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Abstract—The R2E project at CERN has tested a few commer-
cial SRAMs and a custom-designed SRAM, whose data are com-
plementary to various scientific publications. The experimental
data include low- and high-energy protons, heavy ions, thermal,
intermediate- and high-energy neutrons, high-energy electrons
and high-energy pions.

Index Terms—COTS, low-energy protons, high-energy protons,
heavy ions, neutrons, electrons, pions, SEU, cross section, SRAM.

I. INTRODUCTION

The Radiation to Electronics (R2E) project at the European
Organization for Nuclear Research (CERN) has conducted
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several Single Event Upset (SEU) cross section characteri-
zations of Static Random Access Memories (SRAM). These
may be selected for the future versions of the RadMon [1],
which is used to measure the radiation levels in the CERN
accelerator complex and could be used also in other European
facilities, or even embarked on cubesat missions for similar
purposes.

The SRAMs under analysis have been tested in several
European facilities providing a wide range of particles and
energies. The list includes: standard- and high-energy heavy
ions, low- and high-energy protons, thermal, intermediate- and
high-energy neutrons, high-energy electrons and high-energy
pions.

II. DEVICES

The first SRAM is a prototype developed by one of the au-
thors of this paper and taped out to TSMC 65-nm technology.
From now on this SRAM will be referenced as RADSAGA
65-nm SRAM. This SRAM has a limited throughput of
32 kbits in its current prototype version and was produced
in one single lot. The SRAM is also characterized by having
a tunable core voltage in the 0.3-1.2 V range. This feature
allows tuning radiation sensitivity with cross sections varying
of several orders of magnitude for certain particles.

The other four SRAMs are commercially available and the
main information about them are available in Table I.

Note that the Cypress 65-nm SRAM has an embedded Error
Correction Code (ECC). This feature makes the SRAM less
sensitive to radiation-induced SEUs. In order to use it as a
detector, the ECC was disabled by firmware implementation
in the Field-Programmable Gate Array (FPGA) interfacing
the SRAM for read/write operations. The nominal voltage of
the SRAMs is in the 2.4-3.6 V range. The ISSI SRAM data
retention voltage is as low as 0.75 V. This feature has only
been used in the thermal neutron test. The Cypress 65-nm
SRAM also embeds an internal voltage regulator that does
not allow voltage reduction.

The RADSAGA 65-nm SRAM is manufactured without
plastic package. The ISSI and the three Cypress SRAMs have
a plastic package. All SRAMs have been irradiated lid-off



TABLE I
MAIN FEATURES OF THE TESTED COMMERCIAL SRAMS.

Manufacturer Reference Datecode(s) | Technology | Array size [Mbits]
ISSI IS61WV204816BLL-10TLI 1650 40-nm 32
Cypress CY62167GE30-45ZX1 1731 65-nm 16
Cypress CY62167EV30LL-45ZXA 1525, 1843 90-nm 16
Cypress CY62157EV30LL-45ZSXI 1437, 1843 90-nm 8

only whenever the beam properties did not allow otherwise
(i.e. standard-energy heavy ions, low-energy protons and high-
energy electrons).

III. EXPERIMENTS

This section shortly describes the facilities where the
SRAMs have been irradiated.

Concerning test conditions, the SRAMs have always been
irradiated at room temperature. The RADSAGA 65-nm SRAM
was irradiated statically. Data were written as all ’1°. The
four commercial SRAMs were irradiated either statically or
dynamically. A checkerboard pattern was always used for all
of them.

A. CNA

The Centro Nacional de Aceleradores (CNA) in Seville,
Spain, can provide low-energy protons in the 0.5-5.9 MeV
range. Protons are accelerated by means of a Tandem van der
Graaff linear accelerator [2]. The voltage can be tuned so that
protons can be accelerated in steps of 25 keV. The irradiation
is performed inside a vacuum chamber and the device can be
tilted with respect to the beam.

The proton flux is measured by means of a current
integrator. Such instrument can provide the proton cur-
rent measurement only for fluxes which are quite high
(108 — 10'2 p/cm?/s). The flux is homogeneous over a
1x1 cm? surface. In order to reduce the flux, the beam can
be swept over an 18x18 cm? surface.

To measure the proton flux below the limit of the current
integrator, the Devices Under Test (DUT) were irradiated
alongside a reverse biased Si diode. The diode returned the
flux by integrating the energy deposition pulse counts. Such a
system was developed by one of the authors of this paper and
calibrated at CNA with an alpha source.

B. KVI-CART

The Kernfysisch Versneller Instituut (KVI) in Groningen,
The Netherlands, can provide high-energy protons and high-
energy heavy ions through the AGOR cyclotron [3].

Both proton and heavy ion irradiations are performed in air.
For the latter a vacuum tube is installed in the beamline and
the DUT is placed in front of its exit window at about 10 cm
distance.

By means of the same cyclotron, protons can be accelerated
at a primary energy of 190, 66.5 or 30 MeV. The energy can
be degraded by means of several combinations of Aluminium
slabs of different thickness. The proton flux can be adjusted in
the 103 - 108 p/cm?/s range and it can be made homogeneous

over a surface that can vary from 2x2 to 10x10 cm?. Only
when using a 3x3 (or lower) cm? beam field size, the flux can
further be increased to 10° p/cm?/s.

The cyclotron can also accelerate two cocktails of ions at
different primary energies. Heavy elements (Xe, Kr, Ar and
Ne) can be accelerated at a primary energy of 30 MeV/u. Light
elements (He, C, O, Ne) can be accelerated at a primary energy
of 90 MeV/u. The ion Linear Energy Transfer (LET) is in-
creased by air distancing and by means of several Aluminium
slabs of different thickness. The LET range can thus span from
0.025 to 60 MeV/(mg/cm?). The ion flux for heavy elements
can be tuned in the 10% - 10* ions/cm?/s range. For the lighter
elements, the flux can be tuned in the 10° - 107 ions/cm?/s
range.

For all the particles the beam is characterized and measured
by means of ionization chambers.

C. PSI - PIF

The Proton Irradiation Facility (PIF) is a high-energy proton
facility based at the Paul Scherrer Institute (PSI) in Villigen,
Switzerland.

The PROSCAN cyclotron [4] can accelerate protons up to
a primary energy of 200 MeV. During the tests, primary en-
ergies of 70 MeV and 200 MeV were used and also degraded
to few intermediate energies: 150, 100, 50, 30 MeV by means
of copper slabs of various thicknesses. The proton flux can be
as high as 5 - 10% p/cm?/s for the highest primary energy and
related degraded energies. The maximum flux for the 70 MeV
primary energy is 2 - 107 p/cm?/s, and it reduces up to a factor
5 at 30 MeV. The beam was collimated over a 5 cm diameter
surface, although smaller areas are possible.

D. RADEF

The RADiation Effects Facility (RADEF) in Jyviskyli,
Finland, can provide standard- and high-energy heavy ions as
well as low- and high-energy protons by means of the K-130
cyclotron.

Depending on the beam energy, proton and heavy ion
irradiations can be performed in vacuum or in air. For the
former standard energy (9.3 MeV/u) [5] the irradiation is
performed by means of a vacuum chamber. For the new
16.3 MeV/u ion cocktail, the irradiation can be done either in
vacuum or in air. The LET ranges of the two cocktails are quite
compatible and can cover the 1.5-60 MeV/(mg/cm?) range.
The ion flux can be adjusted in the 103 - 5 - 10° ions/cm?/s
range over a surface of up to 5x5 cm?. For irradiation in air,
the homogeneity can be kept only up to 3x3 cm?. The ion flux
is measured by means of plastic scintillators.



The cyclotron can also accelerate protons in the 0.5-55 MeV
energy range. For low energy protons [6], energies can be
discriminated with steps of 200 keV. Low-energy proton irra-
diation is performed in vacuum. For protons with energy above
10 MeV irradiation is performed in air. The proton flux can be
adjusted from 10* - 3 - 10® p/cm?/s depending on the energy.
For high energy beams, the field can be made homogeneous
over a 10 cm diameter, whereas for low energy proton beams
only up to 5 cm.

E. GANIL

The Grand Accelerateur National des Ions Lourdes
(GANIL) in Caen, France, can provide high-energy heavy ion
beams at the G4 experimental hall.

Though only a single ion species at a single primary energy
is available at GANIL in each test campaign the actual kinetic
energy and LET of the ion can be varied over an extended
range thanks to degraders. For the experiments here reported
the primary ion was Xenon at 49.4 MeV/u. The degradation is
performed through air distancing and insertion of Aluminium
slabs of a few hundreds of yum thickness. Since a minimum
distance of 70 mm from the beam exit window was necessary
to operate the x-y moving table, the primary LET of the
Xenon ion was 26.84 MeV/(mg/cm?). The maximum LET
was 59.07 MeV/(mg/cm?) and it was achieve by means of
a 550 pm Aluminium slab.

The ion flux can be adjusted from a few tens ions/cm?/s to
about 10* ions/cm?/s. The flux is measured by converting the
pulse counts on a Silicon diode. The beam has an instanta-
neous size of 1x4 cm?. In the horizontal direction the beam is
swept over a 40 cm distance with a 200 Hz frequency. This
makes the exploitable beam spot size as large as 40x4 cm?.

F. ENEA

The Ente Nazionale Energie Alternative (ENEA) in Frascati,
Italy, hosts a complex of machines that can be used to
generate intermediate-energy neutrons and intermediate- and
high-energy protons for radiation to electronics testing.

The Frascati Neutron Generator (FNG) can provide
14.8 MeV or 2.5 MeV neutrons [7]. Neutrons are generated
by acceleration of a deuteron beam (up to 300 keV) which
collides with either a tritium target, to produce 14.8 MeV,
or a deuteron target, to obtain 2.5 MeV. The neutron flux
is assessed counting the alpha particles that are produced
in the fusion reaction by means of a Silicon Surface barrier
Detector (SSD), with an accuracy within +3%. The isotropic
flux of 14.8 MeV and 2.5 MeV can be as high as 10! n/s
and 10° n/s, respectively. Tests were performed at a distance
from the target of 2.5 cm, resulting in a flux (considering
the target ageing) of up to 3-10% n/cm?/s at 14.8 MeV and
4-10° n/cm?/s at 2.5 MeV.

The Terapia Oncologica con Protoni-Intensity Modu-
lated Proton Linear Accelerator for Radio Therapy (TOP-
IMPLART) is a linear accelerator at ENEA with a maximum
primar proton energy of 35 MeV with a spot size of 4 mm.
The LINAC emits 2.7 ps long pulses with a typical repetition
frequency of 25 Hz and a peak current ranging from 1 pA

to 50 pA [8]. The dosimetry is performed online by means
of two ionization chambers, one at the accelerator exit and
the other 15 cm before the DUT. Irradiation is performed in
air and a lead scattering foil is used to obtain a large enough
spot size and homogeneity [9]. This way, a 29.0 MeV beam is
obtained at the test position with homogeneity of 10% on a
60 mm diameter spot and flux up to 5 - 107 p/cm?/s. With an
additional 5 mm plexiglass degrader the energy of 18.6 MeV
is obtained with a flux up to 7- 107 p/cm?/s.

G. CHIPIR

Chiplr is the most important facility for irradiation of
electronics available at the ISIS neutron and muon source in
Didcot, UK. It is nowadays the European neutron spallation
reference facility.

Fast neutrons are released by the nuclear spallation reactions
of a primary proton beam with an energy of 800 MeV with a
tungsten target. The resulting fast neutron spectrum is deliv-
ered to the Chiplr facility [10], [11]. The neutron spectrum has
an energetic distribution which resembles that of atmospheric
neutrons with an acceleration factor which is as high as 10°
with respect to the sea level neutron flux.

The flux provided by the facility is that of neutrons above
10 MeV and it corresponds to about 5 - 10% n/cm?/s. The
beam is generally delivered at the facility over a 7x7 cm?
surface, but this size can be extended up to 40x40 cm? without
impact on the flux. Thanks to the deep penetration of the beam,
it is possible to stack and test several devices simultaneously
with minimal effect on the flux.

H ILL

The Institute Laue Langevin, located in Grenoble, France,
can provide neutrons for irradiation of electronics which are
released by a nuclear reactor.

The fast neutrons released by the reactor are cooled down
to thermal energies (peaking at 10 meV) by means of liquid
deuterium at 20 K [12]. The corresponding thermal neutron
flux (at 25 meV) available at the D50 facility is of the order of
102 n/cm?/s. The flux is measured with the gold foil activation
technique and the target fluence can be achieved by setting up
a certain irradiation time. The flux is homogeneous over a
1.5 cm? surface.

I. CERN - VESPER

VESPER is an electron LINAC (Linear accelerator) facility
based at CERN, Geneva, Switzerland. The electrons are re-
leased by means of a laser gun and accelerated by a sequence
of accelerating structures in an energy range of 55-220 MeV
[13], [14].

The VESPER test station receives electrons for irradiation
of devices. The beam spot size is measured with a YAG screen
and it can be as low as 0.5 cm or as large as 3 cm.

The flux is tunable over few orders of magnitude. When
generated by the laser gun, the electron flux can only be
as low as 30 pC/pulse, i.e. about 5 - 107 e/cm?/s depend-
ing on the full-width half-maximum and the pulse repeti-
tion rate. The flux can be increased up to 10 nC/pulse, i.e.



about 10'! e/cm?/s when using the maximum repetition rate
(10 Hz). Given the pulsed nature of the beam (electrons are
delivered to the DUT in bunches, i.e., fractions of a pulse, at a
3 GHz frequency), the DUT may suffer from radiation effect
artifacts (e.g. localized SEFIs) in this beam if the flux is too
high. For this reason the flux was kept close to its lower end
for all the various irradiations.

J. PSI - PIMI

PIM1 is an electron and pion facility based at the Paul
Scherrer Institute (PSI) in Villigen, Switzerland.

Electrons and pions (with a small fraction of muons) are
produced by nuclear spallation of a high-energy proton beam
(590 MeV) accelerated by a cyclotron with a tungsten target.
An extraction beamline can direct electrons and pions to the
test position by means of a double magnet bending structure.
The extracted beam is composed of electrons and pions sharing
the same momentum, but having different energies. The beam
concentration varies according to the momentum [15], [16]. At
low momenta, the beam is almost fully composed of electrons,
whereas at high momenta it is almost fully composed of pions.

Pion testing can be performed in an energy range of
50-233 MeV. Due to the beam composition, however, the
maximum pion flux available also varies with the momen-
tum/energy. Due to the high electron concentration, the flux at
50 MeV is limited to 5 - 10* 7w/cm?/s. At 233 MeV the flux
can reach up to 5 - 105 7/cm?/s. The beam is homogeneous
within £10% over a surface with 1 cm diameter.

IV. RESULTS

The data are presented with error bars calculated at 95%
confidence level considering the uncertainty on the fluence
(10%) and on the number of events. If error bars are not
visible, it is because they are smaller than the markers.

In such cases for which O or few events were observed the
upper bound is calculated with 95% confidence according to
a Poisson distribution [17].

Having two different datecodes, for the Cypress 90-nm
SRAMs, the datecode for each data-point is indicated in
brackets in the captions of the figures.

The RADSAGA 65 nm SRAM shows a very strong sensitiv-
ity to proton direct ionization (PDI), Fig. 1. This is moderated
efficiently by voltage, to the point that at 1.2 V, the PDI
peak almost disappears. Such feature makes it an interesting
memory to be flown in Low-Earth Orbit (LEO) to confirm
whether PDI may become the dominant contributor to the soft
error rate of similar devices.

Strong PDI cross section enhancement was also found for
the other two SRAMs. For the ISSI SRAM (Fig. 4), several
measurements were performed. While the datecode is the
same, the data refer to three different units. Remarkably, the
data show different peaks, with the very maximum measured
for the unit tested at RADEF. Also the breadth of the peak
changes significantly.

All the memories showing a high and wide PDI peak are
based on a 65-nm technology or below. The last memory (Fig.
8), based on 90-nm technology, still has a quite high peak, but
this is pretty restricted to a very narrow energy range.
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TABLE II
SEU CROSS-SECTIONS OF THE RADSAGA 65-NM SRAM (NEUTRONS) AND OF THE IS61WV204816BLL-10TLI (NEUTRONS, ELECTRONS AND

PIONS).
Test facility | Particle | Energy [MeV] l Datecode l Voltage [V] Cross-section [cm?2/bit]
RADSAGA
ILL n 25-1078 - 0.25 71510714 £ 24 . 10714
ILL n 25-.10°8 - 0.3 47410714 £ 1310714
ENEA n 14.8 - 0.3 1.59 - 10713 £ 57 . 10714
ILL n 25-.10-8 - 0.4 443 -10714 £ 12.10714
ILL n 25-.10°8 - 0.6 314107 +£95.10715
ENEA n 14.8 - 0.6 7.50 - 10714 £45. 10714
ILL n 25-1078 - 0.8 248 - 10714 £ 8.1 - 1015
ILL n 25-10°8 - 0.9 1.89 - 107 £ 6710715
ENEA n 14.8 - 0.9 3.84-1071 +£22. 10714
ILL n 25-10-8 - 1.2 1.61 - 10714 £ 6.0- 10715
ENEA n 14.8 - 1.2 281 .10 £ 1.8 .10 14
I1S61WV204816BLL-10TLI

ILL n 25-.10°8 1650 0.6 1.62 - 10714 £ 3610715
ILL n 25-10°8 1650 0.7 79110715 £19.1071°
ILL n 25-10°8 1650 0.8 6.03-1071 £ 1.7.1071°
ILL n 25-10°8 1650 0.9 517 - 107 £ 1.5. 1071
ILL n 25-10°8 1650 1 526 - 1075 £ 15.1071°
ILL n 25-1078 1650 1.1 502107 £ 15.1071®
ILL n 25-1078 1650 1.2 456 - 10715 £ 14 -10715
ILL n 25.1078 1650 1.3 49210715 £ 15.10715
ILL n 25.1078 1650 1.4 466 -10715 £ 1.4 .10715
ILL n 25.1078 1650 1.5 589 -10715 4+ 1.7 . 10715
ILL n 25-1078 1650 1.6 480 -10~15 £ 12.10°15
ILL n 25-1078 1650 1.7 448 - 10715 £ 14 .10715
ILL n 25-1078 1650 1.8 44010715 £ 14 .10715
ILL n 25.10°8 1650 1.9 376107 £ 1010715
ILL n 25-.10°8 1650 2 396 -1071 £ 1.1 - 10715
ILL n 25-.10°8 1650 2.1 373107 £ 1010715
ILL n 25-.10°8 1650 22 380-1071 £ 1010715
ILL n 25-10°8 1650 2.4 421-10715 £1.1.10°15
ILL n 25-10°8 1650 2.6 42510715 £ 1.1.10°15
ILL n 25-10°8 1650 2.8 383-107% £ 1010713
ILL n 25-1078 1650 3 3.89 - 107 £ 1.0- 1071
ILL n 25-10"8 1650 3.3 3.16 - 1075 £ 6.4 - 10716
ILL n 25-1078 1650 3.6 4.11-1071 £ 1.1-10715
ENEA n 2.5 1650 3.3 220-10"15 £ 5.1 .10°16
ENEA n 14.8 1650 3.3 9.81-10~15 £ 2.1 .10
CHIPIR n spectra 1650 3.3 9.69 - 10715 +20-10-1°
VESPER e~ 60 1650 33 136 - 10718 £ 79 . 1019
VESPER e~ 120 1650 33 332-10718 £ 1610718
VESPER e~ 200 1650 33 47410718 £22. 10718
PSI - PIM1 T 51 1650 33 1.54 - 10714 £ 6.9 - 10715
PSI - PIM1 T 104 1650 33 327107 £ 13. 10714
PSI - PIM1 T 164 1650 3.3 370 - 10~ £ 15. 10714
PSI - PIM1 T 233 1650 3.3 314 .10~ £ 13. 10714




TABLE III
SEU CROSS-SECTIONS OF THE CY62167GE30-45ZXI (NEUTRONS AND ELECTRONS), OF THE CY62167EV30LL-45ZXA (NEUTRONS, ELECTRONS
AND PIONS) AND OF THE CY62157EV30LL-45ZSXI (NEUTRONS AND PIONS).

Test facility l Particle l Energy [MeV] l Datecode l Voltage [V] l Cross-section [cm?2/bit]
CY62167GE30-45ZX1
ILL n 25.1078 1731 3.3 491 -10=16 £ 1.1 . 1016
ENEA n 2.5 1731 3.3 1.97 - 10=16 £ 95 . 10~ 17
ENEA n 14.8 1731 33 460 - 1014 £ 94 . 1015
VESPER e~ 60 1731 33 516 - 10717 +£29 . 10~17
VESPER e~ 120 1731 33 846 - 10717 £ 54 .10~17
VESPER e~ 200 1731 3.3 6.28 - 10717 £ 40 - 10~17
CY62167EV30LL-45ZXA
ILL n 25.1078 1843 33 3.88 - 10716 492 . 10-17
ENEA n 2.5 1843 33 275-1071% 491 .10°16
ENEA n 14.8 1843 33 299 .10~ + 6210715
CHIPIR n spectra 1525 33 395 .10 £ 8010715
VESPER e~ 60 1843 3.3 1.90 - 10=18 £ 1.4 . 10718
VESPER e~ 120 1843 3.3 1.13 - 10717 £ 6.0 - 1018
VESPER e~ 200 1843 3.3 283 -10717 £ 13 . 10717
PSI - PIM1 ™ 51 1525 33 505-107" +£21.10"14
PSI - PIM1 ™ 104 1525 33 190 - 10713 £ 7.6 - 10714
PSI - PIM1 ™ 164 1525 3.3 29-10713 £ 12.10°13
PSI - PIM1 ™ 233 1525 33 220-10713 £ 88 - 10714
CY62157EV30LL-45ZSXI

ILL n 25-.10°8 1843 33 580-10"16 £ 13.10-16
ENEA n 25 1843 33 275-107% +£91.10"16
ENEA n 14.8 1843 3.3 506-107" £ 1.1.1014
CHIPIR n spectra 1437 3.3 573107 4+ 1.3.10714
PSI - PIM1 T 51 1437 33 921 - 10~ £ 39 .10~ 14
PSI - PIM1 T 104 1437 33 1.70 - 10=13 £ 6.8 - 10— 14
PSI - PIM1 T 164 1437 33 1.85-10=13 £ 74 .10~
PSI - PIM1 T 233 1437 33 1.54 - 10713 £ 62 - 10~ 14




