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ABSTRACT
We present the X-FAST (XUV Femtosecond Absorption Spectroscopy Tabletop) instrument at the University of Wisconsin-Madison. The
instrument produces femtosecond extreme ultraviolet photon pulses via high-harmonic generation in the range of 40–72 eV, as well as optical
pump pulses for transient-absorption experiments. The system implements a gas-cooled sample cell that enables studying the dynamics of
thermally sensitive thin-film samples. This paper provides potential users with specifications of the optical, vacuum, data acquisition, and
sample cooling systems of the X-FAST instrument, along with performance metrics and data of an ultrafast laser-induced phase transition in
a Ni2MnGa Heusler thin film.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146137

INTRODUCTION

Ultrafast core-level spectroscopy is a powerful technique
to unveil electronic and vibrational dynamics with element
specificity.1–5 With the recent advancements of tabletop instru-
ments driven by high-harmonic generation (HHG),6,7 core-level
spectroscopy in the extreme ultraviolet (XUV) and soft x-ray regions
can be performed directly in the laboratory with time resolu-
tion down to attoseconds.8–13 These systems, along with x-ray
free electron laser (XFEL) facilities, have revolutionized our capa-
bility to investigate light–matter interactions on the timescale of
bond breaking, spin flips, and other electronic structure changes,
and, in the case of XFELs, with atomic spatial resolution.14,15

Tabletop XUV and soft x-ray systems have become increasingly
common in recent years and have been used to study photodisso-
ciation, strong-field ionization, wavepacket dynamics in gases,16–20

intersystem crossing and charge transfer dynamics in transition
metal complexes,21–24 photoinduced dynamics in liquids,12 and

carrier, magnetization, and lattice dynamics in condensed mat-
ter systems.25–29 Given these newly expanded capabilities, there is
a burgeoning demand for capacity and efficiency in carrying out
ultrafast core-level spectroscopy experiments. At XFEL facilities,
this issue is being addressed by increasing pulse repetition rates,
allowing for rapid data collection, higher sensitivity to subtle elec-
tronic structure changes, and allowing more experiments to operate
simultaneously. With XUV sources, the technology is currently
largely limited to labs with intimate knowledge of ultrafast laser
systems and nonlinear optics, which many chemists and material
scientists, who would benefit from ultrafast core-level spectroscopy,
are unfamiliar with. To address these challenges, XUV user facili-
ties such as ARTEMIS, HELIOS, and CITIUS aim to provide the
general scientific community access to ultrafast core level spec-
troscopy experiments.30–32

Here, we describe the X-FAST (XUV Femtosecond
Absorption Spectroscopy Tabletop) instrument, which is in the
commissioning phase of becoming a user facility for the University
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of Wisconsin-Madison. We discuss the main design principles,
including ease of alignment, operation simplicity, automatized
data collection, and provisions for sensitive samples that are easily
damaged by pump laser heating. We present the design of the
X-FAST instrument, the XUV source performance, and the first
data collected on an ultrafast laser-induced phase transition in a
half-Heusler membrane. This paper provides readers interested in
the application of this powerful emerging instrumentation with the
experimental parameters, sample requirements, and operational
details that will lower the barrier to using ultrafast core-level
spectroscopy techniques.

EXPERIMENTAL SETUP
Optical system and XUV generation

A schematic of the X-FAST instrument is shown in Fig. 1, along
with an image in Fig. 2. The entire optical and vacuum system fits
on a 5 × 20 in. laser table. A commercial Ti:Sapphire laser sys-
tem (Astrella, Coherent) providing 35 fs pulses centered at 800 nm
with an average power of 7 W at a 1 kHz repetition rate is used
to produce both optical pump and XUV probe pulses. A variable
beam splitter in the amplifier splits the beam into pump and probe
paths. Both paths have their own grating compressors to tune pulse
characteristics. The optical pump beam path contains a variable
attenuator, zeroth-order waveplate, and optical delay line to control
the pump power, polarization, and time delay between the pump
and XUV pulses. The pump beam is focused by a 75 cm fused
silica plano-convex lens onto the sample position at a 7○ angle rel-
ative to the XUV path. Pump wavelengths can be switched from
800 to 400 nm by including a β-barium borate (BBO) and shortpass
filter to allow pumping with the second harmonic. A noncolin-
ear optical parametric amplifier (NOPA) that is currently in the
commissioning phase will allow pumping at wavelengths between
500 and 700 nm.

The 5 mJ near-infrared (NIR) driver pulse used for HHG is
focused with a 75 cm fused silica plano-convex lens into a 50 cm
long semi-infinite gas cell.33,34 This type of gas cell produces high
XUV flux with looser alignment tolerances than required in other

FIG. 2. Image of the X-FAST instrument. The first vacuum chamber contains the
gas cell used for HHG, followed by a chamber housing filtering and focusing optics.
This is followed by a sample chamber and a spectrometer chamber containing a
grating and CCD detector. The optical pump path is housed on the near side of the
table and routed into the sample chamber.

gas cells such as capillary waveguides.35 An iris diaphragm is placed
in front of the lens for fine tuning the laser pulse energy and
focusing conditions.36 The beam waist at the focus in the cell is
68 ± 2 μm FWHM, yielding a maximally attainable peak intensity of
2.75 ± 0.2 × 1015 W/cm2. The lens is mounted on a translation
stage to control the beam focus position in the gas cell. After the
gas cell, most of the driver pulse is attenuated by a silicon mirror
with an 82○ angle of incidence (7○ offset from Brewster’s angle). The
mirror reflects less than 10% of the driving laser and an estimated
60%–90% between 40 and 72 eV. The silicon mirror is mounted on
a water-cooled copper heat sink to reduce beam drift from thermal
expansion. The rest of the NIR beam is filtered with a 100 nm Al
filter (Luxel) on a push-pull mount. The diverging XUV beam is
focused onto a sample position using a gold-coated toroidal mir-
ror (ARW). The angle of incidence of the mirror is 85○, and the
radii of curvature were chosen such that the source-mirror and

FIG. 1. Schematic of the X-FAST instrument. A single Ti:Sapphire laser drives both XUV and pump paths, which are split inside the laser amplifier by a polarizing beam
splitter. 5 mJ of the laser output is used for HHG in a semi-infinite gas cell. The resulting XUV pulse is isolated with a Si mirror and Al filter, then focused with a toroidal mirror
onto the sample position denoted by the blue circle. A homemade spectrometer consisting of a variable line-space grating and CCD detector collects the XUV spectrum.
For transient absorption spectroscopy, the rest of the laser output is attenuated, sent through a variable delay line, and focused on the sample. A NOPA is currently in the
commissioning phase.
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FIG. 3. Estimated reflection, transmission, and quantum efficiencies along with
measured diffraction efficiency of the optical components in the XUV instrument.
The overall photon into photon detected efficiency of the XUV instrument is also
shown.

mirror-image distances are both 75 cm in length. The reflectivity of
the mirror is ∼80% between 40 and 72 eV. After the XUV beam has
transmitted through the sample, the spectrum is collected using a
homemade spectrometer consisting of a 100 nm aluminum filter,
a spherical variable line space grating (Hitachi 001-0437), and an
x-ray CCD detector (Newton 940) cooled to −60 ○C when collecting
data. The grating has a flatfield focus for photon energies between
30 and 250 eV, which allows us to collect a spectral window from
33 to 80 eV with a resolution of <150 meV (in practice, the win-
dow is reduced from 40 to 72 eV from low flux and second order
diffraction of photons above 66 eV).37 The detector is connected
to two linear actuators that control the detected energy range and
position along the grating focus. The combined spectrometer effi-
ciency is 8%–15% from 40 to 72 eV, and the estimated efficiency of
detected photons vs photons produced is between 3% and 5.5%. An
overview of the energy-dependent efficiencies of each optical com-
ponent of the XUV instrument is shown in Fig. 3. Efficiencies for
the Si mirror, Al filters, and toroidal mirror are calculated using tab-
ulated values from the Center for X-ray Optics.38 The presence of
oxide coatings on the optics is not included in the efficiency estima-
tions, and the RMS mirror surface roughness used in the calculation
is 1 nm. The first order diffraction efficiency of the grating was
measured at the optics beamline (PM1) reflectometer at BESSY-II,39

and the CCD quantum efficiency is provided by the manufacturer.
Alignment of the XUV path is performed using an NIR driving
laser. Gate valves with optically transparent sapphire windows allow
for the alignment of the XUV path without venting the entire
vacuum system, reducing instrument downtime if realignment
is required.

Vacuum system

The sub-mm attenuation length of XUV photons requires the
experimental setup to operate under a vacuum. The vacuum system
houses an interface to the HHG gas cell, XUV optics, and samples. It
consists of four chambers: a chamber connected to the gas cell used
for producing high-order harmonics; a chamber containing compo-
nents to filter the NIR laser and focus the XUV beam; a chamber
where the XUV and optical pump beams are directed and focused
onto the sample; and a chamber with a grating and soft x-ray CCD
camera. The major considerations of the vacuum system include the

total gas load from high-harmonic generation and sample cooling,
the isolation of each chamber from both the other chambers and
roughing lines, and interlock logic to prevent pump damage in the
case of an unexpected system failure.

The primary gas load on the vacuum system is gas that escapes
the semi-infinite gas cell through a laser-drilled output hole pumped
out by a 1600 L/s turbomolecular pump in the first chamber. The
hole is drilled through a 250 μm thick stainless-steel foil layered
with two 750 μm thick cellulose acetate sheets. Using this method,
pressures upward of 200 Torr can be achieved in the gas cell simul-
taneously with pressures below 1 × 10−3 Torr in the first vacuum
chamber. Typical working gas cell pressures are between 50 and
150 Torr, with the adjacent vacuum chamber pressures between
1 × 10−4 and 5 × 10−4 Torr. Samples can be housed in a nitro-
gen gas cooling cell to mitigate heat introduced through optical
pumping, which flows from the sample cell into the sample cham-
ber. The nitrogen flow rate is kept at a low rate of ∼15 SCCM and
pumped from the chamber with a second 1600 l/s turbo. At this
flow rate, the sample chamber’s operating pressure is 1 × 10−4 Torr.
Operating pressures for the optics and spectrometer chambers are
1 × 10−5 and 1 × 10−7 Torr and pumped by 800 and 1000 l/s turbos,
respectively.

With gas continually flowing into our vacuum system, inter-
lock logic is employed to isolate vacuum chambers and components
in the case of a system failure. Gate valves connect each chamber and
automatically shut if the pressure difference between adjacent cham-
bers increases above 2 Torr. Similar systems are in place to close
butterfly valves between the chamber and roughing lines. The elec-
tronic butterfly valves are also used to automate evacuating the vac-
uum system to low vacuum pressures after a chamber is vented for
maintenance or sample changeover, simplifying instrument startup
procedures.

Data acquisition system

The X-FAST data acquisition system is operated through a sin-
gle computer running LabVIEW software, which controls sample
and delay line positions, accumulation time, readout and position-
ing of the detector, and a shutter between the pump path and sample.
Along with device control, key instrument performance diagnostics
are displayed to ensure the instrument is performing properly. XUV
stability is monitored by displaying the difference between the last
two accumulated spectra and total integrated counts over time. Spec-
tra are typically collected using the full vertical binning mode of the
detector, assuming the dispersed energy axis lies along horizontal
pixels, but a full detector image can also be acquired to display the
harmonic position and ensure proper alignment between the dis-
persed XUV beam and the detector. An option to coarsely map a
sample window is present to either find a small sample transferred
to a membrane or map the thickness variation of a larger sample
region.

For ground-state absorption measurements, a transmission
spectrum is collected with the XUV beam passing through a sam-
ple and a reference, typically a silicon nitride membrane, on which
samples are commonly deposited. The absorption spectrum is then
calculated by taking the negative log of the transmittance through
the sample with respect to the reference. This same principle
is used to collect transient absorption data, but the sample and
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FIG. 4. Block diagram of the sequence used to collect transient absorption data.

reference spectra are in the same position while either having the
pump blocked or exciting the sample, controlled using an optical
shutter. The shutter is opened/closed 10 ms before/after the pump
on the spectrum is acquired. An overview of the pump-probe data
acquisition procedure is shown in Fig. 4. If size permits, the sample
is rastered between pump-probe acquisition pairs to minimize sam-
ple damage. The time delay is also changed before each acquisition
to average possible long-term power fluctuations or sample degrada-
tion across each time point. If correlations between sample rastering
and time points (for example, thickness gradients) are expected, the
order in which data at different timepoints is collected can be ran-
domly scrambled. Typical acquisition loop times for pump-probe
data are around 2.5 s, and 75%–80% of that time is the accumulation
of photons by the detector. The loop time is primarily limited by the
timescale of fluctuations in the XUV source, which is discussed in
further detail below.

Sample cooling for transient-absorption experiments

Many thermally sensitive chemical and condensed matter
systems such as those that undergo thermal decomposition,

thermally induced phase transitions, or other temperature depen-
dent dynamics are difficult to examine with ultrafast XUV spec-
troscopy in transmission mode due to the lack of heat conduction
in thin-film samples. This challenge has previously been addressed
by rapid sample rotation to distribute laser heating across a larger
sample area.40 We have addressed this challenge by using a stream
of N2 gas across the sample inside a gas cooling cell. A computer
aided design (CAD) drawing of the gas cell is shown in Fig. 5.
Two silicon nitride windows (one with the sample deposited on the
side facing the gas flow, the second a blank window) are secured
with face plates against the cell, and in between the membranes,
N2 gas is flown through. Gas is introduced through 1/16 in. tub-
ing and a 250 μm diameter entrance hole in the gas cell, flown
across the sample, and escapes out of the cell through a 250 μm
hole at the end of the gas cell into the sample chamber. A flow
rate of about 15 SCCM is used for transient absorption experiments
with an estimated pressure inside the gas cell of about 10 Torr. The
introduction of N2 gas in the gas cell reduces XUV transmission by
roughly 10%.

The cooling performance of the gas cell is sufficient to study
the dynamics of chemical and condensed matter systems with ther-
mal phase transitions (or other temperature-dependent dynamics)
close to room temperature. In the results section, we show prelim-
inary results of the dynamics of a Half-Heusler Ni2MnGa sample.
This particular sample undergoes a thermally induced austenite to
martensite phase transition around 330 K, which can also be induced
with an ultrafast laser pulse.41 With our sample cell and pumping at
a modest fluence of 4 mJ/cm2, the sample is cooled below the phase
transition temperature within 1 ms before the next pump pulse. This

FIG. 5. Schematic of the gas cooling cell implemented in our instrument. N2 gas is
flown from a 1/16 in. tube through a small hole into a chamber sealed with silicon
nitride windows. The front windows have samples deposited on the back side such
that they are exposed to the N2 gas. The gas flows over the sample and escapes
through another hole at the bottom of the cell (the flow path is designated by black
arrows). The main body of the cell is 13 × 18 mm2 with 5 × 5 mm2 silicon nitride
membranes, as shown in the figure.
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FIG. 6. (A) Flux of the XUV source at the CCD detector. (B) Noise power spectrum of the XUV source at two selected energies corresponding to the lines shown in (A).

is observed experimentally by the lack of a signal at negative delay
times, which are attributed to heating dynamics on the ms timescale.
To better understand the cooling capabilities of our sample cell,
calculations were performed to simulate the equilibrium tempera-
ture distribution of the Ni2MnGa transient absorption experiment
performed in the next section. With the conditions used in our
experiment, the maximum temperature of the sample before the
next pump laser pulse is 317 K. Furthermore, details about the heat
transfer calculations can be found in Appendix C. With slight mod-
ifications, this cooling method can be used with low temperature
gas and enable pump-probe experiments at temperatures ranging
between room temperature and 100 K.

RESULTS AND DISCUSSION
High-harmonic source output and characterization

A typical photon-corrected spectrum with Ne as the generating
medium is shown in Fig. 6(A), found by using the conversion factors
provided by the detector manufacturer. A continuous output from
40 to 72 eV can be obtained with a 35 fs driving laser pulse using
phase matching conditions to produce harmonics with both short
and long electron trajectories.42,43 Photon energies ranging from
30 to 120 eV can be produced with different choices of metal filters
and HHG gases. Optimal conditions for absorption spectroscopy are
achieved in the 40–72 eV range using a NIR pulse with an energy
of 5 mJ focused 10 mm past the gas cell filled with 120 Torr Ne.
The beam is apertured with an iris diaphragm of 16 mm diameter,
lowering the pulse energy by less than 2%. With these generation
conditions, spatial chirp arises as a consequence of the microscopic

atomic dipole phase of different quantum trajectories and, there-
fore, imposes a constraint of high sample homogeneity on the order
of the focused beam size.44–46 Typical output XUV spectra have
peak-to-valley ratios around 3:1. Using estimated efficiencies of the
mirrors/filters and measured efficiencies of the detector and grating,
we approximate the flux at the source to be 3.9 × 106 and 1.5 × 106

photons/pulse at the sample. This gives an approximate energy con-
version efficiency in this 32 eV window of ∼1 × 10−8. We measure
1.8 × 105 photons/pulse at our detector in a 32 eV bandwidth from
40 to 72 eV, with an average of 500 photons/pulse in a 0.1 eV window
(Table I). With the introduction of a thin film sample, the photons
at the detector decrease by a factor of 20–50.

The spectrometer is calibrated using the Al L2,3-edge at both
the first and second diffraction orders, along with atomic absorption
lines of xenon. The spectrometer resolution is measured with atomic
Xe absorption lines and determined to be <150 meV (an example
fitted Xe absorption spectrum is shown in Fig. 8 and Table II in
Appendix A).

To take an absorption measurement, the transmission spec-
trum of a sample must be compared to a reference spectrum. If
the time taken between these spectra is sufficiently long, drifts in
HHG conditions can lead to large fluctuations and make the absorp-
tion measurement overly noisy. To determine the timescales of
frequency dependent noise in our instrument, we collected a spec-
trum of the XUV source at time intervals of 80 ms for a total of
30 min. The Fourier transform yields the noise power spectrum
shown in Fig. 6(B). Our XUV noise power spectra at two ener-
gies are shown, both normalized to a shot-noise limited source. In
our source, the noise power spectrum exhibits ideal behavior with
sampling frequencies above 0.4 Hz, which gives us a maximum

TABLE I. Overview of the characteristics of both XUV and NIR laser pulses.

Driving pulse characteristics XUV characteristics (40–72 eV)

Pulse length Pulse energy
Photons/pulse

at source
Photons/pulse

at sample
Photons/pulse

at detector
Beam size at

sample (FWHM)

35 fs 5 mJ 3.9 × 106 1.5 × 106 1.8 × 105 60 × 49 (H × V) μm2
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FIG. 7. (A) Static absorption spectrum of a 15 nm thick Ni2MnGa with a 5 nm Ge cap. (B) Overview of the transient response of Ni2MnGa after excitation at 800 nm. (C)
Difference spectra at selected times representing a signal from photoexcited carriers (100 fs) and martensitic phase transitions (5.6 ps). (D) Kinetic slice of the Ni edge at
66.0 eV, showing an instrument response of 59 ± 4 fs.

sampling interval of 2.5 s. Within this sampling interval, fluctua-
tions in the source at an energy corresponding to a harmonic peak
are a factor of 2.2 above the shot-noise limit, whereas fluctuations
in the valleys are only a factor of 1.6. We attribute this behavior
to intensity dependent blue-shifting of the harmonic peaks.47–49 A
singular value decomposition of harmonic spectra collected dur-
ing the noise power spectrum analysis shows a major component
resembling the derivative of the XUV spectrum (shown in Fig. 8 in
Appendix A). This behavior, along with a correction method, has
been reported previously, and we are in the process of incorporating
this correction method into our instrument.50 After this correction,
we anticipate the XUV fluctuations to be a factor of 2 closer to the
shot-noise limit.

Preliminary static and transient absorption
measurements of Ni2MnGa

To gain preliminary insights into the capabilities of the X-FAST
instrument, we collected static and transient absorption spectra
of the half-Heusler compound Ni2MnGa. For these experiments,
15 nm thick films of Ni2Mn1.4Ga0.86 were deposited via molecular
beam epitaxy on commercially available 50 nm thick silicon nitride
membranes and capped with 5 nm of amorphous Ge to prevent
sample oxidation. The sample thickness and substrate material are
common for XUV transmission spectroscopy and have a combined
average absorbance of 1.6 in a 40–72 eV window. The sample

transmission varies less than 5% across the region rastered during
transient absorption experiments.

The Heusler compound Ni2MnGa is of interest because of its
strong coupling between ferromagnetism and ferroelasticity, making
it a good candidate for fundamental studies of multiferroic
materials as well as a potentially applicable material for mag-
netic actuators, sensors, and memory devices.51–54 Ni2MnGa also
exhibits the shape memory effect, a phenomenon that arises from
a phase transition between a cubic austenite phase and several
lower symmetry martensite phases and involves interplay between
structural, magnetic, and electronic properties. Despite several ultra-
fast experiments having been performed to study how the phase
transition evolves, the mechanism of this process is not entirely
understood.55–57

Ultrafast XUV spectroscopy can be used to observe electronic
and structural changes simultaneously at both the Ni and Mn edges
after laser excitation. A static absorption spectrum of Ni2MnGa is
shown in Fig. 7(A), which is an average of 11 accumulations with a
750 ms exposure time, giving a total accumulation time (sample and
reference spectra) of 16.5 s.

Transient absorption spectra of Ni2MnGa were collected after
excitation with a 55 fs, 1.8 μJ pulse centered at 800 nm. To avoid
inhomogeneous sample excitation along the XUV probe, which
can induce further artifacts in the spectrum, the pump size was
set to 200 ± 10 μm FWHM compared to the XUV beam size of
60 ± 3 × 49 ± 2 μm (H × V) FWHM. Both pump and probe beam
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sizes were determined using the knife-edge scan method. The result-
ing pump fluence is 4 mJ/cm2. An overview of the dataset collected
is shown in Fig. 7(B), which consists of 78 timepoints with 280
averages per timepoint. Each individual spectrum consists of 1 s
accumulations of the sample with and without a pump and takes
2.5 s to acquire in the pump-probe data acquisition loop. This cor-
responds to an up-time of 80%, with the 20% dead time resulting
from moving stages, detector readout, and writing data to a file.
This results in spectra at each time point acquired in slightly under
10 min with 2σ uncertainty less than ±1 mOD above 60 eV. Due
to lower flux in the low energy region of our spectrum, 2σ uncer-
tainty is slightly higher at ±1.5 mOD. With a shot-noise limited
source and this sample, the same level of uncertainty would be real-
ized in about 2.5 min of accumulation time per timepoint, given
the 8500 photons/s we collect in a low flux region close to the Mn
edge (48.5 eV). This is another estimate of the fluctuations in our
source being slightly under two times the shot-noise limit. Over-
all, the dataset was accumulated over a real-time window of 18 h,
split over two consecutive days. During this period, the only adjust-
ment made to the instrument was small changes in the pump path
alignment every few hours to optimize the spatial overlap of the
pump and XUV beams, demonstrating the stability of the X-FAST
instrument. Difference spectra with corresponding uncertainties at
three selected timepoints are shown in Fig. 7(C), which show a pre-t0
spectrum, a spectrum at 100 fs corresponding to photoexcited carri-
ers, and finally a spectrum at 5.6 ps showing the resulting martensitic
phase transition. Fitting the rise of the photoexcited carrier signal of
the nickel edge at 66.0 eV shown in Fig. 7(D) results in an instru-
ment response time of 59 ± 4 fs FWHM. The temporal resolution of
the instrument is currently limited by the pump pulse, as the XUV
pulse is shorter than the 35 fs driving pulse and is approximated to
be <20 fs.

CONCLUSION AND OUTLOOK

We have presented the design principles and preliminary data
of the new X-FAST instrument, which show its viability to study
ultrafast dynamics in systems of interest to physicists, chemists,
and material scientists. The ability to generate high quality datasets
in a reasonable time with little required input from the user is a
promising step toward our goal of fully automated data collection
to widen the user base of XUV spectroscopy. The next steps to fully
automating the data collection system are to implement active beam
stabilization of the pump, on-the-fly metrics to quantify the quality
of XUV output to warn if adjustments are needed, and further safety
interlocks to shut off gas flow if a failure occurs in the vacuum sys-
tem. A correction method to reduce laser intensity correlated noise
will also be implemented soon.

We envision future applications of the X-FAST instrument
involving many users interested in the nonequilibrium dynamics
of thin membrane samples, in particular, membranes subjected
to extreme axial strain or tension. Large strain and strain gradi-
ents have been shown to induce exotic behavior in many systems,
such as induced ferroelectricity, magnetism, and topological phase
transitions.58–60 Studying the photoexcited dynamics of these sys-
tems has the potential to reveal even more exotic nonequilibrium
states and further increase knowledge of the behavior of membranes
under extreme strain.
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APPENDIX A: MEASURING SPECTROMETER
RESOLUTION USING ATOMIC XENON

Spectrometer resolution is measured before experiments using
the Rydberg 4d absorption lines in atomic xenon.61 Our spectrome-
ter resolution cannot resolve the sixth peak in the J = 5/2 series and
the ninth peak in the J = 3/2 series, so they are treated as a single
line. The first five lines in the spectrum are fit with Voigt profiles
using the literature values for the Lorentzian linewidth Γ, and fit-
ting each peak’s Gaussian FWHM linewidth returns the resulting
spectrometer resolution. Line broadening due to other effects such
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TABLE II. Results from the multi-peak fit of the Xe absorption spectrum showing the fitted peak center and Gaussian FWHM.
Uncertainties are shown in parentheses.

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5

Center (eV) 65.10 (0.01) 66.36 (0.01) 66.89 (0.05) 67.08 (0.01) 68.33 (0.01)
FWHM (meV) 143 (3) 135 (6) 91 (2) 92 (4) 113 (14)

as Doppler or pressure broadening is assumed to be negligible. A
step-like absorption feature after the fourth peak from continuum
absorption is approximated as a wide Gaussian, which resembles an
arctan-like function in the window chosen. A table showing the fit-
ted Gaussian FWHM linewidths and uncertainties is shown beneath
the absorption spectrum in Fig. 8.

APPENDIX B: ANALYSIS OF FLUCTUATIONS
IN XUV BEAM

Singular value decomposition (SVD) was performed on the
XUV spectra collected at 80 ms intervals over a 30 min period.
The second highest weighted component of the decomposition (the
first being the average of the XUV spectrum itself) has periodic
derivative-like features that closely resemble the derivative of the
XUV spectrum. This similarity is shown in Fig. 9. Therefore, we con-
clude that a primary component of the noise in our system arises
from a shifting in the peak positions of the XUV source, which is
known to occur with changes in laser power.47–49

APPENDIX C: HEAT TRANSFER CALCULATIONS

We modeled heat transfer in a Ni2MnGa Heusler sample as a
non-linear heat transfer equation on a thin plate using MATLAB.
The following equation was solved:

ρcpz
∂T
∂t
− kz∇2T + σF(T4 − TR

4)

= −hc(T − TR) − P
2πσxσy

exp [−( x2

2σx
2 ) − (

y2

2σy
2 )], (C1)

FIG. 8. Absorption spectrum of neutral xenon used for calibrating spectrometer
resolution. Experimental data are shown as black dots, and the total fit to the spec-
trum is shown in red. Each individual component of the fit is shown as a dotted
line.

FIG. 9. Comparison of the second highest weighted component in the SVD of the
XUV source fluctuation dataset (blue) compared to the derivative of the average
XUV spectrum (red). The average XUV spectrum is also shown as a reference
(black).

where ρ is the density, Cp is the specific heat, z is the layer thickness,
T is the temperature at point (x,y), k is the thermal conductivity, hc is
the convection coefficient, TR is the ambient and gas temperatures,
P is the absorbed average pump power, and σ is the Gaussian beam
waist. The boundary conditions used to enforce the sample edges
remained at 298 K, simulating efficient heat transfer from the sample
frame.

To simulate the sample as a thin plate, we used a weighted
sum for the thermal conductivities, specific heat capacities, and
thicknesses.

The thermal coefficient values used for each layered material
in the simulations can be found in Table III. Other parameters of
TR = 298 K, P = 0.9 mW (the power our sample absorbs from the
1.8 mW pump power used for the experiment), σx = σy = 85 μm
and hc = 21 W m−2 K−1 were used. The pump beam is positioned
at the sample center, where there is the minimum amount of con-
ductive cooling, since the silicon frame supporting the membrane is
much thicker. Using these parameters, the maximum sample tem-
perature without gas cooling is 370 K, and the introduction of laser
cooling reduces the max temperature to 317 K. Sample temperature
distributions with and without laser cooling can be seen in Fig. 10.
The convective cooling coefficient was approximated by simulating
the average gas velocity in a SolidWorks flow simulation with the
mass flow rate used in the experiment, then approximated using the
equation

hc = 12.12 − 1.16v + 11.6v1/2, (C2)

Where v is the gas velocity in m/s. Leaks in the gas cell reduce
the amount of convective cooling, but our experimental evidence
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TABLE III. Values used for thermal coefficients for each material used in heat transfer
calculations.

Material Silicon nitride Ni2MnGa Germanium

ρ (kg m−3) 3170 8380 5323
Cp (J kg−1 K−1) 887 550 322
z (nm) 50 15 5
k (W m−1 K−1) 30 112 64

of no thermal phase transition between laser pulses gives a lower
bound on the cooling coefficient of 10 W m−2 K−1, the value
at which the equilibrium temperature before the next laser pulse
is 330 K.

FIG. 10. Temperature distribution of a Ni2MnGa sample when excited with a
1.8 mW pump laser (a) without gas cooling and (b) with gas cooling.
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L. Poletto, E. Polo, B. Ressel, C. Spezzani, and G. De Ninno, Rev. Sci. Instrum.
85, 023104 (2014).
32H. M. Watts, A. D. Smith, E. Jager, D. A. Horke, E. Springate, O. Alexander,
C. Cacho, R. S. Minns, and R. T. Chapman, in International Conference on
Ultrafast Phenomena (OSA, Washington, D.C., 2016), p. UTh4A.1.
33J. R. Sutherland, E. L. Christensen, N. D. Powers, S. E. Rhynard, J. C. Painter,
and J. Peatross, Opt. Express 12, 4430 (2004).
34D. S. Steingrube, T. Vockerodt, E. Schulz, U. Morgner, and M. Kovačev, Phys.
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