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ÊUì3�m�¸¥$1�, ¬É��f�Ëì, 1n���ÊUìþ1núÚ�­�|¤Ü�ÉËìK��
�î­. �
ïÄI� “�” i.� 1nÏ�fËì��Ëìp��Ñ�Cz5Æ9ÙËì�úÅn, ÀJ�fU
þ� 5 MeV Ú 10 MeV, 1
Å�� 1310 nm, � ÿþ
1nDÑõÇCz�¹, O�ÑËìp��Ñ. |^ SRIM

^�, �[Uþ©O� 5 MeV Ú 10 MeV �fËì31n¥�>lÚ £�ú©Ù. /Ï X ��1>fUÌ¤©
ÛËìc� O 1s Ú Si 2p )ÛÌ, /ÏFp�C�ù	1Ì¤*	1nËìc�1ÌCz�¹ïÄuy, 3Å�
� 1310 nm ?, 1n�Ëìp��Ñ�X�f5þ�O\
O�, Ì��Ï´du1nn�¥ Si—OH �ßÝO\
¤��. 
�Uþ� 5 MeV �fËìE¤1n�Ëìp��Ñ' 10 MeV î­, ù´Ï� 5 MeV �f31nn�?
E¤� £Ú>l�úþ' 10 MeV î­, =�)� Si—OH êþõ.

'�c: “�” i.� 1n, �fËìp��Ñ, X ��1>fUÌ¤, Fp�C�ù	1Ì¤

PACS: 42.81.Cn, 42.81.Dp, 61.80.Jh

1 Ú ó

du� 1nU
�y1� ���ØC, J
p�Z&C', l
¢yéÔnþ�p°Ýÿþ,

¤±�2�A^u1núÚ!1nYfì!p�
1nÏ&±9-1ì�+� [1]. 8c�� 1nk
õ«a., Ù¥ “�” i.� 1n´�«#.� 
1n [2], §´æ^U?�zÆð�DÈó²�E

¤. “�” i.� 1näkAå�^«�, � 5
UûÐ, �¸§Ý·A5r, F�­5UÚÅ�r
Ýp�`:, ��1n��A^u1núÚ¥. 1
núÚ´�«Äu Sagnac �A [3] ������Ý
ÿþ¤. �Å>úÚÚ-1úÚ�', 1núÚä
kÃXNÈ�!�þ�!¤�$Úp��5��
X�`:, �±����¯a��, �1NJøO
(�� !Y²!��ÝÚ� £�&Ò, l
�
¤éÊUì�^�Ú$Ä;,��, 3�m�¸¥
äkûÐ�·^5 [4]. éuA^3ÊU+��p°
Ý1núÚ
ó, d� 1n7��1n�´û½
Ù5U�'�|�. ÊUì3$1L§¥, du�

m�¸¥âf�Ëì, ¦á�Úì��5Uòz$
���, K�ÊUì���59Æ· [5,6]. �f´�
3u�m�¸¥­���>âf [7], éÊUá�5
Uk­�K�, ¤±ïÄ�fé1n�Ëìp��
úék7�. Ëì�Aéu1n5UK��ïÄ©
u 20 ­V 70 c�¥Ï [8,9], ¿¤�1nEâ+�
���ïÄ­:, ¢�(JL², 1núÚ¤3Ë
��¸¥, ÉK����´� 1n��P~ [10].

�=1n�Ëì�ú´�ïÄ9: [11−13],

É�fËì�� Si—OH ßÝO\ [14]!1240 nm

Ú 1390 nm ü�áÂ¸Op, E¤ 1310 nm �ÑO
\ [15]. ¿� SiO2 É�fËì��ä�, �)�x
�(� (NBO)!Si—H �"� [6]. �fËìé1n
5U�K�ïÄ�Ø�, Girard �ïÄ
1
Å�
� 980 nm Ú 1550 nm � Er, Al2O3, Ge, P 1n��
fËìp��ÑCz5Æ, l1ÌáÂ��Ý?Ø

�úÅn [16]. Tchebotareva �ïÄ
� Ge 1n
��fËìc�b	1¯A5Cz�¹, l^�O
�Ú�*ã¡��Ý©Û�úÅn [17]. Seung �
ïÄ�f5\Úå1nVò�Cz, p�Vò��
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�DÚVò�1n� 3 � 10 � [18]. Hashim �£
ã
 6 MeV �fËì� Ge 1n�Ëìp��Ñ
Cz5Æ [11]. Kamala �ïÄ
xwúi)��1
n3 150◦C— –150◦C ��S�fËì�Ëìp�
�ÑCz5Æ, ÀJó�Å�� 850 nm, 1300 nm

Ú 1550 nm, �ÑËìp�Cz5ÆnØ�. [19].

,	, �kÙ¦�
é1n�ËìïÄ�~
f. Yaakob ��ïÄL², >fËìé� Ge 1n
'� Al 1n�A²w, 
�Uþ� 6 MeV, 9 MeV

Ú 12 MeV, Jþ3 4 Gy ��S, � Ge 1nÚ� Al

1n�Ëì�Aþ�Jþ¥�5Cz'X [20];

Hashim �ïÄ
b	1éX SiO2 1n�Ëì�
ú [21,22]; Paul �ïÄ
³ê��é1n�Ëìp
��Ñ5Æ [23,24]; Dan �ïÄ
 H2 ¨�eé1n
b	Ú��1��SáÂK� [25]; Fatma �ïÄ

 X ��é� Ge 1n�Ëìp��Ñ5ÆÚËì
�úÅn [26,27]; Komeda ��
¥fËì� B 1n
�ïÄó� [28].

1n�Ëìp��Ñ�1n�(�!¤©±
9)�ó²���', ØÓ(�a.ÚØÓ)�
�[)��1n3Ëì�¸¥Ù5U�òz5Æ
´ØÓ� [29,30]. 
�é�fËìc�"��Cz
vkl�*��Ý\±?Ø, �vklzÆ�A
��Ý²(�ãËì�úÅn. Cc5, ·I)�
� “�” i.� 1n®²¢y��z, l
r?

·I1núÚEâ�uÐ�A^. �©±·I1n
úÚ¦^� “�” i.� 1n�ïÄé�, ÀJ�
f�Uþ� 5 MeV Ú 10 MeV, ïÄØÓUþ!�
ÓUþØÓ5þ�fËìéÙE¤�Ëìp��
ÑCz5Æ, ¿�æ^ XPS Ú FTIR �Ãã©Û

1ná�Ëìc��*(��Cz�¹, ¿é�f
ËìÚå�1n5UòzÅn?1
?Ø, � “�”

i.� 1n��ÊU^1núÚ�1n�Jø
nØ|±Úêâë�.

2 �¬ÚÁ�

2.1 ���¬¬¬

3ù�ó�¥, Á��¬À^�� 1n´
ô�{��úiï�� “�” i.� 1n, ù
«1ndn� (XÀ GeO2, SiO2)!Aå« (� B

� SiO2)!�� (SiO2) ÚæC� (àZL�`|, Ù

zÆª� (C5H8O2)n) oÜ©�¤.

2.2 ËËËìììÚÚÚÿÿÿÁÁÁCCC���

ËìÚÿÁC�Xã 1 ¤«, A^�®�Æ
­lfïÄ¤� 2×6 MV EN Gé·>\�ì?
1�fËì¢�, �fUþ� 5 MeV Ú 10 MeV,

Ëì�Ó�?1� ÿþ1õÇCz, 1
Å�
� 1310 nm, |^&ÿìÿþ1>Ø, |^O�Åæ
8>Ø� V (mV), &ÿì�AÝ� R, &ÿì" 
>Ø�� V0, 1õÇ=zúª�

P =
V − V0

R × 1000
. (1)

|^úª (1) O�Ñ�1õÇ P , ?
O�Ñ
1n��fËìp��Ñ.

ã 1 ËìÚÿÁC�«¿ã

2.3 ËËËììì���úúú���[[[^̂̂���ÚÚÚ©©©ÛÛÛ���{{{

A^ SRIM 2006 §S�[�f31n¥�
� ú © Ù, À J � f U þ � 5 MeV Ú 10 MeV,

\��Ý�"Ý, lf�ê� 105 �. 3�[O
� ¥ I � � Ä á � � z Æ ¤ © Ú � Ý. 1 n �
(��)æC�!n� (31n¥%Ü , �»
� 5 µm)!Aå«Ú��oÜ©, ØæC�±	
�Ì�zÆ¤©� SiO2, �´�,'~�$, �
X À � SiO2 � Ý ' � � C. 3 ù p, · � ò 1
n(�{zUE¤n��(�, Xã 2 ¤«. 1

� þ Ý � 40 µm, � Ý ´ 1.22 g/cm3; 2 � þ Ý
� 80 µm, �Ý´ 2.32 g/cm3; 3 �þÝ� 40 µm,

�Ý´ 1.22 g/cm3.

�*©Û�, r1næC��Ø, ©Û$uÜ
©Ì�zÆ¤© SiO2 �(�Cz. X ��1>
fUÌ¤ (XPS) ©Ûæ^{I Perkin-Elmer úi
)��.Ò� PHI5700, X ��
� Al � Kα �.

æ^ BRUKER úi)��.Ò� VECTOR22 �
Fp�C�ù	1Ì¤ (FTIR) ÿþ1Ì, ©EÇ
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� 2 cm−1, þ§� 400—4000 cm−1.

ã 2 UE��1nn��(�

3 (J�?Ø

3.1 111nnnËËËìììppp������ÑÑÑCCCzzz

ã 3 ¤«� “�” i.1n3Uþ� 5 MeV

Ú 10 MeV ��fËì^�e, 1
Å�� 1310 nm

�p��Ñ��f5þ�'X­�. lã 3 ¥�±
wÑ, éuü«ØÓUþ��fËì, 1nËìp
��ÑÑ�X�f5þ�O\
O�. 3Ð©�
ã, �fËì31n¥�)��«"��ßÝ��
f5þ�O\
:ìO�, 3­�þLy�Ëìp
��Ñ�:ì,p. �X�f5þ�UYO\, "
��ßÝO\C�, 3­�þLy�3ËìÁ��
¥�Ï1n�p��ÑCzª�. 3Ëì�L§¥,

Øä/k�f5\1nSÜ.

ã 3 �f5þ� “�” i.1nËìp��Ñ'X­�

�,æC�31n��	�, É��Ëì�ú
�î­, ¬)¤ CO, CH3OH, C2H2, H2O[31], �¬�

) H[32]
2 , �´ù
íNg�Uþ'��, ��1n

n�Ü �þ��Ù�, æC���úéu1nË
ìp��ÑK��±�Ñ. Ï�1�´31nn�
¥DÂ, 1nn���ú��K�Ëìp��Ñ�
Cz, ¤±1nn�Ü©��ú´K�1nËìp
��ÑO��'�Ï�. 
1nn��Ì�zÆ¤
©´ SiO2, ¤±, l SiO2 �(�Cz\Ã?ØËì
p��ú. du�fé SiO2 >l�^Ú�f��
È, /¤ä�Ú#�,��"�. �f�á��p
�^ò�)\ÈJþ�A, =>lUþ��Ú�>
lUþ��. >lU�Ì��)>f - �Çé, �>
lU�E¤¬��f� £, 3á�¥�)� Ú
#�,��"�, �f3�á�u)�p�^L§
¥�)�ùü«Uþ�ÈÑ¬��á�5Ueü.

Ó�dã 3 �±wÑ, 3�Ó5þe, Uþ
� 5 MeV � f Ë ì é 1 n p � � Ñ � K � �
' 10 MeV �fËìK��\²w. ù´Ï�Ø
ÓUþ��fËì, 31nn�?E¤��ú´Ø
Ó�.

3.2 SRIM ���[[[OOO���

SRIM §S´;�O��>lf3á�¥�>
lÚ�>lUþ�È
?��^��, U
�[�
lf (�)�f) 30�¥�Ñ$9-EL§, Ù·
^�Uþ��� (10 eV—2 GeV)/amu.

ã 4 ØÓUþ�f31n¥�>lU��\��Ý�©Ù

>lU�´Ëì�)"��­�
Þ, Xã 4

¤«, ØÓUþ�f31n¥�>lU��\��
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Ý�©Ùk¤ØÓ, 5 MeV �fËìE¤�>lU
��' 10 MeV �fËìE¤�>lU�î­, p
Ñ 1—2 �.

Ø
>lU�±	, �>lU��K��ØU
�Ñ. Xã 5 ¤«, ØÓUþ�f31n¥� £
ê8�\��Ý�©Ùk¤ØÓ, 5 MeV �fËì
E¤� £�A�' 10 MeV �fËìE¤� £
�Aî­ 1—2 �.

l>l�úÚ £�úü��¡�±wÑ, 3
�Ó5þ�¹e, Uþ� 5 MeV 'Uþ� 10 MeV

��fËì31nn�?E¤��ú�\î­, �
Ò´`, Uþ� 5 MeV 'Uþ� 10 MeV ��fË
ì31nn�?/¤�"�êþ�. ¤±, 5þ�
Ó��¹e, Uþ� 5 MeV �fé1n�Ëìp�
�Ñ�'Uþ� 10 MeV �fK�î­.

ã 5 ØÓUþ�f31n¥� £ê8�\��Ý�©Ù

3.3 XPS ÌÌÌ©©©ÛÛÛ

r1næC��Ø±�, �eÜ©�Ì�zÆ
¤©´ SiO2. ·�©O©Û
 SiO2 ¥ O 1s Ú Si 2p

� XPS )ÛÌ. Ëìc1n XPS O 1s Ì)ÛXã 6

¤«, (ÜU� 531.6 eV. O 1s � XPS )ÛÌ¥,

3 531.1 eV—532 eV ��S�(ÜU, �L SiO2 �
x�(Ü�¹ [33,34], Ù(�/�´: ≡Si—O—Si≡.

lã 7 Ëì�1n XPS O 1s Ì)Û�±wÑ, �f
Ëìéu O �(ÜUk�½K�, Ø
E,k SiO2

�x�(ÜU 531.84 eV (531.1 eV—532 eV ��S)

	, q#Ñy
 530.3 eV � NBO �(ÜU [6], §�
(�/�´: ≡Si—O−, �#Ñy
 533.14 eV (Ü

U, éAu Si—OH (ÜU [35,36].

ã 6 Ëìc1n XPS O 1s Ì)Û

ã 7 Ëì�1n XPS O 1s Ì)Û

ã 8 Ëìc XPS Si 2p Ì)Û
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ã 9 Ëì� XPS Si 2p Ì)Û

ã 10 �fËìc�1n FTIR 1Ì

lã 8 Ëìc XPS Si 2p Ì)Û�±wÑ, Ë
ìc�k 102.2 eV �(ÜU, �L SiO2 �x�(
�, éA�(�/�´ ≡Si—O—Si≡[37]. lã 9 Ë
ì� XPS Si 2p Ì)Û�±wÑ, Ëì�#Ñy

 99.6 eV �(ÜU, éAu Si—H �(ÜU [25];

�Ñy
 100.4 eV �(ÜU, éA�(�� Si—

(OH)x[38].

l XPS �)Ì©Û¥�±wÑ, �fËì±
�, 1nSÜÑy
 Si—OH ,�, ½ö` Si—OH

,�ßÝwÍO\.

3.4 FTIR 111ÌÌÌ©©©ÛÛÛ

ã 10 ´ � f Ë ì c � 1 n � Ø æ C � �
ù 	 á Â 1 Ì. l ã 10 ¥ � ± w Ñ, Ë ì c

3 2000 cm−1—4000 cm−1 ÅãvkáÂ¸. 

d u � f Ë ì � K �, Ë ì � 3 ù � Å ã Ñ y

 3440 cm−1 ?áÂ¸, ù�áÂ¸´du�f
Ëì1n3 SiO2 ¥�) Si—OH ,�E¤�á
Â [39,40]. dd, 3 FTIR 1Ì¥�(y¢
�fË
ì1n3 SiO2 ¥�) Si—OH ,�, ù�(Ø��
y
 XPS �¢�©Û(J.

3.5 ���fffééé111nnn���ËËËìììppp������úúúÅÅÅnnn???ØØØ

3�fËì��^e, \��fÚ SiO2 :

 ¥ � � f u ) - E, � : 
 � f ¼ � � U þ
� u Si—O � � � U �, Ú å ≡Si—O—Si≡ (
�¥ Si—O ��ä�, l
/¤/ª� ≡Si—O−

� NBO (�. ,	, duËì�^�)�>l�A
3�f´»þU
p�>f - �Çé�/¤. �f
ËìL§¥, úz��fÓ¼>f/¤��f, 

ü���f/¤���©f, 3 SiO2 ¥/¤ Si—H

Ú Si—OH ,�"�, �AL§Xe¤« [41]:

≡ Si—O− + H P−→≡ Si—OH, (2)

≡ Si—O—Si ≡ +H2
P−→≡ Si—OH + Si—H, (3)

l � A L § ¥ � ± w Ñ, � f Ë ì � ( U 
 �
) Si—OH ,�.

duËì�^�)�>l�A3�f´»þ
p�>f - �Çé�/¤, 3�½�mÚ�½«�
S7½kK>Ö«�, 
 NBO �K>5, K>Ö«
�é NBO k�½��o�^, ¤± NBO (��¬
�3�
, ¿ØU
��C¤ OH zÜÔ�G�,

ù�´Ëì�U
|^ XPS ©ÛÑ NBO (��
�Ï.

3�=1n¥, Si—OH ��Ä���Å�
� 2.73 µm, � Si—O ����Å��pK�, 3
1n�DÑª�S�)�X��áÂ¸, K���
�´3 1.39 µm, 1.24 µm 9 0.95 µm Å� [42], �f
Ëì±�, 1n¥5\�f, Si—OH �ßÝO��
� 1.39 µm Ú 1.24 µm áÂOr, ¿�ü>ò�. �
,n�Ü k GeO2, �´¹þ'�$, Ëì�)�
"�ßÝÒ�$
, ���1ÌáÂ�±�ÑØO.

�´ Si—OH E¤� 1.39 µm Ú 1.24 µm ùü�á
Â¸±9Ù°z, cÙ´ 1.39 µm �áÂ¸�^�
J�\²w, �� “�” i.1nËì�3 1310 nm

Å�?�Ëìp��ÑO�.
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4 ( Ø

1) � ÿÁ�fËì “�” i.� 1n, Ë
ìp���f5þ�O\
,p, 3�Ó5þ�¹
e, Uþ� 5 MeV �fËì'Uþ� 10 MeV �f
Ëì��1n�p��Ñ��.

2) UE
1n(��., A^ SRIM ^��[
O�
Uþ� 5 MeV Ú 10 MeV ��f31n¥
>lÚ £�ú©Ù�¹, y¢
3�Ó5þ�¹

e, 5 MeV ' 10 MeV �fËìE¤1n�Ëìp
��Ñî­.

3) ÏL XPS O 1s Ú Si 2p Ì©Ûuy, Ëì�
Ñy
 NBO, Si—OH Ú Si—H �,�"�, FTIR

©Û¥�uy Si—OH "���3.

4) ?Ø
�fËì31n¥/¤,�"�
�Ån, ©Û
 Si—OH "�ßÝ�O\´��
3 1310 nm Å�?�Ëìp��Ñ,p����
Ï.
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[29] Henschel H, Köhn O, Weinand U 2002 IEEE Trans. Nucl. Sci. 49
1432

[30] David L G 2004 J. Non-Crystalline Solids 349 139

[31] Abdulrahman M, Alhazmi, Paul M M 2009 J. Am. Soc. Mass.

Spectrom 20 6

[32] Kudoh H, Kasai N, Sasuga T, Seguchi T 1996 Radlat. Phys.

Chem. 48 95

[33] Lim T Y, Kim C Y, Kim B S 2004 J. Sol-Gel Sci. Tech. 31 263

[34] Cho S M, Kim Y T, Yoon D H 2003 J. Korean Phys. Soc. 42
S947

[35] Lin Y J, Lee H Y, Hwang F T, Lee C T 2001 J. Electron. Mater.

30 532

[36] Lin Y J, Lin W X, Lee C T, Chang H C 2006 Jpn. J. Appl. Phys.

45 2505

[37] Lee S H, Jeong S, Moon J 2009 Organic Electronics 10 982

[38] Kim D I, Kim K H, Ahn H S 2010 International J. Precision En-

gineering and Manufacturing 11 741

[39] Innocenzi P, Falcaro P, Grosso D, Babonneau F 2003 J. Phys.

Chem. B 107 4711

[40] Zhang G Q, Xua D P, Song G X, Xue Y F, Li L, Wang D Y, Su W

H 2009 J. Alloys and Compounds 476 L4

[41] Cannas M, Costa S Boscaino R, Gelardi F M 2004 J. Non-Cryst.

Solids 337 9

[42] Feng M, Li Y G, Li J F, Li J, Zhang X G, Lu K C, Wang H J 2005

Chin. Phys. Lett. 22 1137

034213-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 3 (2012) 034213

Study of the proton irradiation damage on “Capsule”
type polarization-maintaining optical fibers made in

China

Zhang Hong-Chen† Liu Hai Qiao Wen-Qiang Li Xing-Ji He Shi-Yu V.V.Abraimof

( Space Material and Environment Engineering Laboratory, Harbin Institute of Technology, Harbin 150001, China )

( Received 6 June 2011; revised manuscript received 20 September 2011 )

Abstract

A spacecraft running in the space environment would be irradiated by the proton, and the irradiation effects on the most important

parts of the optical fiber gyroscope in the spacecraft -the optical fiber ring is the most. In order to investigate the irradiation damage

induced by proton irradiation on the “Capsule” type polarization-maintaining optical fibers made in china, the variation of the trans-

portation power at 1310 nm wavelength is measured by means of situ measurement for the 5 MeV and 10 MeV environments protons

irradiation on the “Capsule” type polarization-maintaining optical fibers made in china. The irradiation induced loss is calculated by

us. The Stopping and Range of Ions in Matter (SRIM) software was used to simulate the ionic and displacement damage of 5 MeV

and 10 MeV energy protons irradiation on the optical fibers. The O 1s and Si 2p analytic spectrum of the before and after irradiation

were obtained by means of X ray photoelectron spectroscopy (XPS). Using the Fourier transform infrared spectrometer (FTIR), we

analyzed the before and after irradiation spectrum. The results show that at the 1310 nm wavelength, the rradiation induced loss of

the of optical fibers increase with the increasing of the protons fluence due to the increase of the Si—OH concentration in optical fiber

core. The 5 MeV proton irradiation induced loss is worse than that of the 10 MeV mainly because the more worse displacement and the

ironic damage induced by 5 MeV proton at the position of the optical fiber core than that of 10 MeV, i.e., the more amount of Si—OH

generation.

Keywords: “Capsule” type polarization-maintaining optical fibers, proton irradiation induced loss, XPS, FTIR
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