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Abstract—Fully depleted thick CCDs have been designed for
infrared astronomy, but their low read-out noise of the order of
approximately 2 e~ and their considerable mass of approximately
5.2gr, allows novel uses for them in low energy threshold
particle detection applications, such as the CONNIE and DAMIC
experiments. In both experiments, the neutrinos or WIMPS will
generate e-h pairs in a volume much less than the pixel size, they
will produce events like points in the output image, of less than
10 pixels. Is well understood that one of the factors that define
the size of the events is the diffusion process. In this work we will
demonstrate with experimental results and through simulation,
that there is also a dependence of the size with the amount of
charge generated by the event, due to charge repulsion effects.

Index Terms—CCD, X-rays, charge repulsion, point-like events

I. INTRODUCTION

Although invented as memory devices [1], [2], Charge
Coupled Devices (CCDs) have found a niche as imaging
detectors due to their ability to obtain high resolution digital
images of objects placed in its line of sight. In particular,
scientific CCDs have been extensively used in ground and
space-based astronomy and X-ray imaging [3]. CCDs have
high detection efficiency, low noise, good spatial resolution,
and low dark current. Furthermore CCDs can be made thick
to increase their detector mass, enabling their use as particle
detectors [4]. In particular, their extremely low read-out noise
around 2e~ makes observations with a low energy threshold
of 50 eVee possible [5].

Two novel experiments take advantage of this technology
to detect the interactions between incoming particles and a
nucleus of the silicon atoms of the CCD. One is the direct
dark matter detector called DAMIC (Dark matter in CCDs) [5];
the other one is the CONNIE experiment (Coherent Neutrino-
Nucleus Interaction Experiment) [6] which aims at the de-
tection of the neutrino-nucleus coherent scattering interaction,
which is predicted but has yet to be observed.

The detection principle of both experiments is similar and
it is as follows, the neutrino or WIMP will collide with a Si
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nucleus, and then, its recoil will produce e-h pairs, the holes
are drifted by the electric field in the CCD bulk and collected
in the potential well of the pixels. The expected recoil energy
is below 1 keV [6], hence the nucleus range will be < 2
pm, producing all the e-h pairs in a small volume compared
to the pixel size (15x15um), we call this point-event. The
events will have less than 100e~ because only a fraction of
the recoil energy is converted in e-h pairs [7].

In both systems the spurious events from background par-
ticles limits the detection. The implementation of an active
background rejection veto is difficult due to the long readout
times of the detectors. More details about veto rejection in the
context of a neutrino experiment can be found in [8]. DAMIC
and CONNIE only use passive shield to reduce these events.

Other particles like low energy photons, gammas, electrons
and neutrons also produce points-like events and constitute
the background signal for the experiments. In particular, low
energy photons and electrons have a large cross section in
silicon, and therefore their deposition of energy will be placed
in the first few microns from the surfaces of CCD. In the other
hand, Dark Matter and Neutrinos are expected to interact at
any depth with equal probability. Hence, the rejecting of events
in the first and last few microns of the CCD will improve the
signal-to-background ratio of the detection.

A proper understanding of point-events is very important
because measuring its size in the images is possible to estimate
its depth in the bulk and apply depth cuts to improve the
signal-to-background ratio[5].

In section II a description of the used CCD is presented. In
section IIT an overview of point like and how they spread in the
images is described. Experimental results exposing the CCD
to different X-rays energies is detailed in section IV. Section V
shows simulations matching the experimental results. Finally,
some final comments are presented in section VI.

II. FuLLY DEPLETED THICK CCDs

The structure of a scientific CCD developed by Lawrence
Berkeley Laboratory, and extensively characterized at Fermilab
for the DECam project [4], [9] is shown in Fig. 1. Several
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Fig. 1. Pixel-cross section of a 250 um thick CCD developed by Lawrence
Berkeley Laboratory. The electrostatic potential generated by the three phases
under the gates is also shown as a function of depth (Y axis) and one of the
lateral directions (X axis).
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Fig. 2. Compendium of particle events at sea level using a 250 um CCD.

million pixel CCD are fabricated on high resistivity silicon to
maximize the depleted silicon volume and therefore increase
the near-IR photon response. The thickness of these detectors
is 250 ym, with a mass of approximately 1 gram. The CCDs
are fully depleted using a substrate voltage. The CCDs are
three-phase, p-channel, back illuminated with a special coating
in the backside to increase photon absorption and to reduce
back side dark current generation. However, for neutrino detec-
tion the optical features are not relevant. Pixel size is 15 pmx
15 pm. This small size gives very good spatial resolution that
can be efficiently used in these rare events experiments to
reject some of the background interactions.

A compendium of backgrounds events from blind mea-
surements at sea level is shown inf Fig. 2: muon tracks
appear as a straight line crossing the entire silicon volume;
energetic electrons from electromagnetic radiation produce
wiggling tracks called worms; bright large dots are produced
by alpha particles as a consequence of the plasma effect that
they generate in the silicon [10]. Point like events, expected
from the coherent neutrino-nucleus scattering and dark matter
interaction, appear as energy deposition within a single pixel
volume where some of the ionized charge flows to neighbor
pixels by diffusion and as we present in this work by charge
repulsion effects.

III. POINT LIKE EVENTS

In spite of the charge is generated in a volume less that
the pixel size, it is spread over several pixels. This effect is
attributed to the diffusion of the charge while it is drifted to the
pixel collection well[11], [6]. If only diffusion is considered,
the size of events only depends on the thermal energy of the
material and the time free carriers have before being trapped
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by the collection Well[5], [11], and it should not be related
with the charge generated by the event.

The diffusion of the X-ray events should be measured
from the pattern of the event in the output image. For this
procedure we use a maximum likelihood algorithm using an
approximation of the probability density function of point
events presented in [11]. The approximation assumes that
the charge of the different pixels that form the event is not
correlated among them, so the calculation of the multinomial
distribution can be simplified to the product of individual
binomial distributions. The probability density function is
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where P = (Py, ..., Py,)" is the vector of random variables
of the pixels value of the event, Qr is the total charge of
the event, o is the standard deviation of the readout noise
explained above, NV, is the number of pixels in the events, and
(2g,Yq, 2g) are the coordinates in the volume of the detector
where the charge was generated, op is the diffusion of the
event, and )\; is the probability that one electron generated by
the X-rays ends in the pixel ¢ given by
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Then the op is obtained by maximizing the function
Ip(p; Qr, g, 24,0p) for each set of pixels (p)
max

mfp(l’; Qr,7g,24,0D).
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3)

Events with the energy of copper (Cu), lead (Pb) and silver

(Ag) K, X-rays fluorescence peak had been simulated with

different o to study the errors of the estimator after using the

event clustering method, the results in figure 3 shows that the

MLE (Maximum Likelihood Estimation) do not introduce a
bias with the energy, and the error is less than 0.2um

L(QT71‘97 Zgs UD) =

IV. EXPERIMENTAL RESULTS

The CCDs used in both experiments have 8M pixels of
15pum x 15 with a thickness of 250um. The devise has an
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Fig. 4. Measured cluster diffusion as a function of the energy of the event.

active mass of ~ 1.1 grams and covers an area of approxi-
mately 6 by 3 cm. In both experiences the CCDs are cooled at
—150°C to avoid any dark current generation. They are used in
fully depleted operation with a substrate voltage of 40 V [12].
The device is glued from the back side to an aluminum nitride
(AIN) plate which provides mechanical support and thermal
conductivity. The CCD is placed inside a prove vessel with a
radioactive source. The measured readout noise of the system
was 2 e”.

The CCD were exposed to collimated X-rays, with an angle
less than 3°, from the fluorescence of Cu, Pb and Ag. The plot
in figure 4 is the cumulative distribution of the o parameter
for the three different X-rays energies. For each X-ray the
maximum spread (das4x) is different, showing a dependence
of o with the amount of charge generated by the X-ray. This
effect observed and characterized for silicon drift detectors
(SDD) [13], [14] and pnCCD [15], it is due to charge repulsion
and the size of the primary charge cloud formed by the X-rays.

Figure 5 also shows this behavior. The spatial standard
deviation and energy of each event is depicted with blue
dots in the figure. At this time the CCD is exposed to a
Molybdenum X-ray source The dense cloud of points with
size around 0.5 pixels at all energies correspond to events
interacting at the back edge of the detector, mainly free
electrons produced in the surrounding materials that reach the
detector. A clear increasing tendency with energy is observed.
The vertical lines correspond to the X-rays peaks from the
source and from fluorescence in materials facing the detector.
The horizontal lines for low event sizes correspond to events
reaching the detector from the front side. Higher errors in the
reconstruction of size are expected in this region since all the
charge information is almost carried by a single pixel.

V. SIMULATION

Simulation of point like events were used to understand the
change on the cluster size as a function of its energy.

1) Algorithm: The final standard deviation of the shape of
events produced by low energy photons and electrons can be
understood by three mechanisms:

o lonization-track length of the primary electron. This elec-
tron can be produced either in the silicon volume by the
interaction of an incoming photon or in the surrounding

materials. This track will be the original position of the
free carriers.

« Diffusion of free carriers in silicon.

« Repulsion of free carriers.

The developed algorithm follows the ideas presented in [16]
for simulating of the cluster size of alpha particles interacting
with silicon. It is based on the transport of free charge in a
silicon volume affected by a constant electric field that attracts
hole to the pixel potential Well. In our simulation, the first
mechanism accounting the range of the primary electron has
been also incorporated. The algorithm flow can be summarized
in the following steps:

1) The first step of the simulation is to find the initial posi-
tion of the free charge. This condition is calculated using
the range of the ionizing electron, which is a function
of its energy [17]: R.- = 0.0171E,-, where E,- is the
energy of the ionizing electron in keV and R.- is its
range. The generated initial electron cloud is assumed
to have a spherical shape with a Gaussian profile with
a standard deviation (0;y4¢) [18]: init = 0.257TR,-.

2) The second part of the simulation is loop over time
in steps of At seconds until all the charge reaches the
position of the potential well of the pixels in the array.
At this point the charges are no longer used for the
transport calculations. On each cycle different variables
are calculated:

o The total electric field applied to each charge (Etot)
by the other free carriers is computed.

o The next step si to get the drift mobility coefficient
of each carrier [19]:

Ho
1
(1 + (H(;Etot)ﬁ) 7
where j1o = 2300 cm?/(Vs) is the intrinsic mobility
of holes in silicon at a temperature of 140K [20],
E,; is the magnitude of the calculated electric field
Etot, [ is a constant (beta=2 for holes, beta=1

for electrons), and v, is the saturation velocity of
holes in silicon calculated as [21]
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« The velocity of each carrier (Ue.) produced by the
electromagnetic interaction is:¥Ueje. = uﬁwt.

o Then, the change in the position by this process
(ASeiec) is calculated using Asejee = AtUeee

« A displacement by diffusion process of the free car-
riers in the silicon net is calculated using Asq;ry =
V2DAL.

o The new position (5;41) for the next iteration (i+ 1)
is calculated as the sum of both displacements from
the initial position (s;) of the current cycle

§i+1 = gz + ASelec + Asdsz
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Fig. 5. Standard deviation of the shape of events as a function of their energy.
Blue points: measured when a 250 pum-thick CCD is expose to a source of
Molybdenum, Yellow points: results from simulation of events interacting at
edge of the detector (250 pm).

3) The loop ends when all free charges have reached the
edge of the potential Well which was estimated to be at
a depth of 10 p from the gates of the detector, as shown
in figure 1.

4) The final position of the charge is used to calculated the
standard deviation of the shape of the whole event.

2) Results from simulation: Figure 5 show the measured
standard deviation of events as a function of their energy.
Only events interacting at the back side of the detector
were simulated since the depth of interaction is perfectly
know since is equal to the detector thickness (250 p). The
simulation produces a well prediction of the measured shape
of the clusters. Some small errors in the standard deviation
of simulated events are observed mainly at low energies since
the number of simulations of free charge is lower and the
reconstructed standard deviation has a bigger error.

VI. CONCLUSIONS AND FUTURE WORK

The importance of modeling point-like events has been
pointed out in the context of novel neutrino and dark matter
experiments based on CCD technology. This model is crucial
to evaluate the efficiency of event selection criteria. The
incorporation of the repulsion mechanism by free carriers
to the typical diffusion analysis depicts the size change as
a function of event energy measured with the CCDs. A
quantitative analysis using simulations has been addressed in
the work to account the effect of this mechanism.

The measured diffusion of X-ray peaks can be used to
evaluate the relationship between shape size and depth of
interaction. This calibration will be addressed by authors in
the near future. For this analysis the well known exponential
distribution of the probability of interaction with depth is
used. Then, the results from the simulation presented here
can be used to decorrelate the repulsion mechanism from the
measured relationship and therefore obtain a calibration of the
detector for very low energy events where the repulsion is
almost absent. Calibration of the event size versus depth of
interaction for energies below 1 keV will play an important
role on the CCD experiments for particle detection.
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