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Abstract: Chemical and physical processes in molecules can be controlled through the manipulation
of quantum interferences between rotational, vibrational, and electronic degrees of freedom. Most
of the past efforts have been focused on the control of nuclear dynamics. Even though electronic
coherence and its coupling to nuclear degrees of freedom may profoundly affect the outcome of these
processes, electron dynamics have received less attention. Proper investigation of electron dynamics
in materials demands ultrafast sources in the visible, ultraviolet (UV), and extreme ultraviolet (XUV)
spectral region. For this purpose, a few-cycle deep-UV and XUV beamlines have been constructed for
studying ultrafast electron dynamics in molecules. To ensure the required high temporal resolution
on the attosecond time scale, vibration isolation from environmental mechanical noise and active
stabilization have been implemented to achieve attosecond timing control between pump and probe
pulses with excellent stability. This is achieved with an actively phase-stabilized double-layer Mach-
Zehnder interferometer system capable of continuous time-delay scans over a range of 200 fs with a
root-mean-square timing jitter of only 13 as over a few seconds and ~80 as of peak-to-peak drift over
several hours.

Keywords: nonlinear optics; high-order harmonic generation; interferometry; jitter-stabilization;
attosecond precision; ultrafast spectroscopy

1. Introduction

The control of material processes at the level of electron motion in real time has become
one of the significant issues in fundamental science [1-3]. The triggering and complete
measurement of valence orbitals of neutral electronic systems, which are the most relevant
for chemical functions, has hitherto remained inaccessible. For the control of chemical
dynamics in a new paradigm, therefore, we need to understand the dynamics beyond
the Born Oppenheimer approximation where the electronic states are not stationary and
influential. We need to explore how nonstationary electronic states are coupled to nuclear
motion and subsequently understand how the manipulation of the electronic motion can be
used to trigger a selective motion of the nuclei, thereby implementing a chemical reaction
pathway [4-10]. Ultrafast charge migration and conical intersection dynamics are a few
examples among many chemical dynamics [11,12]. Ultrafast migration of a charge driven
by electron correlation is manifested when ultrashort ultraviolet (UV) laser pulses create
electronic wave packets, triggering pure electron dynamics in an ionized system [13].

To facilitate our understanding and control of chemical dynamics in a new paradigm,
an intense few-cycle deep-UV (DUV) beamline combined with ultrashort near-infrared
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(NIR) pulses and extreme ultraviolet (XUV) pulses for time-resolved experiments has been
developed. Numerous studies have been conducted using the frequency upconversion
method in noble gases to generate few-cycle DUV pulses [14-16] and XUV pulses [17-19].

For investigations of few-cycle dynamics with high time resolution, the timing jitter
between the pump and probe pulses should be controlled on the attosecond time scale.
Several active stabilization methods have been established and are being used in the case
of XUV pulses combined with a NIR beam [20-22]. The majority of them use a collinear
scheme in which a continuous wave (CW) laser co-propagates as a reference together with
the XUV and/or NIR beams in an interferometry setup. However, when few-cycle DUV
pulses are combined with XUV pulses in the beamline, such a collinear scheme with a CW
laser is not feasible due to spectrally incompatible dielectric and dichroic optics along the
beam paths. To overcome these difficulties, a double-layer interferometry (DLI) system
was implemented, providing an upper-layer beam path for the reference CW laser and
a lower-layer path for the DUV and XUV beams with their respective specialized optics,
while maintaining strong mechanical coupling via custom made Al double-mirror mounts
and sharing the same mechanical delay stage. Thus, stabilizing and scanning the optical
phase in the reference upper-layer interferometer ensures the same behavior of the lower-
layer interferometer’s beam path, since both layers are mechanically locked. Additionally,
in conventional setups, the relative phase between the two arms of the interferometer must
be relocked at each delay step because the intentional delay change breaks the relative
phase relationship between the two arms. This becomes an issue when the data acquisition
takes a long time and requires automation.

In our DUV/XUV beamline, the DLI system is capable of continuous delay change
while maintaining the relative phase between the two interferometer arms. We demonstrate
that the relative phase between the few-cycle DUV and XUV arms can be maintained
down to a precision of ~13 as root-mean-square (RMS) on a few-second time scale with
a maximum peak-to-peak phase drift of ~80 as over 2 h while continuously scanning the
delay for the pump-probe experiment.

2. Ultrafast Deep-UV and XUV Beamline

The femtosecond DUV and XUV beamline consists of three chambers: source, delay,
and target chamber. The schematic diagram is presented in Figure 1a. The beamline is
driven by carrier-envelope-phase (CEP) stabilized sub-5 fs NIR pulses close to the Fourier-
transform limit (flat spectral phase) with a pulse energy of 0.25 m]J at a 3 kHz repetition
rate. The spectral phase and resulting pulse duration was characterized by the dispersion
scan method [23]. The driving NIR laser pulses are focused into quasi-static gas cells filled
with noble gases using a 500 mm focal length spherical mirror for collinear third- and
high-order harmonic generation (THG and HHG, light-yellow panel in Figure 1a) [24].
The THG gas cell is placed in front of the focus, whereas the HHG gas cell is placed about
3 mm after the focus. The cell is a 3 mm inner-diameter ceramic tube and has a 200 um
diameter hole for the laser beam. One end of the tube is sealed with epoxy. A ceramic tube
is chosen because it is robust against damage from the focused laser pulse. Two motorized
three-axis stages are used to independently control the two gas cell positions, allowing
for fine optimization of the harmonic yields. The driving NIR spectrum is displayed in
Figure 1b and the generated DUV and XUV spectra are shown in Figure 1c,d, respectively.
With careful optimization of the cell position and gas pressure in consideration of the
nonlinear effect during the THG, a DUV pulse with an energy of ~1 pJ has been obtained.
The optimization reveals that the THG yield from an Ar gas is the highest at a pressure of
0.8 bar in the cell. The HHG gas cell is supplied with Ne gas of less than 200 mbar. During
the THG and HHG process, all chambers are kept under vacuum, and any residual gas is
evacuated with turbo molecular pumps and a backing scroll pump. The corresponding
vacuum level of each chamber is indicated in Figure 1a. The DUV spectrum in Figure 1c
supports a Fourier-transform limited pulse duration of 2.6 fs. Since the driving NIR pulse
is near-Fourier-transform-limited, we estimate the resulting DUV pulse to be close to the
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Fourier-transform limit as well, since the group velocity dispersion in a gaseous nonlinear
medium is negligible compared to a solid medium. Temporal characterization of the XUV
pulses can be done via streaking in the future. Based on previous work with comparable
driving pulses and XUV spectra, the XUV pulse duration is expected to be in the order
of a few 100 as [25]. The photon flux of the XUV source is ~2.5 x 107 photons/pulse at
the target chamber, taking into account the losses from the metallic filters and rhodium
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Figure 1. Layout of the experimental setup and the spectra of the generated light sources. (a) Scheme for collinear harmonics
generation and the double-layer interferometer method for pump-probe delay and active stabilization. The upper layer
contains a reference interferometer for active phase stabilization; the lower layer contains the main beam path for the
pump-probe experiment using a DUV and an XUV beam. (b) Driving few-cycle NIR laser spectrum. (¢) Measured DUV
and (d) XUV spectrum. THG: third-order harmonic generation, HHG: high-order harmonic generation, DBS: dichroic beam
separator, BS: HeNe beamsplitter, M: silver mirror, RM: triple rhodium mirror (75° angle of incidence per segment), DM:
dielectric mirror, TM: toroidal mirror, HWP: half-wave plate, QWP: quarter-wave plate, ND: neutral-density filter, PD:
photodiode.

After the source chamber, the generated DUV, XUV, and residual fundamental NIR
pulses co-propagate into the delay chamber where a home-built double-layer Mach-
Zehnder interferometer system provides a variable, actively phase-stabilized pump-probe
delay. Inherently different divergences of the fundamental NIR, DUV, and XUV pulses
allow us to separate them spatially using a perforated dichroic beam separator (DBS1 in
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Figure 1a, Layertec GmbH, Mellingen, Germany) with a hole of 1.0 mm diameter, through
which the XUV and residual NIR pulses can pass, whereas >90% of the DUV beam is
reflected off. The XUV beam can pass through the aperture without clipping. Thin metallic
filters such as Al and Zr (wheel of metallic filters in Figure 1a) allow the XUV pulse to
be transmitted while blocking the remaining small portion of the DUV and fundamental
NIR pulses. The residual NIR in the DUV arm is effectively suppressed by utilizing the
reflectivity properties of the UV separators and dielectric mirrors (R > 99% at 270 nm,
R < 10% at 405-850 nm) with a total of nine reflections from the DUV optics, resulting in
NIR suppression of more than 99.99%. The thin metal filters in the XUV arm (150-300 nm
thickness) suppress the NIR and DUV transmission by at least nine orders of magnitude,
allowing for essentially perfect separation of the DUV and XUV beams for pump-probe
experiments. The DUV and XUV pulses are then combined again at the second perforated
dichroic beam separator (DBS2 in Figure 1a), which has a 1.5 mm diameter hole. The
combined beams are then focused by a toroidal mirror into the interaction chamber where
the interaction region is located between the repeller and extractor plates of a velocity map
imaging (VMI) spectrometer [26]. In the interaction chamber, the sample under study can
be injected either through a supersonic gas jet from the top of the target chamber or through
an effusive gas jet which is integrated into the repeller plate of the VMI spectrometer.

3. Actively Phase-Stabilized Continuous Optical Delay Scan with Attosecond Timing
Accuracy

The uniqueness of the current ultrafast DUV /XUV beamline is the capability of con-
tinuous delay scanning with attosecond timing precision. For this purpose, as mentioned
above, a double-layer interferometer (DLI) setup with an arm length of ~1.2 m has been
constructed, as shown in the mid-panel of Figure 1a, in which the upper layer serves as a
reference interferometer to scan and stabilize the DUV /XUYV delay line on the lower layer.
To achieve a high degree of phase stabilization, the optical breadboard of the delay line
chamber is supported by vibration isolators (VIB320, Newport, Irvine, CA, USA), which
greatly suppress the mechanical noise from various sources in the laboratory. In order to
minimize the intensity drift of the upper-layer interferometer, which would cause a phase
drift of the DUV /XUYV delay, an intensity-stabilized HeNe laser is used to provide the phase
reference in the upper layer. As shown in Figure 2a, custom-designed Al mirror mounts
have been fabricated for the DLI setup to mechanically link the lower- and upper-layer
interferometers. Since most mechanical drifts and vibrations in both layers are correlated
with this design, the phase locking in the upper-layer interferometer automatically ensures
the phase locking in the lower layer. Half-inch standard silver mirrors are used in the
upper layer for the HeNe laser, whereas 1 inch dielectric mirrors and perforated dichroic
beam separators are installed in the lower layer tailored for the DUV and XUV/IR pulses
in the respective beam paths (see Figure 1a).

For continuous scanning of the delay over a long range while actively stabilizing the
phase in the DLI setup, we utilize the accumulated Pancharatnam’s phase method [27]
in the reference upper-layer interferometer. Figure 2b illustrates the active stabilization
scheme in which an intensity-stabilized, linearly polarized (s-pol) HeNe laser beam passes
through the upper-layer interferometer. After the first beamsplitter (BS1), the polarization
in one of the arms is rotated by 90 degrees with respect to the other arm using a half-wave
plate (HWP). The cross-polarized beams are then recombined at the second beamsplitter
(BS2) and pass through a quarter-wave plate (QWP), which converts these crossed linear
polarizations into circular polarizations of opposite helicity. The superposition of the
two orthogonal circular polarizations results again in a linearly polarized beam whose
polarization angle now only depends on the relative optical phase between the two circular
polarization components. Effectively, this method converts a change in optical phase (or
delay) into a change of the linear polarization angle, while in a simple interferometer
an optical phase change results in an intensity change due to constructive or destructive
interference. The advantage of this method is that the rotation of the polarization angle
is directional and continuous with the optical delay, while the intensity variation due
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to interference in a normal interferometer changes direction after every half-cycle. This
ambiguity of the interference amplitude as a function optical delay limits the scan range of
a typical phase-locked interferometer to a half-cycle of the reference laser’s wavelength. In
contrast, using the Pancharatnam’s phase method eliminates this ambiguity, since here a
change of the optical delay in one direction results in a directional change of the polarization
angle. Continuous tracking of the absolute angle (including the number of turns) allows
for a unique mapping between optical delay and polarization angle over an arbitrary range.
By analyzing the polarization angle with a polarizer (POL) and detecting the resulting
HeNe laser intensity with a photodiode (PD), we can lock the optical delay by keeping the
photodiode signal (and thus the polarization angle) at a certain value. This is achieved
by using an analog proportional-integral-derivative (PID) controller (SIM960, Stanford
Research Systems, Sunnyvale, USA) together with a piezoelectric transducer for the optical
delay stage in a feedback loop with the set point set to roughly the middle of the range
between the minimum and maximum photodiode signal after the polarizer as a function of
optical delay. Delay scanning can now easily be achieved by slowly rotating the polarizer
while maintaining the PID lock. Since the polarization change is continuous with the
optical delay, the scan range is only limited by the reference laser’s coherence length and
the mechanical constraints of the optical delay stage. Turning the polarizer results in a
unique corkscrew-like relationship between the absolute angle of the polarizer and the
optical path difference between the interferometer arms as long as the PID lock is never
lost. A full (27) turn of the polarizer corresponds to an optical phase change of 4, or two
wavelengths of the reference laser.
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| pZT C‘;POL
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Figure 2. (a) Custom-designed coupled Al mirror mount for the double-layer interferometer setup. (b) Actively-stabilized

continuous delay-scan scheme based on Pancharatnam’s phase [24] in the upper-layer (reference) interferometer. BS: beam-

splitter, PZT: piezoelectric transducer stage, PD: photodiode, POL: polarizer, PID: proportional-integral-derivative controller,

RCP: right-handed circular polarization, LCP: left-handed circular polarization.

To validate the performance of the DLI, for simplicity, the dielectric/dichroic mirrors
in the lower layer have been replaced with Ag mirrors. The intensity-stabilized HeNe
laser is now split in two parts. One part is used in the upper layer with the PID feedback
loop to stabilize and scan the reference interferometer, referred to as in-loop (IL), while
the second part is used for lower layer (out-of-loop, OOL) stability measurements. This
second lower-layer (OOL) interferometer provides a direct performance assessment of
the actively stabilized DLI, since it uses the same beam path as the DUV /XUV beams
for pump-probe experiments. In addition, the HeNe intensity is referenced by another
photodiode to eliminate intensity-related drift. Figure 3 shows the phase stability of the
DLI measured over ~2 h at a fixed optical delay. The signal from the upper- and lower-layer
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photodiodes was sampled at a 6 kHz rate (well above the relevant acoustic frequencies)
and converted into optical delay units by using the HeNe wavelength of 632.8 nm and the
amplitude of both interference signals obtained from a short scan of the delay stage with
the PID controller switched off.
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Figure 3. Frequency-domain analysis of the optical delay timing jitter and drift. (a) Power spectral density for the upper
layer (IL) (red), lower layer (OOL) with PID control (blue), and lower layer (OOL) without PID control (green) measurements.
The instrument noise floor for the respective interferometers is shown in lighter colors. (b) Integrated timing jitter calculated

from the PSD shown in (a)
measurement of the drift,

. Temperature-related long-term drift is notable below ~0.4 mHz. The inset shows the time-domain

which is significantly reduced by the active stabilization on longer time scales.

The power spectral density (PSD) of the timing drift signal of the upper- (IL) and
lower-layer (OOL) interferometer as well as their corresponding integrated jitter (square-
root of the integrated PSD, starting at high frequencies) are shown in Figure 3. In order to
determine long-term stability, both the upper and lower layer stability were measured for
two hours at a fixed optical delay position with and without active PID control. The analog
PID controller was not bandwidth limited within the depicted frequency range. In Figure 3,
upper layer measurements are shown in red, lower layer in blue, and free-running (PID
control disabled) in green. It is evident from Figure 3a that the active stabilization notably
reduces the timing drift in the lower-layer (OOL) interferometer over the entire frequency
range below ~15 Hz. On the other hand, the active PID control introduces some noise on its
own at higher frequencies due to a mechanical resonance of the piezoelectric stage around
30 Hz as well as electronic noise, which increases the overall lower-layer (OOL) timing jitter
by about three as above 30 Hz (Figure 3b). Note that the upper layer (IL) measurement had
a lower signal-to-noise ratio compared to the lower-layer signal due to a different amount
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of optical power on the respective photodiodes, effecting a higher noise floor and thus
a higher apparent timing jitter in the upper layer measurement due to electronic noise.
However, only the lower layer measurement provides the relevant stability assessment
and upper limit for timing drift in pump-probe experiments, since it uses the DUV /XUV
beam path. It is also worth emphasizing that the free-running measurement (PID control
disabled) exhibits excellent passive stability across the entire frequency range due to careful
vibrational decoupling of the delay chamber from the environment, maintaining a sub-20 as
RMS timing jitter down to ~0.4 mHz (~40 min). This is why active PID control only slightly
improves the drift and jitter within this frequency range. The PID controller feedback
loop operates close to its sensitivity limit as evidenced by its low-frequency behavior
(<1 Hz), where the residual in-loop timing error exhibits a similar behavior as the natural
(free-running) drift PSD (though it has only a negligible contribution to the integrated
jitter). Temperature fluctuations in the laboratory on longer time scales lead to a total
peak-to-peak timing drift of about 310 as over the 2 h measurement time without active PID
control (see inset in Figure 3b). In contrast, the active stabilization reduces this long-term
drift significantly to ~80 as peak-to-peak. This residual lower-layer (OOL) drift, despite
of active PID control, is due to differential mechanical drift of the two interferometer
layers with temperature. A more rigid mount construction, e.g., a twin mirror mount
from a single piece of metal, as well as better temperature control in the laboratory and
in particular within the delay chamber could readily improve this temperature-related
drift. In addition, an electronic low-pass filter at the output of the PID controller can be
used to ensure the excellent passive performance above ~15 Hz while reducing the timing
drift at lower frequencies. This measurement demonstrates that the passive stability of
our DLI is already sufficient to perform short-time (less than 40 min) measurements with
sub-20 as RMS accuracy without using the PID controller. Active stabilization enables
longer measurements over hours and potentially improves short-term stability if electronic
high-frequency noise from the PID controller system is filtered out.

The main purpose of the DLI is to provide a phase-locked continuous delay scan
while maintaining attosecond timing precision. Figure 4 demonstrates a phase-locked
continuous scan over the full optical delay range of 200 fs. The optical delay was scanned
in ~80 as steps by rotating the polarizer while maintaining active stabilization. At each
delay position, the lower-layer (OOL) interference signal was sampled at a ~83 kHz rate
for 2 s. The averaged lower-layer signal is shown in Figure 4a with the interference fringes
normalized to the [-1, 1] interval after fitting a sine function to the data. The fit yields a
wavelength of 634.8 nm, which is within 0.3% of the actual 632.8 nm HeNe wavelength.
After normalizing the sampled lower-layer signal, the signal spread at each delay step
can be easily converted into optical delay jitter by applying the inverse sine function and
calculating the standard deviation, which is depicted in Figure 4b. Data points within 10%
of the extrema have been removed, since the normalized signal may exceed the [—1, 1]
interval there due to noise and the inverse sine function would be undefined for these
points, skewing the overall jitter statistics. We obtain an average timing jitter of 12.9 & 0.8
as RMS over the entire delay range, which quantifies short-term timing jitter within a
frequency range of 0.5 Hz (2 s) to the Nyquist frequency of ~41.5 kHz. Note that this result
is somewhat better than the lower-layer (OOL) timing jitter shown in Figure 3 because
it was measured on a different day with a slightly different alignment of the DLI and
different signal strength on the photodiodes. This suggests that electronic noise contributes
significantly to the apparent timing jitter at high frequencies. Long-term drift as well as
phase nonlinearity due to imperfect alignment of the polarization optics manifest as a
deviation of the measured interference pattern from an ideal sine curve, which amounts
to about 2.4% RMS in this measurement. Overall, this result not only shows the phase-
locked delay scanning capability of our DLI, but also provides sufficiently low timing jitter
during the delay scan to perform highly accurate attosecond pump-probe experiments
with ultrashort DUV and XUV pulses.
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Figure 4. Phase-locked delay scan and stability of the double-layer interferometer over an optical delay range of 200 fs.

(a) Normalized fringe amplitude in the lower-layer interferometer as a function of optical delay. (b) Timing jitter calculated

from the fluctuations in the recorded interference signal within 2 s of measurement time for each delay step, yielding an

average of 12.9 as RMS. Data points within 10% of the interference extrema have been removed due to unreliable conversion

between amplitude and timing there (see text).

4. Conclusions

In summary, we implemented a collinear scheme to generate few-cycle DUV and XUV
pulses in a gas, separating the resulting pulses spectrally and spatially by a perforated
dichroic beam separator, forming a pump-probe experimental configuration. Additionally,
we have demonstrated that by utilizing the Pancharatnam’s phase stabilization scheme
in a DLI, the timing jitter between the pump and probe pulses can be stabilized down
to 12.9 £ 0.8 as RMS of short-term jitter (0.5 Hz—41.5 kHz) and ~80 for long-term peak-
to-peak drift over ~2 h. This allows continuous pump-probe delay scans over a range of
200 fs with attosecond timing precision. In addition, we demonstrated exceptional sub-20
as passive stability of our system, only requiring active stabilization to compensate for
long-term thermal drift on >40 min time scales. A DLI setup solves the challenge of using a
visible-light reference laser for optical phase stabilization and phase-locked delay scanning
with a DUV and XUV pump-probe configuration. This excellent optical phase stability,
combined with the ultrashort DUV /XUYV pulses, enables the investigation of femtosecond
and attosecond electron dynamics [28] with the highest possible timing precision, which is
faster than the molecule’s vibrational response.
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