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Abstract A method of displacement damage simulation under space environment is presented.

This simulation of silicon lattice displacement damage rate is used for low Earth orbit satellite

application. In this application, altitude was set for 375 km as a typical variable. Through the

simulation, displacement damage rates of different geomagnetic latitude orbital positions were given,

which is useful for evaluating reliability of semiconductor devices on spacecraft. And displacement

damage rates of different geomagnetic latitude orbital positions were compared, which is useful for

orbit design. Diverse particles caused displacement damage are concerned, such as Gamma, electron,

positron, pi+, pi−, proton, deuterium, tritium, helium and aluminum. The main displacement

damage source is proton, which is part of cosmic ray or secondary particle from the shell of spacecraft.

Compared with None Ionizing Energy Lost (NIEL), this result is given by “density of displacement

damage in silicon crystal”, which is a useful way to evaluate defects of semiconductor device or solar

cells, in turn more helpful for engineers.
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1���

����������������� ��
����, �������� �!���, ���
� ���"���. � ��#$���%��
!� "&' [1,4−8]. ��, �#$����&'�
!(%"��#���)�&�'�( (NIEL). $

� !%")�&�'�(,"%&��&'*�)
�'#��( ,�"�*�#"���$�++)
! (displacement damage).

������ ��$� ,�*�%�-'
*�%++)!&&"���. ++)!��+$
'(,��� +,.#-H&'(,)/, ���
�$�-��.*+0&1�%++'�+$��
'–�/��� [1] (Frenkel pair),  234*��$
�0.1)+&!. "%/"++)!���%",

�$++)!�'�,��'�(2�)�&�'
�(,0)�&�'�(,5#�(�%�$+,)
!!-$ [2]. .���1+�)20�#�++)
!��'#$ (displacement damage threshold), �
'6 (��+*/0 [2], )2���'#$, .�
�%6&1�'+$�/��173�', )2�8
2#3��', 6�$341�, 9"Æ���&&
�"�++'�.4(3�,4'��+(3,:��
'�1+5&1++'�;4*�5�'5, <�'
6,��(6)=, ��(317�$6��' (va-

cancy), 4(396$++)!�#�8, 30% *
+ [2].

*,)�&�'�(�#++)!�&' [3],

� !(��:��'-)!.� (displacement

damage factor) �#79�'�79,��$�)
!. "%!(/>6?������%����:%
,��:, @�-�A.��&', :�),��+
+)!#��( , $�*,)!.�#", B2"
C/.

2�0178

018,�!�98� GEANT 4[9] % SRIM.

;23�<D��:;%<3;�7=4E, ��9
5$�3�<D "�(1=>,.9 GEANT2�

7=>3, �,45:?, �B2�C/�6F'�
ÆG!��*6�2�7. SRIM��8,H%")
/�,��9:5, 2,�')/���3%)
!�3? [2]. SRIM 82%"++)!�@�.

2.1 IJKL
2.1.1 MNKL

)@ 1 A7, ����:�8,%BI%9
I%#�%A;:8$. <B:J&,;<8,,

� GEANT 4 B=�<D=K��*.1, >?
� 1.2m× 1.2m× 1.2m. ��!:C��!: 3 mm

D:@, ;<����BI%LCI, >?$�
� 1 m× 1m× 1m % 40 cm× 40 cm× 40 cm. �
���,E 0.1mm D; SiO2 :�, >A�,

SiO2 :;<DBA;:, , >;<#�, >?
� 100mm× 100mm× 0.5mm. 9,��FE>;
?���)4E;M*,��F�, &3G@* ,

<HG1N�I�-5D.

SRIM ���, ,�>?<�� 4mm× 4mm×
0.5mm. �H&*�, 9.<�� 4mm =;, CI
�� Vacancy.txt %��> 0∼0.5mm �F=5D.

2.1.2 OPQRSTU
AJ��%γ �J%AJ π O�'�,)/, *

, GEANT 4 %"1+5�', @"&'�*,K'
KL. MP? 4 ��$1+�*�, ,5!�*�%
!�'5=�����#�%VB��2Q@A�.

�R VB���S8,LB)N�H1+5�'
%".

)@ 2 A7, '�,�� e−, #��D3,�
� γ, '�,� γ �K'TC��,� γ �K'%

M 1 OCUP��
Fig. 1 Geometry model
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���K'�1+,�K', <

P SiR = P ig − P sg − P se. (1)

��, P SiR �,�1+K', P ig �'� γ �K',

P sg ��� γ �K', P se ������K', N0
�*�K��

Ek =
√

(P 2 + m2
0c

4) − m0c
2 − 15 eV. (2)

��, P �K', m0 �V:>', c �!(. 15 eV

;<,+,#��'�#$�' [2]. ���!QD
3,�����#�(3,<!�'5=�����
#�(3, .D�D3,��Q@A�(3, D� 
*,9E&'. '%"51+H, 91+,���K
�%'�%W;XE' TRIM.dat %��,  E3�
F$,.

2.1.3 ,WXYZ[U\.
��)!�#"�!(>�%���)�&�

'�(2'-)!.� [3] N��, ���$�)!
F�

Dn = Vp(Nn/Np)(Dfn/Dfp). (3)

��, Dfn (displacement damage factor) �'���
�)!.�; Dfp �'�>��)!.�, 4.�R
='�,��F 2�'-)!.�;�'G-G
JEHIY�*; Vp �>�'#�9�$�'�#
� ; Nn % Dp $����%>��)�&�'�
(. '-)!.�>$ZHP%N [3].

2.1.4 ]^_`abKL
"%9IJJSK���F$�>�% γ �

J [10,17]%AJ��%��%(5 [10]. ��, (5
��BIKL, @"D�L60�#�, A '��
�D�P?. >�$��M>� [12] %G�L1��
D3>� [13]; AJ��R=�>$�3���%3

M 2 cH�
MI
Fig. 2 Bremsstrahlung

�A��2I���%I�A�� [19], 3����
D3AJ�� [13] 2�MAJ��6$ [14]; ���
�ON�T,01$$�JK�JG�L1�+$�
D3,� [14,16]. O�PLMN&6 U5D, '4
&!8,) AP-8% AE-8�:.[P?)QNOP%
JO=��%JJPP&��.Æ. QNOPQQN
3Q%". IJJSK.JO=��#�, 01,H
'79R;�JOV;79�,JOV;�I�4V
;�,��\=5,. JJPP<R��, �RA'
JK���J, ��JJ�PP, 6��QW;7.
4���F�Q�, )@ 3 A7. RA!�%�M>
�%�MAJ��W4'�Q��.

�R] �M>��SOS�����:�6
�, �R,�F�HP%N [10].

JKRA!��XE9����F, ���8
, cosine law 8E [10], ��F$S)3:

F (E, t) = A(E) sin ω(t − t0) + B(E),

A(E) = 0.5[fmin(E) − fmax(E)],

B(E) = 0.5[fmin(E) + fmax(E)]. (4)

��, fmin(E)�QNIQ�>��F, fmax(E)�Q

N3Q�>��F.< 1*�)!�F7F(JOV
;SA�<R* [12].

F(JO\:V;SAH�<R*� [10]:

dN

dE
= P (E)

1

1 +
[R(E)

Rc

]−12.0
, (5)

 '� (m−2 · s−1 · sr−1 ·MeV−1), P (E) �7FSA
��M>��F (Z< 1).

* (5) �, R(E) �,�V;, �<R*� [16]:

R(E) =
APC

Ze
. (6)

M 3 TTSU^MI
Fig. 3 Forbidden angle
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d 1 efghij
Table 1 Universal proton spectrum

solar activity
dN(E)

dE
/(cm−2·s−1· sr−1·MeV−1) energy range/MeV

7.85 × 10−7E1.00 40.0∼193

1.29 × 10−4E0.04 193∼ 565

solar minimum 2.25 × 10−1E−1.14 565 ∼ 3.44 × 103

3.44 × 102E−2.04 3.44 × 103 ∼ 2.55 × 104

2.44 × 105E−2.69 2.55 × 104 ∼ 1 × 106

2.45 × 10−6E−0.27 35.6 ∼ 102

9.14 × 10−8E0.98 102 ∼ 491

solar maximum
4.97 × 10−5E−0.04 491 ∼ 1.21 × 103

2.54 × 10−3E−0.59 1.21 × 103 ∼ 3.44 × 103

3.44 × 102E−2.04 3.44 × 103 ∼ 2.55 × 104

2.44 × 105E−2.69 2.55 × 104 ∼ 1 × 106

B= Rc �JO\:V;, �<R*� [10]:

Rc = 14.9 ×
(
1 +

h

Re

)−2

× (cos θM)4. (7)

 '� GV, θM �JOR;, < JO=�OVÆ�
T�R; ("%�A�R;Y�JOR;).

@ 4 A7�R=4�F8E�*�QN3Q
�M>�'79��'���F, �RSK3;Y
� 375 km.

)@ 4A7,R;UI,JO\:V;U3, ,�
�F�$SD_UUE3�, ,���$'DUI.

2.2 klmÆ
G@TU)@ 5 A7, 8,��(3)3.

M 4 
�	��VW	
�V
Fig. 4 Spectrum of proton on different latitude

(1) *, GEANT 4 3?#�������, �
�JK�JG�XI,%#�A;:5,�KL*
22D3,�#�, ;MN'#��X�,� ("%
�Y�'�,�).

(2) '�,�%"$�W-$, <9>�%n%
o%Y5%:5 TRIM.dat %��+*V* SRIM

%"; JKRA!�%AJ��%AJ π O�V
* GEANT 4 %"1+��`, %"�* PKA (Pri-

mary Knock-on Atom)[1], XE' TRIM.dat %��;

��)!8,* (2) #".

(3) *, SRIM %"p%n%o%Y%:',+
,�#��)!; *, SRIM %"JKRA!�%A
J��%AJ π O��$1+� PKA ,��A#
��34X& (cascade) N�F#��++)!.

(4) I�-5DF=.

3�ZWa[

*,4��&',%" 375 km3;, 0◦, 15◦, 30◦,

45◦, 60◦ WQJOR; 2O�PL��ZMYQ
79��'���'�( 2++)!�#�( .

,� ',(���&�'�(%)�&�'
�()@ 6 A7. C@ 6 � b�, XZ��&�'
�([�)�&�'�(,W;2R;[30�A4
E,����R;U3,JO\:V;U0, C0,�
�$'U�. O�PL��Z [10] ���'��, A
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 �'�(1BY3�)O�PL��Z&.

@ 7*�)p%n%o%Y�'�,�$', @ 8

*�)p%n%o%Y',��#��'�( .

�'#��n%o%Y�'�,�%KL�:I
\�\$]5,�#<,�-#<[,^Æ]'�X
%Z, 2[&BI�:&,��'Q],�RD�\

M 5 OC]^��
Fig. 5 Simulation system

M 6 ��[c_	��\_
Fig. 6 Energy deposit on different latitude

M 7 ^��	

'
(
�`d�
Fig. 7 Flux on chip of proton, deuterium, tritium

and helium on different latitude
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M 8 	

'
(
�`Y
�����
���
Fig. 8 Displacement damage rate of proton, deuterium,

tritium and helium on different latitude

Z. 0>�]\$]5,�#<B, �-$�^(B
IN'_9�JK�J$$.

� b*, p%n%o�$'W�;2R;�[
304��,��.�R;U3, �$'U�, )@ 7

A7. 0Y�$''R; 60◦ _eI), ����
8E'0�$�U%ZÆ. 60◦ R;��'��>�
F,�3�-$$$eI, A '��(3�,\$]
5,\��a G0, �$)8E'0, U%ZÆ4
�.

O�PL��Z&>�%n�$'��, `�
oGY17;M*, ��.���J&A8,��
����:� AP-8, >���'.1' 100 ∼
400MeV[10], $�# 0◦ R;��'�, >��
' 104 MeV �$$1��Æ, O�PL��Z&>
�$��#�5��'��'' 10MeV '3)�
ÆF, ����\�\$]5,�a #I, �#<
n%o%Y$$D_#].

p%n%o%Y�)!#�( ;R;G-5`
G'�$'@"�B. � b*, n%o%Y�$'
$�>�I�Æ,`#��)!'a-��'�`I
$a, ��.�Z�'U�%V:>'U��,�#
�)!��fU\.

@ 9 � γ �J%AJ��%AJ π O��'�
,�$', @ 10 � γ �J%AJ��%AJ π O�
�'�,�',��#��'�( .

�'#�� γ �J%AJ���01HF])
^(KL�JK�JB,$a�-$�'�,�GB

M 9 ^�� γ 


���

�� π �
�d�
Fig. 9 Flux on chip of γ, e−, e+, π− and π+

on different latitude

M 10 γ 


���

�� π �
Y
��
���
���

Fig. 10 Displacement damage rate of γ, e−, e+, π−

and π+ on different latitude

I\�$]5,#��D3,�.�-$]5,,5
!�*�#�D3��, γ �J'5=�AJ���
�#�, Z�,�VB��#�� γ �J,  2AJ
��[b#�� γ �J&. AJ π O�HF�3�
>�%BI�\$]5,.

C$'�Hb, γ �J�>�3 1 QF'3 (Z
@ 7 %@ 9), 0��%A��G>�$a, AJ π O
��$$#].�����$��� γ �J�01H
F�JKRA!� [10],�� γ �J7Z�,A �$
'7.JOV;��, D_7;JOR;G-, \�
�AJ���$'�%17;R;0#���G-,

A D3 γ $'D@"7;R;\�G-, B$'
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�� γ �J�$'@"bc7G. AJ��;2R
;G-dH�9aef�b`, ��.�R= AMS

�g'hb,AJ���$$;2R;G-dH9a
ef�b`, 0��%bccB [10]. AJ π O��
$';2>�$'�&30&3.

γ �J�)!�#I�.�RA!���'�
#I,�ÆF' keV'3,1c'�����ci*,

�$++)!�015,�Q@A�, γ �J#��
++)!$a�-$D�D3���Q@A��$,

!�*�.gddA�5,/j*��5��'$
�Z�,�1I�Æ. AJ��#�++)!�(
 G>�'9�F'3, �'3� 0.1 s−1·cm−3,0 π

O���$'#0, #��)!FD�#0.

@ 11 �'����$', @ 12 �'��
�',��#��'�( . �����ON�
T, IJJSK���HF01�QN#���
� 2JK�JG�L\�$]5,#��D3
��, �-$$��$'$�>��$'efd
e�d. >�' 0◦ R;, 375 km 3;�$'
� 0.020 432 7 cm−2·s−1·sr−1·MeV−1, 0��$'
' 10−12 cm−2·s−1·sr−1·MeV−1 F'3, �$�'�
���01HF�3�>�GBI\��\$]5
,#<. .9, ���$'�;2>�$'G-0G
-�, �@ 11 �], R;� 45◦ ^ 60◦ _��$'
D�BYk�, ����'4R;.19, >��F
�$$G-01'�I�>$$4E,03�>bc
7G, A , \�\$]5,#��D3���$'
bc7G.

M 11 ^��
�d�
Fig. 11 Flux on chip of neutron on different Latitude

O�PL��Z&�>�$')N�,�#��
D3��$'`�3. ��#��)!�>�13
!QF'3, D3���IJJSK���9-#
�#�++)!�01�.. C�)!;��'�
�G-GJ� b�,���)!G�$'GJ17
>gef, 0G>�)!�G-5`ef"g. �L
B,*,'-)!.�#"���)!�T/�$�
-�A.&'�/>��B21lh�Æ.

�����#�++)!�01�.,0���
01$$�3�>�#��D3,�. A , '�B
D;9,B:KLUD,��6#�UÆD3,�, $
�9-,E�#�.*"3)!. ��74h<, N
�)�8��i�, ' 0◦ R;��'�, �:9I$
�� 0mm, 3mm, 6 mm, 10mm, 15mmD:@_, ,
��;M*���F�S� 85:178:351:528:886. �
���^f��\, '����3, 3�,�$'#
�, '�BD;9, BIUD, �9-#��++)
! (�') �#�( 10U�.

4�aj

;2R;�&3, ����#��++)! (�
') �#�( U�, ����-'(i$�#�a
jk*����U3,O�PLMN&���'1b
���5J&.

R=%"B2, lhhgk.Æ, ���' 0◦ R

; 375 km SK3;���'�h7 1 QH, #��

M 12 �
Y
�����
���
Fig. 12 Displacement Damage Rate of neutron

on different Latitude
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��'Fc� 5.53×107 cm−3, 0+d��m��%
mi' 105 ∼ 106 cm−3 _�; aP?gk_, ��'
Fjf6T],`���$�++)!e6����
�3'(,���� �#�����.

D3����$#�'-)!�01.Æ. .
9, '���<%�, �'-)!� �!����
ab&�>' ', T]D3,����.

qr �ilke��lmfnmnnfng�oj�
hk�ooi�j�k��nl. op_lpkppmqq
Yoi�q��m�rq.
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