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ABSTRACT
We report developmental details of a high-sensitivity Stark absorption spectrometer featuring a laser-driven light source. The light source
exhibits intensity fluctuations of ∼0.3% over timescales ranging from 1 min to 12 h, minimal drift (≤0.1%/h), and very little 1/f noise at
frequencies greater than 200 Hz, which are comparable to or better than an arc-driven light source. Additional features of the spectrometer
include balanced detection with multiplex sampling, which yielded lower noise in A, and constant wavelength or wavenumber (energy)
spectral bandpass modes. We achieve noise amplitudes of ∼7 × 10−4 and ∼6 × 10−6 in measurements of single A and ΔA spectra (with 92 data
points) taking ∼7 and ∼19 min, respectively.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0153428

I. INTRODUCTION

Stark absorption (or electroabsorption) spectroscopy is a pow-
erful method used to obtain the difference dipole moment (Δd),
i.e., extent of charge transfer with light absorption, of a chro-
mophore along with the angle (ζ) between Δd and the transition
dipole moment (μ). In the visible region of the electromagnetic spec-
trum, additional details such as change in polarizability (Δα) can be
obtained. However, the measured Stark signal is small—generally
of the order 10−3 to 10−6—and requires specialized instrumenta-
tion. Many excellent articles,1–4 reviews,5–8 and book chapters9–11

have been dedicated to the topic, which also include details for
non-specialists.

The most common light source for Stark spectroscopy is an
arc-driven xenon lamp, which is bright (i.e., intense) over a broad
spectral range (typically ∼250 to 2500 nm). However, the output
of an arc-driven xenon lamp has been shown to have considerable
short-timescale fluctuations and long-timescale drift.12–14 Recently,
a laser-driven xenon lamp, which we will hereafter refer to as a laser-
driven light source (LDLS), has emerged as an alternative.15 In an
LDLS, a laser maintains the plasma in the lamp even after initial

electrical arcing. As a result, an LDLS is potentially more stable and
exhibits an improved spatial mode. To date, it has been success-
fully implemented in a number of spectrometers, including Stark
spectrometers for measurements of thin films16,17 and in a transient
absorption spectrometer for measurements of solutions.18 Although
the latter work reported many details of the LDLS itself, including
low-intensity fluctuations, estimated to be ∼0.2%, the performance
of an LDLS and an arc-driven xenon lamp have not been compared
to the best of our knowledge.

Here, we report developmental details of a high-sensitivity,
electronic Stark spectrometer (ESS) featuring an LDLS. In addition
to the LDLS, other notable features of the ESS include a reference
detector for balanced detection, along with an 18-bit data acquisi-
tion (DAQ) board for multiplex sampling. Finally, the ESS features
a monochromator that enables measurements with either constant
wavelength or wavenumber (energy) spectral bandpass.

II. METHODS
Figure 1 displays a schematic of the high-sensitivity ESS. The

ESS features a laser-driven xenon source (Energetiq, EQ-99X),
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FIG. 1. Schematic of the electronic Stark spectrometer, emphasizing the optical layout. Orange and red lines, intended to depict polychromatic and monochromatic light,
respectively, highlight the optical path. F is a 515-nm, long-pass filter. L1 and L2 are 1 in. diameter f = 25 mm and f = 50 mm biconvex lenses, respectively. P is a Glan-Laser
polarizer. L3 and L4 are 2 in. diameter f = 100 mm and f = 60 mm biconvex lenses, respectively. BS is a reflective neutral density filter, serving as a beamsplitter. PD1 and
PD2 are silicon-based photoreceivers. The sample capacitor is situated in a modified, dual-chamber liquid nitrogen optical cryostat. The PD1 and PD2 signals are sent to a
terminal block, which transfers these signals to a DAQ card connected to a computer (labeled CMP). Additional details of the detection electronics, triggering scheme, and
high-voltage electronics, such as the sample rod and components, are included in Appendix B. The optical chopper and PD2 are enclosed in a blackout box and a combined
blackout box/Faraday cage, respectively.

which was purged with high-purity (99.999%) nitrogen gas at a rate
of 0.5 L/min. The output of the LDLS is collimated and focused
with a pair of off-axis, parabolic (OAP) mirrors, with effective focal
lengths of 2 and 6 in., respectively. The light is focused onto the
entrance slit of a monochromator with an f /# of 3.9 (Spectral Prod-
ucts, DK240). The monochromator features a 1200 g/mm diffraction
grating blazed at 500 nm. In constant wavelength bandpass mea-
surements, both entrance and exit slit widths are set to 500 μm,
which, given an angle of 18.5○ between the incident and diffracted
beams in the monochromator, result in a spectral bandpass of
∼3.4 nm or ∼30 to 130 cm−1 over the usable range of the instrument
(i.e., ∼515 to 1030 nm).19 A fiber-optic adapter (Spectral Products,
AF-DK-L) situated after the exit slit uses a UV fused silica (FS) lens
to focus the light into an optical fiber with a 400 μm core that is
1 m long and transparent from 250 to 1150 nm (Spectral Prod-
ucts, SF0400-SMSM-U10). The purpose of the fiber is to randomize
the light polarization and improve the spatial mode for subsequent
use in the spectrometer.11 A long-pass filter (Thorlabs, FGL515) is
situated at the output of the fiber to reject high-order diffraction
of short wavelength light. A 1 in. diameter f = 25 mm lens (L1)
collimates the beam to a width of about 13 mm, which then prop-
agates through a Glan-Laser polarizer (P) with a 15 mm diameter
clear aperture (Thorlabs, GL15). A 1 in. diameter f = 50 mm lens
(L2) focuses the light to a width of ∼1 to 2 mm, where the slot-
ted wheel of an optical chopper (Newport, 3502) is situated. A 2 in.
diameter f = 100 mm lens (L3) is located ∼200 mm past the focus,
such that the beam is magnified. After L3, a beamsplitter (Thorlabs,
NDUV2R10A) sends a portion of the light to a “reference” detec-
tor (Femto, OE-200-SI), and the remainder of the light is focused
to the sample position, where the sample capacitor is immersed
in liquid nitrogen (Janis, modified dual-immersion VPF-100) and

oriented at 45○ with respect to the incident beam. After passing
through the sample, a 2 in. diameter f = 60 mm lens (L4) is sit-
uated ∼180 mm away to focus the light onto a “signal” detector
(Femto, OE-200-SI). L1 and L2 are composed of UV FS, while L3
and L4 are composed of N-BK7 and UV FS, respectively; all lenses
are biconvex. The chopper and PD2 are enclosed by black corrugated
plastic, held in place with black structural rails; the latter enclo-
sure is also lined with copper mesh with 1.4 mm spacing to form a
Faraday cage.

For absorption measurements, where A = –log(I/I0), I and I0
are collected in two separate scans over wavelength (or energy)
to produce a single measured spectrum. To facilitate measuring
the signal, the light-source intensity is modulated on and off at
1000 Hz with the optical chopper. The outputs of the signal and
reference detectors are sent to dual- and single-phase lock-in ampli-
fiers (LIAs), respectively (Stanford Research Systems, SR830 and
SR810). A TTL pulse is generated by the dual-phase LIA, which is
used as the reference/trigger source for the optical chopper, single-
phase LIA, and an 18-bit DAQ board (NI, PCI-6281). The time
constant and sensitivity of both LIAs are set to 100 ms and 1 V,
respectively. Neutral density filters (Thorlabs, NUK01) situated in
front of PD1 and PD2 are selected to maximize the largest signal in
the spectral region of interest (typically ∼824.5 or 883.5 nm) with-
out saturating the LIA inputs. Iris diaphragms and lens tubes are
attached to the front of PD1 and PD2 to suppress ambient light. The
DAQ board digitizes the signals output by the two LIAs. For rea-
sons noted in Appendix A, passive, 10 kHz low-pass filters are placed
between the detectors and the DAQ board. The PD and LIA out-
puts are terminated at 1 MΩ at two different oscilloscopes (Keysight,
DSOX3014T and Agilent, DSO5014A, respectively). I (I0) and Iref
(I0,ref ) are sampled 100 times at 200 Hz in a multiplexed manner.
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I/Iref and I0/I0,ref are calculated for each pair of samples, and the 100
results are averaged.

For Stark absorption measurements, where ΔA ≈ ΔI/I, ΔI and
I are collected in a single scan to produce a single measured spec-
trum. To generate the signal, the optical response of the sample is
modulated by an applied electric field. Specifically, the dual-phase
LIA generates a pure sine wave that is sent to a 1000 V/V high-
voltage amplifier (Trek, 609E-6). The high-voltage waveform is then
transmitted across a capacitor that includes a sample with a Stark
response. A neutral density filter in front of PD2 is chosen to maxi-
mize its output voltage in the spectral region of interest. To measure
I, the output of PD2 is measured directly via the DAQ board. The
output of PD2 is then sent to the input of the dual-phase LIA, which
is set to detect the Stark signal at twice the applied field frequency.
The time constant of the LIA is set to 1 s, and its sensitivity is set
to optimize the dynamic range, while also staying below satura-
tion. The LIA’s auto phase function is used to set the correct phase,
thereby maximizing the Stark signal. As above, the DAQ board dig-
itizes the output of the dual-phase LIA, which is converted to ΔI.
Given that the microprocessor of the dual-phase LIA is 16-bit, negli-
gible noise is added by the 18-bit DAQ board. I and ΔI are sampled
50 000 times at 100 kHz in a multiplexed manner. ΔA is calculated as
1/ln(10) × −ΔI/I for each of the 50 000 sample pairs, which are then
averaged.

In A (ΔA) measurements, the LIA low-pass filter slope is set
to 6 (24) dB/oct, and the signals are detected after allowing the
LIAs to settle for 5 (10) time constants. All signals are transmit-
ted with double-shielded, RG142 coax cables (Pasternack, PE3495).
The computer, including the DAQ board attached via a PCI port,
has a CPU featuring four cores with a base frequency of 3.60 GHz
(Intel, Core i7-7700) and 32 GB of RAM. Custom software (National
Instruments, LabVIEW 2020) was written to automate hardware
motion and data acquisition.

Additional details of the detection electronics, triggering
scheme, and applied field electronics, such as the sample rod and
components, are included in Appendix B.

III. RESULTS AND DISCUSSION
The LDLS exhibits good stability. Figure 2 displays the light

intensity characterization. Panel a shows that over the course of
an hour, the relative standard deviation (RSD) is 0.32 ± 0.02%,
with an average long-term drift of 0.1 ± 0.1%/h. Three independent
scans were measured at 850 nm and found to be largely identi-
cal (for the spectrum of the LDLS in the ESS, see the inset of
panel a). We note that an even smaller RSD of 0.092 ± 0.005%
was attainable without nitrogen gas purging. From additional scans
conducted at ten wavelengths spanning 520–1000 nm, we deter-
mined that the intensity fluctuations are largely independent of
wavelength, with RSD values ranging from 0.2% to 0.3%. Criti-
cally, we measure the same RSD over the course of 7 and 19 min,
which is the time required to make single A or ΔA measurements,
respectively. Remarkably, nearly equivalent results are observed in
a 12 h scan; specifically, the LDLS intensity exhibits an RSD of
∼0.3% with long-term drift of less than 0.1%/h. We also simulta-
neously measured the laboratory room temperature and computed
the Pearson correlation coefficient between the LDLS intensity
and room temperature to be 0.04. This value indicates that there

FIG. 2. Light-source intensity fluctuation characterization: (a) short-term fluctua-
tions and (b) long-term fluctuations. A histogram of the fluctuations of the first run
is included to the right of the main plot in panel a, with a Gaussian fit overlaid.
The inset in panel a displays spectra of the LDLS measured with a constant spec-
tral bandpass of 1.65 nm (black, solid line) and a constant energy bandpass of
30.9 cm−1 (gray, dashed line). Light-source intensity measurements were under-
taken at 850 nm, which is indicated by the vertical dashed line in the inset. All
signals were detected at PD2. Panel b also plots the room temperature measured
in parallel with the light intensity.

was effectively no correlation between the light source intensity
fluctuations and temperature or that the correlation was below the
limit of detection.

In addition to the relatively high stability, the LDLS exhibits
very little 1/f noise at frequencies at or above 200 Hz. Figure 3
displays Fourier transforms of the light intensity data. Nearly equiv-
alent results are obtained when modulating the intensity by applying
a high voltage across the sample; the additional lines appearing at
one and two multiples of the applied frequency correspond to an
erroneous signal resulting from electromagnetic radiation emitted
by the high-voltage amplifier and the Stark signal, respectively. The
inset of panel a shows that 1/f noise is evident below ∼200 Hz,
particularly below ∼100 Hz. Panel a shows that the noise is con-
stant above 200 Hz. This is a significant advantage of the LDLS over
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FIG. 3. Fourier transform of the light-source intensity over a frequency range of
8 kHz: (a) in the absence of a sample and applied field and (b) in the presence of
a sample and applied field of ∼300 kV/cm. The inset of panel a displays a smaller
frequency range of 500 Hz in the absence of a sample and applied field. The inset
in panel b displays the noise amplitude as a function of detection frequency in a
ΔA measurement over the spectral range 805–850 nm.

conventional arc-driven sources because it relaxes constraints on the
chopping and applied field frequencies. The inset in panel b shows
noise amplitudes measured over the spectral range 805–850 nm
as a function of detection frequency in a ΔA measurement.
Critically, the noise amplitudes also begin to increase at frequen-
cies below ∼200 Hz, and the noise amplitude is the same over
the range 350 to 1400 Hz, both observations being consistent with
the FFT results. We also characterized an arc-driven xenon lamp
featuring a light intensity controller, which exhibited compara-
ble, but slightly poorer performance in RSD, drift, and 1/f noise
(Appendix C).

At a minimum, both A (i.e., absorption) and ΔA (i.e., Stark
absorption) spectra are needed to obtain Δd and Δα. To obtain ζ,
a set of two ΔA spectra can be measured with the light polariza-
tion oriented parallel and perpendicular to the applied electric field11

via the addition of a λ/2 waveplate. For a sample consisting of a
∼240 μM solution of a conjugated asymmetric polymethine molecule
(Dyomics, Dy 754), typical signal amplitudes are ∼3 × 10−1 and
∼7 × 10−4 for A and ΔA, respectively. The capacitor spacing was

∼55 μm. The solvent was a 2:1 glycerol:aqueous buffer solution
[where the buffer consisted of 1× TAE (i.e., tris base, acetic acid,
and ethylenediaminetetraacetic acid) and 15 mM MgCl2 dissolved in
water] and the peak molar extinction coefficient of Dy 754 at room
temperature was ∼163 000 M−1 cm−1. Our ESS scheme permits us to
consistently achieve noise amplitudes of ∼7 × 10−4 and ∼6 × 10−6 in
A and ΔA measurements, respectively. Noise amplitudes were eval-
uated as the maximum difference between steps in a spectral region
lacking any signal. Thus, we can achieve high signal-to-noise (S/N)
ratios of ∼430 and ∼120, respectively, in a single scan. In some cases,
it is either not possible to achieve a sample concentration of 240 μM,
or it is desirable to make measurements at a lower concentration to
avoid issues such as aggregation. Given the signal and noise ampli-
tudes above, reducing the concentration twelve-fold to 20 μM (and,
thus, reducing the signal amplitudes by the same amount) would
correspond to a S/N in A and ΔA of ∼36 and ∼10, respectively, the
latter of which can be improved further with signal (ensemble) aver-
aging.20 For example, averaging five ΔA measurements would result
in S/N of ∼22 in ∼1 h 35 min. Adding a second ΔA measurement
with a different light polarization would extend the total acquisition
time to ∼3 h.

Although the stability of the LDLS is good, it still exhibits short-
and long-term fluctuations. In the case of A, where two separate
scans (i.e., I and I0) are collected at different times to produce a sin-
gle measurement, the observed ∼0.3% fluctuations result in noise
of the order ∼10−3. To overcome this challenge, we implemented
balanced detection. In our approach, a reference detector character-
izes the LDLS intensity prior to interacting with the sample. In this
way, we calculate a corrected A via −log([I/Iref ]/[I0/I0,ref ]). Imple-
menting this approach increased the S/N of our A measurements
by nearly an order-of-magnitude. Figure 4 shows A spectra cal-
culated with and without correction via balanced detection for a

FIG. 4. Spectra acquired via multiplex sampling, with and without balanced detec-
tion. These data were collected on a ∼5 μM solution of Dy 754 tethered to a DNA
Holliday junction, dissolved in an aqueous buffer, and contained in a 2 mm path
length cuvette at ∼295 K. The data were measured with the incident beam normal
to the face of the cuvette. Spectra with and without balanced detection were cal-
culated as −log([I/Iref ]/[I0/I0,ref ]) and −log(I/I0), respectively. The inset displays a
region of the spectrum from 850 to 950 nm, with little to no signal to aid comparison
of the respective noise levels.
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reference sample in a 2 mm cuvette. Balanced detection reduced
noise associated with both short- and long-term fluctuations. In
the case of spectra calculated without and with balanced detection,
the noise amplitude associated with short-term fluctuations was
reduced from 1 × 10−3 to 3 × 10−4, respectively, as shown in the
inset of Fig. 4. Furthermore, baseline offsets and line shape changes
(associated with long-term fluctuations) of the same order of magni-
tude (∼10−3) were also suppressed. Thus, a high-quality A spectrum
can be obtained quickly in a single measurement with balanced
detection.

To fully realize the benefits of balanced detection, we found
it necessary to sample I and Iref (and I0 and I0,ref ) in a multiplex
manner. In multiplex sampling, a single analog-to-digital converter
digitizes the analog signals.21 While the n analog signals are sam-
pled at the same rate, the n analog signals are digitized sequentially
at a rate n times larger than the sampling rate. In this way, the
noises associated with I and Iref (and I0 and I0,ref ) in A are similar.
Appendix D shows that the noise amplitude (1 × 10−3) is the same
when I (I0) and Iref (I0,ref ) are sampled sequentially, even when bal-
anced detection is implemented. In contrast, the noise is reduced to
3 × 10−4 when I (I0) and Iref (I0,ref ) are sampled in a multiplexed
manner and balanced detection is implemented.

Figure 5 displays the A spectrum of Dy 754 measured at 77 K.
Sharpening of the absorption bands is evident, as compared with
the spectrum of Dy 754 measured at ∼295 K (Fig. 4). The inset of
Fig. 5 shows A spectra in a region where there is little or no signal,
measured in a variety of configurations. A critical benchmark is
when just the cryostat is in the beam path, without any liquid nitro-
gen or sample; in this case, the noise amplitude is 2 × 10−4. The
addition of liquid nitrogen doubled the noise amplitude to 4 × 10−4.
We attribute this relatively small increase in the noise amplitude

FIG. 5. A spectrum of a ∼240 μM solution of Dy 754 dissolved in a glyc-
erol:aqueous buffer solution contained in a ∼55 μm spaced capacitor at 77 K.
The inset displays four measurements in a region of the spectrum from 850 to
950 nm with little to no signal to aid comparison of the respective noise levels. The
four measurements are for the cases where the dual-immersion cryostat was in
the beam path: (i) without either liquid nitrogen or a sample in the chamber, (ii)
with liquid nitrogen in the chamber but without any sample, (iii) with liquid nitrogen
and a glycerol:buffer sample in the chamber, and (iv) with liquid nitrogen and a Dy
754 sample in the chamber.

to: (i) the use of a cryostat with a dual reservoir design,11,22 which
prevents the fluid in the beam path from boiling and suppresses
schlieren effects, and (ii) filling the inner reservoir by condensing
high-purity (99.999%) nitrogen gas, which minimizes scatter from
ice and other contaminants/particulates. With a glycerol:buffer sam-
ple added, the noise amplitude again increased to 7 × 10−4. In
this case, noise may be added via imperfect glass formation (i.e.,
scatter) and from the presence of a series of interfaces (i.e., nitrogen,
glass, conductor, sample, etc.). Critically, these measurements were
undertaken without physically moving the sample between I and I0
scans. Finally, measurements on a Dy 754 sample in the capacitor
resulted in a noise amplitude of 1 × 10−3 when considering the entire
spectral range; however, excluding obvious erroneous spikes from
the analysis, the noise amplitude was 7 × 10−4, which matched that
of the experiment on the glycerol:buffer. Our current efforts aim to
improve the quality of the glass to attain a noise amplitude matching
that of the liquid nitrogen only in experiment, i.e., 4 × 10−4. Never-
theless, the measured noise floor of 7 × 10−4 represents a significant
improvement over the benchmark value of 1 × 10−2 suggested in
prior work for absorption measurements,5 which we attribute to a
combination of improvements in the light source, cryogenics, and
detection scheme.

To further evaluate the quality of the ΔA spectra obtained by
the ESS, we measured ΔA spectra at a series of applied field strengths
(Fig. 6). At the maximum field strength of ∼400 kV/cm, the absolute
amplitude of the most prominent signal at 735 nm was ∼7.3 × 10−4,
which, given a noise amplitude of 6 × 10−6, corresponds to a S/N
of ∼122. For reference, noise amplitudes of this order of magnitude
have been achieved in the literature,4,10,23–27 although it is not clear
as to what extent ensemble averaging contributed to the reduction
of noise in these examples. A quadratic fit to a plot of the maxi-
mum signal amplitude as a function of applied field strength yields
a coefficient of determination (i.e., R2) of unity (data not shown),
consistent with the expected quadratic field dependence of the
observed signal.8,11 At 50 kV/cm, the signal exhibits an amplitude of

FIG. 6. ΔA (= −ΔI/I) spectra as a function of applied field strength. The colors of
the traces and corresponding field strength are indicated in the inset. The modula-
tion frequency was 350 Hz, and the signal was detected at 700 Hz, i.e., twice the
modulation frequency. Additional experimental details are included in the methods.
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∼1.2 × 10−5, which corresponds to a S/N of 2 and is the minimum
resolvable signal.20 Thus, it was not possible to resolve the signal at
25 kV/cm, where, based on the quadratic dependence, we expect an
amplitude of ∼3 × 10−6 (and S/N of 0.5).

Finally, the ESS includes a monochromator that permits mea-
surements with constant wavenumber (i.e., energy) bandpass, which
presents an advantage in the Liptay analysis over alternative schemes
that implement constant wavelength bandpass (by virtue of fixed
or manually mechanically adjusted slit widths). In a constant wave-
length bandpass measurement, for example, the spectral resolution
in energy becomes poorer at shorter wavelengths due to the recipro-
cal relationship between wavelength and energy, possibly resulting
in a loss in accuracy in both A and ΔA measurements. While we
observed no distinguishable differences between ΔA spectra mea-
sured with constant wavelength and energy bandpass for Dy 754
(data not shown), differences may be observed for samples that
exhibit finely spaced spectral features across a broad spectral win-
dow. One such example is dilute solutions of polycyclic aromatic
hydrocarbons in Shpolskii matrices at cryogenic temperatures.28

Another advantage of constant energy bandpass applies to absolute
intensity measurements such as the fluorescence emission spectrum
needed in Stark fluorescence characterization. While the intensities
collected with constant wavelength bandpass must be nonlinearly
scaled to correct for the inverse relationship between wavelength
and energy,29 no such correction is needed for spectra collected with
constant energy bandpass.

There is still room for improvement. In a future implementa-
tions, we will use all-reflective optics, specifically off-axis parabolic
mirrors, to reduce the optical aberrations induced by transmissive
optics. In principle, we can focus the light to a spot as small as the
size of the initial image (that is, the diameter of the xenon plasma in
the LDLS), which is ∼100–200 μm.30 In preliminary work, we were
able to focus the light to a spot of size ∼300 μm, which is consistent
with this expectation. Such a small spot size will facilitate avoid-
ing imperfections of the sample glass (thereby potentially reducing
noise arising from scattered light, as discussed above in the context
of Fig. 5) and ensure the complete detection of the light, since the
area of most high-sensitivity sensors is only ∼1 mm2.

IV. CONCLUSIONS
In conclusion, we have reported a high-sensitivity ESS that

features an LDLS. The intensity fluctuations of the LDLS were char-
acterized and compared with an arc-driven xenon lamp; the LDLS
was found to exhibit comparable, though slightly better, perfor-
mance. A detection scheme based on a combination of balanced
detection and multiplex sampling was implemented to reduce noise
in A. Noise amplitudes were low for both A and ΔA, comparable to
or better than past literature precedents, which permitted high S/N
measurements on concentrated solutions of a conjugated asymmet-
ric polymethine molecule. This work will facilitate wider access to,
and broader use of, this powerful spectroscopic method.
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APPENDIX A: LIGHT-SOURCE INTENSITY
OSCILLATIONS AND ANALOG LOW-PASS FILTER

Figure 7 displays measurements of the LDLS intensity, with
and without an analog low-pass 10 kHz filter, between PD2 and the
terminal block transmitting the signals to the DAQ board. With-
out the filter, large oscillations (±0.6%) are observed, with a period
of ∼23.467 μs (corresponding to a plasma oscillation frequency of
∼41.613 kHz), which is longer than the ∼4.8 μs period (∼210 kHz
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FIG. 7. Measurements of the LDLS intensity, with (red) and without (black) an
analog low-pass 10 kHz filter. The signal was measured at PD2 with 850 nm light.

frequency) reported by Su and Lin.18 With the filter, the oscillations
are considerably reduced in amplitude.

APPENDIX B: DETECTION ELECTRONICS, TRIGGER
SCHEME, AND HIGH-VOLTAGE ELECTRONICS

Figure 8 displays the detection electronics, trigger scheme,
and high-voltage electronics, including the sample rod and com-
ponents. For the high-voltage electronics, all parts, except for the
high-voltage coaxial cable (Pasternack, RG8X), were purchased from
McMaster-Carr.

The sample holder was 3D printed and is composed of polylac-
tic acid. The capacitor consisted of the sample sandwiched between
two pieces of boro-aluminosilicate glass coated with indium-tin
oxide on one surface, which were 1.1 mm thick and had an area
of 25 × 25 mm2 (Delta Technologies, CB-40IN-0111). Four strips
of 55 μm thick Kapton were placed between the two pieces of glass.
The thickness of the Kapton was measured with a digital micrometer
(Mitutoyo, 292-832-30).

APPENDIX C: ARC-DRIVEN XENON LAMP
INTENSITY CHARACTERIZATION

To provide context for the observed LDLS intensity fluctua-
tions, we characterized an arc-driven xenon lamp in an analogous
manner. The arc-driven xenon lamp (Newport, 6259) was oper-
ated at ∼300 W via a power supply (Newport 69911), which was
regulated by a light intensity control system including a controller
module (Newport, 68945) and thermoelectrically cooled silicon
detector (Newport, 71582). The light was coupled to a spectrome-
ter featuring an optical cryostat, which has been described in detail
previously.11 After the cryostat, the light was detected by a photo-
diode (OSI Optoelectronics, UDT455UV). The output signal was
amplified by a custom-built amplifier, which was then digitized
by a 16-bit DAQ board (National Instruments, PCI-6036). For the

FIG. 8. (Top, left) Detection electronics. Red and blue lines depict BNC wires trans-
mitting the photodiode and lock-in amplifier outputs, respectively. The black line
depicts a shielded, 2-m-long multifunction cable, transmitting the terminal block
output. (Top, right) Trigger scheme. Green lines depict BNC wires transmitting the
LIA 1 output and 2 TTL outputs. The arrows at the end of the green lines depict
the direction of signal propagation. The (B) and (F) labels indicate the back and
front side of the panels of the equipment, respectively. (Bottom, left) Schematic of
applied field electronics. (Bottom, right) Photo of sample rod and components. The
sample capacitor is at the bottom of the photo.

measurements below, the monochromator was set to transmit light
at 850 nm.

Based on three sequential one-hour scans of the lamp inten-
sity, the arc-driven lamp exhibited slightly higher RSD as compared
with the LDLS. Specifically, the arc-driven lamp exhibited an RSD of
0.363± 0.005%. Additionally, the arc-driven lamp exhibited a drift of
0.2 ± 0.1%/h, which is about the same as that of the LDLS. The arc-
driven lamp intensity fluctuations were also measured at a rate of
20 kHz, and an FFT was performed on the resulting data. The inten-
sity fluctuations associated with the arc-driven lamp exhibited more
1/f and line noise as compared to that of the LDLS (Fig. 9). For the
arc-driven lamp, the 1/f noise changes to white noise at frequencies
above ∼800 Hz, while this change appears at ∼200 Hz for the LDLS.
This result is consistent with the slightly higher RSD measured for
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FIG. 9. Intensity fluctuations of an arc-driven xenon lamp (black trace) and LDLS
(red trace), with the frequency axis plotted in a logarithmic (top) and linear (bottom)
manner. Both datasets were scaled by dividing by the average amplitude from 1 to
3 kHz.

the arc-driven lamp. We, therefore, conclude that the LDLS exhibits
intensity fluctuations that are comparable to or better than those
associated with an arc-driven light source.

APPENDIX D: BALANCED DETECTION
OF A AND SEQUENTIAL vs MULTIPLEX SAMPLING

Figure 10 displays A spectra for the cases where I and Iref
(and I0 and I0,ref ) were sampled sequentially and in a multiplex
manner, and where the spectra were calculated with and without
balanced detection. Long-timescale drift is evident in both spectra,
measured with sequential and multiplex sampling and calculated
without balanced detection. Short-timescale fluctuations are char-
acterized by the noise amplitude, i.e., the maximum point-by-point
deviation. The noise amplitude was 1 × 10−3 in the case of sequen-
tial sampling, with and without balanced detection. Thus, although
long-timescale drift was corrected, short-timescale fluctuations were
not suppressed. In the case of multiplex sampling, the noise ampli-
tude was 3× 10−4 and 1× 10−3, with and without balanced detection,
respectively. Thus, a combination of multiplex sampling and bal-
anced detection is needed to suppress both long-timescale drift and
short-timescale fluctuations.

FIG. 10. Same data as in Fig. 4 inset showing the A measurements made
using multiplex sampling with balanced detection (red trace) compared with: (top)
sequential sampling without balanced detection, (middle) sequential sampling with
balanced detection, and (bottom) multiplex sampling without balanced detection.
These data were collected on an aqueous buffer solution of Dy 754 in a 2 mm path
length cuvette. The time constant was 100 ms, and the chopping frequency was
1000 Hz.
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