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Irradiation Test of 65-nm Bulk SRAMs With DC
Muon Beam at RCNP-MuSIC Facility
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Abstract— Negative and positive muon irradiation tests of sta-
tic random access memories (SRAMs) were performed at Muon
Science Innovation Channel (MuSIC) of Research Center for
Nuclear Physics (RCNP), Osaka University. The muon-induced
single event upset (SEU) cross sections for 65-nm bulk SRAMs
were measured. The SRAM device was irradiated by the muon
beams with average momenta ranging from 37.8 to 41.0 MeV/c
at the beam exit. The incident muon fluence was measured using
a one-by-one muon detection system with a plastic scintillator
by taking advantage of the direct current (dc) muon beam and
reliable absolute values of SEU cross sections were obtained.
In addition to the measurement of the SEU cross sections,
we measured muonic X-rays from the irradiated device to
investigate the relation between the measured SEU cross section
and the emission rate of muonic X-rays associated with the
stopping position of the muons as a function of incident muon
momentum. The result suggested that negative muons have a
significant effect on SEUs by the emission of secondary light
ions via negative muon capture reaction when negative muons
stop near sensitive volumes (SVs) in SRAMs.

Index Terms—65-nm bulk static random access memory
(SRAM), irradiation test, muonic X-rays, negative positive
muons, Research Center for Nuclear Physics-Muon Science
Innovation Channel (RCNP-MuSIC), single event upset (SEU).
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I. INTRODUCTION
ADIATION-INDUCED soft error means a temporary
fault in very large scale integrated (VLSI) circuits due to

single event upset (SEU), i.e., upset of memory information
in a static random access memory (SRAM). On the ground,
a main cause of the soft error has so far been recognized
as neutrons among the species of secondary cosmic-rays.
Recently, muon-induced soft errors are drawing attention due
to the reduction of soft error immunity on SRAMs, and many
works have been devoted to investigate the effect of cosmic-
ray muons on the occurrence of SEUs [1]-[12]. From previous
experimental and simulation works [7]-[12], it was found that
negative muons cause SEUs more significantly compared to
positive muons because of the effect of negative muon capture
reactions [13]. In [11], the muon SEU rates at ground level
for the 65-nm SRAMs [8]-[10] were estimated based on the
experimental SEU cross section data and compared with the
neutron SEU rates of the same SRAMs. The result showed
that the muon SEU rates are 0.1-1% of the neutron SEU
rates. However, the relative proportion of the muon SEU rate
to the neutron SEU rate was found to increase up to about
10% on the first floor of a five-story building because of the
relatively large attenuation of neutron flux and less attenuation
of muon flux in the building. In addition, a muon irradiation
test [12] for 28-nm SRAMs revealed that the muon SEU cross
section increases and the neutron SEU cross section decreases
according to the technology advancement [14]. These recent
works on muon-induced SEUs suggest a need for further study
to enhance the understanding of the SEU mechanism.

In this article, the irradiation test for 65-nm bulk and ultra-
thin body and thin buried oxide silicon-on-insulator SRAMs
was performed to measure the negative and positive muon
SEU cross sections [8], [9]. The SEU experiment was con-
ducted at the muon science facility (MUSE) [15], [16] in
Materials and Life Science Experimental Facility of the Japan
Proton Accelerator Research Complex (J-PARC). The SEU
cross sections were obtained as the ratio of the number
of bit errors to incident muon fluence. The pulsed muon
beam with a repetition rate of 25 Hz is available at MUSE.
Approximately 10* muons were bunched in a pulse with
about 100-ns width during the experiment. The muon fluence
was indirectly measured by counting the number of decay
electrons/positrons that were emitted from stopped muons.
Hence, there is an uncertainty in the measurement of the muon
fluence. In this article, we performed a new experiment with
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a direct current (dc) muon beam at Muon Science Innovation
Channel (MuSIC) [17] in Research Center for Nuclear Physics
(RCNP), Osaka University, in order to make the measured
cross section more reliable. The MuSIC beamline provides the
muon beam with a continuous time structure with an intensity
of approximately 2 x 103 muons/s. Therefore, a single muon
can be detected individually and reliable absolute values of
SEU cross sections can be obtained.

In addition to the SEU cross section measurement, we con-
ducted a muonic X-ray measurement. When the negative muon
stops in matter, it is captured by a nucleus at high orbital
momentum state of the muonic atom. The captured negative
muon cascades down to a 1-s orbital while emitting muonic
X-rays. The energy of the muonic X-ray is unique to the
atomic number of the captured element. Hence, the elements
existing in the stopping position of the negative muon can
be identified by the muonic X-ray energy in a nondestructive
way [18]. Besides, our previous experimental results [8], [9]
pointed out that the negative muon has a significant effect
on the occurrence of SEUs when the muon stopped near the
sensitive volumes (SVs) and it emits secondary light ions
(protons, deuterons, a particles, etc.) via the capture reaction.
Therefore, information on the muon stopping position and
the constituent elements at its position is important to study
the mechanisms of SEUs induced by negative muons. Thus,
we have performed a preliminary measurement of the muonic
X-rays to see the feasibility of element identification at the
muon stopping position.

II. EXPERIMENT
A. Test Facility

The accelerated test with negative and positive muons was
performed using RCNP-MuSIC [17]. The muons are decay
products of pions. The facility produces the pions through
nuclear reactions between a 392-MeV proton beam and a
20-cm-thick graphite cylindrical target. The produced pions
are collected by using a capture solenoid and they are guided
into the beamline where they decay subsequently to the muons.
The 392-MeV proton cyclotron was operated with an average
current of 1.1 A during the test. The momentum distribution
of the muon beam was measured as a normal distribution with
an approximately 7.0% standard deviation at the beam exit
using a time of flight method. The incident muon fluence can
be measured directly, thanks to the dc muon beam.

B. Experimental Setup

The test SRAM chips were fabricated in 65-nm bulk CMOS
technology with a deep well option. Fig. 1 shows the device
board under test. Sixteen SRAM chips are mounted on a
piece of printed circuit board (PCB). Each chip has 12-Mb
memories. The same test board was used in the previous muon
experiment at the MUSE facility and the details of the device
board are described in [9].

The experimental setup is schematically illustrated in Fig. 2.
The setup was constructed at the downstream of the beam
exit. The beam exit was equipped with a 75-um-thick Kapton
film to seal a vacuum of the beamline. The reverse side
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Fig. 1. Structure of the device board. Sixteen chips are bonded on the

1.6-mm-thick PCB. The thickness of tested chips is approximately 0.3 mm.
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Fig. 2. Schematic experimental setup for muon irradiation at MuSIC facility.

of the device board was irradiated with the muon beam
passing through the collimator. The collimator consisted of a
5-mm-thick aluminum plate and piled-up 150-mm-thick lead
blocks. The collimator slit was 55 mm x 55 mm squared-
shaped. Sixteen chips, i.e., 192-Mb SRAMs in the device
board were irradiated. In front of the device board, a plastic
scintillator (PS) was placed to measure the muon incident
fluence. The size of the forward PS was 100 mm x 100 mm
and the thickness was 0.4 mm. Another PS with a size
of 100 mm x 100 mm x 5 mm thickness was placed at the
downstream of the board. The backward PS detected muons
passed through the device board. The negative and positive
muon-induced SEU cross sections were derived by dividing
the number of bit errors by the product of the incident muon
fluence and the total number of irradiated bits, i.e., 192 Mb.
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To measure the SEU cross sections, we first conducted
momentum scanning with the negative muon beam for the
SRAM chips operating at the voltage of 0.9 V. The aim of
the momentum scanning is to search the maximum value of
the SEU cross section. Next, the operating voltage was set
to be 0.5 and 0.4 V, and both negative and positive muons
were irradiated to observe the effect of negative muon capture
reactions.

Two germanium detectors (GLP36300 and BE2020 man-
ufactured by ORTEC and CANBERRA, respectively) were
placed to detect the muonic X-rays emitted from the device
board. The energy spectra of the muonic X-rays were mea-
sured during muon irradiation on the device board. The
dynamic energy range of the germanium detectors was set to
be about 1 MeV, which is large enough to detect 400-keV
Ka muonic X-rays from silicon in the SRAM chips. The
emission rate of the 400-keV Ka muonic X-rays from the
device board was measured under the irradiation of negative
muons with different incident momenta. Since the PCB also
contains a large amount of Si as in the SRAM chips and
resins, we performed an additional irradiation test on the PCB
without the SRAM chips and resins in order to estimate the
contribution of the muonic X-rays from Si in the PCB.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Background Run

To estimate the probability of SEUs induced by background
radiations (e.g., thermal neutrons and gamma-rays), another
device board was operated for monitoring. This reference
board was placed under a stage on which the target device
board was set. The result showed that the number of errors
observed in the reference board was less than 2% of that in
the irradiated device and was negligibly small. A 5S-mm-thick
aluminum plate was placed between the forward PS and the
device board. In this case, all negative muons were completely
stopped in the plate and various kinds of generated radiations
other than muons (i.e., decay electrons, neutrons, gamma-rays,
etc.) bombarded the device board. As a result, no SEU was
observed under this situation. Thus, we confirmed that the
probability of SEU induced by background radiations was
negligible.

B. Incident Muon Fluence

The forward PS was used to measure the incident muon
fluence. The pulse height of the analog output signal from the
scintillator was converted to a digital value by an analog-to-
digital converter (ADC). The ADC spectrum of the scintillator
output is shown in Fig. 3. The incident beam includes electrons
as contamination. The muon deposition energy is larger than
the electron one. Hence, a peak of the muon is observed in
the higher channel range compared to that of the electron
as shown in Fig. 3. To distinguish the muon events from
all the other events, the threshold channel value was set to
around 700 channels where the spectrum has the minimum
value between the peaks of muons and electrons, and the
events over the threshold were integrated to derive the incident
muon fluence. To investigate the systematic uncertainty in
the derivation of the incident muon fluence, the threshold
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Fig. 3.  ADC spectrum of the forward PS at the incident momentum
of 38.9 MeV/c at beam exit.

channel was tentatively set to be 600 and 800 ch. However,
the variation of the derived fluence was only 2%. As a result,
the systematic error caused by the contamination of electrons
in the incident muon fluence is assumed to be 2% in the
present analysis.

C. SEU Cross Section

The negative muon SEU cross sections were measured as
a function of incident muon momentum that is defined as
the mean momentum just before the muons enter the device
board. Therefore, it is different from the momentum at the
beam exit because of the energy loss in the materials between
the beam exit and the device board as can be seen in Fig. 2.
Note that the incident momentum at the beam exit was used
in the literature of our previous MUSE experiments [8], [9].
Since both experiments were performed in different irradiation
configurations, the momentum just before the muons entering
the device board is used for comparison of both the experi-
mental results in this article. The momentum was estimated
by the energy loss simulation with the Particle and Heavy
Ion Transport code System (PHITS) [19] for both the cases,
because the momentum values at the beam exit were provided
from each experimental facility. Since the muon beam has
a momentum distribution, the measured SEU cross section
represents the averaged value over the momentum distribution
(osgu), which is defined by the following expression:

fOOO oseu(p) - ¢ (P, pmean)dp
fOOO ¢(p7 Pmean)dp

where pmean represents the mean momentum in the momentum
distribution, osgy (p) is the mono-momentum muon SEU cross
section at the momentum p, and ¢ (p, pmean) is the fluence of
incident muons with the momentum p in the case of muon
irradiation with the mean momentum pmean. The momentum
distribution can be approximated by a normal distribution with
the standard deviation of 9.5% at MuSIC and 5.8% at MUSE,
respectively, for the incident momentum of 35.9 MeV/c, which
corresponds to 7.0% and 5.0% at the beam exit.

The measured SEU cross sections are plotted as a function
of incident muon momentum and compared with the previous

(1

(oSEU(Pmean)) =
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Fig. 4. Comparison of the negative muon-induced SEU cross sections
measured at MuSIC and MUSE. The data at MUSE was obtained from [9]
and [10]. The SRAM chips were operated at the voltage of 0.9 V.

measurement with MUSE pulse beams [9] in Fig. 4. The
error bars show only statistical uncertainties. There was no
noticeable difference between the measured SEU cross sec-
tions at MuSIC and those at MUSE. However, the magnitude is
slightly different between them. It could be partially caused by
the difference in the momentum distribution between MUSE
and MuSIC beams. When a muon stops near the SV, it can
deposit the maximum charge because of the Bragg peak and/or
the negative muon capture reaction as mentioned in [2], [7],
and [8]. In the present test condition, muons with the momen-
tum of about 36 MeV/c seem to be able to stop near the SVs
because both momentum dependences of SEU cross sections
in MUSE and MuSIC have peaks around 36 MeV/c. The
MusSIC beam has a larger standard deviation than the MUSE
beam as mentioned before. This indicates that the ratio of 36-
MeV/c muons to total muons in MuSIC is smaller than that
in MUSE. Thus, we believe that the momentum dependence
measured in this article is in good agreement with that in the
previous work.

The negative and positive muon-induced SEU cross sections
for the SRAMs having the operating voltage of 0.4 and 0.5 V
are shown in Fig. 5. The SRAMs operating at the voltage of
0.9 V were not irradiated by the positive muon beam because
the lower error rate requires a longer test time to obtain
the sufficient statistics. The voltage dependence shows good
agreement with that observed in the previous work [9], as the
momentum dependence does in Fig. 4. The negative-muon
SEU cross-sections are about 6 and 11 times larger than the
positive-muon ones in the case of 0.4- and 0.5-V operating
voltages, respectively.

D. Muonic X-Rays

The measurement of muonic X-rays under irradiation can
provide direct evidence that the incident muon stops in matter
and is captured by a constituent atom in the stopping position.
The energy spectra of the muonic X-rays were measured under
the muon irradiation to both the SRAM device and PCB
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Fig. 6. Energy spectra of muonic X-rays emitted from the device board

(magenta solid line) or the PCB alone (green dotted line). The incident muon
incident momentum is 36.6 MeV/c, which corresponds to 39.9 MeV/c at the
beam exit. The energy of silicon Ka muonic X-ray is about 400 keV.

boards. They were irradiated by the negative muon beams with
the incident momentum of 33.9, 35.3, and 36.6 MeV/c, which
correspond to 37.8, 38.9, and 39.9 MeV/c at the beam exit,
respectively, and the emitted muonic X-rays were measured
by the germanium detectors.

In the data analysis, we focused on 400-keV Ko muonic
X-rays from silicon. The energy spectra measured under the
irradiation of the 36.6-MeV/c muon beam for the device board
and the PCB alone are shown in Fig. 6. The detection counts of
the X-rays are normalized by the number of incident muons.
The peaks around 400 keV are observed in both the device
board and PCB. The peak counts in the PCB case are less
than those in the device board case. By subtracting the former
counts from the latter ones, the emission rate of silicon Ka
muonic X-rays from the chip part including the chip and
resin per incident muon was derived. The relation among the

Authorized licensed use limited to: OSAKA UNIVERSITY. Downloaded on July 17,2020 at 00:36:15 UTC from IEEE Xplore. Restrictions apply.



MAHARA et al.: IRRADIATION TEST OF 65-nm BULK SRAMs WITH DC MUON BEAM

0.1 . T | T 1x10°
_ L A X-ray from chip part |4
[ | 7 X-ray from PCB part
o =
g I @ <oseu> | el
£ A A =
- L 1 NE
(0]
g 005 4 4 5x10% &
5 % | F
§ | o ﬁ 7
2 v
2 I | v
w 0] v
0 — ' : — 0
34 35 36 37

Incident momentum of 1 [MeV/c]

Fig. 7. Relationship between the emission rate of muonic X-rays from chips
or resin and the negative muon SEU cross section. The SEU cross section
was measured for the 65-nm bulk SRAMs at the operating voltage of 0.9 V.

emission rate from the chip part, the emission rate from the
PCB and the negative muon SEU cross section is plotted
as a function of incident muon momentum in Fig. 7. The
measured emission rate of silicon Ka muonic X-rays from
the chip part increases as the momentum of the incident
negative muons increase while that from the PCB decreases.
This trend indicates that the number of muons penetrating the
PCB and reaching the chip part increases as the momentum
of the incident muon increases. Furthermore, the measured
emission rate of Ka muonic X-rays from the chip part shows
the momentum dependence similar to that of the SEU cross
sections. The intensity of the muonic X-rays is propositional
to the number of stopping muons that are captured by silicon
atoms in the chip part. Therefore, this experimental result
suggests that the number of negative muons stopped near the
SVs in SRAMs has a positive correlation with the occurrence
of SEUs.

IV. SUMMARY AND CONCLUSION

We have conducted an irradiation test for the 65-nm bulk
SRAMs with the dc muon beams at RCNP-MuSIC facility.
The incident muon fluence was measured one by one using a
PS by taking advantage of the dc beam with the systematic
error only 2%. Thus, reliable absolute values of SEU cross
sections were successfully obtained. The measured negative
and positive muon SEU cross sections showed a good agree-
ment with those measured in the MUSE facility [8], [9]. Thus,
the previous MUSE result was validated by the present MuSIC
result. Moreover, our present and past works demonstrated that
two muon facilities in Japan are available for muon irradiation
tests of memory devices.

In addition to the cross section measurement, the energy
spectra of muonic X-rays were measured to investigate the
muon stopping position in the irradiated device. The positive
correlation between the SEU cross section and the emission
rate of muonic X-rays from the SRAM chips or resins was
observed. The X-ray measurement demonstrated the impor-
tance of the stopping negative muon, i.e., the negative muon
capture reaction, near SVs on the occurrence of SEUs, which
was suggested by the simulation in [8].
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For further quantitative discussion and understanding on the
mechanism of the negative muon SEU, we plan to perform
more realistic muon transport and muonic X-ray simulations
by considering the device board structure appropriately and
compare the simulation and the present experimental result to
validate the simulation code. By using the validated simulation
code, we are going to investigate the mechanism of muon-
induced SEU in detail, e.g., the relation among the stopping
muon position, the species of the ions emitted via negative
muon capture reaction on the atomic nuclei at the stopping
position, and the SEU occurrence probability.
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