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1 Ú ó

�X<aÊU¹Ä�O\, �m�¡¹þ�
FèO, é�mEâXÚ�¤
î%�. �â
éMÇ��"�º (HST)[1]!î�Û�cpk¥
( (EURECA)[2]!{I��Ï�³C� (LDEF)[3]

�ÊUì��£�¬�©ÛïÄ(J, ���Î�
����m���¡/¤�EÂ�Ó�ý�Ü©.

TºÝ������¡�)�ügEÂ�,¿Ø
î, ��Ï\ÈEÂé��>³!9�æ�!1
ÆºÞ�Ü�½á��5UPò�)��^.

|^¥���m¥%� “�lfN°Ä���
¡\�ì” ��, é��>³;��EÂ�úA5
?1
ïÄ, Ä�(ØXe [4−6]: 1) ���¡�À
æX¡�y5á�u)�p�EÂ/¤�EÂ�
/m�7á�ò5á��EÂ¤�5ÆØÓ, Ø/
¤¥%EÂ�	, �/¤�»��u¥%� 2—10

����G��«, ¦»�¡È��O\; �õê
¥%�±����k�G®�«(�. 2) EÂ�/
G��¡/GÃ'. 3) éuÎ�±e�m���¡,

EÂ�úÄ��uÀæX¡ (þ 0.15 mm), 4�/
¤B�. Ïd, �u±þ(Ø, Î�±e���¡é
��>³�EÂ�úÌ�Ny3�Ï\ÈEÂé
ÀæX¡�L¡�úE¤�ß�Çeü, ±9Ï

d���>³õUeü.

�
½þµ����¡\ÈEÂ�ú�A, �
é;.���ÓÚ;� (�/;�, pÝ 800 km, �
� 90◦) ��>³á�, \��[
3; 10 c;�
����¡EÂe��>³5UPò�¹, ¿��
ýÿ�{�.(J?1
©Ûé'.

2 \��[�{9(J

2.1 888III;;;������(((½½½

3nÜ'�
�¡�Ý3�m«��©Ù�
¹�, uy3 LEO ��S� 700—1500 m «�, �
¡�Ý�p; �X;����Cz, �¡Ïþ
3 90◦ ?Ñy¸�, éAu��ÓÚ;�. Ïd, À
J�¡�î� 800 km pÝ!90◦ ����;�,

=��ÓÚ;���8I;�, ±µ��m�î
��¡EÂ�ú�¹.

2.2 \\\������[[[���{{{999(((JJJ

� 
 � [ � m � U � 3 � � � � ¹, æ
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O�Ú'�, (JXã 1 ¤«. �â
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¡Ïþ��ë�, ò�¡Ïþ©Ù(J?1lÑz
ÚÚO©Û�, ��3; 10 c��>³�¬ (¡È:

2 cm ×4 cm) þ;��ØÓº�����¡êþ,

XL 1 ¤«, �d5�Ou��¡�ëê. �m�
��¡��3X�Ýþ�©Ù, �3 1—30 km/s �
�, ²þ�Ý� 15 km/s NC, �Ï/¡�[��U
å���, ÿÃ{lº�Ú�Ýþ�� “ý¢” /�
[\È�ú�A.

\��[�Ä��K´ “(J�d”, Ïd, /
¡\��[(JAT´é�m�¡3�¬þ\È
EÂ�J���E�, =\��[�3>³�¬þ
�)�EÂ�êþÚ�º��©Ù��mEÂ�
¹��. �m�¢SEÂ�¹´���, ��±�
â�¡Ïþ (ã 1) ÚEÂ�ú�¢�5Æ?1ý
ÿ, �Ñ��Ä��EÂ�êþ9ºÝ©Ù�¹,

,�ÏL�\��[(J'�=�é�[���
5?1©ÛÚ�ä.

ã 1 1980—2005 cm��ÓÚ;��¡Ïþ�º��©Ù

ã 2 �¡º� (Dp) �EÂ�º� (Dco) �ÚO5Æ

�¡3Àæ�¬þ�)�EÂ�º���¡
º��'XXã 2 ¤« [4,5], T5Æ�¢�ÚO
5Æ, EÂ�	» (=��G��«) Dco ��¡

�» Dp �'X3 2—10 ��m, � Dco/Dp ²þ
�� 6, �âÏþ©Ù (ã 1), �¼�Àæ�¬þ
z 5 c\È�EÂ�êþ�º��©Ù, Xã 3 ¤
« (Dco/Dp = 6).

ë�L 1 �ëêu�ØÓº�Ú�Ý���
�âé>³�¬?1\ÈEÂ, 3z�º�«m,

¦�U/CX�°��Ý��, ,�é�¬þ�¢
SEÂ��º� (��G��«) Úêþ?1ÚO,

¿�d�ª���EÂ�©Ù(J?1'�, ¼�
Ù���\ÈEÂ�m.

ÏL\��[, �¼� 4 ¡k��¬, ã 4 � 1

Ò�¬þEÂ�º��ÚO(J±9��â�
ª (ã 3) ��(J�'�.

ã 3 ��ÓÚ;� 5 c;��EÂ�êþ��»�²þ©Ù

ã 4 1 Ò�¬þEÂ�©ÙÚO(J9���(J�
'� (��u 30 c�\ÈEÂ)

L 1 u��â�ëþ��

º��� /µm 1—20 20—50 50—100 100—1000

�¡êþ� 625 16 6 2

�â�Ý /(g/cm3) 1.75—7.8

�â�Ý /(km/s) 1—10
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2.3 ������>>>³³³555UUUëëëêêêPPPòòòÿÿÿÁÁÁ

éEÂc���>³�¬5U�ÿÁUìI
[IO5ÊU^��>³>5UÿÁ�{6[7] ¤
5½��{�¤. 3IO5½�ÿÁ�¸e, æ
^<EÿÁ1!>ØL!>6L!IO��>
³!��>{!�C>{!¼êP¹¤�?1ÿ
þ. Øá´>6 Isc!m´>Ø Voc �±��l¤
LÖ�	, Ù{ëê, X��ÑÑ>Ø Vm!��Ñ
Ñ>6 Im!��ÑÑõÇ Pmax!=z�Ç η �ë
êÑ�±ÏLÿþ�ÿ>³�ÏSA5��, X
ã 5 ¤«. V -I A5¼ê�

I = Iph − I0

[
exp

( eV

nkT

)
− 1

]
. (1)

ò�¬�5UPòÿÁ(J (EÂ��EÂc

5Uëêÿþ(J��) ^���m?18�z,

��z¡�¬3; 10 c�5UPò(J9²þ(
J, XL 2 ¤«.

ã 5 ÏSA5�9Ù��ëþ�'X«¿ã

L 2 ��>³3; 10 c;��¡EÂ���5UPò(J

?Ò ∆Isc
Isc

% ∆Voc
Voc

/% ∆Pmax
Pmax

/% ∆ eff
eff

/% ∆Im
Im

/% ∆Vm
Vm

/%

Cell-1# 0. 43 0. 08 0. 81 -0. 85 0. 81 0

Cell-2# 0. 48 0. 11 0. 94 -0. 29 0. 82 0. 12

Cell-3# 0. 57 0. 05 0. 62 -0. 66 0. 40 0. 25

Cell-4# 0. 72 0. 15 1. 09 -0. 33 0. 95 0. 14

²þ 0. 55 0. 10 0. 87 -0. 53 0. 75 0. 17

3 �[(J�Ün5©Û

duvk'u��>³3;5UPò��1
Á�êâ, Ïd, é�[(J�Ün5Ã{?1�
�u�. �«�1�µ��{´, �â�¡Ïþ9
¢�ïá��¡EÂ�ú�§, �±ýÿ�¡\È
EÂ�����>³L¡�úÇ [5,6,8], ?��
Ñß�Ç�P~, 2�â��>³�5Uëê�L
�¼ê, �±?�ÚíäÑdd���5Uëê�
UC, �¢�(J'���ÙÜn5.

3.1 ������>>>³³³���LLL¡¡¡���úúúÇÇÇ

½Âü ¡È�¬þ¤kEÂ�¡È�Ú�
L¡�úÇ β, Kk

β =
∫∫

π(Dco/2)2 · f(Dp, vp)dDpdvp, (2)

Ù¥, f(Dp, vp) ´�¡�©Ïþ, §´�¡�» Dp

Ú�Ý vp �¼ê, �±d�¡�¸�ª��; Dco

´��G��«��», �dEÂ�ú�§ (=E
Â�º�éEÂëþ��6'X) ��. �â�

[¢�(J[Ü���EÂ�ú�§äkXe/
ª [4,5,6]:

Dco = αE0.35
p , (3)

Ù¥, α ´�ú�§Xê, ²þ9î�¹e©O
� αavr = 3708 Ú αmax = 7128; 

Ep =
1
2
ρ
[4
3
π(Dp/2)3

]
v2
p. (4)

ò (3), (4) ª�\ (2) ª, ¿é Dp Ú vp È©�=�
� β.

XJü�EÂ�«�SÀæX¡�²þß�
ÇP~� ∆Tco, �±y²ü ¡È��>³�ß
�ÇP~�

∆T = β · ∆Tco. (5)

©Û(JL² [4,6], ²þ�¹e, 10 c\ÈE
Â�����>³ß�ÇP~� 0.61%, �î
� 2.3%.

3.2 ������>>>³³³555UUUPPPòòòýýý���

�â¢�(J, Î�±e���¡3��>³
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ÀæX¡þ (þ 0.15 mm) 4�E¤B�, Ïd, �
��¡EÂ�����>³5UPòÌ�5gu
L¡�ú���ß�Çeü. |^>³5Uëê�
L�¼ê, =�íÿÑ>³5UPò�¹.

1) á´>6 Isc: ÑÑá´��ó�>6, �u
>³�1)>6, �'u1ìrÝ, Ïd, Isc P~
�'uß�ÇP~, =

∆Isc

Isc
∝ ∆T

T
= ∆T. (6)

�âþã(J, ²þ�¹e, 10 c�ß�ÇP
~� 0.61%, K ∆Isc = 0.61%, �ÿÁ(J (0.55%)

ÎÜ.

2) m´>Ø Voc: >³m´��ÑÑ>Ø

Voc =
nkT

e
ln

(Isc

Io
+ 1

)
, (7)

Ù¥, Io ����Ú>6, e �>f>þ, k �À�
[ù~ê. �â ∆Isc

Isc
�±Cq(½ ∆Voc

Voc
:

∆Voc =
nkT

e
ln

(Isc

Io
+ 1

)
− nkT

e
ln

(I ′sc
Io

+ 1
)

=
nkT

e
ln

(
1 +

∆Isc

I ′sc + Io

)
, (8)

∆Voc

Voc
=

ln(1 + ∆Isc/(I ′sc + Io))
ln(1 + I ′sc/Io)

, (9)

Ù¥, I ′sc �EÂ��á´>6, I ′sc ≈ Isc, Io � Isc

�'��3 10−5—10−7 þ?, ùp� 10−6, k
∆Voc

Voc
≈ ln(1 + ∆Isc/Isc)

ln(1 + Isc/Io)
. (10)

XJä´>6�éP~� 0. 61%, Km´>Ø
�²þ�éP~�� 0. 06%.

3) �Zó�>6 Im Ú�Zó�>Ø Vm.

b½ I-V A5�/GØC, K�Zó�>
6 Im Ú�Zó�>Ø Vm ��éP~©O�u Isc

9 Voc �P~.

4) ��ÑÑõÇ Pmax.
∆Pmax

Pmax
=

ImVm − I ′mV ′
m

ImVm

=
Im(Vm − V ′

m) + V ′
m(Im − I ′m)

ImVm

≈ ∆Vm

Vm
+

∆Im

Im
, (11)

Im 9 Vm ��éP~©O� 0. 61% Ú 0. 06% ,

K Pmax ��éP~� 0. 67%. ý�(J�¢�ÿ
Á(J�'�XL 3 ¤«, ���éØ�� 65%,

¤±¢�ÿÁ(J´Ün�.

L 3 ��>³5UPò��(J�ÿÁ(J�'� (��ÓÚ;�, 10 c)

>³ëþ
�éP~ ∆A/A

ÿÁ(J/% ��(J/%
�éØ�/%

á´>6 Isc 0. 55 0. 61 11

m´>Ø Voc 0. 10 0. 06 40

�Zó�>6 Im 0. 75 0. 61 19

�Zó�>Ø Vm 0. 17 0. 06 65

��ÑÑõÇ Pmax 0. 87 0. 67 23

4 ? Ø

þã�©ÛO�¥��ÄEÂB��K�, e
¡?1oÑ�©Û��. ïÄ(JL² [9,10], EÂ
��Ý�ûuEÂ�Ý!�¡9qá��Ý, ��
¡�qá�Ý���, EÂ��Ý xp ��¡�»
�' xp/Dp �XEÂ�Ý�Jpª�u 1. ;.�
$;���>³ÀæX¡þÝ� 125 µm, Ïd, �
±@�º��u 150 µm ��¡=�U3ÀæX¡
þ/¤B�é��>³���Ná�E¤�ú.

�âã 1 ��¡Ïþ, �±��Ñzcz cm2 �¬
þB�êþ�� 0.01 �, K 10 cz���>³�
¬þ (2 cm ×4 cm) �/¤C 1 �B�.

XJU��(J�Ä, @�z�B�¤ßL�
>³«��Ü��, ¿b�B�º���¡º��
�, KduB�Úå�>³��«�Ó>³¡È�
'Ç�� (150 µm)2/(2cm × 4 cm) < 0.01%, ��
�á´>6eü��A < 0.01%, Ïd, ²þó,

���¡E¤�B�¤Úå�>³5Ueü�±
�ÑØO.
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Simulation of culmulated microimpacts of micro
debris to solar cells and function degradation
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Abstract

The cumulated impacts of the space micro debris on the solar cells is experimentally simulated on the plasma dynamic accelerator

in CSSAR. For a duration of ten years on the typical sun synchronous orbit, the solar cell functional degradation due to the micro

impacts is measured, and the result accords well with the predicted result according to the impacting damage equation.
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