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Abstract

The Circular Electron Positron Collider (CEPC) has been proposed as a Higgs
factory to measure the properties of the Higgs boson with unprecedented pre-
cision and to guide the search for new physics. To meet the stringent physics
requirements, it is necessary to design and construct its vertex detector with the
state-of-the-art silicon detector technologies. The first prototype CMOS pixel
sensor, named JadePix-1, was developed for the CEPC vertex detector and its
performance was first characterized with radioactive sources in laboratory. This
prototype sensor was further characterized at the DESY test beam facility. Re-
sults are reported on the charge collection, cluster size, position resolution and
detection efficiency before and after the sensor samples exposed to the neutron

irradiation up to the fluence level of 10'3 1 MeV n.,/cm?.
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1. Introduction

The proposed Circular Electron Positron Collider (CEPC) [1}, 2] will primar-
ily operate at the center-of-mass energy of /s = 240 GeV as a Higgs factory. It
will allow for precision measurement of the properties of the Higgs boson with
high precision beyond the Large Hadron Collider (LHC) [3] and its successor,
the High Luminosity LHC (HL-LHC) [4, [5]. The CEPC vertex detector will
play a critical role in heavy flavor tagging and 7-lepton tagging that are vital
for the precision physics program. It must be constructed with the state-of-the-
art silicon detector technologies, and provide a high spatial resolution better
than 3 pm, a low power consumption below 50 mW/cm? to allow forced air
cooling, and a low material budget below 0.15% X /X, for each detector layer.
This vertex detector must also survive a Total Tonizing Dose (TID) of 10 MRad
and a Non-Ionizing Energy Loss (NIEL) of 2 x 10!3 1 MeV n.,/cm? at its in-
ner most layer over 10 years of operation. The first prototype pixel sensor for
the CEPC vertex detector, named JadePix-1, was developed with a 0.18 pym
CMOS imaging sensor process [6]. The prototype sensor was 7.8 x 3.8 mm?
in size and contained pixel arrays of different pixel designs. It was aimed to
optimize sensor diode geometries to achieve high charge-over-capacitance ratio,
hence to reduce its analogue power consumption [7]. Its charge collection per-
formance was first characterized with radioactive sources of **Fe and ?°Sr in
laboratory [8]. In this paper, test beam results on charge collection, cluster
size, position resolution and detection efficiency are reported for the JadePix-1
sensors before and after exposed to the neutron irradiation up to the fluence
level of 10'3 1 MeV n.,/cm?. This paper is organized as follows: the neutron
irradiation of the sensor samples is described in Sec. 2] then the experimental
setup for the electron beam test is explained in Sec. [3] followed by the offline
event reconstruction in Sec. @l Measurement results are discussed in detail in

Sec.[5} It is concluded with a summary and outlook in Sec. [6]
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2. Neutron Irradiation

The neutron irradiation was performed at the Xi’an pulse reactor (XAPR)
facility located at the Northwest Institute of Nuclear Technology (Xi’an, China).
Bare JadePix-1 sensor samples were left unpowered and irradiated at room
temperature. Three batches of samples were exposed to the fluence levels of
10'2, 5x 102 and 1013 1 MeV n.,/cm?, respectively, and with an average fluence
uncertainty of £5% and a neutron beam homogeneity of £10% as measured at
the radiation facility. At each neutron fluence level, three JadePix-1 sensors were
irradiated at the same time. The neutron flux was about 1.33 x 108 n/cm? per
second and the neutron-to-vy ratio was controlled to be high enough so that the
total ionization dose was not significant even after reaching the highest neutron
fluence level. These irradiated samples were kept in quarantine to allow the
neutron activation effects to die down. In-pixel circuit gain for each irradiated
sensor was calibrated with a radioactive source of **Fe in laboratory before

brought to the electron test beam facility.

3. Experimental Setup

JadePix-1 prototype pixel sensors were characterized with a EUDET-type
beam telescope [9] operated at the DESY-II test beam facility [I0], and data
were taken at the electron beam energy of 4.4 GeV with an expected particle
rate of about 3 kHz. The EUDET-type beam telescopes are tabletop track-
ing detectors with six high-precision MIMOSA26 pixel sensors, four scintilla-
tors with photo multiplier tubes (PMTs) for trigger purposes, a Trigger Logic
Unit (TLU) [I1] providing trigger logic and time stamp information on particle
passage, and a data acquisition system for the readout. JadePix-1 prototype
sensors were inserted as the Device Under Test (DUT) between the two arms of
the beam telescope. During operation, one JadePix-1 sensor was mounted in an
aluminum shielding box, which featured a beam window around the position of
the sensor location to minimize the material budget and and the shielding box

itself was mounted on a PI XY motorized stage. Lightproof Kapton foils of 50
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pm thickness were used to protect the sensor on each side of the shielding box.
The total DUT material budget, including the 250 um thick DUT sensor, was
estimated to be below 0.3% X/Xj.

Figure 1: Beam telescope setup with a JadePix-1 sensor placed in an aluminum shielding box,

which was mounted on an XY stage between the two arms of pixel reference planes.

Pixel sectors on the JadePix-1 prototype sensor, with 33 x 33 um? pixels
arranged in 48 columns and 16 rows, were enabled one at a time and read out
in the rolling shutter mode at a clock frequency of 2 MHz. The readout elec-
tronics consisted of a daughterboard and a motherboard. The daughterboard
was to amplify the single-ended analogue signal from the DUT sensor and con-
verted it to a differential signal. The motherboard then digitized the signal
from the daughterboard using multiple high-precision 16-bit analog-to-digital
converters (ADCs). It also provided powering for the daughterboard and the
DUT sensor. As a part of the data acquisition (DAQ) system, a commercial
FPGA board (KC705) was deployed to read in the digitized signals from the
motherboard, assembled data into event frames and stored them in buffer. Af-
ter receiving the trigger signal from the TLU, the current frame together with

one frame before and one after, were attached with the Trigger ID and written
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out to the controller PC. The DUT data and data from the reference planes
were synchronized with the Trigger ID and integrated into events within the
EUDAQ [12], which was designed as a modular cross-platform data acquisition

framework and widely used for beam tests.

4. Offline Track Reconstruction

Offline reconstruction and analysis of the test beam data were performed
with the EUTelescope software package [9], consisting of the steps of raw data
conversion, clustering, hit making, alignment and track fitting. After the raw
data conversion, the clustering was performed by grouping pixels with charge
above certain thresholds. Based on the clustered pixels, the hit position was
determined using the Center of Gravity (CoG) method with the 7-correction
applied. Tracks were then reconstructed with the General Broken Lines (GBL)
algorithm [I3| T4], with both the multiple scattering effect and the energy loss
taken into account. Precise alignment of the telescope reference planes and the
DUT sesnor was achieved by minimizing track residuals using the Millepede-11

algorithm [15].

5. Results and Discussion

Using the experimental setup and offline reconstruction described above,
JadePix-1 sensors before and after the neutron irradiation were tested for their

charge collection, position resolution and detection efficiency.

5.1. Charge Collection

Beam particles impinging the DUT sensor would deposit energy and gen-
erate electron-hole pairs along their paths through the sensor active volume.
Generated charge carriers would be then collected by the N-well electrodeﬂ pri-
marily via diffusion with a typical collection time close to 100 ns. Figure

n the JadePix-1 design, the PN-junction was formed by the high-resistivity P-type epi-

taxial layer and the N-well implant, and the latter served as the collection electrode.
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shows an example distribution of the amount of charge collected in a seed pixel.
Here a seed pixel was simply defined as the pixel collecting the highest amount
of charge within a 5 x 5 pixel array and above the seed threshold of 100 e™.
The collected charge followed roughly the Landau distribution, and the most
probable value (MPV) extracted from the Landau fit was taken as the repre-
sentative collected charge. Measurements were performed for the DUT sensors
with a pixel size of 33 x 33 pm? but different electrode sizes, in particular Al
with an electrode of 4 um? and A3 with 15 um?, respectively. Measurements

were repeated for the DUT sensors after the neutron irradiation.
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(a) (b)

Figure 2: (a) Distribution of charge collected in the seed pixels and fitted with a Landau
function; (b) Seed pixel charge for pixels with a small electrode (A1 in blue bullet) and a large

electrode (A3 in orange square) before and after neutron irradiation.

Figure [2b| shows the decreased amount of charge collected by the seed pixels
as the fluence increases. It shows that the DUT sensor with a larger electrode,
i.e. A3, yielded higher radiation tolerance than A1, which could be explained
by the lower trapping probability due to the shorter collection distance. In
addition, noise level was measured for each DUT sensor in the absence of any
external signal. After the neutron irradiation up to 10'® 1 MeV n,/cm?, the

Equivalent Noise Charge (ENC) value increased from 7.0 e~ to 8.3 e~ for Al,
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and 9.5 e~ to 10.7 e~ for A3, respectively. After the neutron irradiation, sensors
with a small electrode yielded a higher S/N ratio and hence a larger Q/C'. This
could lead to a lower analogue power consumption, which would be preferred

for the sensor design.

5.2. Cluster Size

Clusters were constructed by searching for pixels around the seed pixel and
with the collected charge above the neighbor threshold of 30y0ise. Due to the
existence of diffusion, some of the charge carriers could end up in the neighboring
pixels. Such charge sharing could be affected by the hit position and incident
angle of the track with respect to the DUT sensor surface. During the test
beam operation, DUT sensors were placed nearly perpendicularly to the beam
and illuminated almost uniformly with electrons. Therefore these two effects
were minimized and not analyzed specifically. Figure |[3al shows the cluster size
distributions of an example DUT sensor, peaking at three pixels in both x and
y directions. And Figure [3b] shows that the average cluster sizes are smaller for
pixel sensors with a larger electrode. This can be explained that with a larger
electrode, charge carriers would be more likely to be collected in the incident
pixel and fewer of them would spread into the neighboring pixels. It also shows
that due to the increased trapping probability after the neutron irradiation, the

average cluster size decreased at a higher fluence level.

5.3. Position Resolution

With the test beam data, the position resolution of a DUT JadePix-1 sensor

can be evaluated with the following formula:

Opix = O-?es - Ut2e1 (1)

where o, 18 the standard deviation of the residual distribution and o the
beam telescope resolution at the DUT sensor surface. The residual is defined as
the difference between the measured DUT hit position and the unbiased track

fit using the measured hits from the reference planes only and extrapolated



171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

s
o

$0'6,_‘|‘ T \\\‘\lw‘\lw‘i GN) :‘\\lwwwwwwlwww‘lww‘
£ r CEPC JadePix-1 { & af CEPC JadePix-1
w L ] - 5
0.5[ 1 2. F
E r 1 S35F
s I ] © F
£ 04 = 3T
L ] 2.5
0.3 —Atinx E
L ] 2F I
r —Aliny ] F
0.2j ] 1-5%“
E e - Alinx = A3inx
0-15— — 0.5§ o Aliny = A3iny
ot ! ! L ! L] G:\H.\Hm‘”m”\.”\
0 2 4 6 8 10 0 2 4 6 8 10

Neutron Fluence [10'% 1 MeV n,/om?]
(a) (b)
Figure 3: (a) Cluster size distributions for an example DUT sensor in the x and y directions;
(b) average cluster sizes for sensors with a small electrode (Al in x and y with blue open and

closed bullets) and a large electrode (A3 in x and y with orange open and closed squares)

before and after the neutron irradiation.

to the DUT sensor surface. Figure [a] shows the residual distribution of an
example DUT sensor in the x direction and fitted with a Gaussian function.
For a given beam telescope setup for JadePix-1, including the DUT position
and its material budget, o was evaluated to be around 4.5 pm using the
GBL Track Resolution Calculator [I6]. Beam energy and position resolution
for the reference planes were varied within their uncertainties to assess their
impacts and propagated to the determined position resolutions. Figure[db|shows
that the position resolutions of the DUT sensors with a small electrode (A1)
degraded from around 3.5 pm to 5 pm due to reduced charge sharing after
neutron irradiation, but remained nearly unchanged at around 3 pum for the

DUT sensor with a large electrode (A3).

5.4. Detection Efficiency
The overall detection efficiency was calculated using the tracks passing through
the DUT sensor, but with the area near the pixel array edge excluded. A

matched track was indentified if there was a hit within the distance of |2, ypn;; —
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Figure 4: (a) Residual (zpix — T4rk) distribution of an example DUT sensor in the x direction;
(b) position resolution for sensors with a small electrode (Al in x and y with blue open and
closed bullets) and a large electrode (A3 in x and y with orange open and closed squares)

before and after the neutron irradiation.

T, yek| < 33 pm (corresponding to the pixel pitch), with respect to the ex-
trapolated position from the telescope track to the DUT sensor surface. The

detection efficiency can be simply define as follows:

€ — Nmatched (2)
Ntracks

It should be stressed that the overall efficiency represented the combined
efficiencies of the DUT sensor and the DAQ system. Unfortunately, there was
an issue observed with the DAQ system. During the data-taking, the DUT data
were stored temporarily in the memory on the FPGA board. Upon receiving the
trigger signal from the TLU, three consecutive data frames with the triggered
frame in the middle, would be recorded on the hard disk. The long integration
time of the reference planes (around 230 us for two consecutive frames) could
cause problems for the data-taking. When the first track hit the scintillators
and triggered the data recording, a second track might hit the DUT sensor. If

the second track arrived out of the DUT recording time window (around 50 us)
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Figure 5: (a) Detection efficiencies for two example DUT sensors projected into a pixel; (b)
detection efficiencies for the DUT sensors with a small electrode (Al in blue bullets) and a

large electrode (A3 in red squares) before and after the neutron irradiation.

but still within the long integration time of the reference planes, the track on
the DUT sensor could not be recorded and this would result in artificial de-
tection inefficiency. Figure shows the rather low but nearly flat detection
efficiencies projected into one pixel for example DUT sensors. Figure [5b| shows
the detection efficiencies for the DUT sensors before and after the neutron ir-
radiation. Large systematic uncertainties were assigned to cover the run-to-run
efficiency dispersion caused by the DAQ inefficiency that was understood to be
also particle-rate dependent. No detection efficiency drop was observed even
after the neutron irradiation up to the fluence level of 10 1 MeV n,,/cm?.
This might be explained by the low seed pixel charge threshold of 140 e~ that
was required to register a hit. However, this shall change for sensors to be
developed with complex in-pixel electronics, for which a higher threshold must
be deployed to suppress the increased electronics noise and this would cause

detection efficiency loss after irradiation.

10



213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

6. Summary and Outlook

The first prototype CMOS pixel sensor, named JadePix-1, was developed
for the CEPC vertex detector. Its performance before and after the neutron
irradiation up to the fluence level of 10'® 1 MeV n.,/cm? was characterized
at the DESY test beam facility. Degraded performance on charge collection,
cluster size and position resolution were observed after the neutron irradiation.
Sensors with a large electrode were more radiation tolerant, but sensors with
a small electrode could yield a higher /C and thus lower analogue power
consumption. Due to the DAQ system imperfection, the obtained efficiencies
could not fully represent the detection efficiencies of the DUT sensors. No
detection efficiency drop was observed even up to the highest fluence level,
which might be explained by the rather low seed pixel charge threshold. In
the meantime, several prototype CMOS pixel sensors [I7] with complex in-pixel
electronics and novel readout architectures are being developed. It is foreseen
to deliver a full-size pixel sensor that can fulfill all the stringent requirements

of the CEPC vertex detector in the years to come.
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