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Abstract: The CONNIE detector prototype is operating at a distance of 30 m from the core of a
3.8 GWth nuclear reactor with the goal of establishing Charge-Coupled Devices (CCD) as a new
technology for the detection of coherent elastic neutrino-nucleus scattering. We report on the re-
sults of the engineering run with an active mass of 4 g of silicon. The CCD array is described, and
the performance observed during the first year is discussed. A compact passive shield was deployed
around the detector, producing an order of magnitude reduction in the background rate. The re-
maining background observed during the run was stable, and dominated by internal contamination
in the detector packaging materials. The in-situ calibration of the detector using X-ray lines from
fluorescence demonstrates good stability of the readout system. The event rates with the reactor
ON and OFF are compared, and no excess is observed coming from nuclear fission at the power
plant. The upper limit for the neutrino event rate is set two orders of magnitude above the ex-
pectations for the standard model. The results demonstrate the cryogenic CCD-based detector can
be remotely operated at the reactor site with stable noise below 2 e− RMS and stable background
rates. The success of the engineering test provides a clear path for the upgraded 100 g detector to
be deployed during 2016.
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1 Introduction

After the discovery of neutral current neutrino interactions in 1973 by Hasert et al. [1], it was
pointed out that coherent enhancement of the elastic scattering cross section should occur [2].
Unfortunately, even with coherent enhancement, the Coherent Elastic Neutrino-Nucleus Scattering
(CENNS) has been impossible to detect because of its very low cross section (< 10−39 cm2) [3]
and the very low energy deposition, below 15 keV for most detector targets. Figure 1 shows the
expected nuclear recoil energy spectrum of a silicon detector at 30 meters from a pressurized water
nuclear reactor of 3.8 GW of thermal power. Although events with recoil energies up to 10 keV are
expected, any event for energies above 3 keV has a very low probability of occurrence.

Up to recent years, detector technology has not been able to provide the suitable detector
mass and very low energy threshold needed for this observation. Nevertheless, the interest in low
energy neutrino physics has been growing, motivated mostly by verification of the SM prediction
and potential for new physics [4]. In astrophysics, the understanding of MeV-neutrinos is relevant
for energy transport in supernovas and is a limiting factor in ongoing efforts for developing new
supernova models [5, 6]. Moreover, in recent years there has been a growing interest in nuclear
reactor monitoring using neutrinos [7, 8].

The coherent scattering from solar, atmospheric and diffuse supernova neutrino background
has been identified as a limiting background for future dark matter searches [9]. Ultimately, direct-
detection experiments will start to see signals from coherent scattering of these neutrinos. Al-
though interesting in their own right, these neutrino signals will require background subtraction or
directional capability in WIMP direct detection experiments to separate them from possible dark
matter signals (see [10], [11] and [12] for earlier studies about the neutrino background in DM
experiments). However, as noted above, CENNS has never been measured. The expected rates
of coherent events in Ref. [9] are based on a prediction in the Standard Model that has not been
confirmed. There are several extensions of the SM that would result in a significant enhancement
of the cross section and an increase in the rate of events by several orders of magnitude [13]. En-
hancements to the event rates have been predicted in various models including those in which a
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Figure 1: Nuclear recoil energy spectrum by nuclear reactor antineutrinos [14].

neutrino has a magnetic moment, those in which neutrino-nucleus scattering is mediated by a light
boson, and those in which 2% of the solar neutrino flux oscillates into a Standard Model singlet νs
which couples to atomic nuclei via a light U(1)B gauge boson. The detection of coherent elastic
scattering will also open a new window for the study of neutrino oscillations and the search for
sterile neutrinos [15] [16].

Since the discovery in 1956, the prefered technology for the detection of reactor neutrinos has
been the inverse beta decay on free protons (threshold 1.8 MeV). It has been exploited by many
experiments with an emphasis in the study of neutrino oscillations [17–25]. These experiments
use large volume of target material to balance their high thresholds ( ∼10 keV). In recent years,
with the decreasing threshold of solid-state detectors, there has been a growing interest in using
them as neutrino detectors [26–28]. The Coherent Collaboration [29] is using multiple detector
technologies to attempt to detect coherent scattering from neutrinos produced in muons decaying at
rest at the Spallation Neutron Source (SNS). The neutrinos produced at SNS have higher energies
than reactor neutrinos, and therefore produce larger recoil signals accessible to higher threshold
detectors. However, the new physics discussed in Ref. [13] will manifest only at low energies, and
will be harder to observe using neutrinos from muon decays. On the other hand, improvements in
CCD technology has allowed the development of devices with larger mass, which together with
their very low energy threshold and good spatial resolution, makes them a viable option to detect
CENNS.

This paper is organized as follows: in Sec. II the detector concept, the prototype and the
installation at the Angra II reactor are described; Sec. III discuses the prototype performance
during the engineering run and Sec. IV compares the measurements with the reactor ON and OFF.
The conclusions and future prospects are presented in Sec. V.
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Figure 2: Pixel cross section of a 250 um thick CCD developed on Lawrence Berkeley Laboratory. The electrostatic
potential generated by the three phases under the gates is shown as a function of depth (y-axis) and one of the lateral
directions (x-axis). Extracted from [30].

2 The CONNIE Detector at Angra-II

The Coherent Neutrino Nucleus Interaction Experiment (CONNIE) is a solid-state based detector
installed at a nuclear power plant. At the core of the CONNIE detector there is an array of Charge-
Coupled Devices (CCDs). Although originally devised as memory devices [31, 32], CCDs have
found a niche as imaging detectors due to their ability to obtain high-resolution digital images. In
particular, scientific CCDs have been used extensively in ground and space-based astronomy and
X-ray imaging [33]. CCDs have high detection efficiency, low noise, good spatial resolution, and
low dark current. Thick CCDs with increased active mass have also been used as particle detectors
in the DAMIC search for dark matter [34, 35]. A sketch of a CONNIE CCD is shown in Fig. 2.

The performance of thick CCDs for particle identification has been discussed extensively
in Refs. [36] and [37]. The expected signature from neutrino-nucleus coherent scattering is a
diffusion-limited hit as shown in Fig. 3. The final shape of almost all electron and nuclear recoils
with energy below 10 keV is expected to be dominated by diffusion since their ionization track is
shorter than the pixel size. Figure 4 depicts the expected range for low energy nuclear recoils and
electron recoils in silicon. The energy calibration of CCDs for electronic recoils has been studied
in detail in Refs. [46] [36], and a summary is shown in Fig. 5. For nuclear recoils some fraction of
the energy does not produce ionization through the so-called quenching process. The calibration of
low-energy nuclear recoils in silicon is thus more challenging, and there is a lack of representative
measurements. This calibration is currently under study [38, 39], but for the purpose of this work
we will consider the Lindhard quenching model discussed in Refs. [40] and [41].

The CCD detectors used for CONNIE are operated at −140◦ C to reduce the thermal dark
current generated in the silicon. This is achieved inside a vacuum vessel (10−7torr) and cooled
with a Gifford-McMahon closed-cycle refrigerator [42]. The variation in temperature is kept below
0.1◦ C using a commercial PID system [43]. The CCDs are packaged inside a copper box acting
as a radiation shield. The box is also cooled at -140◦ C, which also reduces the infrared radiation
reaching the active surface of the CCDs (see Fig. 6).
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Figure 3: Sample of tracks produced by different types of radiation in a CCD. Muons and Compton electrons can be
clearly distinguished from X-ray and other diffusion-limited hits. For diffusion-limited hits, the size of the reconstructed
charge cloud is determined by the spread of the charge inside the silicon, and not by the range of the ionizing particles.
The nuclear recoil produced from a coherent scattering with a neutrino will result in a diffusion-limited hit.
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Figure 4: Dashed line: CDSA range of electrons in silicon [44]. Solid line: most probable range of nuclear recoils
from simulation of silicon ions in a silicon target using SRIM [45].

The CONNIE experiment is located in a temporary laboratory space, built inside a standard
shipping container located outside of the main reactor building. The experiment has no overburden
for radiation shielding. The vacuum vessel is installed inside the radiation shield as shown in Fig.
7. The shield consists of an inner layer of 30 cm of polyethylene, followed by 15 cm of lead,
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Figure 5: Left: Linearity of CCD response to several X-ray lines from 277 eV (C fluorescence) to 60 keV (241Am
source) [46]. Right: Energy resolution for X-ray lines reconstructed in the CCD [46].

Figure 6: Left: CONNIE CCD engineering detector package shown in an aluminum carrier used for handling the
detectors in the lab. Right: Cold box used for detector array at CONNIE with 4 sensors in place.

and an additional outer layer of 30 cm of polyethylene. Lead is a good shield for gammas, while
polyethylene is an efficient shield for neutrons. Since neutrons are produced when cosmic muons
interact with lead, a fraction of the polyethylene shield is kept inside the lead layer. There is also
a 15 cm lead cylinder inside the vacuum vessel, above the cold box containing the detectors. This
cylinder shield the CCDs from radioactive components in the readout electronics.

The detector is located at a distance of 30 m from the core of the Angra-2 nuclear reactor in the
Almirante Alvaro Alberto Nuclear Power Plant, in the state of Rio de Janeiro, Brazil. Angra-2 is
a Pressurized Water Reactor with a thermal power of 3764 MW that started commercial operation
during the year 2000, the historical operation factor for the facility is 88% [47]. In steady-state
operation, the total neutrino flux produced by the reactor is 1.21 × 1020 ν̄/s , and the flux density
at the detector (L = 30 meters from the core) is 7.8 × 1012 ν̄/cm2/s. The large flux justifies the use
of this nuclear reactor as a neutrino source for the CONNIE experiment [14].

3 Performance of the Prototype CCD Array

The prototype CCD array installed at the Angra-2 power plant has four CCD sensors. Each sensor
has an active mass of 1 gram, area of 18 cm2 (6 cm × 3 cm), and is 250 µm thick. The sensors
are divided into 8 MPix (2k × 4k), each pixel being 15 µm × 15 µm. The detectors used for this
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Figure 7: Radiation shield for the CONNIE experiment. The shield has an inner layer of 30 cm polyethylene (grey),
followed by 15 cm of lead (blue, pink and green), and an additional outer layer of 30 cm of polyethylene (grey). The
CCD detector array is inside the copper vessel shown in orange.

installation are engineering-grade sensors because of their lower cosmetic quality, having several
defects that produce imaging artifacts. Two of them (CCD-A, CCD-B) in the engineering array are
considered of sufficient quality for the data analysis presented here.

The most important parameters when using CCDs for low energy particle detection are the
readout noise and dark current generation that contribute to the uncertainty of the pixel value, and
the transfer inefficiency which blurs the final shape of events when transferring the charge to the
output amplifier. Current fabrication techniques and materials have yielded detectors with transfer
inefficiencies below 15 ppm and dark-current generation below 2 e−/day/pixel when cooled at
133 K [46] and readout noise in the order of 1.5 e− [34]. These parameters are measured in the
laboratory following standard testing procedures for CCDS [33, 48]. The low readout noise of the
CCDs is the key feature that make the CONNIE experiment possible. The noise measured on pixels
with zero exposure time (so-called overscan pixels [33]) for the detectors operating at the Angra-2
nuclear power plant is shown in Fig. 8 . The noise achieved in the system is 1.8 (2.4) e− RMS for
CCD-A (CCD-B), equivalent to 7 eV (9 eV) of ionization energy considering 3.745 eV/e in silicon
at this temperature [49].

The noise as a function of time is shown in Fig. 9 .The plot shows two data sets for each
detector. The overscan data corresponds to the noise measured with no exposure time (<1 msec),
generated by continuous readout of the output stage for the sensor without any charge. The noise
measured in the overscan is representative of the readout noise of the CCD. The active area data
corresponds to the noise measured in the pixels with 8700 second exposure time, and includes the
fluctuations produced by dark current. The results show higher noise in CCD-B, associated with
the lower quality of the output stage of this sensor. The dark current increases the noise on the
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Figure 8: Charge distribution for pixels without signal (overscan) in CCD-A and CCD-B. The width of the distribution
is used to measure the noise in each sensor.

image by about 20%, this represents a dark current rate of ∼ 0.4 e−/pix/hour. This level of dark
current is consistent with the expectations for the engineering sensors, and has been reduced to
10−3 e-/pix/day in scientific grade detectors [37]. The plot in Fig. 9 demonstrates the susceptibility
of the CONNIE readout system to external noise: on day 23 the electrical power configuration
was changed to share the AC with other equipment at the reactor site, and the noise increased by
approximately 10%.

The detection of the coherent scattering of neutrinos is done comparing data collected with
reactor on (RON) and reactor off (ROFF). The radiation background is the ultimate limit for the
sensitivity of the experiment. The event rate measured with different configurations of the radiation
shield is shown in Fig. 10. With no shield a rate of 8×104 events/kg/keV/day is observed at an
energy of 5 keV. Using the full shield described in Fig. 7, the rate is reduced by approximately one
order of magnitude. The bump around 80 keV, is characteristic of muon tracks traversing 250 µm
thick silicon detectors. As expected, the muon component of the spectrum is not efficiently shielded
with 60 cm of polyethylene and 15 cm of lead. The spectrum with partial shield configuration in
Fig.10 corresponds to 30 cm of polyethylene and 5 cm of lead.

At lower energies, the X-ray fluorescence lines produced by the detector materials are observed
in Fig. 10, the most significant being those from Cu around 8 keV. The observed fluorescence X-
ray lines for Cu are a powerful tool to monitor the gamma background in the detector, and to
perform and in-situ calibration of the energy scale. Figure 11 shows the two X-ray lines produced
by fluorescence in the Cu materials surrounding the detector (see Fig. 6), these lines are generated
by the Kα and Kβ energy levels at 8.05 keV and 8.9 keV, respectively. The rate of events observed
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Figure 9: Noise for CCD-A and CCD-B as a function of time. The zero along the x-axis is selected at the start of the
data collection period on 12-OCT-2015. The electrical grounding of the DAQ was changed in day 23, as discussed in
the text.

Figure 10: Spectrum measured in the CONNIE engineering array with no shield (green), partial shield (red), and full
shield in events/kg/day/keV (d.r.u.). The features of this spectrum are discussed in the text.

with RON and ROFF is constant as shown in Table 1, which indicates stability to better than 3%
of the gamma background in the experiment. This stability is critical for the successful detection
of the neutrino events. As shown in Fig. 3 muons can be identified in the images by straight
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Table 1: Rates measured for the Cu fluorescence X-rays with reactor on and reactor off

Reactor counts exposure rate
(7.8-8.2 keV) (day) (counts/day)

RON 693 18.0 38.5 ± 0.24
ROFF 557 14.8 37.6 ± 0.26

Figure 11: Cu fluorescence peaks for data collected with ROFF (top) and RON (bottom) in Table 1. The fitting function
in red is the sum of two gaussians for the kα and kβ peaks with 6 parameters: p0, p1, and p2 are the amplitude, central
value and width of Kα peak, p3, p4, and p5 are the amplitude, central value and width of Kβ peak. The results show
good stability of the readout system, with a stable calibration and energy resolution over the two data collection periods.

tracks characteristic of minimum ionizing particles (MIPs). The rate of reconstructed muons per
image during the RON and ROFF periods is shown in Fig. 12 to demonstrate the stability of this
background component.

The signature for a nuclear recoil in a CCD is a diffusion-limited hit, as shown in Fig. 3. These
hits are characterized by a two-dimensional Gaussian charge distribution with a width (RMS) deter-
mined by the diffusion of charge inside the CCD, perpendicular to the drift direction. The diffusion
of charge in the CCD depends on the drift distance between the location of charge generation and
the electrical potential minimum next to the CCD gates, where the charge is collected. Thus, the
diffusion of the event is related by a strict monotonically increasing function with the depth of
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Figure 12: Solid line: muon events detected for each 8700 second exposure for ROFF (top) and RON (bottom).
Dashed line: best Poisson fit to the data.

the ionization point [34]. For charge generated at the back of the sensor, on the surface far away
from the gates, the maximum achievable diffusion is approximately 0.5 pixels (7.5 µm). Diffusion-
limited hits are selected as clusters of charge with at least one pixel having more than 10 e− ,
corresponding to 5 σ for the noise shown in Fig. 9. The expected 2-D probability function of
the diffusion limited hits [50] is adjusted by a likelihood algorithm to every hit found in the CCD
image, as shown in Fig. 13. The likelihood for the hit being the result of a noise fluctuation is also
calculated assuming Gaussian readout noise.

Low-energy electron recoils also produce diffusion-limited hits, these events could originate
from low energy X-rays coming from outside the sensors. Such low-energy X-rays do not penetrate
deeply into the CCD, at 5 keV the attenuation for a photon in silicon is ∼ 10 µm. X-rays converting
at the front (back) surface of the sensor will generate lower (higher) diffusion compared to events
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Figure 13: Example of a likelihood fit for a 20e− event.

occurring in the bulk of the CCD. A selection cut resulting from the likelihood fit is applied on the
size of the hit to suppress the background from low-energy X-rays external to the sensor.

A sample of simulated nuclear-recoil hits, uniformly distributed within the volume of the CCD,
was generated to study the efficiency of the selection criteria. Events occurring close to the surface
of the sensor are eliminated by selecting a diffusion band as discussed in Table 2. Since the diffusion
reconstruction capability of the algorithm decreases when the signal to noise ratio of the event is
reduced, more spread in the reconstructed diffusion value is obtained and therefore less restricted
diffusion cuts in Table 2 are used to conserve high efficiency at low energies. These diffusion cuts
are approximately equivalent to eliminating a layer of 50 µm on each surface of the detector. To
avoid partial events and interacting particles coming from the sides of the device, any event located
in the first ten pixels on the sides of the array are not considering in the analysis. The efficiency of
these selection cuts as a function of energy is shown in Fig. 14.

4 Reactor ON/OFF comparison

As commonly done for this type of reactor there is a programmed shutdown approximately every
year, with a typical duration of one month. During 2015 this shutdown occurred in October as
shown in Fig. 15. Data were collected with the CONNIE engineering array during the normal
reactor operations (RON) and during the reactor shutdown (ROFF). Data from the first half of the
reactor shutdown suffered from a factor of two extra noise in the readout system. This noise was

– 11 –



Table 2: Event selection criteria for three energy regions considered for the analysis. Q is the total reconstructed charge
in the event and σD the lateral charge diffusion determined by the 2-D Gaussian fit to each hit. In addition to the
selection of σD and Q, the events are required to have a good quality fit to the 2-D Gaussian hypothesis.

Low Energy Q < 50 e−

0.12 < σD < 0.45

Medium Energy 50 e− < Q < 100 e−

0.23 < σD < 0.45

High Energy Q > 100 e−

0.28 < σD < 0.43

Figure 14: Efficiency of the selection criteria discussed in Table 2 measured in simulated events.

caused by the installation of additional equipment operating near the detector, related to reactor-
shutdown activities and was not part of the CONNIE experiment. The noise was eliminated by
decoupling the CONNIE DAQ from the rest of the electronic equipment operating on-site. The
noisy data during the first half of the shutdown are not used for the analysis discussed here. The runs
considered for further analysis are summarized in Table 3. Using the selection criteria discussed
above (see Fig. 14), the energy spectra for ROFF/RON periods are compared in Fig. 16 and Fig.
17.

The event rates presented in Fig. 16 can be used to set an upper limit of the CENNS interaction
detection with the available data. Figure 18 shows a 95 % confidence limit of the RON-ROFF signal
rates for energies up to 1 keV. Also, the plot depicts the expected neutrino signal for the same
binning. Almost all neutrino events are expected at low energy up to an energy of approximately
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Table 3: Runs.

Run Reactor noise CCD-A exposure start
e− RMS day

I off 1.8 14.8 12-OCT-2015
II on 1.8 7.6 27-OCT-2015
III on 2. 11.2 03-NOV-2015

Figure 15: Thermal power of the Angra-2 nuclear power plant as a function of time in days. The zero in the x-axis
begins 12-OCT-2015, the start of the low-noise run during the reactor shutdown. The red vertical lines indicate the
reactor shutdown period. The grey box represented Run-I as shown in Table 3.

0.3 keV [14] which is essentially contained in the first bin (0.075-0.275 keV) of the histogram in
the figure. In this interval the CENNS neutrino rate is 7.24 events/kg/day while the 95% detection
limit from this run is 3.2×103 events/kg/day, showing that we are still a factor of approximately
360 away from the standard model signal.

5 Conclusion and Prospects

The CONNIE Collaboration has successfully demonstrated the feasibility of remote operation of
a CCD array at the Angra-2 nuclear power plant in the state of Rio de Janerio, Brazil. After a
few initial months of commissioning, and establishing optimal remote operating procedures for
the detector, 90% running efficiency was achieved between August 2015 and January 2016. The
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engineering detector array operated as expected, with noise around 2e− and limited by the cosmetic
quality of the sensors. The stability of the noise was demonstrated when the system was isolated
from other equipment running on site.

The radiation background observed in the engineering array is 3000 events/kg/day/keV (d.r.u.)
at 0.5 keV. This background rate is consistent with radiation coming from the packaging compo-
nents used for the engineering array. In particular, the aluminum nitrade (AlN) board used as
mechanical support on the packages is known to have activity from U and Th producing similar
levels of background [36, 51]. This material will be eliminated for the next version of the detector
packaging. During the engineering run, the stability of the gamma background was demonstrated
to better than 3% using the fluorescence peaks from Cu.

The good quality data collected in the engineering run included 15 days during the Angra-2
annual reactor shutdown. This sample allowed a comparison of reactor on/off to establish a limit for
the event rate coming from neutrinos produced at the reactor. The limit is approximately 2 orders
of magnitude above the rate expected for the standard model neutrino nucleus coherent scattering.
These results start probing an interesting region of new physics in the low energy neutrino sector
as discussed in Ref [13].

The CONNIE Collaboration is now planning an upgrade to ∼100 g of detector during 2016.
The plan also includes an upgrade in the packaging design to reduce the internal background of
the detector (elimination of AlN parts). The upgrade will incorporate engineering grade sensors
with 675 µm thickness and 5.7 g of active mass per sensor, for a total of 18 CCDs. The upgraded
detector should achieve sensitivity to the standard model neutrino-nucleus coherent scattering as
discussed in [14].
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