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Neutron Radiation Environment and Resulting Single

Event Effects Prediction in Near Space
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Abstract Neutron radiation environment in near space is analyzed by Space Radiation 7.0 toolkit.

It is found that neutron flux decreases by several orders as altitude increases, low-energy neutron

flux increases sharply at solar maximum condition, neutron flux increases constantly as latitude

ascends. The inner reasons are further investigated. Based on the results, a prediction technique

of atmospheric-neutron induced Real-Time Soft Error Rate (RTSER) using Monte-Carlo method is

proposed. Taking Field Programmable Gate Array (FPGA), critical Integrated Circuit (IC) used
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in avionics system, as an example, the RTSERs of Single Event Upset (SEU) sensitive modules

(including Configurable Memory (CM), Block Random Access Memory (BRAM) and user Flip-Flops

(FF)) and Single Event Functional Interrupt (SEFI) sensitive modules (including Power-On-Reset

(POR), SelectMAP etc.) are predicted. The results show that SEUs in CM accounted for 77% of

the total SEU rate in the FPGA. Both POR and SelectMAP SEFIs accounted for 36% of the total

SEFI rate respectively. According to the failure levels of flight system in RTCA DO-254, the FPGA

can not be employed in key positions of avionics.

Key words Near space, Neutron, Single event effect, FPGA
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�!�"�#% 20∼100km ��&��$,

�!�"#$��$ (#% 18∼55km)��"�"
��$ (#% 55∼85km) '% (�&��$ (#
% 85∼800km), �%)*&�'*&� (60 km '
(�)*&�, 60∼1000km �*&�), '$� (
!(�%��" (90 km '(��")[1]. !(), �
!�"��*&��')++,� �, !(,-
�!�")*� �"���, �!�".*-+
,'-"�/'.!�*�/.&�0!�/+Æ
/ [2,3].

�!�"#!0�01 1#$!�2%1 
,-,&11 1#'20�"�#!�3.4( 
5'!62 �!64( 5)"%#��7�",

$8�7�"�� N ' O 3$/0).09!, '
2�!�#��#�*#�γ  5�π 1#�μ1#%.

0:�#&'*�(%342,5�"&04, �!
�"�#" 5�*#;&)+�)1#<= (Sin-

gle Event Effects, SEE) !�'>.*-*�6)�
73.!,( [4]. ,4) 1956 (56*�"�#
1 ,-��" [5,6] ')1#<=/+, IBM�+
?�Xilinx %78@6*6�0A7/+, �!.*
+"�% (,-'7,989-B8:&�:+/
+%,9!6C;;*D;<'-,,. JESD89A[7],

RTCA DO-254 %. �,!�!�"�#/+= +
.8/, <=0>E91�% (,-892/, &
>*#-:�!�"�#)1#<=:&')?@.

03, �!�"�#1 ,-4;+#!C?��
1.

&A5.-F23� Space Radiation 7.0 6

< ∗, =: Avionics/SE 8G6*�!�"�"�#
1 ,-(H, /+�"�#B�/>'8@44
A�!6?B'@IA�7;. !0=5), '5�
*#;&73A!*C6D78E*C (Field Pro-

grammable Gate Array, FPGA) �F, JB'+CG
D8H!�!�"��#)1#<=9ÆI, :&'
!�!�"=.�EK%C.

1�./F6DEGL

1.1 H0123�I
7 1 ':F%� (@4: 40◦N, 116◦E) �F, >

;6#% 20∼100km �$��#80–30B. 0
7 1 DG: �!�"�#30<9H, 4< 100GeV

�0C; �#804:);30��40IH, 80
I%<C40C, !J MeV 30J!ECC)IH
�; �!�"�#80;@44A��0H%4=,

&5:�"JA�H%.

= 1 >KK>������
�K?
����?L
Fig. 1 Neutron spectrums in near space above Beijing

region at various altitudes

∗http://www.spacerad.com/, Space Radiation Associates, 2018
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1.2 HJK67�I
7 2':F%�)� 50 km@44A�F, >;

6!62%('2�(��#80–30B. 07 2

D'M;: !30@:@J GeV �<9, !62�
(��#804:!62%(,��0-4AL<C
40C; 0!304:@J GeV�<9,!62�(
��#80@:!62%(. !62�(�, !6M
BA:C$�0�@3�#,D8�!�"@3�#
80NO��; ��0:B!6?B�M9, !62
�(�3.4( 580P@,)+43�#80P
@, E0D8�!�"43�#80P@.

1.3 HLM3�I
7 3 >;6@44A 50 km, 116◦E @AF:G

#��#80–30B. 07 3D'M;, HI%��
�#80-@, ;:IA�C4, �#80JN��
4=. NOP5:IA;4, %KQ<OA;�.

7 4 >;6@44A 50 km, 40◦N IAFP@
%���#80–30B. 07 4 DG, AL:IA,

@A-�!�"�#B�QR8%.

2�ML/STUR

FPGA�5�*#;&�73A!*C. FPGA

��"�#)1#<='2E)1#Q= (Single

Event Upset, SEU), )1#R3�S (Single Event

Functional Interrupt, SEFI), )1#D? (Single

Event Latchup, SEL) %.

= 2 ��SVM�S�M>KK>��
50 km N�

�K

Fig. 2 Neutron spectrums at 50 km above Beijing

region during solar min. and solar max

&A' Xilinx TE Virtex-4 ;; SRAM G
FPGA �/+-P (-:GU: XQR4VSX55), JB
'!:FF)� 20 km F�!62%(�.* SEU

I' SEFI I. N-:5. 90 nm CMOS 6W, SEU

GD8H�!N>#O-�H#O-'.TP3-,

SEFI GD8H�!)*2X*C (Power On Reset,

POR)�SelectMAP UO�?%@V#- (Frame Ad-

dress Register, FAR)��WYUV#-%.

2.1 NABC
Q 1 >;6N FPGA -:+CGD8H &

#-B4;� Weibull G599R4>H0 [8]. X
9Weibull R4'=.,-��#B, 8L1#ID
:+BJST.*9ÆI.5.+4�",-(�+

= 3 50 km 
����116◦E 
�N>UK
�
�LP–�PK

Fig. 3 Neutron spectrums at 50 km, 116◦E across

the northern hemisphere

= 4 50 km 
����40◦N ��NV
K>
�
�LP–�PK

Fig. 4 Neutron spectrums at 50 km, 40◦N across

the east longitude areas
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E 1 90 nm FPGA OPFQR Weibull GSHTU
Table 1 Weibull parameters of sensitive modules of the 90 nm FPGA and corresponding capacities

��QZ V�YR LET IJ/ W WM/
S WM NP/bit �X/(%)

(MeV·cm2·mg−1)

SEU ����� 2.60×10−7 cm2·bit−1 0.5 400 0.98 1.54×107 72.1

���� 3.50×10−8 cm2·bit−1 0.2 70 0.72 5.90×106 27.6

����� (1) 7.50×10−7 cm2·bit−1 0.5 400 0.92 4.92×104 0.2

����� (0) 6.10×10−7 cm2·bit−1 1.5 400 0.92 – –

SEFI POR 6.27×10−6 cm2 0.2 150 1.17 10 –

SMAP 5.52×10−5 cm2 0.2 1200 1.17 100 –

FAR 8.91×10−7 cm2 0.2 35 1.13 1 –

OZ[W[�� 2.01×10−6 cm2 0.2 400 0.94 4 –

�"0-B-JB=XDY7)*BK. <:.L
.(.

MV 1 \P=.,-��"�#B.

MV 2 ]S<Q-:8G, .7 5 �R. Q�
^SY5X8\PZD8L9Æ6W_Y\(H\
S+�^SY5'1��`A�[T!Z%, ]S+
+8G_ab5.[]b\�T\. UG�R4\
P: 8L%  &#(,-1N-B\S, '2R4
�!UG��]A x�VA y�̀ A z'�c*] Qc;

%  &#(,-1N-BX^�_C)1#<=
Q σ 8&# LET � (?^`U L) 4;/. -4
;/)* Weibull 99, ST^'Q σsat, LET O
� Lth, W ' S a 4 CR4. Weibull 99TU�

σ(L) = σsat

{
1− exp{−[(L− Lth)/W ]S}}. (1)

b;^'Q ' LET O�, DSUG��]A�V
A'�c*]:

x = y =
√
σsat, (2)

Qc =
Lthρsiz

22.5
. (3)

U�, ρSi �\[TJA (232mg·cm−3), z �)X
� cm, Qc �)X� pC.UG�`ACÆb;-:X
8)*_P, 2>�cd��`A_PV. _d/W
]�: D8L9Æ6W_Y\(H\S.

MV 3 �#ID:+BJ. X9.L 1 ' 2,

5.�#ID:+6< (Geant4, MCNP %) BJ�
"�#!<Q-:8G�C$�eY=C`'>e

= 5 ��X�
Fig. 5 Schematic diagram of the prediction processes

Y=C`!UG���`e30(Y.

MV 4 +�9ÆIJB. X9.L 2 ' 3, a
eY=C`!UG���`e30�:�c*]�,

B)Cb)1#<=; X9.L 1 ��"�#B'
.L 3 �`e30�:�c*]�eY=C`C$
fI, ST�"�#+�9ÆI, f)1#<=I.

2.2 QW SEU X
Q 2 �N 90 nm FPGA -:!:F%�)

� 20 km F�.* SEU I. JBST�4 SEU I
� 7.00×10−4h−1, '�N>#O-�RLF-�,S
<T4 SEU I� 77%, .TP3-�RLFg%.

2.3 QW SEFI X
Q 3 �N 90 nm FPGA -:!:F%�)

� 20 km F�.* SEFI I. JBST�4 SEFI I
� 4.13×10−9h−1,'� POR SEFI' SMAP SEFI�
RLF-�,+SR4 SEFII� 36%,�WYU SE-

FI �RLFg%.
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3�WgchYi

CÆ5. FIT �'#%ahT6)�" (Mean

Time Between Failure, MTBF)-+�.*9ÆI)

E 2 90 nm FPGA OPYUZV[
\] 20 km WXY^ SEU _

Table 2 Flight SEU rate of 90 nm FPGA at

20 km above Beijing

���� �� SEU �

(bit−1·h−1) (device−1·h−1)

����� 3.49×10−11 5.37×10−4

���� 2.67×10−11 1.57×10−4

����� (1) 1.16×10−10 2.85×10−6

����� (0) 8.77×10−11 2.16×10−6

SEU ��� – 7.00×10−4

E 3 90 nm FPGA OPYUZV[
\] 20 km WXY^ SEFI _

Table 3 Flight SEFI rate of 90 nm FPGA

at 20 km above Beijing

���� �� SEFI �/h−1

POR 1.57×10−9

SMAP 1.50×10−9

FAR 7.52×10−10

OZ[W 3.10×10−10

SEFI ��� 4.13×10−9

*QZ. 1 FIT Aa: 109 %�Z3$CC9Æ,

MTBF �+�.*9ÆI�d4.

N 90 nm CMOS SRAM G FPGA !:FF)
� 20 km F�+�.* SEU I� 7.00×105 FIT,

MTBF S� 60 X; +�.* SEFI I� 4.13 FIT,

MTBF S� 2.76×104 (.

b; RTCA DO-254 .*;&Y<%C�j(,

'[ SEU 34k`9 D C2Z, [ SEFI 34k`
9 B C2Z, &D.:5�*#;&73X>.

4�l\

�!�"�#1 ,-4;>')+�)1#
<=EK:i=X�63�!�"[5� eT�
!�".*-*#;&D]7� 2[j. 3b=
: Space Radiation 7.0 6<6*@4 20∼100km �
!�"�#80–30B(H, 3O�#80;@4
4A��(0H%S 3=,@3j�#80!!62
�(NO��, �#80;IA�C4JN��, $
-'Z!c,)*6/+.

!0=5),\;6C\=:^�m_=X��
"�#+�9ÆIJB=X,$'5�*#;&73
A!*C FPGA �F, JB')1#Q=GD8H
�!N>#O-�H#O-'.TP3-, )1#R
3�SGD8H�! POR, SMAP, FAR'�WYU
V#-�+�.*9ÆI. X^Q`, '!:FF)
� 20 km F�+�.*�#)1#Q=I� 7.00×

E 4 DO-254 Y^`abc]^
Table 4 Flight system failure levels of DO-254

�� ��� ��]a k�
de �� FIT

A nbf lfgghO���_c S���� < 1

B ^h/

S�i`
��oihOjPp��f, kd^hpm���an

o, jbqc_d��e`paOKf�bl, p�ke�
f, 
��cMkel�i`pg��bhdp

S�c < 102

C i` mgoihOjPp��f, mgh�qc_d�aP
poiqc_d��, p�ke�e, 
����dp

c < 104

D rV hOjPp��f�ifoi, ifh�qc_d�a
P, g���n��mq, p�kei��o�m

�� < 106

E pde �de�qnafph�qc_d�aP – –



-./0: 12��3456789:;<=>?@A4BCDEFG 507

105 FIT, MTBF S� 60 X; )1#R3�SI
� 4.13 FIT, MTBF S� 2.76×104 (. '�, N
>#O-�3$�)1#Q=<T4)1#Q=I
� 77%, 0)*2X*C' SelectMAP UO�3$
�)1#R3�S+R4)1#R3�SI� 36%.

b; RTCA DO-254-.*;&Y<%C�j(,N
-:&D.:5�*#;&73X>.
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