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1. INTRODUCTION

The invention of silicon charge-coupled devices (CCDs) [1] led to a revolution in our understanding of the
Universe. The exceptional sensitivity, stability, and precision of CCDs has led to fundamental discoveries about
the growth and content of the Universe, the formation of stars and galaxies, and planets around stars other than
our Sun. In the coming decades, CCDs will be used to address some of the biggest questions in science: What
are the dark matter and dark energy that comprise most of our Universe? How do galaxies form? Are there
Earth-like planets that could host life around other stars?

One of the main technical limitations for answering these questions comes from the electronic noise that is
introduced into astronomical observations during the read out of CCD detectors. It is only recently that novel
Skipper-CCD technology has allowed CCDs to achieve noise levels that are much lower than the output signal
produced by a single photo-electron [2]. Here, we present the first on-sky observations with astronomy-grade,
ultra-low-noise, photon-counting Skipper CCDs using the Southern Astrophysical Research (SOAR) Telescope
Integral Field Spectrograph (SIFS) [3, 4]. We highlight improvements in sensitivity from the ultra-low-noise
capabilities of the Skipper CCD and offer an outlook on future detectors implementing the Skipper floating gate
amplifier for cosmological measurements. To our knowledge, this is the first on-sky demonstration using Skipper
CCDs for astronomical spectroscopy.

This manuscript describes key aspects of the Skipper CCD detector characterization, focal plane assembly,
readout configuration, observation planning, and first on-sky demonstration of Skipper CCDs. A companion
paper (Bonati et al., 2024 [5]) focuses on the electrical, mechanical, and cryogenic engineering work performed
at the observatory to enable this demonstration. In Section 2, we summarize detector characterization and op-
timization results, which confirm that Skipper CCDs perform similarly to other thick, fully-depleted p-channel
CCDs (e.g., stability, linear response, large dynamic range, and high quantum efficiency). We also present char-
acterization measurements enabled by photon-counting and directed toward studying the detector performance
at low signal levels (e.g., low-signal non-linearities). Section 3 summarizes the installation and commissioning of
the Skipper CCD focal plane. In Section 4, we outline the Region of Interest (ROI) [6, 7] observation strategy
developed to achieve sub-electron readout noise and photon-counting while limiting readout times to < 20 min.
This section also describes the astronomical targets chosen to demonstrate the signal-to-noise improvements
enabled by the Skipper’s ultra-low noise. Section 5 presents results from the observations, demonstrating signal-
to-noise improvements and describing limitations of the as-built system. In Section 6, we present two future
science cases: the study of decaying axion-like-particle (ALP) dark matter and the study of a candidate member
star of an ultra-faint dwarf (UFD) galaxy. These two scientific applications are intended to leverage the low-noise
capabilities of Skipper CCDs. We conclude in Section 7 by summarizing our results and offering an outlook on
future implementations of the Skipper amplifier with improved readout times.

2. SIFS SKIPPER CCDS

Ultra-low-noise Skipper CCDs have been identified as a detector technology for astronomical applications in
the readout-noise-dominated, low-background regime (e.g., astronomical spectroscopy of faint sources) [2, 7]. In
Drlica-Wagner et al. (2020) [7], we performed the first optical characterizations of a Skipper CCD and showed that
the anti-reflective (AR) coated, backside illuminated, 250 µm thick, detector could achieve a relative quantum
efficiency (QE) > 75% from 450 nm to 900 nm and a full-well capacity ∼ 34,000 e− with no voltage optimizations.
These results motivated further work to optimize Skipper CCDs for astronomy. In Villalpando et al. (2022)
[8], we outlined plans to assemble four 6k × 1k Skipper CCDs in a focal plane array as a prototype to replace
the original 4k × 4k CCD231-84 e2v detector and conduct the first astronomical measurements with Skipper
CCDs at SIFS. Critically, the Skipper CCD focal plane prototype is installed in an identical SOAR Dewar and
maintains the optical alignment of the original SIFS system. In addition, the SDSU-III controller is replaced by
four Low Threshold Acquisition (LTA) boards [9] to read the 16 output channels (4 channels per Skipper CCD).
In Villalpando et al. (2024) [10], we report results from the characterization and optimization of the 6k × 1k,
15 µm pixels, 250 µm thick, fully-depleted Skipper CCDs used at SIFS, which we summarize below.

Eight backside illuminated, astronomy-grade Skipper CCDs (AstroSkippers) were fabricated for the SIFS focal
plane prototype. These devices were designed at Lawrence Berkeley National Laboratory (LBNL), fabricated



Table 1: AstroSkipper Key Performance Metrics
Characteristic Value Unit

Readout Speed 25 kpixels/s
Single-Sample Readout Noise < 5 e−rms/pixel
Multi-Sample Readout Noise 0.18 e− rms/pixel
Dark Current 2× 10−4 e−/pixel/s
Full-Well capacity ∼ 40, 000− 60, 000 e−

Non-Linearity < 0.05% and < 1.5% (low signal) ...

Absolute Quantum Efficiency
≳ 80% (450 nm to 980 nm)

...
≳ 90% (600 nm to 900 nm)

Charge Transfer Inefficiency 3.44× 10−7 ...

Figure 1: Left: Skipper CCD focal plane prototype for SIFS. Four astronomy-grade Skipper CCDs are placed
on a custom mount with three arms that attach to a standard SOAR Dewar. The focal plane spans an area of
6k × 4k pixels. The four devices are separated by gaps of ∼400µm. Right: Focal plane inside the standard
SOAR Dewar with a fused-silica window for exposure to light.

at Teledyne DALSA, and packaged at Fermi National Accelerator Laboratory (Fermilab). The AstroSkippers
are conventional p-channel Skipper CCDs, fabricated on high resistivity (> 5 kΩcm), n-type silicon. They
were thinned from the standard wafer thickness of 650-675 µm to 250 µm at a commercial vendor and then
backside processed at the LBNL Microsystems Laboratory. Backside processing and AR coating follow the same
procedures as used for the Dark Energy Spectroscopic Instrument (DESI) devices, resulting in high QE from the
near-infrared (NIR) to the near-ultra-violet (NUV) [10, 11]. We use four AstroSkippers for the construction of
the focal plane prototype (Figure 1).

2.1 Key Performance Metrics for the AstroSkipper

We summarize key results from the characterization and optimization of the Skipper CCDs used at SIFS [10].
Key performance metrics for these devices are collected in Table 1.

Readout Time: The pixel integration time window, which includes the pedestal and signal components, was
optimized as a function of the readout noise. The integration window optimization reduced the total pixel
readout time from ∼ 200 µs/pixel to ∼ 40 µs/pixel (i.e., 25 kpixels/s) for a single amplifier and pixel sample.
Laboratory tests demonstrated single-sample readout noise of < 4.3 e− rms/pix for all detectors’ amplifiers with
the fast readout time configuration. We define multi-sample ROIs [6, 7] to achieve sub-electron readout noise in
a subset of detector pixels in a readout time of < 20 min. This is a significant improvement over the unoptimized



readout time configuration, which would take ∼ 50 min to achieve 0.5 e− rms/pixel. We detail the ROIs used for
a set of astronomical observations with SIFS in Section 4.

Non-linearity: Low-signal non-linearities (a few tens of electrons) are poorly characterized in conventional sci-
entific CCDs since these lack the precision to measure charge with electron resolution [12]. In contrast, non-
linearities can be well-characterized for all electron occupancies in Skipper CCDs. For the SIFS application, we
target signal-starved observations where the expected signal rate per exposure is ≲ 15 e−. Therefore, under-
standing the performance of the Skipper CCD at low signals was an essential part of the lab testing. In the
photon-counting regime, we probe non-linerities by measuring variations in the relationship between the number
of electrons in each pixel and the signal readout value in analog-to-digital units (ADUs). Non-linearity mea-
surements are performed from electron peak-to-peak separation, i.e., we fit each electron peak with a Gaussian
and compute the gain from each peak by dividing the mean value of the difference between the electron peak
and the 0 e− peak by the peak’s assigned electron number through counting. We represent non-linearity as
the deviation from unity of the ratio of the gain computed from each electron peak to the fixed, conventional
gain measured from the photon transfer curve (PTC). We measure low-signal non-linearities < 1.5% for 0 to 50
e− and < 0.05% for high signal levels (> 1500 e−) where we implemented a conventional least-squares fitting
method for measuring non-linearity in scientific CCDs [5, 13].

Voltage Optimization: An important result from the optimization of the AstroSkipper CCDs was the trade-off
between full-well capacity and clock induced charge (CIC) [14]. When operating Skipper CCDs with a low voltage
configuration (i.e., voltages used for dark matter searches [15]), the CIC rate is ∼ 1.45×10−3 e−/pixel/frame with
a full-well capacity of ∼ 900 e−. However, for the SIFS application where calibration data products have signals
> 40,000 e−, we optimized clock voltages to accommodate the expected signals from SIFS while maintaining
the lowest CIC rate possible. For the observations, we implemented two voltage configurations based on the
expected signals, i.e., for calibration data products we operated with a full-well capacity > 40,000 e− and a CIC
rate of ∼3 e−/pixel/frame, while for science data products we operated with a full-well capacity of ∼10,000 e−

and a CIC of <1 e−/pixel/frame. These CIC rates are subdominant compared to the external contributions to
the dark rate in the science exposures (e.g. external light leaks in a > 600 s exposure). We note that CIC is
an important issue that might limit signal-to-noise for observation where background contributions to the noise
are low and the expected signals are in the few electron regime. However, shaping the clock pulse rise time and
sharpness, which play a critical role in CIC generation, has been shown to reduce CIC in electron multiplying
CCDs (EMCCDs) [16, 17].

Absolute Quantum Efficiency: We performed the first absolute QE measurements for astronomy-grade Skipper
CCDs and demonstrate better performance than previously reported [7]. The reliability of the absolute QE
measurement depends on an accurate determination of the incident power at the location of the CCD housed
inside the lab testing Dewar. To derive robust QE measurements, we employed calibrated silicon photodiodes
mounted on the external integrating sphere and on an AstroSkipper package mounted inside the Dewar. Multiple
calibration factors, i.e., the ratio of the power measurements at both photodiodes, were taken into account when
estimating uncertainties in the measurement. We find QE ≳ 80% from 450 nm to 980 nm, and QE ≳ 90% from
600 nm to 900 nm for all tested AstroSkippers with an uncertainty of < 6% for all wavelengths [10].

3. INSTALLATION AND COMMISSIONING

Installation and commissioning of the SIFS Skipper CCD focal plane prototype took place March 25–29, 2024
in advance of the first on-sky observations on March 31, 2024. Details on the installation of the Skipper CCD
focal plane and final engineering performance results can be found in Bonati et al. (2024) [5], published in this
volume. Here, we highlight important considerations regarding the performance of the Skipper CCD focal plane.
The four devices are separated by gaps of ∼400µm, which lead to gaps of ∼275 Å in the wavelength coverage [5].
The Dewar installs into a kinetic mount, which provides optical alignment with respect to the light beam. We
measured the full width at half maximum of the fiber traces from a series of masked flat-fields taken with a quartz
lamp across the entire field of view and determined that variations were around 13%, which was comparable to
the original SIFS alignment so no re-alignment was needed. Laboratory tests of the fully assembled Skipper CCD
array showed correlated noise (∼ 17 e− rms/pixel) on two detectors, despite symmetry in the readout electronics
outside the Dewar. We found that reading multiple-samples per pixel decreased the noise faster than expected
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Figure 2: Mapping of the signal from the SIFS optics to the Skipper CCD focal plane. The microlens array
collects light from the astronomical target and channels the light into the fibers, which are arranged into a
pseudo-slit following a serpentine mapping (red curved line). The fibers disperse the light onto the focal plane;
the wavelength direction runs along the Skipper CCDs’ rows and the fibers’ spatial position runs along the
detectors’ columns.

from uncorrelated Gaussian noise (i.e., σN < σ1/
√

Nsamp). After ∼ 12 samples per pixel, we recover Gaussian
noise behavior (see Section 5). During commissioning, it was noted that stray light in the SIFS enclosure was
contributing a shutter-open dark rate of O(10−1) e−/pixel/s. This stray light affected observations taken on
March 31, 2024, but it was reduced by an order of magnitude for observations on April 9, 2024 (Section 5).

4. OBSERVATION STRATEGY

Science-quality observations were acquired with the SIFS Skipper CCD focal plane on March 31 and April 9,
2024 during time allocated to Brazilian collaborators on SOAR. The science verification program was intended
to demonstrate the performance of Skipper CCDs on the sky for the first time. The observational parameters
were chosen to showcase the signal-to-noise improvement possible from the reduced readout noise of the Skipper
CCD in the low-signal regime. Therefore, we chose astronomical targets that satisfy our science case (see Section
6) and prioritized reducing readout noise over a detector region-of-interest in order to minimize readout times.
In several cases, we reduced integration times to several minutes in order to artificially reduce the signal strength
and place the observations in the readout noise dominated regime.

SIFS is equipped with a 1300-element Integral Field Unit (IFU) that operates through two main components:
the fore-optics and the bench spectrograph. The fore-optics consists of a 26 × 50 array of 1mm × 1mm square
microlenses, which channel light into the fibers. The bench spectrograph receives these aligned fibers arranged
into a pseudo-slit. A set of Volume Phase-Holographic transmission gratings ensure the system provides the
desired resolution and wavelength coverage, adjustable from 5000 ≲ R ≲ 20000 and 3500 ≲ λ ≲ 10000 Å,
respectively. The IFU has a fiber scale of 0.30 arcsec/fiber which produces a field of view of 15 × 7.8 arsec2

[3, 4]. Figure 2 shows the spatial and wavelength mapping from the microlens array to the Skipper CCD focal
plane. The gap between detectors causes ∼2% of the wavelength coverage to be lost. Therefore, object targeting
becomes important to ensure that important features are mapped to an active region on the focal plane.
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Figure 3: Skipper CCD focal plane array data frames. The four frames show the full 6k × 4k physical pixels of
the four Skipper CCDs. Each frame is composed of the four amplifiers in each detector. We show spectroscopic
data from a CALSPEC [18] standard calibration star (HD101452); the fiber bundles span the 4k × 4k SIFS
FoV. There are “hot” columns present outside the 4k × 4k FoV, which do not affect data reduction. The gaps
between the Skipper CCDs are ∼400µm (∼27 pixels) wide and are not shown to scale.

The Skipper CCD focal plane spans an area of 6k × 4k pixels (Figure 1); however, the active area where
the SIFS spectra are dispersed onto the focal plane is only 4k × 4k pixels (the “field of view”, FoV). Figure
3 shows the complete focal plane array (6k × 4k) formed by the four Skipper CCDs; the illuminated fiber
bundles correspond to the signal from HD101452, a bright (V = 8) CALSPEC standard star [18]. The bright
fiber bundles span the SIFS FoV (pixel ∼1000 to ∼5000 in the spatial direction). The readout strategy takes
advantage of ROIs to readout different regions of the FoV with different readout noise configurations suitable for
the astronomical targets. Nominally, the ROIs are defined per detector amplifier quadrant and span 512 physical
pixels in the wavelength direction (4k pixels for the whole detector array) and the spatial direction is left as a
configurable parameter. The combination of the ROI size and the number of Skipper samples that are collected
set the readout time and the readout noise in the ROI (Figure 5).

The observation sequence begins with a series of calibration products. We take ∼ 5 flat-field frames illumi-
nating the instrument with a quartz lamp. The instrument focus is set to zero to produce a uniform image and
avoid localized imperfections. We then take a sequence of eight masked flat-fields to map the crosstalk between
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Figure 4: SIFS-Skipper CCD observation of quasar HB89 1159+123 using the 1/2 FoV ROI readout configuration.
Top: The 1/2 FoV ROI consists of 50 repeated measurements of 1k × 2k contiguous physical pixels in the center
of each AstroSkipper detector. The top panel shows the physical pixels from the four amplifier quadrants on
a single AstroSkipper detector within the SIFS FoV and excludes overscan regions. The x-direction represents
the SIFS spatial dimension over the SIFS FoV (∼ 2k pixels per amplifier, ∼ 4k pixels for the detector frame)
and the y-direction is the spectral dimension (512 pixels per amplifier, ∼ 1k for the detector frame). This
configuration was used to observe QSOs with sub-electron readout noise covering a focal plane region of 4k ×
2k pixels. Bottom: The multi-sample and overscan regions for the bottom left amplifier quadrant from the 1/2
FoV ROI shown in the top image. The multi-sample active area (1k pixels in the x-direction) is followed by
a 120-pixel-wide single-sample serial overscan and a 200-pixel-wide multi-sample serial overscan. The parallel
overscan is 88 pixels wide in the row direction. These overscan sections are used in image reduction.

fibers by fitting the amplitude of Gaussian profiles to the spatial cuts across the detector. Flat-field data taking
is followed by a series of arc-lamp calibrations using mercury (Hg), argon (Ar), and neon (Ne) lamps to derive the
wavelength solution for our spectroscopic data. The full calibration sequence is performed again at the midpoint
and end of the night to account for shifts in the fiber positions. The LTA readout electronics do not perform
clock shaping, and we found a strong dependence between the amplitude of the horizontal clock voltage swings
and the CIC rate [10]. To maintain high full-well capacity for the calibration images (where the expected signals
are > 20,000 e−), the detector clock voltages are set to a high voltage configuration. The CIC rate for these high
voltages (∼ 3 e−/pixel/frame) is negligible compared to the signal. When observing science targets, we switch
to an intermediate set of clock voltages with a CIC rate of < 1 e−/pixel/frame, which contributes < 10% of the
total noise for sources contributing tens of electrons.

4.1 Astronomical Targets

Quasars: We identified two quasars, HB89 1159+123 (z = 3.522) and QSOJ1621–0042 (z = 3.711) that were
observed with the X-shooter spectrograph on the European Southern Observatory Very Large Telescope as part
of the XQ-100 legacy survey [19]. XQ-100 provides high-quality echelle spectra of 100 quasars at redshifts
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Figure 5: Readout time for several ROI configurations. The plot gives the expected readout time given the
target noise level (sub-electron and photon counting) for different percentages of the detector readout with the
target noise. We note that the rest of the FoV is read out with single-sample noise.

z ≃ 3.5− 4.5 with high signal-to-noise (median S/N = 30). These high-quality spectra can be compared to the
SIFS-Skipper CCD data. We also acquired spectra of these QSOs with the original SIFS Teledyne e2v detector,
which serves as another baseline for comparison.

Galaxy Clusters: We identified moderate-redshift (z ∼ 1− 2) galaxy clusters intended for the ALP dark matter
study. We acquired spectroscopic data with Skipper CCDs from two galaxy clusters: CL J1001+0220 (z = 2.5)
and SPT-CLJ2040−4451 (z = 1.48). These observations are paired with observations of CALSPEC [18] standard
spectroscopic calibration stars (HD074000, HD60753, HD106252, HD101452, HD200654) for flux calibration
purposes. Integration times for calibration star exposures are about 5 minutes due to the high signal counts
(> 10, 000 e−) and are read out in single-sample configuration. Previously, we acquired spectroscopic data from
these galaxy clusters using the original SIFS e2v detector to compare future science results between both data
sets (Section 6).

Emission Line Galaxy: We observed an emission line galaxy (ELG) at z = 0.3239 that was also observed by
DESI as part of the DESI Early Data Release [20]. The O iii emission line is well placed on the the SIFS FoV at
λ = 6628.8 Å. This observation shows the capability of the Skipper CCDs to resolve faint spectral features and
provides a validation of this technology for future spectroscopic surveys (e.g., DESI-2 [21]).

Ultra-faint Dwarf Galaxy Candide Member Star: We acquired spectroscopic data associated with a candidate
member star in the periphery of the Boötes II ultra-faint dwarf galaxy (UFD) identified by Pan et al. (2024) [22].
The candidate member star is relatively faint (Gaia G ∼ 19mag), and we plan to measure the radial velocity of
this star to determine whether it is a member of Boötes II (Section 6).

4.2 Sub-Electron Noise Regions of Interest

We define a “full FoV” ROI that covers the entire 4k × 4k active region of SIFS focal plane array. The full FoV
ROI is configured per amplifier with a contiguous active area of 512 × 2k pixels. The full FoV ROI is read out
with Nsamp = 30, resulting in a readout noise of ∼ 0.7 e−rms/pixel while the the rest of the amplifier region
(512 × 1k pixels outside the FoV) is read with Nsamp = 1. We use this configuration for the galaxy cluster
observations and acquired five science exposures with exposure times varying from 900 to 1200 seconds.

We also define a smaller “1/2 FoV” ROI covering a 4k × 2k region of the focal plane array (excluding the
parallel and serial ovserscans). The 1/2 FoV ROI consists of 512 × 1k pixels per amplifier where we achieve a
noise of ∼ 0.5 e−rms/pixel with Nsamp = 50 measurements per pixel. The 1/2 FoV ROI enables signal to be
collected from several of the brightest fiber bundles, and this readout configuration was used to acquire data
from the two QSOs, the ELG, and the Boötes II candidate member star. In the top panel of Figure 4, we show
an observation of HB89 1159+123 using the 1/2 FoV ROI configuration; the ROI spans the entire detector in the
spectral direction and ∼2k pixels in the spatial direction. In the bottom panel of Figure 4, we show one amplifier
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Figure 6: Left: Readout noise from one of the detectors affected by correlated noise as a function of the
number of samples per pixel (Nsamp). The single-sample readout noise is ∼ 17 e− rms/pixel but rapidly decreases
with increasing Nsamp, reaching ∼ 4.6 e− rms/pixel at Nsamp = 7. The theoretical Gaussian noise behavior
(i.e., σN ∝ 1/

√
Nsamp) is recovered for Nsamp > 12. These detectors are able to count photons at Nsamp = 250

similarly to the two unaffected devices. Right: The pixel distribution from the multi-sample serial overscan. For
small Nsamp, the pixel distribution exhibits a “double-Gaussian” feature, which suggests a temporal correlation
between mixed sources of noise. For Nsamp ≳ 12, a single-Gaussian noise distribution is recovered.
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Figure 7: The total observation noise as a function of the exposure time. The total observation noise includes
the background shot noise. In the configuration shown here, the background counts are dominated by the
shutter-open dark rate. We note that for short exposure times (e.g., the ∼ 60 s exposure time used for some
photon-counting readout configurations), the shot noise is subdominant to the readout noise.

segment of a science image to highlight its various components. Following the ROI, there is a single-sample serial
overscan that extends for 120 pixels and a multi-sample serial overscan that extends the remaining 200 pixels.
Additionally, the parallel overscan begins at pixel 512 and extends to pixel 600 in the wavelength (row) direction
maintaining the same number of samples per pixel. From Figure 5, we note that the readout time is ∼ 15 min
for both FoV ROI configurations.

4.3 Photon-Counting Region of Interest

As a demonstration of the first on-sky photon-counting spectroscopic data collected with a Skipper CCD, we
defined a “photon-counting” ROI spanning 220 pixels in the spatial direction (110 pixels per amplifier), which we
sample 250 times to achieve a readout noise of ∼ 0.22 e−rms/pix. The photon-counting ROI was used to acquire
spectra from HB89 1159+123 and QSOJ1621−0042. The blaze angle was chosen to center the Lyman-alpha
(Ly-α) line (∼5497 Å and ∼5726 Å for the two QSOs, respectively) on a single detector. The readout time for
this configuration is 17.2 min (Figure 5). We took one 120 s science exposure from HB89 1159+123 in order to
validate noise and photon-counting performance, followed by two 60 s exposures for each QSO.
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Figure 8: Transition between single-sample to photon-counting readout noise level for a data frame containing
the Ly-α line from HB89 1159+123. Each sequence shows an increasing number of non-destructive pixel mea-
surements and decreasing readout noise. The faint spectral trace becomes increasingly visible as the readout
noise decreases. Note that the spatial and spectral axes have been flipped relative to Figures 3 and 4.

5. RESULTS

5.1 System Performance

To the best of our knowledge, these observations represent the first-ever on-sky data collected with Skipper
CCDs. They demonstrated the capability of these detectors to achieve ultra-low noise and detect weak signals
(e.g., resolve individual photons) under real instrument and observing scenarios. This successful demonstration
of Skipper CCDs on the sky relies not only on the demonstrated performance of the detectors [10], but also
on the integrated performance of the focal plane electronics, instrument, and telescope [5]. We note two minor
system issues that affected these first observations.

When integrating the Skipper CCD focal plane, we found that one pair of detectors exhibited unusually high
correlated single-sample noise (∼ 17 e− rms/pixel) compared to the other pair of devices (< 4.6 e− rms/pixel)
[5]. Since these two detectors share clocks and biases, we attribute the source of this noise to an electronic
coupling between these detectors. While we were unable to identify the precise source of this noise in the
lab, we showed that this correlated noise quickly reaches nominal noise performance (∼ 4.6 e− rms/pixel) with
Nsamp = 7. Furthermore, as shown in Figure 6, the Gaussian noise scaling behavior with Nsamp is observed to
recovered for Nsamp > 12. We measure a readout noise of ∼ 0.72 e− rms/pixel and ∼ 0.22 e− rms/pixel (enabling
photon-counting) after Nsamp = 50 and Nsamp = 250, respectively. This multi-sample noise performance is
comparable to the two unaffected devices.

During the first engineering night, we measured a shutter-open dark rate of O(10−1) e−/pixel/s, which was
attributed to stray light within the SIFS enclosure. We identified and mitigated several light sources con-
taminating the instrument’s optical path. Science observations proceeded with an improved background rate
∼ 1.19 × 10−2 e−/pixel/s. While this remains sub-optimal, the stray light shot noise contribution can be kept
to ≲ 2.5 e− rms/pixel if the exposure time is limited to ≲ 600 s (Figure 7). We are exploring options to reduce
the background rate to levels measured during laboratory testing (∼ 2× 10−4 e−/pixel/s) [10].
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Figure 9: Photon-counting demonstration on the sky with the SIFS Skipper CCD focal plane. Photon resolution
is achieved at 128 and 250 measurements per pixel over the ROI shown in Figure 8.
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Figure 10: Noise reduction sequence illustrating the Ly-α line from the data frame in Figure 8. Of particular
interest for this demonstration is the ability to resolve features of interest in the spectra. The Ly-α line is
completely hidden in the readout noise for low number of samples. As the noise decreases down to the photon-
counting regime, one is able to identify and precisely fit the Ly-α line.

5.2 Single-Photon Counting

Single-photon counting was achieved for the first time with a Skipper CCD on the sky. We attained a readout
noise of ∼ 0.22 e−rms/pixel over ∼5.4% of the SIFS FoV (Section 4), enabling photon-counting in all detectors.
Figures 8, 9, and 10 illustrate the ultra-low noise capabilities of the Skipper CCD through a sequence of readout
noise configurations, ranging from Nsamp = 1 (∼ 4.6 e− rms/pixel) to Nsamp = 250 (∼ 0.22 e− rms/pixel).
The frames in Figure 8 represent a 60 second exposure of the photon-counting ROI from one of the detectors,
containing a bright fiber bundle which corresponds to the Ly-α line in HB89 1159+123. As the number of
samples increases and the readout noise deceases, the line becomes increasingly visible. The reduction in the
readout noise enables photon/electron counting (Figure 9) and the Ly-α feature becomes detectable above the
noise (Figure 10). This is a powerful demonstration of the ultra-low noise capabilities the Skipper CCD provides.
With the short exposure, we purposefully reduce the signal-level from the QSO while reducing the background
contribution to the noise (< 1 e−) to demonstrate the ability for the Skipper CCD to resolve spectral features
contributing a few electrons.
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Figure 11: Top: Spectrum from a 600 s SIFS-Skipper CCD observation of an ELG identified in the DESI Early
Data Release. The O iii emission line is detected at λ ∼ 6628.8 Å with different signal-to-noise ratios depending
on the achieved readout noise (colored lines). Bottom: The signal-to-noise ratio as a function of Nsamp. In
the readout-noise-dominated regime, it is possible to increase the SIFS signal-to-noise from ∼1.2 to ∼10.5 by
achieving sub-electron readout noise levels. Note that this observations was taken by one of the Skipper CCDs
that was affected by correlated noise (Section 3).
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Figure 12: Top: High signal level (∼70 e−) spectrum around the Ly-α feature from a SIFS-Skipper CCD
observation of QSO HB89 1159+123. Bottom: Signal-to-noise as a function of Nsamp for the high signal QSO
observation. The signal-to-noise improvement is minimal. The source and background contribution to the total
noise is ∼ 10 e−, which dominates the noise budget in this observation.



5.3 Signal-to-Noise Improvement

The signal-to-noise ratio is a measure of the ability to distinguish a signal from background noise. For faint
sources in low-background observations, the readout noise can dominate the total noise in the observation, i.e.,

σobs. =
√

σ2
shot + σ2

read (1)

where σ2
shot represents the Poisson shot noise and σread is the detector’s readout noise. The Poisson shot noise

is calculated from the electron count rate (e−/pixel/frame) from all sources, including CIC and the detector’s
“dark rate”, which includes external light contamination leaking into the system. The Poisson shot noise, in
contrast to the readout noise, increases with the exposure time and becomes the dominant component of the
total observation noise when signal and/or background levels are high. In our current system, the background
rate is sub-optimal due to issues with external light leakage. By reducing the exposure time, we can reduce the
shot noise contribution from the signal and backgrounds in order to explore signal-to-noise improvements from
the Skipper CCDs in the readout-noise-dominated regime. Figure 7 illustrates this interplay between exposure
time (count level) and the readout noise. In exposures with few counts, reducing the readout noise can lead to
significant gains in signal-to-noise.

Figure 11 shows the O iii feature from the ELG for a 600 second exposure from one of the Skipper CCDs
affected by correlated noise. We show that as the readout noise decreases from ∼ 6 e− rms/pixel with Nsamp = 5
to ∼ 0.7 e− rms/pixel after Nsamp = 50, the signal-to-noise ratio increases up to 10.5, allowing for the O iii
emission line to be detected. In contrast, Figure 12 illustrates the Ly-α line from HB89 1159+123 with higher
signal (∼ 70 e− on average) and a total of ∼ 10 e− contribution from the background. In this instance, the
signal-to-noise stays roughly consistent because the low readout noise is subdominant (e.g., ∼ 0.5 e− rms/pixel
after Nsamp = 50).

6. SCIENTIFIC APPLICATIONS

We identified two scientific applications for the SIFS Skipper CCD science verification data: (1) we will use
observations from the galaxy clusters (CL J1001+0220 and SPT-CLJ2040−4451) to place new constraints on
the mass of ALP dark matter, and (2) we will use spectra from the candidate member star of the Boötes II UFD
to further study the spatial distribution and dark matter halo of this system. We expect that the low readout
noise from the Skipper CCD focal plane will improve the results from these two scientific cases. The low readout
noise allows faint lines to become visible above the background, which is crucial when deriving constraints on the
ALP-photon coupling. Additionally, the improved signal-to-noise for the UFD candidate member star enables a
more precise measurement of its radial velocity.

6.1 ALP Dark Matter

ALPs are a generalization of the Quantum chromodynamics (QCD) axion, initially proposed to solve the strong
charge-parity (CP) problem [23, 24]. ALPs are also considered a viable dark matter candidate, and many efforts
to search for them exploit their coupling to photons. From an astrophysics perspective, these searches aim
to detect photon signals resulting from the radiative decay of ALP dark matter and the conversion of ALPs
into photons in the presence of magnetic fields. For ALPs with masses in the electron-volt (eV) scale, the
monochromatic photon emission from ALP decay falls within the optical and infrared wavelength range [25, 26].
Under the proposal SO2024A-011 (“Searching for decaying axion like particles in z > 1.1 galaxy clusters with
SOAR/SIFS”), we have taken five science exposures of Sunyaev-Zeldovich-selected galaxy clusters (e.g., [27])
with the Skipper CCD focal plane prototype (more observations are planned for early July 2024). These include
two 1200 second exposures of the cluster CLJ1001+0220 (z ∼ 2.51, [28]) and three 900 second exposures of
SPT-CLJ2040−4451 (z ∼ 1.48, [29]). For both clusters, we read out the full FoV with Nsamp = 30, providing
∼0.7 e− rms/pixel readout noise on the two detectors not affected by the correlated noise while maintaining a
manageable level of cosmic-ray contamination during read out. We show in Fig. 13 the expected sensitivity of
these SIFS observations, compared to previous constraints from MUSE, VIMOS, and HST. (VIMOS was — and
MUSE is — an integral-field spectrograph on the Very Large Telescope (VLT).) Despite the smaller diameter of
SOAR compared to the VLT (4.1 m vs. 8.2 m), and the smaller FoV of SIFS compared to MUSE/VIMOS (0.03
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Figure 13: Collection of selected constraints on the ALP mass/coupling parameter space. Previous results (gray)
include integral-field spectroscopic data from MUSE [26] and VIMOS [25], HST optical background [30], and
stellar evolution [31]. Projected constraints from observation of galaxy clusters with SIFS (described in Sec. 6.1)
are shown in red, demonstrating the advantages of low-noise detectors, as well as observations of higher-redshift
clusters.

arcmin2 vs. 1 arcmin2), we anticipate SIFS will deliver similar constraints on the ALP-photon coupling gaγγ in
a higher-mass range than has previously been probed. This is a combination of the low readout noise of the
Skipper CCDs (allowing faint lines to become visible above the sky background) and observing higher-redshift
galaxy clusters (allowing photons from higher-mass — and thus faster-decaying — ALPs to redshift into the
SIFS bandpass).

6.2 Boötes II Candidate Member Star

Pan et al. (2024) [22] conducted a photometric analysis using metallicity sensitive DECam u-band imaging to
identify candidate member stars in the outskirts of three Milky Way UFDs: Boötes I, Boötes II, and Segue 1.
The study identify UFD candidate member stars from derived photometric metallicities, and the authors of
that work recommended spectroscopic follow-up to confirm the newly-identified candidate member stars. The
SIFS-Skipper CCD system is well-suited to measure the the radial velocities of these candidate member stars
to unambiguously determine their membership and extend the mapping of the stellar populations of UFDs to
large distances. UFDs form within extended dark matter halos and serve as ideal laboratories to study the
nature of dark matter at small scales [32–34]. Tracing the outer stellar distributions of UFDs is important to
probe the relationship between dwarf galaxies and their small dark matter halos. We acquired four 900 second
exposures targeting a Boötes II candidate member star previously identified in Pan et al. (2024) [22]. We expect
to determine the star’s radial velocity from the H-α and/or Mg triplet absorption lines.

7. SUMMARY AND OUTLOOK

We have presented results from the first-ever on-sky demonstration of ultra-low noise, photon-counting Skipper
CCDs at SIFS on the 4.1-m SOAR Telescope. Astronomy-optimized Skipper CCDs show performance parity
with DECam and DESI devices (Table 1), demonstrating the viability of Skipper CCDs for measuring faint
spectroscopic signals significantly below the noise levels in conventional scientific CCDs. We outlined an obser-
vation strategy that exploits ROIs to achieve sub-electron (≲ 0.7 e− rms/pixel) and photon-counting (∼ 0.22 e−

rms/pixel) readout noise levels in portions of the FoV in ≲ 17 min.



We acquired spectroscopic data with sub-electron readout noise levels from two QSOs at redshift z ∼
3.5 (HB89 1159+123 and QSOJ1621–0042), two moderate-redshift galaxy clusters (CL J1001+0220 and SPT-
CLJ2040−4451), an ELG at z = 0.3239, and a candidate member star of the Boötes II UFD. In addition to
performing the first demonstration of the Skipper CCD technology on the sky, we expect to derive scientific
results from these data products. As a demonstration of the ultra-low noise of the Skipper CCD, we acquired
spectra from HB89 1159+123 over ∼ 5.4% of the FoV with a readout noise of ∼ 0.22 e− rms/pixel. We resolved
individual photo-electrons and demonstrated the ability to detect the Ly-α emission line. Furthermore, we show
that when the observation’s total noise is dominated by the readout noise, it is possible to significantly increase
the SIFS signal-to-noise ratio by lowering the readout noise. This demonstrates the potential to increase the
sensitivity of future observations of faint sources in the readout-noise-dominated regime.

Achieving sub-electron and photon-counting readout noise with Skipper CCDs comes at the cost of long read-
out times. To address this, we implemented ROIs in our observations. However, more promising alternatives to
minimize readout times include improved detector architectures incorporating the Skipper floating gate amplifier.
One such innovation is the Multi-Amplifier Sensing CCD (MAS CCD), which features a series of floating-gate
output amplifiers placed along an extended serial register, enabling non-destructive measurements [35, 36]. In
contrast to conventional Skipper CCDs, the readout noise from a MAS CCD is given by

σ =
σ0√
NsNa

(2)

where Na is the number of amplifiers in the serial register and Ns is the number of non-destructive measurements
taken with each amplifier [35, 36]. The extra factor of 1/

√
Na in the noise reduction means that it is possible to

achieve ultra-low noise by combining measurements from each amplifier. The improvement in readout time from
a MAS CCD compared to a conventional single-amplifier Skipper CCD is ∼1/Na. Current work is underway
to increase the number of on-chip Skipper amplifiers on MAS devices to achieve fast sub-electron and photon-
counting readout noise. A 4k × 4k MAS CCD would eliminate the need for a detector mosaic configuration with
gaps and achieve ≲ 1 e− rms/pixel in ∼1 minute of readout time.
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[19] López, S., D’Odorico, V., Ellison, S. L., Becker, G. D., Christensen, L., Cupani, G., Denney, K. D., Pâris, I.,
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