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On the Normalized Coefficients in the Athermalization
of Infrared Optical System

WANG Yi-feng, LIU Ping

(Kunming Institute of Physics, Kunming 650223, China)

Abstract: The influence of temperature variation on the imaging effectiveness of a lens is called thermal

dispersion. To make a lens have stable imaging quality in a certain temperature range, usually some

compensation measures for athermalization should be taken. Normalized coefficients are the important

parts of an athermal mathematical model. The concepts of normalized coefficients and their application

in athermal technologies are discussed. The development ideas and trends of athermal technologies for

infrared optical systems are presented on the basis of the related papers published in China.
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 � Ψ(x, y) �� (x0 , y0) !��%��� x ��

Δx "�Ψ(x, y) �����

ΔΨ
x
(x0 , y0) = Ψ(x0 + Δx, y0) − Ψ(x0 , y0)

= · · · = αΨ,x
· Δx · Ψ(x, y) (1)

 
�

αΨ,x =
1

Ψ(x, y)
· ∂Ψ(x, y)

∂x
(2)

�� � Ψ(x, y) �	��� x ��
����

&�
�'�
��	!����#���

�������
�������
����

���#� 1 ��	

x · αΨ,x
= x · 1

Ψ(x, y)
· ∂Ψ(x, y)

∂x
⇒ 1 (3)

" (1)  ��#(

ΔΨ
x
(x0 , y0)
Δx

=
∂Ψ(x, y)

∂x
= αΨ,x

· Ψ(x, y) (4)

$)�� � αΨ,x
·Ψ(x, y) = 0 ���� ∂Ψ(x, y)

/∂x = 0 ��
���$���
���!%

&��	'�!!(���
�������

""����#( � Ψ(x, y) �	���

y ��
����

αΨ,y
=

1
Ψ(x, y)

· ∂Ψ(x, y)
∂y

(5)

 (2) % (5) ��
����
��&��!

��
��
����"�!�
&��	�

#�����������
 n ��#�n #

$
�����$ ��$&������
�

�%���'*+&��$
��
����

��
����,��,%�
�+-�$&(

����	��%!�� T %+- λ �Æ�$

&�"#!��
#	 �� &� n(λ, T ) �

	��
���
���� α
n,T
���&�

α
n,T

=
1

n(λ, T )
· ∂n(λ, T )

∂T
(6)

)�
���
+-�� α
n,λ
���&�

α
n,λ

=
1

n(λ, T )
· ∂n(λ, T )

∂λ
(7)

2 ZYZWXX[\[]YÆ
����.(�	'��)#���*�

+'����!������(�� ('���

�'����) %/�� (,��) Æ
"�	�

��-��$
0(�1(.)��!���

2�����)�
��*���%"Æ���

���	�,&� (��
�0('+
�	�)

	�/	� (	'*�,+	�,,$��) ��


�$
3*��	����$������

�
�'*	-�
�������
��	

	�),��)*.Æ����������


�����!4�*	���Æ�����


�0(��������

α
R,T

=
1

R1(T )
· dR1(T )

dT
=

1
R2(T )

· dR2(T )
dT

(8)

 
�R1 ���0
	��$
0(�R2 ��

�0�	��$
0(�


����
���� (
��0(�

R
m

(R
m

< R2 , m = 1, 2, · · ·) �!-*����
1

R
m

(T )
· dR

m
(T )

dT
= α

R,T
(9)

	���*�56(%�"#
��/!Æ��

.��/������.���������.

�����)�����.���	+7+�1

2���
��
�12������$�.�

���	��Æ���0*�!�12��)

,��!-+�����	,�.��� [2] �

��,�.�����,,�%
�
81�

-3�(-������%
���
���
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9���
:�.����
�0&+-�.�

λ0 �	�!���
--�-. pλ0/(n − 1) �

�
 p �	�, p ≥ 2 �#-�.*���
:

��;�0&+- λ0 � p <�"#�1���

��0.����$�.����/0+4�

��/�+4Æ5�.��
/216���0

.���%,�.��������27$�

.����.��
�� [3] ���,�0.

����.��
�� [4] ��%1/�$�

0.��2�,�0.��2�.��
�

3 ZYZWXX^_[]YÆ
%
3&,	�
/�
3����"�

3	
������4����4�#=0	


/�&���4&����	�4��&���

�&��45
���	 (1�0
	) �5��

���	�
��1
�567��4��)

�������8
9�*5�'2
��/�

5�	45��	��4&����:��5>

35����.?8�4&�4����� (�

����4&�5>3�
�6�"�) �;7

�����	���
��&��9�����

���������

��
-��"6�
-�4��
-�

��56��45�.� F ����� ΔF ��

64��
�45�����

α
F,T

=
1

F (λ, T )
· ∂F (λ, T )

∂T
(10)

�#
��
�4)�� [5] �

45�@���
4� (�#� m−1) ��

φ(λ, T ) =
1

F (λ, T )
(11)

8%��@����	!�����A���

:B�

�	2����

1
F (λ, T )

= [n(λ, T ) − n0(λ, T )]

×
[

1
R1(T )

− 1
R2(T )

]
= φ(λ, T ) (12)

 
�n ���4����
�n0 ����%


����
 [6] �

� (12) ��� T 15C�	�"�;
[5,7−10] �

αF,T = αR,T − 1
n(λ, T ) − n0(λ, T )

×
[
∂n(λ, T )

∂T
− ∂n0(λ, T )

∂T

]
(13)

 
�αR,T ! (8) �

% n0(λ, T )=1 /�∂n0 (λ, T )/∂T = 0 �<�
[11−14]

α
F,T

= α
R,T

− 1
n(λ, T ) − 1

· ∂n(λ, T )
∂T

(14)

� 

�!5C� ∂n(λ, T )/∂T D0#�C�

dn/dT �" (13)% (14)�2�����
�4

5����"��4���
�0(����

α
R,T
,��
 n,��
���� dn/dT <��

�

���
��+������
 [15] �6

�
�4����
������!����

�'�, [16] �� 3.7 ∼ 4.8 µm % 7.7 ∼ 10.3 µm

+4��� –30 ∼ 70 E������dn/dT �

�/)���
��872 (�	 ZEMAX) 7�

dn/dT �39�����:����/�/39

�488���/)���/0+4%/
�

������>�'�/�dn/dT #�Æ8��

339���CODE V72�0�=(���+

-� dn/dT ��	�!>9����!9F�4

��� dn/dT �/39�::��
�����

87%��;/��<G3% [17] ������

=��
�:4 dn/dT /)�4�� dn/dT /


�4�H+�� [18] �

�	$���
��� �

∂F (λ, T )
∂T

= 0 ⇒ α
F,T

· F (λ, T ) = 0 (15)

������������
��1����

I����>�4��#��B�??���4

58������	�>4�8������

	�
������
�64��>4���

��;64�@��������� [8,12,19] �

	��

α
F,T

· F (λ, T ) = α
h
L (16)
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�α
h
��>4��34)���L ��>-

��������)�
�:��4)��/)

�4�*
�>�:%��*5�;*=4�

9���,9>17�</�:4;
��>4

� [11,13−15,17,20−24] �)� ��:46 [22,25] %

7 [26,27] �*=4��

""�����+- λ ),1C����&

�
�45+-���

α
F,λ

=
1

F (λ, T )
· ∂F (λ, T )

∂λ
(17)

����&
����

4 ZYZWXX`^][]YÆ
 (11) % (12) =(�
4���&��


�
4�������&�

α
φ,T

=
1

φ(λ, T )
· ∂φ(λ, T )

∂T
(18)

� (12) ��� T 15C�	�"�; [25] �

α
φ,T

=
1

n(λ, T ) − n0(λ, T )

×
[
∂n(λ, T )

∂T
− ∂n0(λ, T )

∂T

]
− αR,T (19)

1/ (19) % (13) ��2�

α
φ,T

= −α
F,T

(20)

<���	$���
�""	 (16) ��

�#(�

α
φ,T

· φ(λ, T ) = α
h
L (21)

	� k ������

k∑
i=1

α
φ,T,i

· φ
i
(λ, T ) = α

h
L (22)

% n0(λ, T ) = 1 /�∂n0(λ, T )/∂T = 0 �<�
[20,28−35]

α
φ,T

=
1

n(λ, T ) − 1
· ∂n(λ, T )

∂T
− α

R,T
(23)

""�����&�
�
4�+-���

α
φ,T

=
1

φ(λ, T )
· ∂φ(λ, T )

∂λ
(24)

� (12)�+- λ15C�	�"�; [12,36−38] �

α
φ,λ

=
∂n(λ, T )

∂λ
· 1
n(λ, T ) − 1

(25)

�
�
4�+-�� α
φ,λ
���	�#

=����(��'�=����=��	$�

���

α
φ,λ

· φ(λ, T ) = 0 (26)

	� k ������

k∑
i=1

α
φ,λ,i

· φ
i
(λ, T ) = 0 (27)

% n(λ, T ) � �� @2/��� (25)

),�"8A�

α
φ,λ

=
n(λ1 , T )− n(λ2 , T )

λ1 − λ2

· 1
n(λ

c
, T ) − 1

(28)

 
�λ1 % λ2 �G����
+4�8B+-

%?8+-�λ
c

= (λ1 + λ2)/2 �"	 λ
c
�
��

��α
φ,λ

�#	�'� [4,11,28,34,39−41] �

α
φ,λ

=
n(λ1 , T ) − n(λ2 , T )

n(λ
c
, T ) − 1

(29)

 (29) �@���ÆJ��.� V �#�
[11,15,30,42,43]

V =
n(λc , T )− 1

n(λ1 , T )− n(λ2 , T )
(30)

5 \]ZYZWXX^_[]YÆ
	��2���
�	� (�	 R2) � (


�>!-.����0 m �.���0(�

R2
m

(T ) = [F (λ, T ) + mλ]2 − F 2(λ, T ) (31)

	��

F (λ, T ) =
R2

m
(T )

2mλ
− mλ

2
≈ R2

m
(T )

2mλ
(32)

$�+- λ �.��0( R
m
��K�
��

��@���<�4� (32) 
�=L0�>

��0?�
98%��
 n0(λ, T ) ���

F (λ, T ) = n0(λ, T )
R2

m
(T )

2mλ
(33)
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� (33) ��� T ),1C�	�"�;
[5−7,9,21,25,27,44−46] �

α
F,T,d

=
1

F (λ, T )
· ∂F (λ, T )

∂T

=
1

n0(λ, T )
· ∂n0(λ, T )

∂T
+ 2α

R,T
(34)

 (34) �/�.�����
�45����

�A������
'���������


����'��)����4���
�0(

����%
���
�������3%�

 (34) 
�A=M�0
>&��
���


����� (6) �
B0�>�� (34) ��

#�

α
F,T,d

≈ 2α
R,T

(35)

�.�����
�45����AA� αR,T

� ��""����?C(

α
φ,T,d

= −α
F,T,d

= −2αR,T (36)

�.�����
�
4�����B:�,

#������'�������
�
4�

����B:�'# (
���'��'�,
[5,16]) �$)���@���BA�C�<��

	C*�������� [46] �

6 ^_`aabcZWXXYÆbc
c
��3%��!�� 
=(����


�����; �8
���	�� [39,47]=

(��; �

1
φ
· dφ

dT
=

1
n − n0

(
dn

dT
− n

dn0

dT

)
− α

g
(37)

� [41] =(��; �

1
φ
· dφ

dT
=

1
n − 1

(
dn

dT
− n

dn0

dT

)
− α

g
(38)

� [37,38] =(��; �

1
φ
· dφ

dT
= α

g
− 1

n − 1
· dn

dT
(39)

� [23] =(��; �

1
φ
· dφ

dT
=

1
(n − 1) − αg

∣∣∣∣ dn

dT

∣∣∣∣ (40)

� [6,15,21,42,46,48,49]=(��; �

1
F

· dF

dT
= α

g
− 1

n − n0

(
dn

dT
− n

dn0

dT

)
(41)

� [27] =(��; �

1
F

· dF

dT
= α

g
− 1

n − n0

∣∣∣∣ dn

dT
− n

dn0

dT

∣∣∣∣ (42)

� [50] =(��; �

1
F

· dF

dT
= α

g
− 1

n − 1

(
dn

dT
− 1

n0

dn0

dT

)
(43)

)��� [15,36,51]
 ��<D
��; �

�A�9

>D�

7 WXXYÆdede`Zfg
��Æ�!
/2����45�G� F1

% F2 �Æ���5� z
s
�������45�

[52]

1
F (λ, T )

=
1

F1(λ, T )
+

1
F2(λ, T )

− z
s

F1(λ, T )F2(λ, T )
(44)

+' (11) � (44) ��#�

φ(λ, T ) = φ1(λ, T ) + φ2(λ, T ) − z
s
φ1(λ, T )φ2(λ, T )

(45)

%Æ�!
/2��C�E�/�z
s
≈ 0 ���

����
4��Æ����
4��%�

φ(λ, T ) = φ1(λ, T ) + φ2(λ, T ) (46)

	� k ������

k∑
i=1

φ
i
(λ, T ) = φ(λ, T ) (47)

��(��'��	" k ����	��

��'���1B(��0*�N,=�0*�
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N,!/
4�����! (47) , (22)% 

(27) CD�

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

k∑
i=1

φ
i
(λ, T ) = φ(λ, T )

k∑
i=1

α
φ,T,i

· φ
i
(λ, T ) = α

h
L

k∑
i=1

α
φ,T,i

· φi(λ, T ) = 0

(48)

+'39::��� (48) ���D��

��'� (k < 3),E
� (k=3)%'2�� (k >

3) �'���	 k < 3 �
��2��F	 3 �

�����/&��!
��2�	 3 ���'

�������8A�����$� k ��#


��
�4�F;	��72� (�	 MAT-

LAB) � (48) �1�����E�F����

=������
�����OB����	

��G(
,��E<�
����
�
�

(�?������%=@� 
:4��G

�1���:P
�OB�����
�1/

��)

�H;	F�:G [53] �

��
���������$�4��"

F�),4�::��2%G� [16] ���4�

���I> (Ge) ,H (Si) ,@�A (ZnSe) ,H

�A (ZnS) ��H�QI (	 AMTIR % GASIR)

���	
HG��1/:B�+'4�<

9:4*I���4� [33,37,54] �$����

��!�4������� !�4���	

ZnSe [42] ,GASIR [46] ,Ge+Si [11,43] ,Ge+ZnS
[36] ,Ge+ZnSe [5,7,24,25] ,Ge+Si+ZnSe [21,26] ,

Ge+ZnSe+ZnS [23,24,55] ,Ge+AMTIR+ZnS [15] ,

Ge+AMTIR+ZnS+ZnSe [34] ,Ge+GASIR [13] ��

� [56] ?C�RC�JJIJ������

� ����/�%4�:4�%/�!Æ��

�
����%C��4�%��24��4

)��#�!/���J�=�

��$��KK$B�����$E<�<

CL4������7��F��F��� 1

�����)/	���Æ�(�	���),

����%=��"#&Æ�	
��:�F

��L��(���$)M�8%�N�
�

F���	�� [42]���
�A� 1 � ZnSe

����I�
�����

�����&

�"/	�%.���	��� [30]���


�Æ� �������

�������

�"/	�%.���	��

�M
� 3 �	�F	 3 �������

�
���#���)
��
���,O	

�'2�������	�;�6S� 10◦ % F

�� 2�!T�
��:� 3�������	


��� [57] �'2��-��
��8��1

9%KN9 [24] �!/�U��
�	3:4�

O���D�PQ�R���+'?VW��E

���P*=�%���@3S2'�T8$�

���D����!/8%/	�	.���#

F;
�K;�872 (	 ZEMAX % CODE V

�) CE���D�
����0�H;B(�

8!T�D���8�"	�
���D��

����A�4��$)%�9�����:

4�
U"�
�����Æ(�
�F��

��)/&����I%�D�P*�),$

L�;�L�B%��:���

8 f`hedegh
�#���:G��%�LP
3���

���O	
�:G������
3���

��<��	������
3�������

"#&O	/
�:G�	�Q���
�


3�"#&O	C*���:G [58] �

��������V�P*,�;P*	

�'P*�: �����
�V�P*�V�

L4��I���1/�+��;P*: ��

�!4)
�4�	.G*=�������

��/�FB�*I�4��),��-���

Æ/
�� [59]���
��;����8�

N���:4*��4�H+����8�@

�4���)*.9�#�*XR�2���

������
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�'P*: ����8M35>(��

���M""A�38A(���������

"��5>'�/$'��CS��%C,��

��������: �LTU��1/7�-

�%%�/
�,�D"�� [17] �

������:""	�4��4�@�


��������45�
�������

����
�<�% !��Æ�Y����

��� [12]�������4�:�����

	�4����:G
-����I� 3V�0


V��8��'B(�1�
����#��

��	�4���OB���0�V���"�

%�����%	�<�����
��"�

%���0DV���*I�4��*%D��

8VE����%���%	! !����

*I��� [16,60] �� [61] ���4�% !

��/����LD��	 !�&�N��

���845%�����::�� [62]��

��������������� ����

��������?&�4����:G�$

����ZO
����)
VE<� [63] ��

���
���'�������0*����

%��/
/�������Æ[(E!��

���(��N	3\�/������'��

�$
�/
�:G'G�������/&

����C*:G��H@�
�:G�N


�����M"�/
�:G (	�'P*:G)

�NWI�����.� ����]�K�

��LTF�������64;�DO� 

! [12,64] �

�����!
�����8�:
�


�	��^��������^������

��56,���0(�4�������
+

-%6S����;7�������$��!

^���*+��CODE V % ZEMAX �
��

8722P������� (?&�4) !/D

��F���	 CODE V �����; 99 ��

��� [65] �	�4��% ZEMAX 72�@

��������,+4,,6S�����

�8�

9 iij
�
�����!� (���
4��

#��������
��_G
4��
�9

�^���,��1-�^����
��]

������8A,��:�%D�,��4�

�I%�*�VH������� [16] ����

�$��
3KK$
�4���
1�CL4

������7��F�9�������4

��"�+�$)�8A����������

��
�����,Q��
�)@� MATLAB

�8A72��
�1(OB���F;	$

�
�K;�872�����;�
�D�

����#�WF�F�J	�	���(B

(����1����	XP����8"/	

�%.�
�����R	Y���D�$,I

�����D?!����
������:

� [39] �

Ij<=

[1] ZKS�QJ`RT[XSTUYUaL [J]. Kk,

2014, 35(1): 1–8.

[2] VMb�cWV�Z[\�W`XdN\YOPY
]]Q�RN\SXU�� [J]. LlmM, 2009,

38(5): 1126–1131.

[3] ^N�X�T�OUZ`_dVN\PYUN\S
X[W [J]. nLoKk, 2009, 39(6): 637–639.

[4] ^UP�Q`X�YYe�W`ZZfYO[a]
] [J]. LmmM, 2000, 20(44): 1386–1391.

[5] gR�\_\�Q][�W 8̀ ∼ 12 µmS -N`]�

ahbb^ZZf]] [J]. LmmM, 2010, 30(7):

2089–2092.

[6] iT�\_\�Q][�W`T[ 3.7 ∼ 4.8 µm j
_S\/N\YO[aUZZf]] [J]. LlmM,

2009, 38(9): 2261–2264.

[7] \^[�_]�ckU�W` 8 ∼ 12 µm S /N`

]dc[adZe]] [J]. Kkpq, 2009, 31(45):

676–679.

[8] c_�̂ ^�_`�W l̀cmT[naeYO[a
ZZf]] [J]. LlmM, 2013, 42(10): 462–466.

[9] V`��g`f�\bS�W c̀dojT[SN`]
ZZf[a [J]. LlmM, 2010, 39(46): 2143–2146.

[10] _`�__W�ap�W`S/N`]bcdT[a

Se[aUdZe]] [J]. LmmM, 2013, 33(3):

0722001.

Infrared (monthly)/Vol.36, No.3, Mar 2015 http://journal.sitp.ac.cn/hw



T 36 U�T 3 V � � 15

[11] gcf�bWX 3̀.7 ∼ 4.8 µm j_S/N`]T[

YO[aUdZe]] [J]. rsLm, 2009, 30(10):

683–687.

[12] ZOc�X�T`YOqchdgÆhX]ZZf
efU�� [J]. rsLm, 2010, 31(3): 354–359.

[13] ad�gef�g�f`fgdggUojT[Z
Z�a]] [J]. Kkpq, 2012, 34(10): 205–208.

[14] gef�ad�bih�W`YjT[ZZf_c
mYO[a]] [J]. Kkpq, 2011, 33(1): 1–3.

[15] ZZeU�iU[�hJh�W h̀\ojT[YOZ
Zf[a]] [J]. Kkpq, 2012, 34(9): 531–534.

[16] iij�rk]�Æi�W`h^ CCD ijYgY

O[akjZZf]] [J]. ÆnLotlu, 2013,

25(2): 341–344.

[17] jl�klT�sk^�W`_cmT[tXae
UdZe�� [J]. rsLm, 2011, 32(1): 133–137.

[18] OlN�s_m`_dVN\_j_T[ZZfY
O[a]] [J]. LmmM, 2013, 33(6): 0622004.

[19] \]j�Oc�Znm�W`h\k[uXljT
[bb^mmqcZZfYO[a [J]. nLoL`
lmvw, 2012, 49(1): 012204.

[20] Oa�hnY�Ob`ZndT[ZZf�a]]
[J]. KkonLcd, 2012, 41(1): 178–183.

[21] ^oo�__W�^^�W`S/ N`]ZZfo
pYO[aU]] [J]. Lmxycd, 2010, 18(10):

792–797.

[22] Ze�Zf`_cmT[YO[aqcdZe]]
[J]. nLoKk, 2014, 44(9): 1030–1034.

[23] Zkr�vq _̀j_T[YO[adZe]] [J].

nLoL`lmvw, 2013, 50(6): 062202.

[24] Oa�hnY`lYppqojT[YO[adZ
e]] [J]. zgLm, 2011, 4(10): 374–379.

[25] gR�\_\�Q][�W S̀/N`]T[�ahb
b^ZZf]] [J]. KkonLcd, 2011, 40(1):

79–82.

[26] lqm�Oc�Zni�W`lYppqrwdd
ZeT[YO[a]] [J]. LmmM, 2012, 32(3):

0322003.

[27] _\�n_r�h_s�W` 8 ∼ 12 µm j_S/

s/N`]otpo�aZZf]] [J]. Kkon
Lcd, 2012, 41(9): 2459–2462.

[28] Ouu�rsS�pt�W`YOb^xyT[o
jZqd�a]] [J]. L`pqrs, 2014, 29(3):

8–12.

[29] lqm�Oc�Ovi�W r̀wddZetjZT[
YO[a]] [J]. LmmM, 2014, 34(5): 0522003.

[30] Oa�pu\�k�h�W`qrhZnwuZZ
fT[�a [J]. LmmM, 2014, 34(4): 0822004.

[31] Ov�Zri`jZhT[ojSN`]ZZfq
Z�a]] [J]. lcmM, 2014, 35(5): 649–653.

[32] Ozw�gss`YjdojT[_j_ZZf
YO[a]] [J]. KkonLcd, 2012, 41(5):

1323–1328.

[33] _t�gss�Q_x`YjT[lYppqZZ
fYO[aU]] [J]. zgnL, 2010, 37(3): 675–

679.

[34] Oxy�cty�hnY l̀YppqojT[YO
[adZe]] [J]. rsLm, 2011, 32(6): 1227–

1231.

[35] Omu�Zno�^^`S - N`]T[�aUh
bbZZf [J]. zgnL, 2005, 32(3): 311–314.

[36] g_�ozS�vpa�W`ojT[jZdYO
[ahbbZZf]] [J]. Kkpq, 2011, 33(44):

585–587.

[37] ZOc�X�T`T[YO[adZe]]efU
�� [J]. rsLm, 2009, 30(1): 129–133.

[38] uvq d̀ZelYppq{wvUYO[a]]
[J]. r{sto|u, 2011, 32(3): 36–42.

[39] _|m�Oow�Ozl`YjT[jZdYO[
aZZf]] [J]. rsLm, 2013, 34(3): 391–396.

[40] wbr�{vx�_w}`bx_T[ZZfYO
[a]] [J]. rsLm, 2014, 35(3): 510–514.

[41] gy{�z||`h\bb_YxT[xyyx[
aU]] [J]. }~mM, 2013, 62(9): 090702.

[42] iU[�Qt�ZZeU�W`|rhT[Yjb
^yzbYO[a]] [J]. Kkpq, 2011, 33(5):

646–650.

[43] {z{�_}z`YjT[SNYO[aZZf]
]R^Y[W [J]. rsLm, 2010, 31(5): 833–837.

[44] {W |̀_dN\PYZZfojT[YO[a]
] [J]. LmoL`pq, 2013, 11(2): 91–94.

[45] _t|�g{��h[{`N\YOPY|T[k
~YO[aYUbf [J]. Kkpq, 2009, 31(6):

327–330.

[46] rl|��q�Z}�W`SN`]~}T[ae
dZe]] [J]. Kkpq, 2011, 33(43): 460–464.

[47] cy�Q~��ar�W S̀shYjT[_cmtX
[adZe]] [J]. KkonLcd, 2013, 42(2):

403–407.

[48] c}�hc~�a}}�W`d~XtjZT[Y
O[aUdZe]] [J]. Kkpq, 2010, 32(10):

187–190.

[49] X�T�bWX �̀fN\PY~ÆZZfU`]T
[YO[a [J]. LmmM, 2001, 21(15): 1364–1367.

[50] \�i k̀[uXjZdYj�~T[k~[aU
YO]] [J]. LmmM, 2012, 32(43): 0822003.

[51] lqm�Oc`kj��rwd_cmdZeT[
YO[a]] [J]. zgLm, 2014, 7(10): 622–630.

(kl� 44 m)

http://journal.sitp.ac.cn/hw Infrared (monthly)/Vol.36, No.3, Mar 2015


