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1. Introduction

The ALICE experiment is one of the four major experiments at LHC which studies particle produc-
tion in heavy-ion (Pb-Pb), p-Pb and pp collisions. After the second long shutdown (LS2) ending in
2021, the expected interaction rate for Pb—Pb collisions in the ALICE experiment will be increased
from 8 kHz to 50 kHz [1]. The present readout electronics of the Time Projection Chamber (TPC)
and Muon Chambers (MCH) are not capable of handling the higher collision rates. Thus, a new
common custom-made readout chip named SAMPA has been designed to replace the current read-
out chips in both sub-detectors [1]. The SAMPA chip includes 32 data processing channels, each
containing a charge-sensitive pre-amplifier (CSA), a pulse shaper, a 10-bit 10 MHz Analog to Dig-
ital Converter (ADC), and a Digital Signal Processor (DSP) module [2]. For the data storage in the
DSP, both the registers and the Static Random Access Memory (SRAM) IPs are implemented in
the SAMPA chip.

High Energy Hadrons (HEH) are the primary source of radiation induced Single Event Effects
(SEEs) through indirect ionization in the readout electronics [1]. SEEs are caused by the passage
of a single energetic particle through the sensitive regions of the digital circuits, disrupting their
correct operations. They are mainly classified into soft errors (Single Event Upset, Single Event
Transient) and hard errors (Single Event Latchup). SEEs are the primary concern for the SAMPA
digital design as the expected HEH flux for the SAMPA chip will increase up to 3.4 kHz cm ™~ for
both the TPC and the MCH after LS2 [1].

Single Event Latchup (SEL) forms an abnormal high-current state in the CMOS device which
can lead to catastrophic failure from excessive heating in the active region of the device, metalliza-
tion, or bond wires. This may result in the permanent damage of the CMOS device. Therefore,
SEL is always considered as a major concern with high severity level for the LHC electronics.

2. SAMPA V2 Heavy-ion SEL campaign

It was previously reported that the SAMPA V2 prototypes were susceptible to the high energy pro-
ton induced SEL events [3]. The measured SEL cross section for SAMPA V2 was 3.1x 10~ cm?
per device. Considering worst HEH flux locations and the number of SAMPA chips for both the
TPC and the MCH sub-detectors in the ALICE experiment, the expected Mean Time Between
Failure (MTBF) for SEL events were 10 minutes and 5 minutes, respectively.

In May 2017, a heavy-ion irradiation campaign was conducted on SAMPA V2 prototypes at
the Universite Catholique de Louvain (UCL) in Belgium. The purpose of this campaign was to
fully characterize the SEL sensitivity for the SAMPA V2 prototypes by determining the energy and
ion dependency of the SEL cross-section and to find the source of SEL events. The test setup for
the irradiation campaign at UCL is illustrated in Figure 1a where both the SAMPA carrier board
and FPGA-based DAQ board were placed inside the vacuum chamber. Communication with the
boards was done through custom made cables, which were connected to a programmable power
supply and the current controlling system outside the chamber.

The SAMPA V2 irradiation measurements were accomplished with different beams of ions
with a broad range of Linear Energy Transfer (LET) from 3.3 to 32.4 MeV cm? mg~! presented in
the table in Figure 1b. The particles flux was varied from 5x 10! to 1.5x 10* particles cm~2 s~! with
respect to the LET values of the ions, the number of SEL events were counted for each LET value,
and a SEL cross-section curve is extracted, as presented in Figure 1b. The points are fitted with a
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(a) Test setup at UCL. (b) SEL cross-section as a function of the LET values.

Figure 1: SAMPA V2 SEL test setup and results from UCL.

Weibull function, that is commonly used to model this quantity. The extracted results demonstrate
that SEL cross-section curve saturates between 10-32.4 MeV cm? mg~!' LET range, and falls off
rapidly between the LET range of 5.7 and 10 MeV cm? mg ™. In contrast, the point at a LET value
of 3.3 MeV cm? mg~! does not fit the expected fall-off from the Weibull fit, which believes to be
due to the indirect energy deposition events, as compared to the direct ionization mechanism from
the ions with larger LET values [4]. At a LET value of 10 MeV cm? mg~!, the reduction of power
supply voltage Vpp confirmed a linear correlation with the SEL sensitivity of the chip, as indicated
in the plot.

3. Experimental methods to localize the origin of SEL in SAMPA V2 digital core

Heavy-ion tests indicated current jumps (SEL events) only in the digital power domain. The spikes
in the digital current domain were correlated with the burst of SEUs observed in the pedestal SRAM
IPs. It is worth noting that in the SAMPA V2 prototypes, the pedestal SRAM IPs were single port
whereas the other SRAMS IPs were dual port. Two different experimental methods were adopted
to inspect the SEL sensitivity for SAMPA V2 memory IPs, as shown in Figure 2.
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(a) Backside IR camera visualization of SAMPA V2

through silicon substrate during laser campaign.
(b) Topside accessible SRAM IPs with collimators during H-1 campaign.

Figure 2: Experimental methods to localize the source of SEL events in SAMPA V2.
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3.1 Heavy-ion tests with collimators

Two aluminium collimators of thickness 2 mm were prepared and are indicated in Figure 2b. The
dual collimator had two rectangular openings of 4.1x 1.6 mm? which were sufficient to irradiate
80% of the dual port SRAM IPs in the V2 digital core. Another single collimator had an opening
of 1x2.1 mm? to irradiate 70% of the single port SRAM IPs in the V2 digital core. A lot of current
spikes were detected in the digital power domain using the single collimator. At the same LET
value of 10 MeV cm? mg~!, no current spike was detected using the dual collimator.

3.2 Pulsed laser backside irradiation

In January 2018, a pulsed-laser [5] campaign with PULSCAN system was conducted at IES (Insti-
tute of Electronics and Systems) in Montpellier. The laser has a pulse duration of 30 ps, wavelength
of 1064 nm and spot size of 1.2 um, which makes it compatible for SEE testing in semiconductor
devices [5]. As presented in Figure 2a, special carrier boards were designed to access the sensitive
regions of the SAMPA chips from the backside through the silicon substrate, since the laser source
can not penetrate through several metal layers on the top side of the chip.

After determining the laser energy threshold between 117 pJ and 124 pJ for SEL events on the
single port memory region, automated scans were performed on an area of ~ 40x21 um? inside
both single and dual port memory arrays. During the scan, the laser was injected with a frequency
of 10 Hz at an x-y interval of 0.5 um. At each position, the current monitoring system checked
for SEL events in real time, and sent a trigger signal to an oscilloscope. Further, the laser system
acquired the waveform from the oscilloscope in order to know whether a SEL event occurred. At
the end of the scan, the laser system built a sensitivity map (X-y coordinates of the SEL events),
and superimposed the map on the actual layout of the chip.
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(a) Single port memory with 131 pJ of laser energy. (b) Dual port memory with 690 pJ of laser energy.

Figure 3: SEL sensitive areas during the automated laser scan on SAMPA V2 SRAM IPs.

The results from both laser scans are presented in Figure 3, where the x and y axes represent
the coordinates inside both SRAM IPs, and the colour represents the trigger level. By default, the
trigger signal was high (red points), and in case of SEL detection, the trigger signal changed from
high to low (blue points). The blue points in Figure 3a indicate all the SEL sensitive regions inside
the scanned area of the single port IP. A repetitive pattern is observed for the SEL sensitive regions
inside the single port memory array which is probably due to the matrix architecture of the memory
array. This is believed to be due to the significantly larger distance between the n-well and substrate
contacts to the P+ and N+ implants in the memory cells [6]. During the laser scan on the dual port
memory array, the trigger signal was constantly high, concluding that no SEL events were detected
as presented in Figure 3b.
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4. SEL mitigation in SAMPA V3 and V4

In the final versions (V3 and V4) of the SAMPA chip, single port IPs were replaced with dual port
IPs since both experimental methods verified that dual port IPs were completely robust against SEL
effects. From a radiation sensitivity perspective, the functionality of SAMPA V3 and V4 prototype
was identical. Another heavy-ion campaign was conducted in November 2017 at UCL to evaluate
the SEL sensitivity in the final versions of the SAMPA chip.

Sample LET [MeV cm? mg '] Fluence [particles cm 2] Temperature [°C] | SEL
V4_1 | Scanned at different LET values up to 125 | 1x107 @ 125 MeV cm? mg ™! 45 No
V3_1 125 1.5%x107 60 No
V4.2 125 1x107 85 No

Table 1: Summary of SEL heavy-ion irradiation campaign on SAMPA V3 and V4 prototypes.
A short summary of the campaign is presented in Table 1 which concludes that no SEL events

were detected on any of the irradiated samples during the campaign. Additionally, during the
pulsed-laser campaign, an automated scan was performed on the same pedestal memory region in
a SAMPA V4 sample. No SEL events were detected up to 1025 pJ of laser energy which was
almost 10 times the energy with which SEL was detected in V2.

5. Conclusions

The heavy-ion campaign indicated that SAMPA V2 prototype was highly sensitive to SEL events
with a threshold value lower than LET of 3.3 MeV cm? mg~'. Both the heavy-Ion and pulsed-laser
campaigns confirmed that the cause of SEL events was related to single port SRAM IPs in the V2
prototypes. Pulsed-laser automated scan verified that the SEL sensitive areas were located inside
the memory cells of the single port SRAM IP and not in the periphery circuits. The final campaign
assured that the final versions of the SAMPA chip are not susceptible to SEL effects and fully
qualify to operate in the ALICE radiation environment.
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