process. The use of neural networks has been
explored as a viable substitution for pulse retrieval from both femtosecond
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FROG traces and attosecond streaking traces (White and Chang, 2019;
Zahavy etal., 2018). The flexibility of representing a wide variety of physics
models means neural network-based pulse retrieval can incorporate a com-
plete description of the streaking process, including the energy-dependent
phase gating, angular distribution of photoelectrons, as well as
photoelectron-laser interaction that has not been fully implemented in exis-
ting FROG-derived methods.

In most FROG-derived pulse retrieval methods, the dipole transition
element, d, is assumed to be constant. This assumption does not hold for
low energy (<50eV) photoelectrons, which are subject to additional
energy-dependent phase delays from Coulomb-laser coupling (Ivanov
and Smirnova, 2011; Smirnova et al., 2007). This delay can be expressed
as a phase term

d(W) = exp (in(W)) exp (i5(W)), 27)
where the energy W is expressed in atomic unit; n(W) =

arg{F(Z —i/4/2 ( W — Ip)> } is the phase delay from the Coulomb poten-

tial (Ivanov and Smirnova, 2011), I'[:] representing the complex gamma
function; 6(IW) = IJ)/VJ"(2 W22 —1In(W' Tyr))dW is the phase delay from
the interaction with IR dressing field (Smirnova et al., 2007), where
Tir=2mc/ A, 1s the oscillating period of the IR field in atomic unit. The ideal
streaking trace is thus modeled by

J Ex(t—2)d(W)G(W, t,0)exp (i(W +1,)t)dt| £(0)sin (6)d6,

—0o0

(wW,z)= J

0

(28)

where the phase gate G(IV, t,0) is the same as that in Eq. (26). The angular
distribution of photoemission, the energy-dependent phase delays from
Coulomb-laser coupling and photoabsorption cross section of helium atom
are shown in Fig. 16.

The inverse of the streaking process (Eq. 28) can be approximated by a
deterministic neural network with trainable parameters £ embedded in
different layers, as shown in Fig. 14A. The input of the neural network is
a discretized, two-dimensional array y (Eq. 19) representing the measured
counts in terms of energy W and delay 7. The X-ray and IR dressing
pulses are represented by discrete parameters x, which denote the real
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Fig. 16 Refined streaking model in learning-based pulse retrieval compared to FROG-
based retrieval methods. (A) Angular distribution of induced photoelectrons f(6).
(B) Phase delay on the photoelectron as a result of Coulomb-laser coupling in
30-350¢eV. (C) Photoionization cross section of helium atom in 30—350eV.

and imaginary part of a complex field in frequency domain. The structure of
the network consists of multiple convolutional layers that gradually down-
sample the two-dimensional trace y, followed by a fully-connected layer
that connects the convolutional output to the pulse parameters x (White
and Chang, 2019).

The training data was generated by imposing spectral phases on the exper-
imental X-ray and IR spectra E(€)=+/S(€)expigp(€), and Fourier-
transform into the time domain for streak calculation. The spectral phase term
was expressed as a fifth order polynomial function ¢(€) =7 oke', where € is
the energy in atomic unit. Notice that the carrier envelope phase (CEP) term
ko of the XUV pulse does not affect the streaking intensity. X-ray pulses with
the same phase coefficients except kg would yield the same ideal trace,
creating ambiguities in the training dataset. The training process updates
the network parameters £ to minimize the objective function Lyy, which
is the mean square error (MSE) between the retrieved pulse parameters X;
and the true parameters x;, for all the samples in the training dataset

{xpy),i=1,...,N}

N

ENN = Z |X,’ — ;(\,"2 (29)

i=1

where “|-|” denotes the L2 norm of the vector. Unsupervised learning
(White and Chang, 2019; Zahavy et al., 2018) can also be performed by
minimizing the MSE between the measured trace y; and simulated trace
y; to improve the fidelity of retrieved pulse
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Fig. 17 Structure of neural networks used for attosecond pulse retrieval.
(A) Conventional deterministic neural network that approximates the inverse of the
streaking process by multiple layers with parameter €. (B) Conditional variational gen-
erative network (CVGN) that models the posterior of pulse parameters given an input
streaking trace with a parameterized distribution p,(x|zy). Training of the network
parameters vy is assisted by introducing (B1) variational inference process q.(z|x,y)
(dashed lines). For both networks an optional unsupervised learning (dot-dashed line)
can be added for high-fidelity pulse retrieval.

N
Lav =Y lyi—¥I (30)
i=1

where y, is calculated from the retrieved pulse parameters X; using Eq. (28).
The unsupervised training is illustrated by the dot-dashed branch in
Fig. 17A.

Although the aforementioned pulse retrieval networks can be trained to
mimic the inversion of a complete streaking process, its output is still a deter-
ministic X-ray and IR pulse pair, which lacks the ability to directly capture
the distribution of possible pulses given a noisy streaking trace, or to resolve
multiple ambiguity instances that give rise to the same ideal streaking trace.
To address this demand, a probabilistic neural network framework, condi-
tional variational generative network (CVGN, illustrated in Fig. 17B), has
been introduced to model the posterior distribution of the pulse parameters
X, given an input streaking trace y, parameterized by a latent variable z

p,(xly) = jpxx\z,y)py(zry)dz, 61)

where p,(z|y) is the conditional prior distribution of z, given an input streak
y.Both p,(z]y) and p,(x|z,y) are assumed to be multivariate Gaussians with
diagonal covariance, p,(z|y)=N(z; pJ(y), diag([63 (¥)]7), p,(x|z,y)=
Nx;p?(y,z), p1), where the mean and variance parameters n?(y),
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pd

(Zhu etal., 2019), and f is a hyper-parameter that determines the covariance

(y,z) and 67(y) are implemented by neural networks with parameter y

of the posterior distribution.

The training process of the CVGN maximizes the joint log-likelihood
logp, (x|y) =) ~ilog p,(x;|y) of observing the pulse parameters versus
trace pairs {(x;,y;),i=1, ..., N} in the dataset. Due to the intractable integral
in Eq. (31), alower bound of the log-likelihood is used as the objective func-
tion, £, with the introduction of a recognition distribution ¢.(z|x,y)
(Kingma and Welling, 2013)

p,(2ly)
z, yl.)> =L, (32)

togp, (xily,) = ~KL (g (zlx..y,)|

+E, (2] ( logp, (x;

where ¢.(z|x;,y;) captures the latent distribution conditioned on both the
streaking trace and pulse parameters. If we model ¢,(z | x;, y;) as a multivariate
Gaussian with diagonal covariance matrix N (z; p(x, y), diag([G(ZK)(x, W),
whose mean and variance are also implemented by neural networks with
parameter K, the objective function to maximize has a closed form

M G(K) (//l(y) — //l(K)) + 0('},)2
Lavax == | log 7 + ~——f———3
=1 O 20'1:/

L
g 2 (x| (33)
=1

where GEf ) denotes the Jj-th index of the M-element vectors o (X;,y:); sim-

ilar notations are applied to 6{7’, u{ and p{f’

approximated by sampling L instances of z from the distribution ¢.(z |x;,y;)
as {z;:1=1,...,L}. After training the CVGN, multiple instances of pulse
parameters can be retrieved from the distribution p,(x|z,y) by sampling

. The expectation in Eq. (32) is

{z;:1=1,...,L} from the conditional prior distribution p,(z|y). The
time- and frequency-domain XUV pulses can then be fully reconstructed
from these pulse parameters.

4.3 Performance and comparisons of learning-based pulse
retrieval methods

This subsection demonstrates and compares the performance of learning-

based pulse retrieval methods, with focuses on resolving ambiguities in

the streaking process and retrieval from noisy traces. We generated the
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training dataset by creating 10,000 ideal streaking traces from randomly-
sampled first to fifth order Taylor coeflicients in the spectral phase. An addi-
tional 100 ideal traces were created as test dataset. The performance was
evaluated by the MSE between ground truth and retrieved pulse (or
reconstructed streaking traces), which were both normalized to 0—1 beforehand.

For the retrieval of ambiguity instances, we additionally generated
10 ambiguity instances of each ideal streaking trace by changing the CEP
term ko within 0 and 27, and trained both deterministic neural network
and CVGN on this training dataset that contained ambiguity. Fig. 18
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displays the real and imaginary part of the CVGN-retrieved X-ray spectrums
to highlight the differences among ambiguity instances. An ideal streaking
trace (Fig. 18A2) generated from a test X-ray pulse (Fig. 18A1) was fed into
the trained CVGN. Three instances of the CVGN-retrieved X-ray spec-
trums are shown in Fig. 18B1-D1, with MSE of 0.27, 0.086 and 0.026,
respectively, compared with the ground truth in Fig. 18A. For each of
the instances, we were able to shift the carrier envelop phase kq by the aver-
age phase difference within 100-300eV, and match the retrieved X-ray
spectrum and ground truth with good consistency. The amount of phase-
shift was 1.65, 0.84 and —0.39rad, respectively, for Fig. 18B2-D2, with
MSE of 2.0 x 107>, 2.1 x 107> and 6.8 X 10~ after the phase shift. In con-
trast, the deterministic network generates identical reconstructions similar to
the average of all ambiguity instances. The X-ray spectrum in Fig. 18E1 can-
not be phase-shifted to match the ground truth, and exhibits poor fidelity
(Fig. 18E3) compared with the true streaking trace. Table 4 summarizes
the average MSE of the retrievals from the test dataset. CVGN demonstrates
good fidelity as it resolves the individual ambiguity instances, a capability
unmatched by deterministic network. To reach similar retrieval fidelity, a
deterministic network requires manually removing the ambiguity instances
from the training data.

The capability of CVGN to capture the distribution of pulses given an
input trace was demonstrated by noisy attosecond streaking retrieval. Based
on the 10,000 ideal trace library, 10 noisy instances with 5 different Poisson
average peak count A=10, 32.5, 55, 77.5, and 100 were generated on each
ideal streaking trace, and mixed together as the training set. The 100 ideal
test trace library were populated with 10 different Poisson noise levels, 4,
ranging from 5 to 100, for each trace. Both the training and test dataset
did not contain ambiguity instances. Fig. 19 shows the CVGN retrieval
of the noisy traces at three different Poisson noise levels A=5, 21 and
100. For each input noisy trace, 25 instances of the pulse parameter set,

x, were retrieved from the posterior distribution p,(x|y,2), and the

Table 4 MSE of retrieved pulses and reconstructed traces
using deterministic network and CVGN.
Deterministic network CVGN

Pulse 7.8%x107° 41%x107°

Trace 49%x107° 71x107*
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frequency- and time-domain X-ray amplitude and phase were subsequently
reconstructed. Streaking traces (Fig. 19B1-B3) were generated from the
retrieved pulses using the physical model in Eq. (28). Error bars on
Fig. 19C, D represent the variance of the 25 instances of retrieved
XUV 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 MSE on pulse duration was normalized by the FWHM of the
X-ray ground truth. As the average peak count, 4, increases from 5 to
32.5, the MSE of the reconstructed streaking trace decreases from
7.0x107* to 2.2x 10~ *. The MSE of pulse duration also decreases from
81% (A=5) down to 6.6% (4=232.5). The results suggest a peak Poisson
SNR of 6 to achieve satisfactory pulse retrieval, which could serve as a ref-
erence for future streaking experiments. It is worth noting that for low pho-
ton count (5 counts), the retrieved instances show increased bias in pulse
profile, which is an indication of strong regularization (Zhu et al., 2020).
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.

Accurate retrieval of attosecond pulses from noisy streaking traces, which
requires a complete description of the streaking process and the flexibility to
model the pulse retrieval uncertainty and error, has motivated the emer-
gence and development of learning-based pulse retrieval methods, such as
deterministic neural networks and CVGN. These learning-based methods
both allow complete modeling of the streaking process, including the
momentum and angular distribution of the photoelectrons, as well as their
interactions with the laser field photoelectron-laser interactions.
Incorporating these physical processes in the streaking model eliminates
the limit on the bandwidth and duration of attosecond pulses, which oth-
erwise cannot be faithfully characterized with the assumptions in FROG-
based methods. In addition, CVGN captures the distribution of possible
pulses given a particular streaking trace. This unique capability helps resolve
the ambiguity instances in the streaking trace, and model the uncertainty and
error of the retrieved pulse from noisy experimental traces. Currently the
CVGN and other neural network based pulse retrieval methods (White
and Chang, 2019; Zahavy et al., 2018; Zhu et al., 2019) rely on training data
generated from a measured spectrum. With better-designed network struc-
tures, the pulse parameters can be conditioned on both the streaking trace
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and the measured spectrum, thus enabling the transfer of a trained network
to any experimentally measured spectrum. We envision future learning-
based methods to become versatile, model-based high-fidelity attosecond
pulse retrieval frameworks.

5. Applications in element-specific ultrafast
spectroscopy

Just as many-cycle femtosecond lasers have been used in femto-
chemistry to probe and study nuclear dynamics in molecules, attosecond soft
X-ray sources have been used to study electron dynamics by probing K-edge
and L-edge absorption edges which are particularly sensitive to changes in
the molecular structure, orientation and motion. Attosecond X-ray pulses,
which can be as short as tens of attoseconds, are comparable to the time scales
of electron dynamics, and thus an excellent tool for time resolved spectros-
copies where temporal resolution is essential for probing fast evolving
dynamics.

Two typical approaches to perform time-resolved spectroscopic studies
in gases (Chini et al., 2014) or condensed matter (Lépine et al., 2014;
Lucchini et al.,, 2016; Schultze et al., 2014) is through Attosecond
Transient Absorption Spectroscopy (ATAS) (Goulielmakis et al., 2010;
Wang et al., 2010) or through Attosecond Photoelectron Spectroscopy
(APES) (Drescher et al., 2002). Both are pump-probe techniques, and both
can be used to study molecules and condensed matter. The main difference is
the former records the transmission spectra of the attosecond pulse, while the
latter detect the spatial-time distribution of charge fragments and electrons
produced by the pump-probe interaction in the spectroscopic target.

In both pump-probe techniques, an attosecond X-ray pulse is transmit-
ted through or reflected off'a sample and is overlapped in space and time with
a visible or infrared control pulse. In the case of ATAS, the transmitted
attosecond spectra is recorded as a function of the relative time delay
between the attosecond pulse and the control pulse. Using Ti:Sapphire
driven attosecond XUV sources with spectral cutoff up to 150eV, ATAS
has been used to investigate several atoms such as krypton (Goulielmakis
et al., 2010; Pabst et al., 2012), argon (Cao et al., 2016; Chew et al.,
2018; Wang et al., 2010) and neon (Wang et al., 2013). ATAS has also been
applied to simple molecules (Cheng et al., 2016), and condensed matter tar-
gets such as diamond (Lucchini et al., 2016) and silicon (Schultze
et al., 2014).
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In the case of APES, what is recorded is the spatial-time distribution of
the photoelectrons emitted from the spectroscopic target. The photoelec-
trons travel through an electron time-of-flight tube and are imaged onto
a micro-channel plate (MCP) using an appropriate electron lens. APES
has been used for range of ultrafast studies, such as characterization of
attosecond pulses (Drescher et al., 2001; Ferrari et al., 2010; Gaumnitz
et al., 2017; Goulielmakis et al., 2008; Li et al., 2017; Sansone et al.,
2006; Zhao et al., 2012), time-resolved auger decay spectroscopy for
krypton (Drescher et al., 2002) and Argon (Han et al., 2019), molecular
field-free alignment such as NO (Ghafur et al., 2009), N, (Ren et al.,
2014), measuring the delay in photoemission in molecules (Cavalieri
et al., 2007; Gruson et al., 2016; Klunder et al., 2011; Pazourek et al.,
2015; Schultze et al., 2010), electron dynamics such as charge migration
(Calegari et al., 2016a,b).

One alternative pump-probe technique is HHG spectroscopy (Corkum
and Krausz, 2007; Krausz and Ivanov, 2009). The scattering of the electron
wavepacket around the parent ion will thus encode structural and dynamical
information of the atom or molecule in the emitting high harmonics (Lépine
et al., 2014; Yun et al., 2017). This information includes Cooper minima
(Higuet et al., 2011; Schoun et al., 2014; Wong et al., 2013), multi-electron
dynamics (Schoun et al., 2017; Shiner et al., 2011), nonadiabatic chemical
reactions (Worner et al.,, 2010) and polar molecules (Kraus et al., 2012).
Thus, the purpose of HHG spectroscopy (HHS) is to attempt to extract
information about the molecule or atom from the emitted high harmonics;
in a sense, it is an interferometer involving the electron wavepacket inter-
fering with the parent ion. The information on the molecular orbitals can be
found in the harmonic spectrum, phase and polarization, and methods were
developed to measure the polarization (Lee et al., 2008; Levesque et al.,
2007) and phase (Mairesse et al., 2005, 2008; Smirnova et al., 2009).

A variant of HHS is the two-dimensional HHS (Dudovich et al., 2006;
Shafir et al., 2009) where through the application of a two-color field con-
sisting of the fundamental and a weaker time-delayed orthogonally polarized
second harmonic could be used to perturb the electron trajectories and to
produce even-ordered harmonics and allow for the manipulation of the
electron trajectories. Such a scheme could be used to probe molecules in
two different axes. For example, in CO,, odd and even high harmonics
could be produced from the highest occupied molecular orbital
(HOMO) and HOMO-1, respectively (Yun et al., 2015). HHS in the water
window is yet to be demonstrated.
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5.1 Attosecond X-ray transient absorption spectroscopy

With new infrared sources, the higher spectral cutoff has allowed for the
investigation of a new range of spectroscopy targets, such as atoms, mole-
cules and condensed matter with L and K absorption edges with the spectral
bandwidth of the attosecond pulses. The X-ray absorption near-edge struc-
tures (XANES) near these absorption edges, in particular, are rich in elec-
tronic and molecular information and are highly susceptible to changes in
the structure of the target. Thus far, these new infrared sources have allowed
femtosecond transient absorption spectroscopy to applied to the core
excitations of carbon molecules, such as CF, (Pertot et al., 2017) and
1,3-cyclohexadine (Attar et al., 2017). ATAS beyond 200eV has been
applied inner valence excitations of titanium compounds such as TiS,, mol-
ecules containing sulfur such as SF4 (Pertot et al., 2017), argon (Chew et al.,
2018), and nitrogen molecules such nitric oxide (Saito et al., 2019) (Fig. 20).

The electron dynamics observed in the various new targets through the
observations of changes in the XANES spectra have been rich. In CF, and
SFg, the femtosecond XANES spectra at the carbon K-edge and sulfur L, 3-
edge were studied to monitor the reaction paths as the molecules are ionized
by a strong IR field and to observe the splitting of the absorption bands as a
result of symmetry breaking and the Rydberg-valence mixing due to
changes in the molecule geometry. In NO, the attosecond XANES struc-
tures at the nitrogen K-edge were recorded to study the electronic, vibra-
tional and rotational molecular dynamics at sub-picosecond to attosecond
time scales as a result of the ionization of NO to NO™. The high degree
of sensitivity of XANES spectra to the changes to the symmetry, orientation
and rotational dynamics of the molecule allows experimentalists to observe
molecular dynamics in “real time.”

Theoretical calculations of the ATAS spectrum requires knowledge of
the time-dependent dipole moment of the spectroscopy target.
A qualitative description of ATAS should start with the time-dependent
Schrodinger equation (TDSE) for a laser coupled atom. Define the laser

electric field F which is linearly polarized along the z-axis as

Tl

(7 S t) = ;/F()COS <— E . 7 + wot + ¢), (34)

=
where F, is the electric field strength, k is the wave vector, ' is the polar-
ization vector, 7 is the position vector, and @ is the angular frequency and ¢
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is the phase. The TDSE, in atomic units and in the length gauge with the
dipole approximation, is

oW(7 .1
i% [y + B (0] |%(7.1)), (35)

- . . . . ~/ .
where Hyis the Hamiltonian for the atomic or molecular system and H () s
the interaction Hamiltonian defined as

-~/ — —>X —>IR

H(t)=-7-F(t,t)=—7-|F (t—7)+F (t)], (36)

— —X
where F(t,7) is the total two-color electric field, F  is the X-ray electric

—IR
fieldand F  isthe IR dressing pulse electric field. 7 is the time delay between
the two pulses. |‘P(7, t)> is the sum of the orthogonal eigenstates of the

quantum system and is in the form

W7, 0) = Y a()|w(7,0)), (37)

i

where “P(?, t)> are the eigenstates and ¢(f) is the time-dependent complex
amplitude. By substituting Eq. (37) into (35) and taking the inner product,
the following is obtained

IR
ic;j(t) =Ejc; + Zdﬂ[ (t—7)+F (t)] (1), (38)
i#

where d;=(¥;[r|'¥,) is the dipole moment. This equation is often solved

1
numencjally. However, for molecules and heavy atoms, obtaining their
eigenstates is actually a nontrivial task. Also, ab initio approaches to the
TDSE might actually be required to obtain accurate solutions. Once the
values for ¢(f) have been obtained, the time-dependent dipole moment

can then be calculated.

The next step is to calculate the single atom response function g(a))
(Gaarde et al., 2011; Wu et al., 2016). The single atom response function
g(a)) can be derived by first noting that the total energy AE gained by an
atom is the integral over all time the rate at which energy is gained or lost
by the atom, or the mean of the single atom response function,
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AE = ro ii—lfdt = Jwg(a))da), (39)

—o0

One notes that the derivative of the energy E is also the derivative of the
Hamiltonian and using Eq. (38) and

T (P|HP) = (¥|==

dE d ;.1 ~ dH
dr  dt <LP‘

T> = ()=, (40)

where (2) = (¥(1)| z| W(1)) and the fields are assumed to be linearly polarized

in the z-axis. By expanding (z), which will written as z(f) for simplicity, and

% in terms of their Fourier representations and rearranging the equation

appropriately, Eq. (39) becomes

AE = % J” [2(0)e”] [ie F. ()™ "] dtdwrda

= J iwz(w)F-(0)do, (41)

since z(w) is Hermitian, and the electric field is real, z(— @) F¥(— o) = 2* (w)
F.(—w). Thus,

AE =2 lem[d(m)Fj(w)] dow, (42)
0
where d(w) = — z(w) is the dipole spectrum. The single atom response can
thus be written as
S(w,7) = 2Im [d(a))Fi(a))] do, o >0, (43)

Finally, the ATAS spectra itself can be calculated. From the Maxwell-
Bloch scalar wave equations (Santra et al., 2011), variation of the input
intensity I;,(w,7) of the electric field as a function of the time delay between
the two pulses can be written as

Lu(w,7) = I,(®,7) exp [A(w, 7)] B

— Im(a), T) exp |:_ 47ia) Im |:P1‘?n((ac),;’12):| NL:| , (44)

This is essentially a form of the Beer-Lambert law. A(w) is the absor-
bance, and P, 7) is the polarization of the medium. Nis the atomic density

and L is the length of interaction. Since ﬁ(w, 7) is essentially the dipole
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moment, the absorbance A(®) can be written as a function of the single atom
response:

_ Ao S(w,7)
A== [|Fm<w,r>|2] - (45)

The ATAS spectrum is thus calculated as such.

Electron dynamics in Argon at the L,; edge using two-cycle, 3m),
1.7 pm SWIR laser source (Yin et al., 2016) were studied. The aim was
to study the effect of pump-probe excitation on autoionizing states; the
attosecond X-ray pulse with 240-250eV photon energy would excite elec-
trons from the Argon 2p;3,» and 2py,, levels to autoionizing state. These
autoionizing states will give rise to Auger electron emissions as electrons
in the M level fill the holes formed by the ionized electrons and shake off
another electron in the M level into the continuum. These emitted electrons
constitute the Ar L, 3MM Auger spectrum (King et al., 1977, Werme
et al., 1973).

The ATAS experimental setup is shown in Fig. 21. A strong SWIR pulse
(~10"2-10" W /cm?) would induce the excited electron to tunnel into the
continuum. In the recorded ATAS spectra, strong AC Stark shifts of the
absorption lines and a broad spread of light induced states were observed.
In addition, vertical fringes with period corresponding to twice the
SWIR time period were found. The experimental results were in good
agreement with theoretical calculations.

5.2 Attosecond X-ray photoelectron spectroscopy

The previous APES study of the Krypton MNN Auger spectra at 40 eV from
ionization of the M-level by Drescher et al. (2002) served as a template for
the study of the Argon L, sMM (~250¢eV) edges. Electron correlation, that
is determined by the interaction among electrons in a multi-electron system,
plays a fundamental role in a various physical processes and characterized
several non-equilibrium processes. Auger decays in atoms are a representa-
tive phenomenon of such dynamics. Fig. 22 shows a mechanism of Auger
decay in atoms. An incident photon or electron creates a core hole in inner-
shell. An electron from a higher energy level may fall into the vacancy,
resulting in a emission of energy which is form of a photon or another elec-
tron from the atom. This ejected electron is called a Auger electron. XUV
pulses in water window can initiate the Auger effect by exciting the electron
in the inner shell and creating core hole. XUV pulses based attosecond
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pump-probe techniques can unveil electron dynamics in the Auger eftect
through multiple channel in atoms or molecules.

In that experiment, the X-ray pulses used to excite electrons from the
M-level had a pulse duration less than the lifetime of the core holes. The
delayed near infrared probe pulse transfers momentum to the emitted
Auger electrons at ~200 eV. The emitted Auger electrons then had an emis-
sion temporal evolution that varied with the relative delay between the
pump and probe pulse where the rising front edge rises with the X-ray pulse,
while the falling edge follows the decay of the core holes.

Recently, Argon Auger dynamics are unveiled by APES with <250eV
CEDP stabilized attosecond X-ray pulses in water window (Han et al., 2019).
The simultaneous streaking of Auger electrons from four decay channels
from the Argon L-shell with high resolution time-of-flight spectrometer
with a resolution of 0.5eV around 200eV electron energy. Fig. 23 shows
the streaking spectrogram of the evolution of the four L, ;M; ;M; 3
Auger lines at different time delays between the X-ray and the IR pulses,
when the L-shell electrons in Argon are excited by attosecond X-rays with
>250eV photon energy. A positive delay corresponds to an earlier X-ray
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pulse arrival. The violet energy spectrum on the right side of Fig. 23A is the
Auger electron spectrum induced by X-ray pulses only, which clearly shows
four Auger peaks. The streaking trace contains the information about the
relative time delay between Auger emissions from different channels. The
Argon Auger decay time of the 205.2eV peak is 4.9 fs and the 203.5eV peak
has a decay time of 5.6 fs (Fig. 23). These values are in good agreement with
the spectroscopic measurements (Jurvansuu et al., 2001).
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Future experiments in ATAS and APES would be conducted to study
charge dynamics in the molecules or condensed matter with absorption
edges in the water window region. One such electron dynamic which
researchers would like to observe is charge migration (Cederbaum and
Zobeley, 1999; Lépine etal., 2014; Remacle et al., 1999). Charge migration
is an ultrafast process driven largely by electron correlation where the ion-
ization of the molecule creates a hole that “migrates” throughout the system
in the time scales of hundreds of attoseconds to a few femtoseconds as a result
of the coherent superposition of states created by a pump pulse. This creation
of the coherent superposition of states can be created by either a strong ion-
izing pump pulse, which covers a range of ionization thresholds, or the
development of a large manifold of ionic states induced by electron corre-
lation. The hole would migrate from one point in the molecule to another
or oscillate along the molecular axis. Charge migration must be contrasted
against charge transfer, which is a much slower process and driven by nuclear
motion.

One of the first experimental observation of ultrafast charge migration
was reported by Calegari et al. (2014) in the amino acid phenylalanine. In
that experiment, a sub-300-as XUV pulse was used to ionize the molecule
and a 4-fs time-delayed IR pulse is used as a probe pulse. The production
yield of doubly charged immonium ions at each delay step was measured
using a mass spectrometer and a number of few-fs oscillatory frequencies
were found in the otherwise smooth curve. The oscillations were inter-
preted as the result of coherent charge dynamics in the cations and the the-
oretical calculations where the transition amplitudes of the different
ionization channels were evaluated. Charge migration is still an ongoing
research topic, and much theoretical studies are still being pursued (Lara-
Astiaso et al., 2016; Worner et al., 2017). Attosecond water window
X-rays may allow atomic-site specific transient absorption measurement
to trace the motion of the charge between C, N and O atoms in a molecule.

Another area of study would be the breakdown of the Born-Oppenheimer
approximation at conical intersections. In the Born-Oppenheimer approxima-
tion, nuclear motions are regarded as sufficiently slow such that the electron
wavefunction could be treated as separate from that of the nuclear
wavefunction. However, at conical intersections, dynamic changes to the
molecular configuration as a result of electronic and nuclear motion results
in multiple potential energy surfaces being degenerate (Klessinger and
Michl, 1995; Robb et al., 1995; Yarkony, 1996) and thus, a breakdown of
the Born-Oppenheimer approximation. Conical intersections can be found
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in photochemistry (Levine and Martinez, 2007), material science (Shu et al.,
2015) and biology, but they have yet been observed with ATAS. Numerical
simulations of C,H, molecules have been performed by Neville et al. (2018)
to study wave packet dynamics at the conical intersections when C,H, mole-
cules have been subjected to photoexcitation and probed with water window
X-rays. These simulations offer the prospect that conical intersections could be
studied with ATAS.

6. Summary and outlook

The recent demonstration of isolated attosecond X-rays in the water
window is a breakthrough in attosecond science and technology. The high
photon flux of the new generation attosecond light source enabled element
specific attosecond transient absorption spectroscopy experiments at 400 eV
for the first time. It is expected that high average power driving laser at
2.5pm or even longer wavelengths will push the attosecond spectrum to
the oxygen K-edge (533 ¢eV) and beyond in the coming years.
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