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Abstract. We present the characteristics and versatile functionality of an automatic
test bench employed in the radiation-hardness assessment of two AMS 0.35 um SiGe
BiCMOS technology Application Specific Integrated Circuits (ASICs). Both
MAROC3 and SPACIROC2 chips are dedicated to read-out multi-anode
photomultiplier tubes. The test bench solution was designed to work in various
radiation environments (X-rays, protons and light or heavy ion cocktails). The setup
allows precise and fast measurement of Single Event Effects (SEE) rates in
conjunction with radiation cumulative effects. To estimate the later current and
voltage values in key blocks on the chip are continuously registered before and during
the irradiation. The tests are set to allow periodic checks of DAC linearity in tandem
with trigger efficiency S-curves and pedestal characterization. Each test bench
element is presented in detail along with data acquisition system for these ASICs.

PACS: 61.82.Fk, 07.89.+b, 07.87.+v.
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1. INTRODUCTION

Remarkable progress towards technological developments has been made in
the area of space or accelerator applications. By nature, those are harsh
environments where the electronic devices and systems are exposed to high levels
of radiation, intense magnetic fields and large temperature fluctuations.
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Consequently, their reliability is the main concern especially from radiation
immunity stand point. Hence, radiation tolerance studies are mandatory for the new
Radiation Hardened by Design (RHBD) Integrated Circuits (IC) as well as for the
Commercial Of The Self (COTS) IC. Costly and time consuming, the irradiation
tests are pursued usually with monoenergetic beams. Very few facilities exist
where realistic mixt-field radiation testing is possible, and one of these is the
CHARM facility [1] located at CERN. Collected data are is carefully interpreted to
see if the considered device is suitable and withstands the expected radiation levels
without suffering considerable software failure rates or even irreversible damage.

Radiation-induced effects suffered by semiconductor devices could be
categorized in cumulative effects and Single Event Effects (SEE). First category
effects lead to an accelerated aging of the device or sensor and these processes
scale almost linear with the Total Ilonizing Dose (TID) and/or Displacement
Damage (DD), which are both cumulative effects. Both effects induce modification
at semiconductor crystalline structure and/or change local dopant charge
concentration, affecting the electrical proprieties of the devices. The other class is
the Single Event Effects (SEEs) class, SEE being triggered when a single high
energetic particle strikes one of the device sensitive volume, leading for high-Z
particle to large and very localized charge deposit — the high-Z particle is either the
primary particle or the secondary which results following a nuclear collision of
primary with the nuclei from the sensitive material. The energy deposited by
energetic particle might lead either to short term effects or to catastrophic failure.
The following are none-destructive: Single Event Transient (SET) perceived as
picosecond transient voltage or current pulse; Single Event Upsets (SEU) detected
as bit/multiple-bit flipped in memory cells; Single Event Functional Interrupt
(SEFI) occurs in complex electronic devices, when the device enters in an
unknown state by changes in its state and critical register bits. Moreover, a high-
current induced state known as a Single Event Latch-up (SEL) could form by
appearance of a PNPN parasitic structure consistent with a thyristor. If the current
flow is not external limited or cut-off, the device overheats and might be
permanently damaged. The destructive SEEs are: Single Event Gate Rupture
(SEGR) results from a breakdown and subsequent conducting path through the gate
oxide of a MOSFET and Single Event Burnout (SEB) occurring more often in
power devices.

The vulnerability to different kinds of radiation-induced effects must be
inquired for each new device considered to be part of safety-critical application.
Further, testing strategy and monitoring solution are adopted to record any relevant
parameters of the device under test while it is under beam. This implies automatic
test benches custom developed to fit the monitoring needs of the electronic device
examined. Therefore, miscellaneous architectures of test benches have been
implemented to meet the requirements to establish the reliability of various
integrated circuits. On the other hand versatile solutions of test benches have been
developed to cover distinct devices architectures needs in radiation field testing
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such as monitoring systems for testing the FPGAs in radiation beam [2], the
GUARD System implemented by TRAD for SEL testing [3] or NASA Single
Event Effects testing strategy [4]. In the following sections it will be presented the
architecture of two ASICs developed by Omega MICRO microelectronics design
centre [5] and the test bench implementer in the purpose of their radiation hardness
testing.

2. DEVICES UNDER TESTS

The Omega MICRO is a CNRS-IN2P3-Ecole Polytechnique micro-
¢électronics design center. Its mainstream activity is in the field of ASICs design for
nuclear physics, high-energy particle physics and astrophysics detectors. Their
product table consists in a multitude of front-end chips to read-out photodetectors
like multi-anode photomultiplier tubes (MaPMT), silicon photomultiplier (SiPM)
or similar technologies. The Multi-Anode ReadOut Chip (MAROC) family [6] is a
good example of dedicated ASIC for 64 channel MaPMT signal. Second
generation of this family was successfully used in ALFA luminosity detector from
ATLAS experiment, while the third generation named MAROC3 has main target
application in medical imaging, neutrino experiments, and it has been proposed as
a backup solution for the CLARO ASIC to be used in front-end boards of the
Upgraded RICH sub-detectors from LHCb detector [7].

From layout point of view, designers choose the 0.35 pm SiGe BiCMOS [8]
technology, which holds a 16 mm’ (4 mm x 4 mm) active area. In terms of
performances, MAROC3 chip is capable to provide 100 % trigger rate detection
efficiency for a signal greater than 1/3 photoelectron which corresponds to a 50 fC
charge. Its power consumption is 3.5 mW/channel, in total 220 mW [9].
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Fig. 1 — (color online) MAROCS test board see [5].
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Thus, for every single channel, the signals from MaPMT anodes are injected
into a low input impedance and low noise 8 bit programmable gain preamplifier.
This allows to correct the gain spread for MaPMT channels. At preamplifier
outputs the signals are available on three paths, first one being for the charge
measurements with a 12-bit Wilkinson ADC and another two for triggers. The chip
embeds three alternatives for signal discrimination and transmission of a trigger
signal via Unipolar Fast Shaper (FSU), Bipolar Fast Shaper and Half-Bipolar Fast
Shaper. The single photon counting capability is achieved with FSU, while the
other shapers are appropriate for high charges delivered by MaPMT anodes. Two
DACs on 10-bit resolution are used to set the threshold voltage for discriminators
and their outputs are multiplexed. Apart from this, the MAROC3 has an internal
voltage reference, Vbandgap, with 2.5 V value. Figure 1 shows the MAROC3 test
board developed at Omega. The ASIC is configured and read-out with the help of
an Altera FPGA connected over USB link to PC. A LabVIEW Graphic User
Interface (GUI) is used to set and send the slow control commands to the
MAROCS3 chip. Of this, there are been added some couple of standard functionality
tests. The ASIC is also available in ceramic package whereas the upper lied is
removable and allows access to the semiconductor die for high linear energy
transfer LET ions.

Another ASIC developed by Omega MICRO and included in our irradiation
study is the second generation of the Spatial Array Counting and Integrating
Readout Chip (SPACIROC?2) [10]. The SPACIROC?2 is mainly devoted to the JEM
EUSO galactic cosmic ray observatory planned to be on board of the International
Space Station (ISS) [11]. This ASIC was implemented to read-out MaPMT with 64
channels which was also fabricated using 0.35 pm SiGe BiCMOS technology with
an active area of almost 19 mm® (4.6 mm x 4.1 mm). In terms of performance it
has 100 % trigger efficiency in discriminating MaPMT signals starting with 50 fC,
that mean 1/3 photoelectron in double pulse resolution of 10 ns and 1 mW/channel
power consumption. As layout, it was thought to be immune to SELs and SEUs
and several critical areas from the digital part have been implemented in Triple
Modular Redundancy (TMR), for archiving a fault-tolerant architecture.

The general architecture of SPACIROC2 chip has the next functional blocks:
the preamplifier, the photon counting block, the charge to time (Q-T) convertor and
the digital block. All MaPMT channels feed their signals into the programmable
gain preamplifiers block inherited from MAROC3. The preamplifier outputs make
signals available to the photon counting bloc and Q-T convertor. Only for this
version of SPACIROC, which is a prototype ASIC, the photon counting block has
three different types of discrimination lines (Trig PA, Trig FSU and Trig_ VFS)
just for in laboratory performance evaluation. The charge measurements within 10—
1500 photoelectrons range are performed with the Q-T converter and its work
principle is based on Time over Threshold technique. The pre-amplified signals are
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organized into a sum array of every 8 neighbouring channels, whereupon are
applied to the Q-T converter along with the signal from the last MaPMT dynode.

> ALTERA FPGA

SPACIROC2

In ceramic package

Fig. 2 — (color online) SPACIROC? test board see [5].

With respect to MAROC3 digital part, the SPACIROC2 has a more complex
circuitry embedding two state machines, 8-bit Gray counters, four DACs with 10
bit resolution, multiplexors and logic gates, plus 9 serial data outputs. Digital block
of photon-counting along whit Q-T converter are managed by these state machines
and data are sent out from chip during a fix time interval of 2.5 ps, defined as Gate
Time Unit (GTU) [12].

The SPACIROC? test board shown in Fig. 2 was designed by the Omega
group and three test board units were fully assembled by our group. The chip has a
ceramic package with an upper removable lid removable. It is configured from
LabVIEW GUI over USB link through an Altera FPGA and it is read-out in similar
fashion as MAROCS3.

3. TEST BENCH ARCHITECTURE

Estimating the radiation tolerance of both ASICs requires an automatic test
bench which could power and micro-manage the test PCB operation and which
allows precise recording of any changes in electrical parameters: voltages and
currents on ASIC and test PCB. Accounting for similarities between Omega chips
and their test boards, we proposed a test bench architecture matching the
monitoring requirements for each ones, architecture which can be seen in Figure 3.
Data gathered over irradiation test will characterize ASIC operation in radiation
environment and allow result extrapolation from mono-energetic beam
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environment to LHC or space environment. As an example, the MAROC3 must
withstand in LHCb detector mixt-radiation environment roughly estimated for
50 fb' [13] equivalent at 200 krad (Sillicon) TID in most exposed chips of LHCb-
RICH1 close to primary interaction point [14], 10'* for 1 MeV neutron equivalent
per cm’, and 10'* for hadrons above 20 MeV per cm”. While for SPACIROC2, on
board at ISS, the TID for 5 years of its operation will reach 30 krad [15].

The automatic test bench architecture is implemented arround the ASICs test
boards. A custom DAQ system having as processing unit the ArduinoMEGA
development board [16] manages the data taking, controlls the custom switching
mode power supply (SMPS) and forwards the sampled data to a host PC located
within irradiation room. A second PC in the control room allows remote data
access and real time control of the test bench. The MaPMT output is emulated with
the help of a signal generator and the temperature of device under test dice is
continuously monitored by an infrared contactless sensor.

A commercial AC/DC converter powers the remote controlled SMPS which
delivers = 7 V and 1 A on each of two supply rails needed for the test boards.
Subsequent, the DAQ system was designed to monitor up to 24 analog inputs of
which 16 inputs are 10-bit resolution capable courtesy of the ArduinoMEGA
board, and the last 8 are with 12-bit resolution and higher sampling rate provided
by an SPI based ADC, MAX1270 [17].

_ Current monitoring Custom PCB
Parameters monitoring
-8 analog channels;
-12 bit resolution;
-4.096 V ref;
Analog & Digital Eiiii
voltage rails monitoriny
Main positive rail monitoring
-~ | Arduino MEGA
Dev. Board
SRS SES -

Ethernet

| ekt

PC from
Control Room

Host PC

Fig. 3 — (color online) Test bench block diagram.



7 Test bench design for radiation tolerance of two ASICs Atrticle no. 903

All DAQ inputs pass through a signal conditioning block that consist of
voltage buffers and anti-aliasing filters with operational amplifier. This prevents
the sampling operation and the sampling noise to affect the parameters which are
being measured, i.e. currents and voltages. For current measurements, high side
current sense amplifiers were used, MAX4377 [17], which convert the current flow
through shunt resistors in voltage, in total 3 channels dedicated to this purpose.
Additionally, 40 General Purpose I/O (GPIO) digital pins are made available to
various user programmable functions. The platform is governed by an 8-bit
microcontroller, ATMEGA2560 [18], running at 16 MHz clock speed. The DUT
die temperature is measured with MLX9014 sensor [19]. For radiation protection
reasons, the circuit hosing the MLX9014 was shielded in 5 mm lead as can be seen
in Figure 4 and only a circular aperture for the sensor active area was left.

Fig. 4 — (color online) MLX9014 sensor placed in lead case.

During setup operation, the host PC runs two LabVIEW GUIs associated to
the ASICs test board and DAQ system. Figure 5 presents the GUI developed by
our group to monitor the ASICs parameters through DAQ system. The hardware
part of DAQ system reads the electrical parameters of the chip through a 3 meters
of shielded multi-pair copper cable and sends the results over 5 meters of USB
cable to the PC. The measured values are plotted and saved in ASCII file for later
analyses and each recorded value for the monitored parameters is updated every
50 ms.

The upper graphs from GUI are used to display the power consumption of
the chip analog and digital suplly rails plus the main test board power
consumption. Bottom plots are dedicated to various parameters measured from
ASIC accros its test board. In the left side of he GUI is the power supply control
buttons and other virtual instruments (VI) commands. If one of the recorded
parameters exceeds a user defiend threshold, the GUI will display an warning
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message followed by an imediate power supply shut-down to the test board. Beside
this, the user can do power cycling to the ASIC whenever it is needed. Each entry
line saved in the ASCII files contains the parameter values, a time stamp and a flag
indicating whether the beam was on or off. This allows a consistent and coherent
analysis of recorded data to extract the SEE rates and cross-sections together with
the cummulative effects.

Fig. 5 — (color online) LabVIEW GUI associated to DAQ.

4. TEST PROCEDURE AND LAB TESTS

The monitoring strategy and test procedures during irradiation were
established in close collaboration with the ASICs design team. Cumulative
radiation-induced effects will be investigated comparing chip characteristics using
sets of parameters recorded before, during and after irradiation. Under beam action
the power consumption of the chip will be recorded plus other specific parameters.
Also, before and after each dose deposition the list is completed with DAC
linearity test and trigger efficiency measurements. Power dissipation through heat
is constantly recorded by temperature sensor in conjunction with environment
temperature fluctuations. Broadly, the same strategy will be followed in SEE
testing with species of heavy ions.
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The chip current consumption is usually the best observable of TID effect in
the semiconductor structure. The SEL manifests through a high current state which
vanishes after a single chip power cycling. If current consumption stays high then a
destructive effect has occurred such as SEGR or SEB. All these radiation induced
effects will increase the power dissipation on the ASICs dice. The DAC output
voltage could highlight if TID affected this built-in mixed-signal block or if SEUs
have changed the information in the DAC register, further seen as step
modification of the output. An in-depth evaluation of the built-in DAC is the
linearity test, whereas the output voltage is measured for each of 1024 DAC
register incremented values. A final check of linearity before and after irradiation
could spot changes due to TID or DD cumulative effects. The linearity curves for
both ASICs are given in Figs. 6 and 7.
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Fig. 6 — (color online) DAC linearity measurements
(MAROC3)
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Fig. 7 — (color online) DAC linearity measurements
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Analog part of ASICs working in conjunction with the digital one it is
verified through trigger efficiency test known as S-curve tests. First the emulated
MaPMT signal with 5 ns fall time is injected from pulse generator AFG3102C to
the chip input Crgsr internally connected to a 2 pF capacitor. For each incremented
DAC threshold voltage step its send a burst of 100 pulses that reach discriminator
input. At the output, the setup counts how many pulses are obtain and the
efficiency is calculated based on input signal rate. The efficiency curve for
MAROCS3, see Fig. 8, and SPACIROC?2, see Fig. 9, are plotted for an input charge
of 150 fC, hence 1 photoelectron.

Fig. 8 — (color online) Efficiency curves (MAROC3).
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Fig. 9 — (color online) Efficiency curves (SPACIROC?2).
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To ensure that ASICs configuration bits are in good state under irradiation
condition, a read-back procedure is performed at regulate time intervals. A golden
copy of the bit string is kept and whenever the read-back string doesnt match the
nominal sting, the configuration is reloaded by sending out the slow control
commands. The recorded strings are saved into ASCII file with a time stamp. The
ASICs behaviour analysis under radiation condition is carry on searching through
any parameter deviation from baseline value.

5. CONCLUSIONS AND PLANS

Radiation hardness tests are costly procedures and time consuming but
compulsory when COTS components or RHBD devices are considered for critical-
safety application usage. As only straight forward solution, this requires a careful
planning considering the access to the irradiation test facilities. Activities
precursory to the actual irradiation test necessitate a good device under test
characterisation in normal conditions usually done by using a custom test bench. In
this paper a low cost DAQ system was presented as part of an electronic test bench
specially developed for live monitoring during irradiation procedures two MaPMT
read-out chips from the Omega MICRO microelectronics design centre.
Furthermore, an overview of the test procedure and monitoring strategy was
described.

The ASICs test bench was already calibrated during proton and X-ray test at
IFIN-HH, and a conclusive test was done last year at Paul Scherrer Institute proton
irradiation facility for SPACIROC2 chip. The plans this year and the next is to
have more ion and proton beam tests and hopefully a CHARM test in mixed field
radiation. Data obtained will be processed and analysed to further compute the
cross-sections for radiation induced effects such as SEU and SEL. The TID impact
upon chips semiconductor structure it will be also investigated. The values
obtained will be propagated for the environments where the ASICs might be used.

The global scope of this work and of the future testing is — besides checking
the feasibility of using certain integrated circuits in space and accelerator
experiments — is to contribute to bridging the gap between technological and
scientific domain with respect to radiation induced effects in IC. The engineers
generally omit aspects of radiation propagation in IC active layers or do not
establish a realistic testing and environment conditions, whereas scientists do not
usually understand enough the hardware programming and the electronics circuitry.
The objective here is to allow for both aspects by optimizing a test bench design to
allow understanding of underlying physics and coherent and proper testing and
gauging of radiation effects.
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