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Skipper Charge-Coupled Device for Low-Energy-Threshold Particle Experiments
above Ground
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We present experimental results using a single-electron resolution skipper CCD running above ground
level to demonstrate the potential of this technology for its use in reactor neutrino observations and other
low-energy particle-interaction experiments. Operating conditions and event-selection criteria are pro-
vided to decouple most of the background rate at low energies. The majority of this background comes
from interactions in the inactive silicon surrounding the active detector volume that ends up in the readout
register of the sensor. Our final results are compared with other low-threshold technologies showing a good
control of the background for low ionization energies down to five electron-hole pairs. This demonstrates
that the skipper CCD proves to be among the best options to measure low-energy and weakly interacting
particles at ground level.

DOI: 10.1103/PhysRevApplied.17.044050

I. INTRODUCTION

Low-energy threshold particle experiments to research
standard and beyond standard model interactions require
two main characteristics: on one side, high-sensitivity
sensors and at the same time, detailed control of the
background levels of the experiment. Charge coupled
devices (CCDs) silicon detectors with low readout noise
and large active volume have been identified among the
most promising technologies for the low-mass direct dark-
matter search experiments, probing electron and nuclear
recoils from sub-GeV mass [1–5]. In these kinds of physics
searches, the background is highly reduced by operat-
ing the experiment deep underground reducing the cosmic
rays’ shower. The recent development of the skipper CCD
[6–8] demonstrated the capability to measure ionization
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events with subelectron noise extending the reach of this
technology to unprecedented low energies. This enabled
world-leading results for dark-matter searches at under-
ground facilities [8]. Experiments based on this technology
are planned for the coming years with active masses going
from 100 g to several kilograms [9,10]. At the same time,
the low-noise standard CCD technology has been imple-
mented in a low-energy neutrino experiment [11,12]. This
experiment runs above surface near the neutrino source,
a nuclear reactor, thus losing the advantage of operating
underground that dark-matter experiments have. Neutrino
experiments with skipper CCDs are also being currently
planned [13].

Rates of single-electron depositions larger than expected
have been observed in Ref. [8], and its possible link
to higher-energy particles has been summarized in Ref.
[14]. Moreover, recent studies on regions in the CCD
with low collection efficiency [15] show how large-energy
ionization events could produce low-energy signals in
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the detector. For this reason, experiments running above
ground are more challenging due to the larger rate of
atmospheric high-energy particles [16].

In Ref. [17] it is shown that a good control of the back-
ground starting at around 15 up to 500 eV of ionization
equivalent energy is a key factor for physics searches
using neutrinos at nuclear reactors. Moreover, planned
experiments for the study of silicon energy absorption
from photon and neutron interactions, using skipper CCDs,
require the detector at surface level to be operated with
good control of the background. Several recent low-
threshold technologies observe a rapidly increasing rate of
background events towards low energies (below 1 keV).
This effect is more evident when the detector is running
above ground [18–26] compared to underground loca-
tions [8,27–29]. Larger background rates result in limiting
the reach of the low-threshold capability of the sensor.
The first edition of the EXCESS workshop in 2021 [30]
exhibit the effort of the community to overcome this
issue.

It is fairly known that the long readout time of the
skipper-CCD sensors hinders the use of active veto sys-
tems and therefore is more susceptible to higher back-
ground contributions due to the cosmic ray interactions.
For this reason, passive shield configurations together with
event-selection criteria based on the spatial resolution of
thick fully depleted CCDs are used to reject undesired sig-
nals. No previous study has addressed this problem for this
sensor at surface level to achieve a controlled background
at low energies.

In this paper we study the use of skipper CCDs as a
potential low-threshold technology for experiments above
surface. We start by presenting a case studying the detec-
tion of nuclear reactor neutrinos, to link the background at
low energy with the significance for detection of the coher-
ent elastic neutrino-nucleus scattering (CEvNS) interaction
[31]. We then present the experimental setup and discuss
the main sources of background found on the measure-
ments. We propose a detector operation scheme and selec-
tion criteria to reject these contributions. We demonstrate
that with the proposed technique, the low-energy excess
in the background rate seen by other experiments [30] is
not present using the skipper-CCD technology, even down
to events producing an ionization of five electron-hole
pairs. Finally, we compare the background measurements
observed by other low-threshold technologies already pub-
lished that have participated in the EXCESS workshop.

II. MOTIVATION: NUCLEAR-REACTOR
NEUTRINO DETECTION

CEvNS is a particle interaction between a neutrino (or
antineutrino) and the nucleus of the target atoms (in our
case silicon) where the neutrino coherently scatters off
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FIG. 1. (a) Expected number of neutrino events in silicon as a
function of the energy threshold of the sensor; the energy unit is
in ionization energy after quenching factor corrections. (b) Sig-
nificance for detecting CEvNS as a function of the background
level.

the whole nucleus instead of distinguishing its individ-
ual nucleons. The coherence of the interaction results in
sensitivity to the square of the total weak charge of
the nucleus, which could enhance the coherent scat-
tering cross section by a factor 10–100 when com-
pared to neutrino-nucleon scattering [32]. It takes place
only for neutrino energies below approximately 50 MeV
[31]. Power nuclear reactors provide the largest neu-
trino flux on the earth with energies up to approxi-
mately 12 MeV. This source provides the possibility to
experimentally research standard and beyond standard
physics in the neutrino sector. Nevertheless, measuring
CEvNS interaction imposes challenges since very low
energy is transferred to the nucleus and only a fraction
of it (due to quenching factor) translates into observable
ionization.

Figure 1(a) shows the number of expected events per
kg of active mass per day as a function of the mini-
mum observable ionization energy. The energy in the x
axis is the amount of energy that goes into ionization
(after quenching-factor correction). The quenching-factor
parametrization in Ref. [12] (which is based on the mea-
surements presented by Chavarria et al. [33]) is used for
the calculations. In this plot and in all the results presented
in this work the eV or keV units express electron equiv-
alent energy (eVee or keVee) since the skipper sensors
measure the ionized charge.

We consider an array of skipper-CCD silicon detectors
located at 12 m from the center of the core of the Atucha
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II Nuclear Power Plant with 2 GW of thermal power
[13]. This is our target scenario for an experiment using
skipper CCDs in close proximity of a power
nuclear reactor [17,32]. Detailed explanation on how to
compute the neutrino signal can be obtained from Refs.
[32,34]. As seen in Fig. 1(a) most of the measurable events
are expected to produce 100 eV of ionization energy or
less with the rate reaching almost zero above 300 eV. Sen-
sor technologies should have an energy threshold below
300 eV to access a big fraction of the reactor neutrino flux.
However, the benefits from reducing the energy threshold
must be accompanied by a well control of the background
event rate. The neutrino signal grows towards lower ener-
gies, if the background spectrum has a similar behavior,
then any systematic error in its estimation could limit the
sensitivity of the observation because the residual back-
ground could mimic the expected signal. Unfortunately
there is little published information of the background
for experiments above ground for energies below 1 keV.
Moreover, as we discuss later, other technologies have evi-
denced a large increase of the background rate towards low
energies [30].

Figure 1(b) shows the significance to observe CEvNS
signal as a function of the differential background level [in
kdru= 1000 events/(day kg keV)] using skipper CCDs for
different experiment scenarios: total sensor active mass of
0.01, 0.1, and 1 kg running for 365 days of observation.
Significance is calculated assuming a known background
model by comparing the total rate of a neutrino signal in
the energy interval 15 to 100 eV to the statistical fluc-
tuation of the background rate on the same range. No
systematic errors are assumed. The lowest energy limit
is adopted from Ref. [17,32] as a conservative minimum
energy to prevent on-chip noise sources. The maximum
limit is chosen to maximize the signal-to-noise ratio. The
results in Fig. 1(b) show that background rates between a
few kdru and below 100 kdru provide good scenarios to
get high detection confidence levels in one year for exper-
imental setups with a few hundreds grams of active mass.
Current research and development in skipper-CCD and
readout technology [35] and the experience on integrating
many CCDs on a single array [8,12,29] allows such setups
to be built.

This case reveals the relevance of controlling the back-
ground for detecting CEvNS from nuclear reactor neutri-
nos, especially in the low-energy region below 300 eV.
Despite background rates as large as 100 kdru can be han-
dled using large mass experiments, the scientific reach
of neutrino observation is significantly improved from
smaller background rates [32]. Towards low energies most
experiments show a fast regrowth of the background
level. Next, experimental results and background reduc-
tion techniques are presented using a skipper-CCD sensor
to achieve a reduced background level in this low-energy
range.

III. DESCRIPTION OF THE EXPERIMENT

Figure 2(a) shows the experimental setup where some
of the main components are labeled. One skipper CCD
[shown in Fig. 2(b)] is operated at a temperature of 140
K using a Sunpower cryocooler [36]. The CCD is glued to
a silicon substrate that sits on a copper tray for mechanical
support as well as thermal connectivity. The CCD is placed
in an extension of the dewar that fits inside a lead cylinder.
A lead cap on top of the sensor (inside the dewar exten-
sion) completes the lead shield of 2 in. of thickness around
the device. There is no radio purity selection of materials
inside the shield. The CCD was designed by the LBNL
Microsystems Laboratory (MSL) [37] and fabricated at
Teledyne-DALSA. It has 6144 columns by 1024 rows with
pixels of 15 × 15 μm2 with a thickness of 675 μm, giving
a total active mass of 2.2 g. It is read by four amplifiers, one
on each corner, using a low-threshold acquisition (LTA)
controller [35]. Two quadrants present larger readout noise
and are not used for the analysis in the following sections.
The sensor is operated at subelectron noise by averaging
300 measurements of the charge in each pixel [7] and with
a horizontal binning [38] of ten columns.

Two different kinds of measurements are performed:

(a) Dataset A: Interactions in the active region. 3.21
days of data are collected from the active region of the
sensor in continuous readout mode [8].
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FIG. 2. (a) Setup used for the experiment with a short descrip-
tion of the main components. (b) A picture of the CCD installed
on the copper tray. An extra copper plate that covers the top part
of the sensor is not presented in the image.
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(b) Dataset B: Interactions collected in the serial reg-
ister (also called horizontal register). It consists of charge
packets collected only by the serial register, not coming
from the active region, from here on called “serial-register
events” [39]. To make an isolated measurement of this
source of events, the vertical lines of the sensor are left in
idle mode while clocking only the control signals from the
serial and output stage. In other words, the sensor is read
out as in dataset A but without moving the charge from the
active area to the serial register. 2.7 days are collected in
this mode.

IV. DETECTOR CALIBRATION AND NOISE
SOURCES

An absolute energy calibration of the sensor is per-
formed using the electron counting capability. A histogram
of the pixel values from the active region (dataset A) is
produced as shown in Fig. 3, each peak correspond to an
integer number of electrons in the pixel. The peaks are fit-
ted using a Gaussian distribution whose mean value is used
to build a look-up table (digital unit versus electrons) to
calibrate the sensor up to around 700 e−. Following the
convention in Ref. [32], for the calibration between ion-
ized charge q in electrons to energy we use 3.75 eVee
as the average energy deposition per collected electron
[40]. To make the selection cut for events with 5 e− of
charge or more and taking into account the Gaussian read-
out noise observed around each peak in Fig. 3, events
starting at 16.87 eV (4.5 e−) are considered for the anal-
ysis. The single-pixel x-ray events with energy of 8.048
keV produced by the fluorescence of the surrounding cop-
per material correspond to 2146 e− ionized electrons. The
readout noise of the sensor, evaluated as the standard devi-
ation of the values of the empty pixels (0 e− peak in
Fig. 3), is 0.165 e− and 0.167 e− for the two quadrants in
use. The average single-electron rates per pixel measured
are 0.01 e−/pix and 0.009 e−/pix after binning in each
quadrant, with a contribution from the exposure-dependent
charge production [41] of 0.018 e−/(pix day) (pixels before
binning). The diffusion charge transport of carriers in the
bulk of the sensor is measured and it turns out to be similar
to that previously published in Ref. [8].

V. STUDY OF THE EXTRACTED INTERACTION

A clustering algorithm is applied to the images to extract
events produced by particle interactions. Figure 4 shows
the shape and energy distributions of the analyzed events.
Left plots show the event size in the y direction (rows of
the image), σy (determined as the standard deviation of the
charge distribution in the pixels of the event) as a function
of energy for three different datasets: the two previously
discussed and a third set generated from a simulation. The
plots on the right show the relationship between the size
(σx) in x direction (columns of the image) and σy .
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FIG. 3. Histogram of pixels with charge up to 100 e− after
calibration. Single-electron discrimination is observed. The inset
shows the same histogram for the first ten peaks.

Figures 4(a) and 4(b) correspond to simulations of par-
ticle energy depositions in the active region (bulk) of the
sensor. The software places charge packets in the bulk of
the silicon and simulates the transport due to drift and dif-
fusion of these free carriers until they are trapped by the
potential well of the pixels. The simulation technique is
based on previous studies in Ref. [42]. 30 000 events are
simulated with ionization uniformly distributed from 5 to
800 electron-hole pairs. The transport of the carriers uses
the measured diffusion in the sensor from Ref. [8]. The
only particles that are able to produce low-energy inter-
action (below 3 keV of deposited energy) deep in the bulk
(several micrometers away from the front and back sur-
faces of the sensor) are from Gammas and neutron through
Compton and nuclear scattering, respectively. These par-
ticles have a mean free path in silicon much larger than
the detector size, so the ionizations are expected to be uni-
formly distributed in its volume as used for the simulated
events. Since the charge of ten columns is collapsed into
one, due to the horizontal binning, there is little informa-
tion left concerning the shape of the event in the x direction
of the output images as shown in Fig. 4(b). Some events
present σx > 0. They take place on the edge of the binned
regions and have information shared between two binned
pixels and their probability of occurrence is low.

From Fig. 4(a) we can see that the σy distribution is sim-
ilar for all energies. Most of the events have a σy larger
than 0.4 pixels (see color scale) with a maximum of about
1.1 pixels due to the maximum expected lateral diffusion.

Figures 4(c) and 4(d) show the distribution of events
measured in the serial register (dataset B). For this mea-
surement the content of the active area of the CCD is not
transferred to the serial register. Any event that directly
interacts with this serial register, either because it occurs
therein or from an event in the inactive silicon surrounding
the active detector volume that end up collected directly
by the serial register, will be seen as a single-row inter-
action in the final image. Because of this, serial-register
events have practically no spatial information in the y
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FIG. 4. Morphology of the events in the output image: (a),(b)
are the expected events from true interactions in the sensor gener-
ated from simulations; (c),(d) serial-register event contributions
measured without dumping the collected charge in the active
volume to the serial register; and (e),(f) measured events in the
active region of the sensor.

direction (σy distribution close to 0) and extend mostly on
the x direction populating the σx axis for values larger than
zero. The spread of the σx distribution is wider than for
the events in the bulk [compare Figs. 4(b) and 4(d)] since
they occur in the undepleted silicon (with no electric field)
so the charge can diffuse more before it is collected by
the serial register pixels. A dark-current signal following
a Poisson distribution with mean equal to 0.01 e−/pixel
(after binning, as measured in dataset A) is added to the
pixels in the output data to emulate both contributions
together. Low-energy events may appear with an increased
size in the y direction due to dark counts in neighboring
rows paired in the same cluster.

The third group in Figs. 4(e) and 4(f) corresponds to
measurements in the active region of the sensor (dataset
A). The plots show components of the previously men-
tioned contribution: (1) events from the bulk (as in the
simulations) and (2) from the serial register. The first have
sizes below 1.1 pixels in y direction and smaller than 0.5
pixel in x direction, as expected from the charge-transport

calibration and event simulations, while the second
populates both plots for small σy .

Serial register events are not observed before using stan-
dard CCD and total readout time of a few minutes [11]
after an exposure of a few hours. The extra readout time
of the skipper CCD requires longer time using the serial
register and therefore more chances to grab these events.
The proposed horizontal binning also accelerates the total
readout time of the serial register, and thus it reduces the
exposure time to this source of spurious events. As shown
in the previous analysis, it also provides the advantage of
orthogonalization of the size information for both sources
of events, and therefore a purer selection of bulk events can
be made.

In the following section we use a combination of con-
straints on both σx and σy to separate the bulk events from
the serial-register events in dataset A.

VI. EVENT SELECTION, FINAL SPECTRUM, AND
COMPARISON WITH OTHER TECHNOLOGIES

Figure 5(a) shows the measured differential spectra of
events in the active region with five or more electrons of
ionized charge (from dataset A). Columns of the CCD that
presented high single-electron rate (hot columns [38]) are
eliminated from the analysis at an early stage. The remain-
ing active mass of the sensor in use is 0.675 g (from the
total 2.2 g, and after discarding two quadrants due to higher
noise). The gray plot depicts all events reconstructed from
the output images showing an increase of the rate towards
low energy. The peak at around 8 keV corresponds to the
fluorescence x rays from the copper in the mechanical
package of the sensor. To study the impact of the results
obtained in the previous section a selection criteria based
on the event shape is performed. Figure 6 shows the one-
dimensional distribution of the size, in x and y directions,
for the events simulated in the active region of the sensor.
Although events in the bulk can show a size in σx up to 0.5
pixels [Fig. 6(b)], the majority of them (72%) have a width
smaller than 0.1 pixels.

A constraint of σx < 0.3 is used to provide strong rejec-
tion to the serial-register and dark-current events. At the
same time, only sizes in the y direction compatible with
depositions in the bulk are selected: 0.3 < σy < 1, with the
minimum limit chosen to prevent counting serial-register
events. The spectrum of events after the selection cuts is
also shown in blue in Fig. 5(a). Most of the low-energy
excess is removed because its contribution is coming from
the serial register. The average flux of events below 7.5
keV of energy is 12 kdru. The spectrum is normalized by
the active mass of the sensor, but not by the efficiency of
the selection criteria.

The inset focuses in energies below 200 eV. Although
statistical errors do not allow the shape of the spectrum
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FIG. 5. (a) Energy spectrum before and after applying the
selection criteria to the data (not weighted by the selection effi-
ciency). The first two bins of the spectrum for all the events
exceeds the selected maximum value in the y axes. The inset
shows the distribution of the selected events with thinner bins
at low energy. The error bar in the inset is chosen to have
a symmetric coverage probability of 68.25% around the mean
value. (b) Efficiency of the selection cuts. (c) Comparison of our
results (Skipper-CCD@surface@FNAL) with other low-energy
technologies presented in Ref. [30].

with energy to be mathematically modeled, a rapid growth
of the spectrum at low energy is not observed.

Using the results for the bins between 15 and 100 eV
in the inset of Fig. 5(a) and the average 60% efficiency
shown in Fig. 5(b) a background of approximately 54 kdru
is achieved. Based on the analysis presented in Sec. II
and specifically in Fig. 1(b), having this background level
and 100 g active sensor would result in a significance to
observe CEvNS of around 95% during one year of obser-
vation of neutrinos from a nuclear reactor. This is just a
preliminary result since lead thickness of the shield and
radio purity of the materials are not optimized for these
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FIG. 6. Size distribution of events simulated in the active
region of the sensor: (a) in the y axis, (b) in the x axis. The bins
are normalized by the total number of simulated events.

measurements. We expect to improve the overall back-
ground level with a better design of the passive shield and
and its components, an approach similar to the work done
for the CONNIE experiment using nonskipper CCDs [11].

To evaluate the efficiency of the selection criteria, sim-
ulated events from interactions spatially and energetically
uniformly distributed in the active volume of the sensor are
added to the real images. The diffusion transport model of
carriers are also used in this simulation. The percentage of
reconstructed events passing the selection criteria is shown
in Fig. 5(b). Each energy bin is 50 eV wide and the first bin
starts at 15 eV. The efficiency is almost flat for all energies
showing that the final shape of the spectra is not modified
by the selection criteria. The red curve shows a linear fit of
the points, which can be used to normalize the spectra in
Fig. 5(a) by the efficiency of the selection criteria

The results in this work compared to other current
technologies for low-threshold experiment are shown in
Fig. 5(c). The plot is produced using the online tool pro-
vided by organizers of the EXCESS workshop [30]. Only
datasets from measurements above ground with published
results are compared in the plot. Table I summarizes the
references to the articles where the detector and data-
analysis information is presented. All spectra are normal-
ized by efficiency. Our results do not show the rapidly
increasing rate of events observed for the other technolo-
gies for energies below 1 keV. There are other technologies

TABLE I. References for the plot spectra shown in Fig. 5(c).
References obtained from Ref. [30].

Legend in Fig. 5(c) References

Skipper-CCD@surface@FNAL This paper
Nucleus-1g-prototype [18–21]
SuperCDMS-CPD-ROI [22]
SuperCDMS-HVeV-Run1 [23]
SuperCDMS-HVeV-Run2 [24]
Edelweiss-RED20@surface [25]
SuperCDMS-CPD [26]
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that did not participate in the EXCESS workshop and are
being developed to detect reactor neutrinos such as those
using Germanium crystals [43,44]. Those experiments
show very low background levels but their energy thresh-
olds are between 200 and 300 eV, an order of magnitude
larger than the threshold in this work.

VII. CONCLUSIONS

Experimental results using a single-electron resolution
skipper CCD running above ground have been presented.
We demonstrated the potential of this technology for reac-
tor neutrinos and other low-energy particle-interaction
experiments. A background source of events specially
affecting the skipper CCD has been identified and a tech-
nique to decouple its contribution is presented. Our final
result for events with energies of five ionized electron-
hole pairs or more was compared to other state-of-the-
art low-energy-threshold technologies showing a reduced
background-increasing rate towards lower energies.
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