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INTERNATIONAL ELECTROTECHNICAL COMMISSION

PROCESS MANAGEMENT FOR AVIONICS -
ATMOSPHERIC RADIATION EFFECTS -

Part 5: Guidelines for assessing thermal neutron fluxes
and effects in avionics systems

FOREWORD

1) THe International Electrotechnical Commission (IEC) is a worldwide organizatio
alll national electrotechnical committees (IEC National Committees). The{ obje
infernational co-operation on all questions concerning standardization in th
this end and in addition to other activities, IEC publishes Internationa )
Tdchnical Reports, Publicly Available Specifications (PAS) and Guides (he

rising
pbmote
Is. To
tions,

“IEC
Pyblication(s)”). Their preparation is entrusted to technical committe rested
in|the subject dealt with may participate in this preparatory wo K. non-
governmental organizations liaising with the IEC also participg i losely
with the International Organization for Standardization (IS@ ined by
adgreement between the two organizations.

2) THe formal decisions or agreements of IEC on technical ational
consensus of opinion on the relevant subje e m all
inferested IEC National Committees.

3) IELC Publications have the form of recomm ational
Cgmmittees in that sense. While all reasonabte effo f IEC
Pyblications is accurate, IEC cannot be r any
misinterpretation by any end user.

4) In|order to promote international unj ications
trgnsparently to the maxim gence
begtween any IEC Publication and the gted in
the latter.

5) IEC provides no markiQg proced indic s approval and cannot be rendered responsible fqr any
equipment decl i i i Zublication.

6) Al| users should engdreH 8 latest edition of this publication.

7) Ng i i employees, servants or agents including individual experfs and
m C National Committees for any personal injury, property damage or
ot whether direct or indirect, or for costs (including legal feegq) and
ex ) pub catlon, use of, or reliance upon, this IEC Publication or any othgr IEC
P

8) At ive references cited in this publication. Use of the referenced publicatipns is
indli pplication of this publication.

9) At ion i 1'to\the pdssibility that some of the elements of this IEC Publication may be the subject of
pa i : ot be held responsible for identifying any or all such patent rights.

A PAS is a technical specification not fulfilling the requirements for a standard but made

availpble to the public.

IEC-PAS 62396-5 has been processed by IEC technical committee 107: Process management

for avionics.
The text of this PAS is based on the This PAS was approved for publication
following document: by the P-members of the committee
concerned as indicated in the following
document:
Draft PAS Report on voting
107/58/NP 107/70/RVN

Following publication of this PAS, which is a pre-standard publication, the technical committee

or subcommittee concerned will transform it into an International Standard.
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This PAS shall remain valid for an initial maximum period of three years starting from 2007-09.
The validity may be extended for a single three-year period, following which it shall be revised
to become another type of normative document or shall be withdrawn

IEC/PAS 62396 consists of the following parts, under the general title Process management
for avionics — Atmospheric radiation effects:

e Part 2: Guidelines for single event effects testing for avionics systems

e Part 3: Optimising system design to accommodate the Single Event Effects (SEE) of

4+ o + PN P
alimmuopIIcTIV Tauilatiurnt

Q

o Part 4: Guidelines for designing with high voltage aircraft ele nd_poténtial

single event effects

\

o Part 5: Guidelines for assessing thermal neutron flukxes ' s ilVavipnics

&
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PROCESS MANAGEMENT FOR AVIONICS -
ATMOSPHERIC RADIATION EFFECTS -

Part 5: Guidelines for assessing thermal neutron fluxes
and effects in avionics systems

1 General

The purpose of this PAS is to provide a more precise definition of the threat that thermal
neutrons pose to avionics as a second mechanism for inducing single event upset (SEU) in

micr@electronics. There are two main poinis that will be addressed in this a defailed
evalyation of the existing literature on measurements of the thermal flux inside of airliners and
2) an enhanced compilation of the thermal neutron SEU cross section.ip currenthy. available
SRAM devices (more than 20 different devices). The net result of the revi two
diffefent sets of data will be two ratios that we consider to be very 0 the
ultimate objective of how large a threat is the SEU rate from ther ared to
the SEU threat from the high energy neutrons (E >10 MeV). ergy
neutfons has been dealt with extensively in the literature two
standlards ([2]1 in avionics and [1] in microelectronics on the gro

The [two ratios that this PAS considers to be so ip i afe] g ratio of the thermal
neutfon flux inside an airliner relative to the flux of\ hi inside
the girliner and 2) the ratio of the SEU that
due {o high energy neutrons. These r. hem,
oncel we know what the SEU rates are\fro DX, a
topic| which has been dealt with extensj e to
thermal neutrons can be obtained with t high
energy neutrons, multiplying thls by ‘the ermal
neutfons. The total SEU high
energy and thermal neytro

The process for galculs wing
set of equations@o

SEU Rate = 6000 n/cmZ2hr) x o(Hi E, SEU X-Sctn. cm2/dev) (1)
(Hi E| Upset/dev-h)

(Stﬁgrrzzlt Nt U Rate (Hi E) x D} orm (neutron ﬂux)>< a(the?rm SEU X-Sctn.) 2)
Upsel/dev-h) ®y;(neutron flux) o(Hi E SEU X-Sctn.)

Ratiof 1 D} erma) (neutron flux)

@y, (neutron flux)

Ratio-2 o(therm SEU Cross Section)
o(Hi E SEU Cross Section)

1 Numbers in square brackets refer to the bibliography.
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SEU Rate SEU Rate (Hi E neutron Upset/dev-h) x Ratio-1 x Ratio-2 (5)
(thermal neutron,
Upset/dev-h)

The objective of this PAS is to provide values of Ratio-1, the ratio of the thermal to high
energy neutron flux within an airplane, and of Ratio-2, the ratio of the SEU cross section due
to thermal neutrons relative to that due to high energy neutrons. We believe that Ratio-1
should be relatively similar in various types of commercial airliners, but it could vary
significantly in other types of aircraft, such as military fighters. However, in the larger type of
military aircraft, such as AWACS (Advanced Warning and Command System, E-3, which is
based on either a Boemg 707 320-B or 767) and JSTARS (Jomt Survelllance Target Attack
Radd = = ; very
similar to that in airliners.

With|regard to the ratio of the thermal neutron SEU cross section i S very
many such SEU cross sections were reported in the literature. Th . w, ahd fhese
were| cited in [1], but they were relatively few. Due to the data t come

availpble, the number of devices in which the thermal neutrof S i been
measgured has increased significantly. This additional data a
on the values that have been measured and the resulting &verage

2 Thermal neutron flux inside an airliner

2.1 Definition of thermal neutron

Thermal neutrons have been given thi e b uSe whité most neutrons start out| with
much higher energies, after a sufficienf nu Of B¢ ans with the surrounding medium, the
neutfon velocity is reduced such that s h imaiely the same average kinetic energy
as the molecules of the di energy depends on the temperature qf the
medium, so it is call rmal
equilibrium with the malecule

In a medium th@ rons,
the kinetic energ the
Maxwell-Boltzmanm\|a Litron
kinetic energy that cgrre ity i , i olute
temperature of diun . , gture,
this is 0,025\eV. g~ on a highly idealized model of elastic collisions between two
kindg of part I , withi ium, fures

from|it in~the re A

Thergfore, even though a neutron energy of 0,025 eV is officially taken to be the| true
definjition~of thermal neutrons, for purposes of this PAS, we will consider neutrons| with
energies <1 eV to be thermal neutrons. Additional details on this are found in 3.2.

2.2 Overview

In a modern airliner, we know that the thermal neutron flux inside the aircraft should be higher
than the thermal neutrons outside of the airplane because of the presence of all of the
hydrogenous materials within it (fuel, plastic structures, baggage, people, etc.). The
hydrogenous materials “slow down” the high energy neutrons through nuclear collisions,
primarily with the hydrogen atoms. After a large number of such interactions, the high energy
neutrons (energy > 10 MeV) have had their energy reduced by about seven orders of
magnitude. For practical purposes, we consider neutrons with E < 1 eV as thermal neutrons.
However, the more accurate definition of thermal neutrons are neutrons with energies close to
0,025 eV (equivalent to those at room temperature, hence the term “thermal”). Thus, we
expect, and have seen it verified by measurements, that the high energy neutrons inside an
airliner and outside it within the atmosphere would be very similar. However, for thermal
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neutrons, this is not true. The presence of the airplane structure and its contents produces far
more thermal neutrons inside the aircraft than are present in the atmosphere just outside the
airplane.

2.3 Background on aircraft measurements

The thermal neutron flux inside an airliner is a rather elusive quantity that has not been
measured very often despite the fact that hundreds and in fact thousands of ionizing radiation
measurements have been and are currently been made inside of aircraft. Firstly, most of the
thousands of measurements are of the dose equivalent that passengers and crew accumulate
during flight. Although it varies depending on the location of the flight path, in general, the
dose T T i Q ; 6]from
electfons and the remainder from other charged particles, mainly protons(t0-20) %;.gamma
rays (<10 %) and muons (<10 %) [3]. Most of these kinds of instr
combined dose rate from all of the charged particles present in the atm

Thus|, to measure only the neutrons in the atmosphere required
sensjtive only to neutrons. The early systems that were flown i ¢ onsisted of
dete¢tors that were optimized to measure mainly neutrongni of (1 to 10)
MeV| This data was used to develop the simplified Boeind [4]\Ds
the (1 to 10) MeV neutron flux with altitude and latityde: NeJg (e} iation was nof with

latitude but rather as a function of the vertical rigidi eter indicating| how
effective the earth’s magnetic field is at any location iQ allowi fimary cosmic rays to
reach the atmosphere. The vertical rigidity cutoff vari as/ with latitude, but there is| also
a vatfiation due to longitude. Similarly ‘ ed/a yodre elaborate model [5] that

was glso based on the (1 to 10) MeV

Since that time there have been more(rec rements made with neutron-specific
~ These have been primarily a series

ent fligh
instriiments that respond to\the entire e
of Bpnner spheres, a s&t of\j ents ector that measures thermal neufrons

surrqunded by varying thic e ating material. The moderating material, gengrally
polyethylene, is used to , \gh~enaergy neutrons which constitute most df the
neutfons, throug 3 - i e hydrogen within it. The larger the sphefe of
surrqunding pol eutrons are produced and the larger the slignal
by the detector. Care ahbrati re needed of the set of Bonner sphere detectors bgfore
a collection of in-fhg ; gan be transformed into neutron fluxes within specific
energy ranges. TRis } ing process and therefore is undertaken by a limited number
of repearch gpoups)

Two [su S \ ments have been made, one by a NASA-Ames group [6], anfl the
other by 32 2 oup [7], and these are used in this evaluation. In addition, the [most
highly regarded-set\ of” such measurements [8] were made by P. Goldhagen of the
Envifonmental/Measyrements Laboratory (formerly part of DOE, now a part of the Homgland
Secdrity Administration). Unfortunately, Goldhagen’s measurements were made in an ER-2
aircraft,

The ER-2 is drastically different from a modern airliner. Exacerbating the situation even more,
the detector that Goldhagen relied upon for the thermal neutron measurement was located in
the very tip of the nose of the ER-2 [9]. For all practical purposes, this detector was located in
a part of the airplane that is almost indistinguishable from the atmosphere outside of the
airplane. Thus, the thermal neutron flux measured by Goldhagen in the ER-2 is too low
compared to what we expect within a large airliner. In this case, we are mainly interested in
Ratio-1, i.e., the ratio between the thermal neutron flux and the high energy (E > 10 MeV)
neutron flux.

A more recent paper by a group at EADS [10] that used a simpler detector system, again
Bonner spheres, but specifically designed to be used in an airliner was examined.
Unfortunately, the high energy neutron fluxes from this paper are considered to be far too low
to be realistic. Thus, we do not believe that the data collected by this detector system and
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contained in [10] can be considered to be accurate enough and consistent enough to be used
for our purposes of obtaining a reliable and representative value for Ratio-1.

2.4 Calculational approach

There is one paper in the literature [11] that represents a very significant step forward. It is
based on applying an elaborate calculational method to a geometry consisting of a large
airliner (a 747) and the atmosphere around it. The gross take-off weight of a large 747 is
close to 1 million pounds (450 000 kg) and the overall internal volume is approximately 30 000
cubic feet (850 cubic metre) (based on the cargo capacity of cargo versions of the 747). The
actual size is therefore enormous (length of alrcraft is ~250 ft (~76 m) and wingspan of ~225
ft (~

atlvely short time. )
apprpximately 30 smaller volumes, |nto which the different proparfians illion
pounds are distributed, using gross approximations for the varigus\m ! iggage,

Thus|, it is unclear how accurate the results of these ¢ s i r the
thermal neutrons. For the high energy neutrons, it is S itron
flux should be very similar inside the airplane as it j ue in
the results of [11], so this serves as a consistency QF rons,
therg are no consistency checks. The thermal higher everywhere ipside

the dircraft compared to outside withig & no idea of how accurpte a

result [11] represents. It may be correct it\a ( specially for locations where
the glectronics are located, a much sm \ educed in overall size but much
morg detailed in terms of the internal ¢ S ass distribution that is used, would

be ngeded to calculate the thermal ne

Therg
meay

but we will also compare them td the
1. The results from [11] will represent the

upper bound and S 9 = easurements will represent a lower bound|.
25
For t i in:flj ements data is taken from four groups, [6, 7, 8 and 10],
and i iti L rom two other groups, [11] and Armstrong [12] are used.|First
the n he four aircraft measurements are shown in Figure 1, along with
the ¢ om [12]. A tabulation of the main features concerning wher¢ the
measure nd which aircraft were used is given in Table 1.

Table 1~ ation of the various atmospheric neutron measurements used

Res¢archer Organization Detector Aircraft Year Altitude, Ft I1tef.
Goldhagen EML Bonner sphere ER-2 1997 40 000 (12,2 km) | [8]
Hubert EADS 7-detect A300 2004 34 800 (10,6 km) | [10]
spectrometer

Hewitt NASA-Ames Bonner sphere C-141 1974 40 600 (12,4 km) | [6]
Nakamura Tohoku U. Bonner sphere DC-8 1985 37 000 (11,3 km) | [7]
Armstrong ORNL Calculation Atmosphere 1973 39 000 (11,9 km) | [12]
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10"

10" fon

KEY

107 =—

Hewitt NASA Ames
40 000 ft (12,2 km)

10*
- western USA
10*% {T—-[hemal TG Nakamura, 37 000 ft
neutrons —e
- 10°2 o (11,3 km) over Japan
S g EADS, 35 000 ft
10" =: (10,7 km) over
1 8 __High energy Atlantic

TTETrons

107

Gotdtragen, ER-2
40 000 (ft (12,2 km)
western [USA

107
107

mstromg calculation
Of (11,6 km)

Differential Neutron Flux, nfem?-MeV-sec

10*
10°

10_6 T T T T T T T
10®% 107 10° 10° 10* 10° 10?% 10"
Neutron Energy, MeV

All o S vo of
the o e ese are the in-flight measurements
by N ; tron
flux ason

for thi airplane over Japan. The simplified Boeing
mod¢l of the neutron flux ag s i itude’ and longitude is not adequate to deal with
this pituation. Ta} 'ng S A a8 thexapproximate location for the ER-2 flights| the
latitude for San ig ROXi 7 hich is similar to that for Nagoya, Japan| the
apprpximate locatio A asurements. The earth’s magnetic field varies| with
longitude as well gs de. e variation is small in most locations, for other sites it

can i t at twd locations very similar latitudes can have signifigantly
diffel ig 3 e case of these two cities, the rigidity cutoff over Nagrﬂloya,

Japa California, meaning that the cosmic rays are deflected fnuch
morg a and so the atmospheric neutron flux is much lower. Usjng a
recent d Goldhagen for the variation of the atmospheric neutron fluXq with
locat ] is Wased on the vertical rigidity cutoff parameter, the net result is thgt the

neut \n is a factor of 3 to 4 lower compared to the flux over the westerh US
(factpr of 3-compared to San Jose, CA and factor of 4 for Denver, CO). This is basgd on
altitudes‘of 37 000 ft (11,3 km) for Nagoya, Japan and 40 000 ft (12,2 km) for the western US
locatjons”

Thus if we were to increase the spectrum in Figure 1 by a factor of 3 to 4 to make the
measurement over Japan be equivalent to that over the western US, the Nakamura curve
would lie right within the NASA-Ames and Goldhagen curves. For this reason, we believe the
Nakamura curve is accurate and reliable. The EADS spectrum in Figure 1 is another matter.
This measurement was made at 35 000 ft (10,7 km), which represents the lowest altitude of
all the in-flight data. Using the model in [13], the spectrum at 35 000 ft (10,7 km), is expected
to be lower than that at 40 000 ft (12,2 km) by a factor of 1,5, but this applies over the entire
spectrum. As seen in Figure 1, over the (1 to 10) MeV portion of the spectrum, the EADS
curve is similar to all of the other curves. However, especially at the highest energies, > 10
MeV, the EADS spectrum is far too low, by about an order of magnitude, so a factor of 1,5 to
account for the difference between 35000 ft (10,7 km) and 40 000 ft (12,2 km) will not
improve the situation very much. Thus, the EADS spectrum is judged to be not reliable.
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In addition, in looking at Figure 1 carefully and the other three spectra, the two in-flight
measurements by Goldhagen and NASA-Ames and the calculated spectrum from Armstrong,
there appears to be relatively good agreement except at the higher energies, E > 10 MeV.
Above 10 MeV, the NASA-Ames spectrum appears to be noticeably too high.

Using the actual spectra shown Figure 1 in terms of the differential neutron flux, we integrated
each to obtain the high energy portion of the neutron flux (E > 10 MeV) and the thermal
neutron portion of the flux (E < 1 eV), both in units of n/cm2s. In addition, we include the high
energy and thermal neutron fluxes as calculated by Armstrong and also as calculated by
Dyer-Lei in [11]. The results are shown in Table 2, and the last column of the table contains
the ratio of the thermal neutron flux to the high energy (E > 10 MeV) neutron flux. This is
Ratig-1 that we are interested in, as defined in Equation (3). In two cases, we multipliefl the
original results by a specified factor to make them applicable to 40 000 .2 kmi~alfjtude
over [the western US, like the measurements of Goldhagen and NASA-

Table 2 — Comparison of thermal and high energy neutron @ n

Neutron flux, Ratioi1,

Altitude Therm|/Hi

Résearcher ft (km) Condition ( Energy
—X E
Hubert 34 800 (10,6 km) A300 over Atlantic / (},:]\3 0,5
Hubért (x1,5)* 34 800 (10,6 km) A300 over Atlan}kc’\\/} /9 AN , 0,5

Goldhagen 40 000 (12,2 km) ERébewfoq{a\\ 8 (74U ] 018 0,24

NASJA Ames 40 600 (12,6 km) | C- 14Nve§te\rn\l{ ts2 /| oa 0,14

Nakamura 37 000 (11,3 km) 0veyﬂ%oya }ag\\ 23 0,11 0,49
Nakdmurat 37 000 (11,3.km) Ove\Nag‘o\yNapg?\ L9460 0,41 0,49
Armtrong 39 000 (159 k}r\ CeM\a(no}phe)re\\) 0,94 0,19 0,20
Dyer Lei 33 ooo[m,ﬁkxq) N \Q\ph\ery 0,70 0,1 0,15
Dyer-Lei /?s\ood\gm k}g &\\4\7 Sockpit 1,0 1,75 1,75
Dyer Lei W()})\&QA km\)\ alc,\xg,\ﬁndow 1,0 1,70 1,70

Goldhagen \WSphere 3,2x107° 2,4x107° 0,75

* Nultiplied by fac ro 1 ke equivafent to altitude of 40 000 ft (12,2 km).
I Nultiplied By fa r f3 (equivalent to location over western US at altitude of 40 000 ft (12,2 km).
In lopking at le 2,\t is clear that the ratio derived from all of the in-flight measurements are

much lower\than was calculated by Dyer-Lei in [11]. The high values of Ratio-1 basg¢d on
the Dyer¢Lei calculations was mentioned in 2.4. In terms of the flight measurements, the|data
from| Hubert and the EADS group, although it gives the highest ratio of all of the in-flight

mea urcmcnto’ nnnnnl- rnnlly kn nonrl \’\Ir\ nlrnnrly rnmnv-l nrl +Inn+ +hn hiah nnnrgy pnrh)n of

......

this spectrum seems abnormally low, as seen in Figure 1, so that if the high energy portion
were increased by a factor of 2 or 3, Ratio-1 would be reduced by that same factor. Thus, we
cannot rely on the Ratio-1 value from the EADS measurements.

With regard to Goldhagen’s measurements in the ER-2, the high energy neutron flux appears
to be correct, but the thermal neutron flux seems to be too low. This was already discussed in
2.2 and so this results in a value for Ratio-1 that is too low.

The NASA-Ames measurement for the high energy neutron flux appears to be too high. This
can be seen in Table 2, but we already commented on this above based on looking at the
curve for this spectrum in Figure 1. It is not clear why the high energy portion of the spectrum
is too high, but the most likely reason is a problem with the data reduction of the entire set of
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Bonner sphere measurements. It could be that the Bonner sphere detectors were not
calibrated carefully enough or that the process for reducing the data, which involves
convolution of the Bonner sphere response functions, was not carried out carefully enough.
Goldhagen, whose ER-2 data is considered by far to be the best set of in-flight airplane
measurements, spent several years in reducing his data before publishing them.

The last set of in-flight measurements is that due to Nakamura. The Ratio-1 that his data
gives is 0,5. In Table 2, we see that when we multiply his values by a factor of 3,5 ( a value
between 3 and 4) to adjust the measurements to a location over the western US and at
40 000 ft (12,2 km), we obtain high energy fluxes that are consistent with what Goldhagen
measured and what Armstrong calculated. The thermal neutron flux is higher than what
Goldpagen measured, but we have already explained why Goldhagen’'s thermal neutron TJux is
too Ipw to be applicable to an airliner. Thus, based on the most applicabte. set of~inflight
meagurements we have a value of the ratio of the thermal to high enepgy neutren,flux within
an airplane as 0,5.

Tabl¢ 2 also contains the results of the calculations by Dye \ t Wo [most
appropriate locations for which we have their data, the cocKpit an g, Wi , and|also
include their point outside the airplane. However, neithe window| is a
location where most of the avionics are located. We note ok the xter al point, thegre is

relatively good agreement between their results and
interpnal locations, the cockpit and a window, Rafio-
respeéctively, much higher than the value of (
measurements by Nakamura.

strong. For|both
ue of 1,75 and 1,7
ired from the in-flight

As explained in 2.4, it is not clear how accu calcutated #alues are. Our main concern
is thpt out of necessity, the geometriegm i done on such a gross basis, mixing
matefrials (fuel, baggage, structural » thin very large volumes within the
airplane, that there is a lotof uncertai wfacy of the final results at much more
local pproximate average between thg two
valueg s 1,1, for the value of Ratio-1. HoweVer, it
coulg S mplify matters. Furthermore, based on the
calcy > i a thee can be some locations in an airliner where
Ratig \

Tabl¢
From
whic
Howe
due

build

arlier measurements made by Goldhagen at ground |level.
atio of thermal neutrons to high energy neutrons is P,75,
the value of ratio of 1,1 that we indicated applies to an air]iner.
ground level the thermal neutron flux can vary by a factor of 2
, i.e., rain, bodies of water, nature of the surroumding

3 7

3.1

It has been known for about 20 years that thermal neutrons can cause single event upsets in
microelectronics (see [14] for the earliest reference). About ten years later, this topic was
again investigated as part of a way to use a nuclear reactor to simulate the SEU environment
posed by atmospheric neutrons to avionics [15]. After that, as the feature size of IC
technologies continued to decrease, resulting in a continuing decline in the critical charge of
devices, the threat of thermal neutrons to induce SEUs in the devices became more of a
problem. This thermal neutron threat was recognized as a potential problem for ICs being
used in both avionics and ground level applications. However, only within the last five years
have researchers tested devices in both a thermal neutron environment and a high energy
neutron/proton environment to allow the two types of SEU cross sections, due to high energy
and thermal neutrons to be compared. More of this kind of neutron SEU data is currently
available and will be utilized in this chapter.


https://iecnorm.com/api/?name=a5ea1dc6dd4c949a105a2be389ad93e1

-12 - PAS 62396-5 © IEC:2007(E)

3.2 Mechanism involved

The thermal neutrons cause single event upsets because of their interaction with the Boron-
10 isotope within the IC (glassivation layer over the silicon), rather than with the silicon atoms.
B-10 is about 20 % of naturally occurring boron, with the remaining 80 % being B-11 which
does not interact with the thermal neutrons. The boron is wusually present as
borophosphosilicate glass, BPSG, which is also used as the dielectric between the
metallization layers in the overlayer that covers the silicon transistors.

The reaction that is responsible for the increased SEU rate due to thermal neutrons is:

10B + neutron — ’Li (0,84 MeV)+ 4He (alpha, 1,47 MeV) + gamma (0,48 MeV)

This reaction creates two energetic ions, Li-7 and an alpha particle, bg an degposit
enough energy to cause an upset in devices having low critical charg Qn of the
complete 0,84 MeV from the Li-7 ion in silicon leads to 37 fC of cha

As ugsed by microelectronics manufacturers, the BPSG lay 4 to 9 |% of
borop. The range of the Li-7 and the 1,47 MeV alpha is i S 3 um so oply a

portipn of the track of these particles would be effectivei \ charge locdlly to
causg an upset. However, the IC devices also conjai P\ lower concentrations
throy [ i .g. b ’ , the thermal nepitron
SEU e

be reduced by 2 to 3 ofders
compared to that in BPSG and hence mia

In 2]1, for the purposes of this PAS, we define ons to be those with energies of
< 1 eV even though the formal definition of a eutron is one having an energy of
apprpximately 0,025 eV. There are practi this revised definition, for example,
the way that calculated a 3 uxes\inside an aircraft are displayed, usjng a
finitel number of energy gro :

neutron is calle hich is measured in the unit of barns (1 barn =

Howgver, there a i atiops. The tendency of a material to interact with a
1072 cm?2). The s:| 6NM\a eutron cross section of approximately 2 to 3 barns

for m of the energy range, 0,01 eV to 100 MeV, with| only
sligh |caIIy different; the neutron cross section increaseq with
decr¢ p the behaviour of the cross section of the B-10 atom| with
energy. he total neutron cross section at 1 eV is ~100 barns (~600 barns
for B . V it'is only 12 barns and at 0,1 eV it is 400 barns. At an energy as

low 4 S ' Qn cposs section is 50 times higher in a boron atom compared to that in
a sili \ nore“than 200 times higher for Boron-10). Thus, we can say that thé¢ low
energy neutronsyall those with E < 1 eV, will behave in a similar manner when interacting with
a migroelectronics dévice. There is a > 99,5 % probability that for such low energy neufrons
the iTteraction will be with the Boron-10 rather than with a silicon atom.

In addition, there is another reason why 1 eV serves very well as the thermal energy cutoff.
There are two kinds of thermal neutron facilities that have been used for testing: 1) one which
produces only low energy thermal neutrons, such as a specialized reactor at the National
Institute of Standards and Technology, NIST, and 2) a facility that has neutrons over a broad
spectrum of energies, including thermal neutrons. For the broad spectrum facility, testing for
the thermal neutron SEU response is carried out by performing two tests with a
microelectronics device. In one test, the device and/or test card is bare, exposed to the beam
and the resulting number of upsets are recorded. In the second test, the device is covered
with an efficient thermal neutron absorber material, usually a thin foil or sheet of cadmium
metal or a boron compound, and the test is repeated. Cadmium is used because it is such a
good absorber of thermal neutrons below an energy of ~0,4 eV which is often called the
cadmium cutoff (its neutron cross section changes from 20 barns at 1 eV, 200 barns at 0,5 eV
and 7 000 barns at 0,2 eV). Thus, the difference in the response of the device with and
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without the cadmium is due to the thermal neutrons. The fact that the cadmium cutoff of
~0,4 eV is so close to 1 eV makes the energy of 1 eV a good value for the thermal energy
cutoff.

3.3 Thermal neutron SEU cross sections and Ratio-2

The earliest testing of RAMs with thermal neutrons to induce SEUs [14] was carried out over
20 years ago and the results are not very relevant because the devices are so old and are no
longer in use. Nevertheless, the results provide an interesting basis for comparison. Seven
SRAMs were tested in the NIST reactor (then called NBS) with a high purity thermal neutron
beam and only one of them exhibited upset, the SEU cross section being 2x10~14 cmZ2/bit. In
addition, eight DRAMs were tested and three of them had upseis induced by the fhérmal
neutfons, but the SEU cross section was about two orders of magnitude/Tower compared to
the SRAM.

The testing carried out by Sandia in their SPR-Ill (Sandia Pulsed<Rea bn in
[15].[Six SRAMs were tested and in all cases the SEUs were induged rons.
The jnormal neutron spectrum in the central cavity at the SF 3 idd by
using polyethylene around the cavity to produce additiong h the

data|provided in [15] the thermal neutron SEU cross secC 'ns in the
range of 6x10 ®to 6x10™" cm?/bit. It is unclear whetifer addi that
did n

Therge uced
by b latest
intere e to
thern [ igh energ . , data
and d atdiverse jes, with the only requirement being
that as of“heutron-induced SEU cross sedtions
caus f In some cases, the high energy [SEU

meag Migh_energy proton beam rather than a high energy

neut . S > on contribution was obtained as the resplt of
two yal neutron absorber surrounding the devige or
test ¢

The in ayerage foryall of the measurements, however, it includes only the
datal|i i Zere utron SEU cross section was measured. Thus, the two
Hitaghi a esponse to thermal neutrons (rows 3 and 4 in the table) werg not
inclu in th aging prqoegess. When all the ratios were combined and averaged|, the
valug i 7. All\of the data in Table 3 is for SRAMSs. It is likely to also apply to pther
kinds ices mest all of the devices that have been tested for SEU suscept|bility

with thermal nedtrons\are SRAMs.

Another important factor that comes out of the data in Table 3 is how likely it is for a SRAM to
be susceptible to SEUs from thermal neutrons. Ref 18 tested six SRAMs and four of them
were sSuUsceptibie 1o thermat neutrons inducing SEUS, thus 67 % Were susceptibie to thermal
neutron SEU. In [19], a total of 14 SRAMs were tested and of these 8, or 57 % were
susceptible to SEUs from thermal neutrons and in [20] three of the five, or 60 % of the
SRAMs tested were susceptible to SEUs from thermal neutrons. [18 and 19] are the two
studies in the open literature with the largest number of devices tested for susceptibility to
thermal neutron induced upsets. In combination, they lead to the conclusion that an average
of 60 % of currently available SRAMs are susceptible to SEUs from thermal neutrons.

We have heard that major microelectronics vendors are aware of the problem of thermal
neutrons inducing upsets in their devices, and have committed to eliminate this problem by
removing the use of BPSG in the IC fabrication process where it can lead to SEUs from the
thermal neutrons. Another option for the IC vendors is to use 100 % B-11 rather than naturally
occurring boron in the BPSG. Furthermore, smaller IC vendors may not follow the larger
companies in eliminating the B10 from their fabrication processes. However, the major IC
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vendors proceed, the changes they make will affect future devices, making it likely that most
such devices will not be susceptible to SEUs from thermal neutrons. However, as shown in
Table 3, right now, for devices that are likely in avionics systems at the present time (2007),
the assumption has to be that at least half, actually 60 % of all SRAM devices are sensitive to
thermal neutrons causing upsets.

Table 3 — SRAM SEU cross sections induced by thermal and high energy neutrons

DC/Feat Hi E SEU X- Therm. neut Ratio-2,
Device Mfr. Size Ref. Sect, SEU X-Sec, Therm/Hi E
cm?/bit cm2/bit SEU X-Sec

TC5%4T61AFT Toshiba NA/NA 16 7,3x10 1,15%x10 1,57

N/A N/A N/A/0.18 17 2,90x107" 1,12><1(6'13 3,6

N
HM6P8512ALP-7 Hitachi 9809/0,5 18 6,0x107" },\« Q\ 0,00
HM6P8512BLP-7 Hitachi 9925/0,35 18 4,5x107" \\\ 0)
TC54001FL Toshiba 9827/0,5 18 8,20x% 1\\ @&10\? 1,06
TC54001AF Toshiba 9929/0,4 18 }Jsoés{ @W 0,36
M5MB408AFP Mitsubishi 9839/0,4 18 @MO\‘\ 80,107 " 0,96
—\
KM684000BLP Samsung 9844/0, &18 N 6(60@14N>2,10x10‘13 3,04
CY62147V18LL Cypress 0@,5 19 3,W 1,80x107" 6,0
K6F1616UBA Samsung 0638/0(&"\ \Q 1\,§0x10‘14 2,00x107" 2,0
M5MY416CW N@Nif\u@w 1‘9\ 4,00x107" 2,40x107" 6,0
N

0Y64147CV33LL \S‘{pre s <\&<25\/0\{N_)3) 4,00x107" 1,80x107"® 4,5
CY62157DV18LL 6 z()ypresg W 19 4,00x107" 3,00x107"* 0,8
HM6RV16512LB /\< \}\éém\\p 5#0.13 |19 | 2,50x107"* | 2,50x107" 1,0
HM6RV162100LB x \%a}%\ /({328/0,13 19 | 3,00x107" 1,10x107"° 3.7
K6X4016C3F \ \\s\aw 0307/0,13 19 5,00x107"® 1,0x107" 3,0

8 other iceN Vakous 2002-03/ 19 | 10" to 0 0

0,13 to 0,25 107"

CY7C1360A \) Cypress 0231/0,25 20 3,07x107" 5,1x10™" 1,8
IBM{436A81 IBM 0139/0,25 20 4,85x107" 2,41x107" 5,1
MCM69P737 Motorola 9823/0,4 20 6,66x107"° 1,62x107" 2.4
K7B803625M Samsung 0019/? 20 1,20x107"® 0 0
K7A803600M Samsung 0016/? 20 1,24x107"° 0 0

Average all non zero data 2,77

1 The high energy neutron SEU cross section is based on the best data available in the reference, with priority
being given to neutron measurements (WNR or TRIUMF) and then high energy proton measurements.
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