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4Comisión Nacional de Energı́a Atómica (CNEA) & Consejo Nacional de Investigaciones Cientı́ficas y Técnicas
(CONICET), Universidad Nacional de Córdoba, Córdoba C5000, Argentina
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Abstract. We present an X-ray characterization of a fully depleted, 725 µm thick p-channel SiSeRO-CCD. Mea-
surements with a 55Fe source yield an energy resolution of 54 ± 0.9 eV (14.6 ± 0.25 e−) at 5.9 keV for single-pixel
events, indicating that the SiSeRO amplifier preserves the intrinsic charge resolution of the CCD under multi-sample
non-destructive readout. Characterization with a 241Am source extends the response to higher-energy photons, with re-
constructed spectral features observed between 9–26 keV and the 59.5 keV γ emission. These measurements, together
with a muon-derived diffusion calibration, show that charge transport and diffusion are consistent with interactions
spanning the full sensor depth. These results demonstrate that the SiSeRO-CCD simultaneously achieves sub-electron
noise performance and efficient charge collection in a thick, fully depleted silicon detector. This combination enables
X-ray spectroscopy across a broad energy range while maintaining sensitivity to faint signals.
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1 Introduction

The detection and precise measurement of faint optical and X-ray signals are central to many appli-

cations in astronomy and low-background instrumentation. Charge-coupled devices (CCDs) have

long served as the standard imaging detectors for these applications due to their excellent linearity,

stability, and low-noise performance. However, conventional CCD architectures face a fundamen-

tal trade-off between readout noise and readout speed, which limits their use in applications that

require both high sensitivity and frame rates.

Recent developments in CCD readout architectures have shown that non-destructive charge

measurements can significantly reduce effective readout noise by enabling multiple measurements
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of the same charge packet. For example, Skipper CCDs achieve sub-electron read noise by repeat-

edly sampling the sense node without destroying the stored charge.1 While highly effective for

ultra-low-noise applications, this approach typically requires long readout times, limiting its use in

systems that require higher frame rates.

For astronomical instrumentation, this trade-off is especially important in low-signal regimes

where detector read noise, rather than photon shot noise, sets the sensitivity. This occurs in ground-

based observations at blue wavelengths, where the sky background is low, and in space-based ob-

servations, where exposures are often split into many short integrations to mitigate cosmic-ray con-

tamination. In both cases, read noise dominates the noise budget and directly limits performance.

Recent work has demonstrated the suitability of Skipper CCDs for astronomical observations, in-

cluding quantum efficiency and detector response measurements2 and on-sky spectroscopy with a

prototype Skipper focal plane.3, 4 However, the long readout times required to achieve sub-electron

noise with Skipper CCDs limit their practical use in astronomical observations. The time spent on

readout reduces the time available for photon collection, limiting observing efficiency, cadence,

and scalability to large-format focal planes. This motivates the development of alternative readout

architectures that preserve low-noise performance while enabling faster charge measurement.

The Single-electron Sensitive ReadOut (SiSeRO) architecture was developed to address this

limitation by integrating a double-gate MOSFET amplifier that enables non-destructive readout

while improving charge measurement speeds. Previous work has demonstrated that the SiSeRO

amplifier achieves sub-electron charge sensitivity and can operate several times faster than floating-

gate Skipper amplifiers.5–10 In a fully depleted thick CCD, this combination is attractive for astron-

omy because it couples a high-sensitivity output stage with a detector geometry that provides high

quantum efficiency and bulk charge collection.11
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In this work, we evaluate the X-ray response of a fully depleted, p-channel SiSeRO-CCD.

Using 55Fe and 241Am radiation sources, we measure the detector’s energy resolution and demon-

strate efficient charge collection across the thick substrate. These measurements provide an initial

characterization of the SiSeRO CCD as a candidate detector for future space-based astrophysics

missions, including concepts for the Habitable Worlds Observatory, where low-noise photon de-

tection and efficient bulk charge collection are critical for detecting faint biosignatures.

2 Methods

2.1 The SiSeRO-CCD

The Single-electron Sensitive Readout (SiSeRO) CCD used in this study is a 725 µm thick, p-

channel CCD fabricated by MIT Lincoln Laboratory. The sensor consists of 1278 × 330 pix-

els with a pixel size of 15 × 15 µm2. It was fabricated on high-resistivity (≈20 kΩ·cm) n-type

silicon, which enables full depletion of the device volume with a 70 V substrate bias.5, 6 The p-

channel CCD architecture provides improved resistance to radiation-induced charge transfer degra-

dation,12–16 while the fully depleted thick substrate extends the sensor’s quantum efficiency into the

near-infrared.17, 18 Similar to the Skipper CCD, the SiSeRO-CCD enables non-destructive readout

(NDR) and achieves sub-electron noise performance.1, 5, 7

In this device, charge readout is performed using a double-gate n-type MOSFET amplifier ar-

chitecture referred to as SiSeRO. The SiSeRO architecture is depicted in Fig. 1a. By design, the

n-channel MOSFET is integrated into the CCD’s p-channel. The p-channel functions as an in-

ternal gate (IG), forming the second gate of a double-gate structure that couples the CCD charge

to the transistor channel. This geometry establishes a coupling between the stored charge and

the drain current IDS , allowing the charge packet to modulate the current without being trans-

3



ferred or lost. As a result, charge packets can be measured non-destructively, and the design yields

enhanced charge sensitivity compared to conventional floating-diffusion and floating-gate ampli-

fiers.5, 7, 9 Device simulations further indicate that operating the MOSFET near its threshold voltage

maximizes charge sensitivity, a prediction validated by measurements in 2023 that achieved 1.54

nA/e−, the highest reported for a double-gate MOSFET.5, 6 Additionally, experimental measure-

ments have demonstrated that the SiSeRO architecture achieves equivalent noise performance at

least six times faster than the Skipper CCD, confirming its advantage in the speed-to-noise trade-off

regime.5, 19

To isolate the n-type regions of the SiSeRO amplifier from the n-type substrate of the CCD

array, an isolation guard consisting of a p-type implant surrounds the output stage (Fig. 1a). This

guard prevents parasitic flow of electrons into the transistor channel, a requirement for stable oper-

ation and full device depletion.5 Additionally, as has been experimentally observed, the absence of

the isolation guard causes a rapid increase in drain-source current during non-destructive readout

and prevents the reduction of pixel rms to sub-electron levels. Simulations and experimental mea-

surements confirm that −8 V is required to bias the isolation guard and prevent parasitic current

from affecting pixel readout.5, 6

During readout, the amplifier is operated by applying the bias voltages VGS and VDS to drive the

output signal IDS . Once the charge packet reaches the serial register, it is clocked to the amplifier

for readout. When charge is transferred into the internal gate, the output gate (OG) is raised to

prevent charge from drifting back into the serial register, and the charge modulates IDS . The drain-

source current response exhibits a nonlinear dependence on the total charge stored in the internal

gate and is consistent with simulations and previous studies of bulk charge detectors that employ

a similar output amplifier architecture.6, 20 The front-end electronics employ a transimpedance
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amplifier (TIA) to convert current variations to a voltage for digitization. An offset potential Voffset

is applied in the TIA to introduce a controlled bias current, ensuring that the resulting output

voltage remains within the dynamic range of the readout system. Under multi-sample readout, the

OG is lowered to send charge back into the summing-well gate (SG). The OG is then raised again,

and the pedestal signal is read out. Subsequently, the charge is returned to the amplifier, read out,

and the process is repeated until the desired number of pixel samples is acquired. Once complete,

the dump gate (DG) is lowered, and the pixel charge is drained to allow the next pixel to be read

out.

The performance of the SiSeRO output stage strongly depends on the bias configuration and

readout electronics.21 The following section details the experimental setup and operating parame-

ters chosen to evaluate the device’s response to X-rays.

2.2 Experimental Setup

A series of characterization measurements were conducted on a SiSeRO device at Fermi National

Accelerator Laboratory. The SiSeRO-CCD was installed in an aluminum vacuum chamber and

pumped down to 10−5 Torr. Using a CryoTiger PT-30 cryocooler, the sensor was cooled to 130 K

to reduce dark current. The Low Threshold Acquisition (LTA) was used as the readout system.22

An optical ensemble with a light source, a monochromator, an automated mechanical shutter, and

an integrating sphere was attached to a viewport in front of the vacuum chamber to uniformly

illuminate the sensor during dedicated amplifier optimization runs (Fig. 1b). All radiation sources

used for measurements in this paper were installed inside the vacuum chamber, facing the exposed

front-illuminated sensor.

The sensor used in this study was previously characterized for sub-electron performance.5 The
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(a) (b)
Fig 1: Overview of the SiSeRO-CCD architecture and experimental setup used for detector char-
acterization. (a) Schematic top and cross-sectional views of the SiSeRO output stage and amplifier,
illustrating the integration of an n-MOSFET within the CCD p-channel and the principle of non-
destructive readout (NDR). The figure highlights the key CCD clocking elements and amplifier
structures, including the summing-well, output, amplifier, and dump gates, as well as the isolation
guard and junction-coupled internal gate. (b) Photograph of the experimental setup, including the
sensor, vacuum chamber, readout electronics, and optical excitation components.

bias parameters used to operate the sensor are summarized in Table 1. These operating configu-

rations were obtained using a previously developed Bayesian-optimization–based characterization

framework.21

The SiSeRO CCD was operated with a correlated double sampling (CDS) time of ∼27 µs.

In this configuration, the pixel readout speed was limited by the LTA readout system.5 Images

were acquired using either single-sample readout or non-destructive readout (NDR). For each ex-

posure, the NDR samples were averaged to form a single image, followed by a row-wise overscan
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Table 1: Operating bias conditions for readout of the SiSeRO-CCD.

Parameter Value Unit

VGS 4.30 V
VDS 0.42 V
Voffset 8.00 V
VISO −8.00 V

subtraction to remove the electronic baseline.

3 X-ray Response and Charge Transport

This section presents measurements of the X-ray response and charge collection properties of

the SiSeRO-CCD using laboratory X-ray sources and cosmic-ray muons. These measurements

probe key detector characteristics: charge transport through a thick fully depleted substrate, pixel’s

charge collection, and charge measurement resolution.

3.1 Fe-55 Measurements

To evaluate the energy resolution of the SiSeRO-CCD, a series of exposures were acquired using

an 55Fe source under the operating conditions described in Sec. 2.2, using NDR with 100 samples

per pixel. This measurement focuses on the Mn Kα (5.9 keV) and Kβ (6.5 keV) emission lines

produced following the decay of 55Fe.

To assess the noise performance of the SiSeRO CCD, we analyzed the pixel value distribution

in the overscan region. The overscan does not contain any illuminated pixels, so all recorded sig-

nal arises from the serial register.23 Figure 2 shows the pixel value distribution from the overscan

region of a 100-sample NDR image. The presence of well-resolved multi-electron peaks demon-

strates that the SiSeRO amplifier can resolve individual charge carriers. Fitting the first four peaks

(0e−, 1e−, 2e−, 3e−) yields a readout noise of σe = 0.181± 0.003 e−.
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Fig 2: Histogram of pixel values in the overscan region, showing discrete charge peaks corre-
sponding to integer numbers of electrons (starting at zero). Black points show the data, and the
blue curve shows the best-fit multi-Gaussian model used to extract the gain and read noise. The
clear separation of the single-electron peaks demonstrates sub-electron read noise and enables pre-
cise conversion between ADU and collected charge.

For the front-illuminated device used in this work, 55Fe interactions occur within the first

∼30 µm of the front surface. At these interaction depths, charge diffusion is minimal, and charge

is typically collected in a single pixel or a small number of neighboring pixels. To evaluate the

energy response of the SiSeRO CCD, we restrict our analysis to single-pixel events, minimizing

the effect of charge sharing among neighboring pixels on the reconstructed peak width.

After averaging the NDR samples and applying a row-wise overscan subtraction, the images

are processed to extract X-ray events. Events are reconstructed from the corrected image, and

only single-pixel events are retained to construct the spectrum. The energy scale is calibrated by
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Fig 3: Reconstructed 55Fe spectrum for single-pixel events (npix = 1). Black points show the
data, and the blue curve shows the best-fit model to the Mn Kα and Kβ lines. The fit parameters,
including the peak centroids and energy resolution, are shown in the inset.

anchoring the photoabsorption peaks to the Mn Kα and Mn Kβ emission lines. The resulting

spectrum is shown in Fig. 3. Each peak is fit with a single Gaussian distribution, where the width

of the distribution, σ, corresponds to the energy resolution. To convert to units of electrons, we use

an average ionization energy of ∼ 3.74 eV/e−, which is consistent for silicon cooled to 130 K.24–26

For single-pixel X-ray events, we measure an energy resolution of 128 eV FWHM (corre-

sponding to σ = 54 ± 0.9 eV, or 14.6 ± 0.25 e−) for the Mn Kα emission line. This resolution

demonstrates that the SiSeRO amplifier achieves performance close to the intrinsic charge resolu-

tion expected for silicon CCDs at 5.9 keV.
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3.2 Muon-Based Diffusion Calibration

To empirically calibrate the relationship between transverse charge spread and interaction depth in

the sensor, through-going cosmic muons are used as a uniform probe of charge transport throughout

the fully depleted volume. Cosmic muons are minimally ionizing particles that traverse the fully

depleted CCD in nearly straight lines, depositing charge continuously along their path.27, 28 This

provides a uniform charge source that samples the full sensor depth within a single event. Because

charge carriers generated deeper in the bulk must drift longer distances to the collection gates,

they undergo increased lateral diffusion, resulting in a larger transverse spread. This monotonic

relationship between diffusion and drift distance allows muon tracks to serve as effective probes of

charge transport.17, 27–29

The calibration was constructed from 90 through-going muon tracks selected after quality cuts

to reject fragmented clusters and poorly reconstructed events. Clean muon clusters are recon-

structed as sets of pixels (xi, yi) with signal weights Ei, and a charge-weighted principal com-

ponent analysis (PCA) defines local along-track (s) and transverse (t) coordinates. Each track is

oriented such that the narrower end corresponds to the collection side and the broader end corre-

sponds to the back side of the sensor. The track extent is divided into ten equal bins and mapped

onto the sensor thickness,

z =
s− smin

smax − smin

d, (1)

with d = 725 µm.

For each nominal depth bin, the transverse coordinates of all pixels in that bin are combined into

a charge-weighted histogram, where each pixel contributes at its transverse position with weight

equal to its signal. A Gaussian is fit to each stacked histogram, and the fitted Gaussian width is
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Fig 4: Diffusion variance σ2
t as a function of nominal depth z extracted from through-going cos-

mic muons. Points show the Gaussian widths (squared) obtained from stacked transverse charge
distributions in each depth bin, with error bars corresponding to the statistical uncertainties of the
fits. The solid curve shows the best-fit diffusion model (see Eq. 2). Inset: example through-going
muon track used in the analysis, with colors indicating the ten depth bins used to construct the
diffusion calibration. The observed increase of σ2

t with depth reflects the growth of lateral charge
diffusion with drift distance in the fully depleted sensor.

taken as the effective transverse spread for that depth interval. The extracted widths are converted

to variances and fit with

σ2
t (z) = σ2

0 − a ln(1− bz). (2)

The resulting calibration curve is shown in Fig. 4, where the measured transverse variances ex-

hibit the expected monotonic increase with nominal depth. This calibration is therefore inter-

preted as an empirical detector response relating nominal depth to transverse spread. The observed

depth dependence is consistent with full depletion of the sensor and indicates that charge generated

throughout the bulk is efficiently transported to the collection region.
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3.3 Am-241 Measurement

To illustrate the response of the thick, fully depleted SiSeRO-CCD to higher-energy X-rays, we

exposed the sensor to an 241Am source. Unlike the 55Fe measurement, which probes charge gener-

ated near the front surface of the CCD, the 241Am source emits higher-energy photons that interact

over a broad range of depths in the 725 µm fully depleted silicon substrate. The reconstructed Np

fluorescence complexes between 9–26 keV, together with the visible 59.5 keV γ emission, probe

detector response across the full sensor volume.

The 241Am source emits a prominent 59.5 keV γ-ray, along with a series of Np L-shell fluo-

rescence X-rays produced following the decay of the daughter 237Np atom.30 The α emission is

attenuated before reaching the CCD by a thin kapton layer. Additional spectral features arise from

the source capsule construction, which includes gold and silver foils.31 These higher-energy emis-

sions have longer absorption lengths in silicon and produce charge distributions spanning multiple

pixels due to diffusion. Their reconstruction is consistent with efficient transport and collection of

charge generated throughout the thick silicon substrate.

Data for this measurement were acquired using single-sample readout, with short sequential ex-

posures to limit event pile-up. Before data processing, a row-wise overscan subtraction was applied

to each image to remove the electronic baseline. Reconstructed charge clusters were calibrated to

energy by anchoring digital units to the X-ray peaks between 9–26 keV. Given the increased inter-

action depth of the source emissions, charge generated by these higher energy X-rays is broadly

diffused across multiple pixels. To generate a clean 241Am spectrum, cluster selection was lim-

ited to those that exhibited a circular profile, reducing contamination from overlapping events and

extended charge clusters.
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Fig 5: Reconstructed 241Am energy spectrum measured with the SiSeRO detector. Black points
show the data (counts per 200 eV bin), and the blue curve shows the best-fit model. The model
describes the fluorescence lines in the 9–26 keV range with an energy-dependent resolution and
linear background, and is used to establish the energy calibration. The 59.5 keV γ line is shown
but excluded from the fit.

The resulting spectrum and fit, shown in Fig. 5, is modeled using an empirical line model that

includes the dominant emission features expected from 241Am and characteristic fluorescence lines

from the source capsule: (i) the 26.3 keV 241Am emission line, (ii) the Np L-shell fluorescence

lines (13–21 keV), and (iii) Au L fluorescence and Ag K fluorescence from the source capsule.

The 59.5 keV γ-ray is visible in the spectrum but is not included in the spectral fit due to event

pile-up and broader charge diffusion at this energy.

The individual line energies were fixed from tabulated atomic data, while the amplitudes of

the Ag and Au fluorescence lines are free parameters in the fit. An energy-dependent Gaussian
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resolution,

σres(E) = σres,0 + kEE, (3)

accounts for the degradation in resolution with increasing energy. Here σres,0 is the baseline reso-

lution term, kE describes the energy dependence of the peak width, and E is the X-ray energy. A

linear background term absorbs the smooth continuum between peaks.

The reconstruction of both the fluorescence lines and the 59.5 keV γ emission is consistent

with charge collection throughout the thick silicon substrate. While the 55Fe measurements probe

near-surface interactions, the successful detection of higher-energy Am-241 emissions confirms

efficient charge collection throughout the full substrate depth. These measurements are consis-

tent with the performance expected for a fully depleted silicon CCD,17 including efficient charge

collection across the thick substrate. These results support the viability of SiSeRO for X-ray spec-

troscopy applications, in addition to its demonstrated capability for single-electron-resolved photon

counting in faint-signal astronomical imaging.

4 Discussion and Conclusion

We have evaluated the X-ray response of the fully depleted, p-channel SiSeRO-CCD using 55Fe

and 241Am radiation sources. The 55Fe measurement provides a direct characterization of the

detector energy resolution at 5.9 keV, yielding 54± 0.9 eV (14.6± 0.24 e−) for single-pixel events

and demonstrating that the SiSeRO amplifier preserves the intrinsic charge resolution of the CCD

while operating in a multi-sample non-destructive readout mode. Measurements with the 241Am

source extend this validation to higher-energy photons that interact throughout the 725 µm fully

depleted substrate, while the muon-derived diffusion calibration is consistent with efficient charge
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transport throughout the detector bulk.

Taken together, these results show that the SiSeRO-CCD combines sub-electron charge sen-

sitivity with a thick, fully depleted silicon detection volume, enabling low-noise charge measure-

ment with efficient bulk transport and collection. These properties support the broad-range X-ray

response demonstrated here and are well matched to the requirements of optical and near-infrared

observations in future ground- and space-based instruments. In this context, SiSeRO provides

a path toward astronomical imagers that achieve photon-counting sensitivity while operating at

higher readout speeds than conventional floating-gate non-destructive architectures.
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B. A. Cervantes Vergara, A. E. Chavarria, C. R. Chavez, J. R. T. de Mello Neto, J. C.

D’Olivo, J. Estrada, G. Fernandez Moroni, R. Gaı̈or, Y. Guardincerri, K. P. Hernández Torres,

F. Izraelevitch, A. Kavner, B. Kilminster, I. Lawson, A. Letessier-Selvon, J. Liao, V. B. B.

Mello, J. Molina, J. R. Peña, P. Privitera, K. Ramanathan, Y. Sarkis, T. Schwarz, C. Sengul,

M. Settimo, M. Sofo Haro, R. Thomas, J. Tiffenberg, E. Tiouchichine, D. Torres Machado,

F. Trillaud, X. You, and J. Zhou, “Search for low-mass wimps in a 0.6 kg day exposure of the

damic experiment at snolab,” Phys. Rev. D 94, p. 082006, Oct 2016.

20



28 A. Aguilar-Arevalo et al., “Exploring low-energy neutrino physics with the coherent neutrino

nucleus interaction experiment,” Phys. Rev. D 100, p. 092005, Nov 2019.

29 A. Aguilar-Arevalo, D. Amidei, I. Arnquist, D. Baxter, G. Cancelo, B. A. C. Vergara, A. E.

Chavarria, N. Corso, E. Darragh-Ford, M. L. Di Vacri, J. C. D’Olivo, J. Estrada, F. Favela-

Perez, R. Gaı̈or, Y. Guardincerri, T. W. Hossbach, B. Kilminster, I. Lawson, S. J. Lee,

A. Letessier-Selvon, A. Matalon, P. Mitra, A. Piers, P. Privitera, K. Ramanathan, J. Da Rocha,

M. Settimo, R. Smida, R. Thomas, J. Tiffenberg, D. T. Machado, M. Traina, R. Vilar, and

A. L. Virto, “Characterization of the background spectrum in damic at snolab,” Phys. Rev.

D 105, p. 062003, Mar 2022.
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