
!

!"

" !

#

#

$"$%

$

&$

%

'

!

'

"

'

#

'

$

()*+,-.)/+)01234+)4*.56),

789:!"!,8:#

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

;<=>$"$%

%&'(

! $"$%@"#@"$'

)*'(

! $"$%@&"@$A

+,-.

!

&'½`U6,-

"#&%"A$?"$"?"?#

/012

!

m

'

<

"&AC?%#!

4

!

/0

!

678

!

679:;ïhGÓ@A

!

�ìsB@A

&

5678

!

m<

!

%+,

!

34

!

\

:

JK_uw�o´I=-�ì��0óoJ6GH@A

(():

efgh

! $"$%!

!""##* &$B@&?%:

0E-,IH! ;*Hj! 0E2,E! <JK9:-RR9M=KJM8P 8OS89X@R9KJ<X SVKJMPSMP ZMSZ J<QR<VKJWV<X[PKQM=YJVKMP Q<KYWV<@

Q<PJO8VK<V8YRK=<<PSMP<Y(():(8WVPK98O+8=U<J4V8RW9YM8P! $"$%! !""##* &$B@&?%:

!"#*&":?A#A\]:MYYP:&#B$@A?B%:$"$%:"#:"&&

JK_uw�o´I=-�ì��

0óoJ6GH@A

Á

'

Â

&!$

!

ÃÄÅ

&

!

�

'

 

&

!

ÆÇÈ

&

!

£�R

&

!

ÉÊË

&

"&>

BC02DE9:J

!

KB BC

B&"&""# $>

B.wÌ34

!

KB BC

B&""B$$

9

'

:

!

s13�(V)¤�yÉ÷é_2öüÉ¹�

#

��yz,-_$"n)(��ñÊ

#

k

¼[#)*µÁ,-WÙEzå

#

6�£_�(V��4È�~W{|}~�,4È

#

�#õ)*

�(V)/0�YZ[AÎ)/Å|}

"

�-13(È?@��#�(��,-T¼

#

£¤yl�

��})û�ím��m�mZ

&/̀I'

��_$(��),-

"

��_$$uÛ�É¹

#

î�Ó$

u��QR?@

#

µzÓ_$��$u��Ä�

%

s_$<�u¢ß#_$��,-yzuW$u

��Ä�)k����Ó¹P

"

µO´µ

#

R�_$$u��¼¢��,-¦§s

x! d&"

s!

�

�v

#

k¼º»13ÆÇ�(V_$(��,-yzu)Î¼

"

�m�_$��QRà�sc

?@�äå)qÄO��(VyÉ÷�_$(��),-�?@Óad�l

"

�QRZ[,-

bca

!

,-yz�_<ÛB

#

k¼s

?"" eC"" q

��v!""n��(��)yz,-

"

;<=

!

��m�mZ

%

13�(V

%

yÉ÷

%

_$(��

%

$u��

>?@AB

!7%&#:#''''

CDEFG

!-''''

CHIB

!&#B$@A?B%"$"$%#"#@"&$B@"C

-RR9M=KJM8P 8OS89X@R9KJ<X SVKJMPSMP ZMSZ J<QR<VKJWV<X[PKQM=YJVKMP

Q<KYWV<Q<PJO8VK<V8YRK=<<PSMP<Y

0E-,IHMPS

&!$

! ;*H8PSaMPS

&

! 0E2,EWM

&

! _E*1<aMP

&

! D-GMK8Y8PS

&

! ;2,I(MPV8PS

&

"&>GMmKP -<V8YRK=<4V8RW9YM8P 6PYJMJWJ<! GMmKP B&"&""! 0ZMPK$

$>,8VJZN<YJ<VP 489[J<=ZPM=K9*PML<VYMJ[! GMmKP B&""B$! 0ZMPK#

$%&'()*'* 6P JZ<SV8WPX Z8JJ<YJ8VZMSZ@K9JMJWX<YMQW9KJM8P J<YJ8OK<V8YRK=<<PSMP<Y! MJMYP<=<YYKV[J8

K==WVKJ<9[Q<KYWV<JZ<X[PKQM=YJVKMP RKVKQ<J<VY8OZMSZ@J<QR<VKJWV<RMR<9MP<YJ8X<J<VQMP<JZ<

YJVW=JWVK9X[PKQM=YJV<PSJZ KPX Q<=ZKPM=K9RV8R<VJM<Y8OU<[ZMSZ@J<QR<VKJWV<RMR<9MP<Y! NZM=Z MY8OSV<KJ

YMSPMOM=KP=<O8VYJWX[MPSJZ<R<VO8VQKP=<KPX YKO<J[=ZKVK=J<VMYJM=Y8O<PSMP<Y:-==8VXMPSJ8JZ<



e

'

f

'

g

'

h

$"$%

$

&$

%

Q<KYWV<Q<PJV<aWMV<Q<PJY8OZMSZ@J<QR<VKJWV<X[PKQM=YJVKMP! GMmKP -<V8YRK=<4V8RW9YM8P 6PYJMJWJ<

RV8R8Y<YJ8WY<O<QJ8Y<=8PX 9KY<V<PSVKL<X OMT<V̀ VKSSSVKJMPSY=8KJ<X NMJZ S89X O8VZMSZ@J<QR<VKJWV<

X[PKQM=YJVKMP Q<KYWV<Q<PJ:3ZV8WSZ ZMSZ@J<QR<VKJWV<=ZKVK=J<VMYJM=J<YJY! J<QR<VKJWV<=8QR<PYKJM8P

J<=ZP898S[V<Y<KV=Z NKY=KVVM<X 8WJ! KPX KZMSZ@J<QR<VKJWV<YJVKMP J<QR<VKJWV<=8QR<PYKJM8P Y=Z<Q<NKY

=9KVMOM<X:3Z<K==WVK=[8OZMSZ@J<QR<VKJWV<YJVKMP Q<KYWV<Q<PJKPX JZ<O<KYMTM9MJ[8OJ<QR<VKJWV<

=8QR<PYKJM8P Y=Z<Q<N<V<L<VMOM<X 8P ZMSZ@J<QR<VKJWV<<aWK9YJV<PSJZ T<KQ:3Z<V<YW9JYYZ8NJZKJJZ<YJVKMP

Q<KYWV<Q<PJ<VV8VMYNMJZMP JZ<VKPS<8Ox! d&"

s!

KOJ<VZMSZ@J<QR<VKJWV<J<QR<VKJWV<=8QR<PYKJM8P! NZM=Z

=KP Q<<JJZ<K==WVK=[V<aWMV<Q<PJY8OZMSZ@J<QR<VKJWV<X[PKQM=YJVKMP Q<KYWV<Q<PJO8VK<V8YRK=<9MaWMX

<PSMP<Y:3Z<ZMSZ@J<QR<VKJWV<YJVKMP J<=ZP898S[NMJZ OMT<VZKYT<<P N<99KRR9M<X MP JZ<Q<KYWV<Q<PJ8O

ZMSZ@J<QR<VKJWV<X[PKQM=YJVKMP XWVMPSZ8JJ<YJMPS8OQW9JMR9<<PSMP<Q8X<9YX<YMSP<X T[8WVV<Y<KV=Z

MPYJMJWJ<:6JZKYJZ<=ZKVK=J<VMYJM=Y8O98NQ<KYWV<Q<PJ=8YJKPX ZMSZ Q<KYWV<Q<PJK==WVK=[! KPX =KP

K==WVKJ<9[Q<KYWV<JZ<ZMSZ@J<QR<VKJWV<X[PKQM=YJVKMP 8ORMR<9MP<N8VUMPSNK99J<QR<VKJWV<NMJZMP JZ<

VKPS<8O?"" sC"" q:

+,-./(0&* S89X@R9KJ<X OMT<VSVKJMPS$ K<V8YRK=<<PSMP<Y$ Z8JJ<YJ$ ZMSZ@J<QR<VKJWV<X[PKQM=YJVKMP$

J<QR<VKJWV<=8QR<PYKJM8P

12

5J

Duw�o´I¹<�Ó�i0vVdÓ§

.

!

v¬0óe"IÐ�ú<ó`0�

B"" e

C"" q!

ÁCmó�I¿Àà`VÜ+DxÅ¤£

¸¨µ

&

DHÄ0óz{�

!

ÍÎ¸Hªóô

'

�G

�%H

'

ãsÒ�äçgúìíIÓ�z{ijo¶

J6ÆG

!

k��eôI¿À>ðV�>no

!

©0

�o´eixÜV�b

!

�|�o´IÐ�Ö¶Å¤

~ÇIÐª9/

(&@$)

&

s]I0óJ6ÙC_õ±y

z

'

«7Ð�ìí

'

GHþÿ`É\��

!

8ê¼CD

uw�o´�Ó�.I[sg[VJK

&

�$�

!

úû�ìsBÂ0ówDIR}éU

67

!

�ìsB@AÔ�;¼uw�o´�Ó�¡

ª.0óoJ6GHIr�~Ç@Az 

&

GH

!

4K�ìó`

\

J6ìôsBÚD¿À�à`Vd

Ó§.ij¼

C"" q

I0óJ6IGH

(?)

$

4K�

ì

/4

J6sBÚD0óè.hå¼

A"" q

I0ó

J6IGH

(%)

!

¯Ó¼

B"" q

z{�D0óij¨

hå

/̀I

sBÚI«7ÁGÓ

(!@#)

&

&ìº�0�

H!¹ÐÅ¸+

(B)

'

!¹¸+

(C@A)

'

¸Ü�Ð¸

+

(&")

'

eø�Ð¸+

(&&@&$)

'

ô¨ÐÅ¸+

(&?)

'

¹º

�Ð¸+

(&%)

'

¹º­®*@¸+

(&!)

!

Ô¯Ó¼0ó

/̀I

sBÚIË�Ð�

'

Â0ówDV²½@A\

è<I67

&

pt

!

î�@AJK_Ðªirçh

å0ó�ìo¶J6GH;º¤óô

&

�¥

!

<_ÔóôI�ì0óJ6sB@AÆ

�sBÚI¿Àë­¬;®¸Ô

!

¬�t0ó

/̀I

sBÚÁ0ó�?

"/4#

sBÚ

&

C.

!

0ó

/4

s

BÚÅ¤0�A`

'

0@`\w�w[sK_¡�

NGH�=

!

ptj¤°=@Ah­ij

/4

Il

å°=

!

§K��ÍÎ_uw�o´�Ó�¡ª.

��oJ6GHI²È

$

0ó

/̀I

sBÚÅ¤c_

ij¬ÂNGH

!

�A`0\w�

!

xëYÌ¹Ç

/uw�o´�Ó�¡ª.¸Hªóô

'

�G�%

H

'

ãsÒ�äI²È

&

ÊÖÕk�o´�Ó�V0vVdÓ§.0

óoJ6IGH²È

!

éU¯Ó¼,_=-

/̀I

I

0óJ6GH@A67

&

Õk�o´�Ó�wG

e"I0óìíz{

!

4K9ÌË�@Ak=-�

ìhå�Ð

!

çk�zÇð-�ta

!

ÿö¼sB

ÚIÂ0ówDÁëÎD

$

Õk�o´�Ó�wG

e"J6GH.Ió`J6ë\ ô��

!

4Kó

`iù@A­©0GH¿ZIþÿ`

$

 ¡0ó\

à`}J6�eÓ§­BDuw�o´�Ó�.

IJK¿Z

!

§+¼4K=-

/̀I

hå0óoJ6

GHIëåDÁëÎD

!

;uw�o´�Ó�·�

0ó�o¶J6IGH©Ê¼r�ëÎIz 

&

�¥�@AÔÑJK_e"úóD

!"" eC"" q

ó

ôì0óoJ6IþÿGH

!

çFP¼µÌI¶Z

&

C$&



!

!"

"!

#

# m<

!

\

*

JK_uw�o´I=-�ì��0óoJ6GH@A

32

}~}Ý÷w\�QRáâ$KÀ

ßÉ

3:32/̀I

45ô[/ST

�ìÂ¸±��t ¡ð6�ì@z�ðñ

!

p�R¢IÞ#=XK��I

&

Â¸±��.³

¯ð.�I,Ê½�N;

%

g$"

<OO

,

"&#

N.

*

%;�ì��I.³¯ð.�

$"

<OO

;�ìì

@I¤¶�ðñ

$

,;��IÞ#

&

�y�È¤Â

¸±��I�ì�S¸Èi×x­B¤�ó`�

�6»C

!

C��Þ# ,Vì@¤¶�ðñ

"

<OO

�

���6»

!

§K¯ð�I.³.���ð6

!

r

�ì��I¯ð.³.�I6»ë­¯+uaw

G­#I6»no

&

ó`VJ6¯¢�K�I�ì��Â¸±.

�I6»Hë½7;

!%

E

%

#"& +C

<

#

!

)"

"

Y

)

-

Y

#

!

= "$#

N.

*

!;�ì��I�JJ6

$C

<

;¤¶f�\

%

$

!

=

;ó`6»H

$

"

Y

;�ìI�uv\%

$

-

Y

;

�ìI��\%

&

kÆ �ìK[

!C

<

$

":$$!

"

Y

$

":! d&"

s#

q

s&

!

-

Y

$

":! d&"

s#

q

s&

!

jó`VJ

6q�I��.³.�I6»7ÏD

!

 ¡GH¯

ð�.�I��HrëP¦

/̀I

¤�IJ6i¤

�Ió`xBC6»H

&

3:C2

Þ,}~ßàÚÝáâ

mKI�ì��t�KOuÖ�V³Ý�V

üDAB�ì¨ËCX�

!

rKI;

6

��ì��

!

Â�ó`;

?"" q&

�K�Éu9ÌÖ�s�DÆ

 �ììX`0¯ðñI�ì��

"66

��ì�

�

#!

ëî�ì��IÂóx©&ÿ

& """ q

(&#@$!)

&

ps]�ìIID·Eta\BK_

?"" q

­�I

ó`

!

��;0ó

/̀I

©Ê¤¶ö�

&

�Ä

!

ÊÖ

$%D=-�ì¨hå9ÌÖ�Ë�õ�

!

°l¼0

óbc�oJ6GHIAB�zö�VsÒ��

&

9ÌÖ���ß¡=-tas�ËC�z

!

¤

­ï�KF,*GH�LCU�zI=-ta

!

)

1hå�zËCÐ�

!

LË�Ð�]�­1

!

�k

�zÇð-�ta

!

­©0=-9Ì��IëÎ

D

&

¿ôGÓvÝksBÚ-.IÇÈ

!

t¾�z

�`;

6 g! QQ!

¯ðñ+

%"!&

¤ËCI

V̀KSS

��4K,ä0á=é~v&GH

!

CGH¿ZH

¦

&"K#

¤7

&

X`I

/̀I

sBÚH¦

&"T#

¤7

&

�K�Ò¬bÎ.GHC¯ðÒwDH¦

&"=#

¤

7

!

ëPC��.³.�;

& !%A:A$ PQ!

¯ðñ;

B&:%$!!

×0^û;

":?% PQ!

`VfX¢

?

5D5

g

$B:? X &̀

［ ］ .1 18 m1 μ

"K#

9ÌÖ�ËCI

V̀KSS

��

"? """ d#

"T#

=-ta

/̀I

sBÚiç¦

3 dB 0 34 nm$%＝ .

R

R

=27.3 dB

71 42

SMS

!"#

＝ . %

!
"

'
(

/
d

B

-

-

-

-

-

-

10

20

30

40

50

60

1 540 1 545 1 550 1 555 1 560

)*+,/nm

"=#

=-

/̀I

¯ð�Ò¦

?

32

ßà�}Úá]Þ,}Ý45ô

678932X/=0B<=)',064X&,;&/(%- >,?'/&,*/;0=)&,(

3:G2

Þ,âO

/̀I

45ôwzãäáâ

C

/̀I

AB´�ë¦

!

·�0óz{�

!

ó`

k�ì��È�I?[tRë)yI

!

.CtÊÖ

4KIt=-taI�ì��

!

R¢Itak_�

ì��Ió`DxI?[t¤¨µI

!

j0óó`

iù\%IÿTtlm~ÇI

&

mKIó`iùIèN¤�Ì���VÑ§

A$&



e

'

f

'

g

'

h

$"$%

$

&$

%

ÁN�

!

ÊÖ4K�Ì���èP¼Ñ§ÁN

!

ÿ

T¼R¢ó`��Ió`�Hx

&

¤II�Ì�

��

!

rî�Ì�ì��ÁGÓK�ì��¾_¢

ró`z{.

!

�Ì�ì��D55GÓ¡ª.\

[Jó`È�I.�-�

!

��wG¿Àizp�

IJ6È�I.�-�6»H;!%

#

%

J

+

%

V

&

Ê

Ö$%�\=-ta

/̀I

sBÚ¯Ó0óó`w

DÓ§

!

îCúó`6»��I.³.�6»HF

ä�x

!

çhåÏDdô

!

H¦

$

¤7

&

¦

$"K#

;

?

9=-

/̀I

.³.�úó`I6»ZÏ¦

!

îC

.³.�6»HF�x

!

]XZÏçhådô

!

¿

ZH¦

$"T#

¤7

&

C¦

$

ë¦

!

=-ta

/̀I

s

BÚúó`6»ÏD`YÌ

!

ë­þÿPÃR¢ó

`��.³.�I-�H

&

îR¢ó`��GP

IJ6x

"

C.³.�-�x��PSI

#

ö�k

Jó`��I.�-�xr;wG¿Àcizp

�IJ6x

!

r]�¼0óJ6Ió`iù

&

1 555

1 550

1 545

1 540

1 535

1 530

!
"

#
$

/
n

m

S

S

S

1

2

3

0            200          400          600          800

%& ℃/

"K#

.³.�

S-!"#$%&

S-'()*+'

12

10

8

6

4

2

0

0 100 200 300 400 500 600 700 800 900

,
-

!
"

#
$

.
%

&
/
n

m

R

2

=0.999 86

"T#

.�6»H�x

?

C2

Þ,

64X

>å=æ

[

=æ�ÇRËwz�ÇÍé

6789C2E,?<,()'@(,0,<,;0,;'*@(N,/>*,;',(.)N,=,;8'A[

N)(7)'7/;/>8/=0B<=)',064X

;¼§+¨diù%_I¤¶D

!

�K0ó\

à`}

'

0óEJKk=-ta

/̀I

sBÚhå¼

0óqTJ6�eÓ§

!

�5ó`���e�þJ

6

! d&"

s%

!

!0ó`

C"" q!

H¦

?"K#

¤7

&

�K

¦

$

PÃI%_k¿r=-ta

/̀I

sBÚ0ó

J6IGH¿Zhåó`iù

!

PÃIi§ZÏH

¦

?"T#

¤7

&

"K#

0óJ6�eÓ§

14

12

10

8

6

4

2

0

!
"

/
1

0

-
3

0 100 200 300 400 500 600 700 800 900

#$ ℃/

&'!"(

#$)*(

"T#

Ó§K=-

/̀I

ó`iù¶Z¦

?

G2

÷w\��çÞß

[

Þß6Þ,

64X

wzãäè�?

6789G2K/?<)(7&/;/>',?<,()'@(,*/?<,;&)'7/;>/(

,O<,(7?,;')=8/=0B<=)',064X

ó`iù1I%_H½

&

¤7

!

C½

&

ë¦

!

ó

`iù1J66»óô;

" s&B:& e$!:%# d&"

s!

!

ó`iù¶ZµÌ

!

GHþÿ`ë­ÍÎuw�o

´0óoJ6I

x&"!

GHÇÈ

!

�ÄëJK_u

wef�o´0óoJ6GH%_�H.

&

-

32

wzãäI\�Ü

E)%9325'()7;N)=@,&/>',?<,()'@(,*/?<,;&)'7/;

ó`

\q

J6x

\&"

s%

ó`

\q

J6x

\&"

s%

$C:A !:&!A !!" %:A##

&"":" %:A#A #"" !:"$%

$"":" !:$"? #!" !:"C!

?"":" %:CC% B"" !:$!%

%"":" %:B&! B!" !:$%!

!"":" %:C%& C"" %:C$A

"?&



!

!"

"!

#

# m<

!

\

*

JK_uw�o´I=-�ì��0óoJ6GH@A

3:H2

÷wvqzv\��çÞß$KÀßÉ

;¼ê¬§+0óJ6GHI¤¶DÁþÿ

D

!

t�¼0óJ6�eÓ§

!

$¼

$

9��.³.

�;

& !?" x":! PQ

I=-9Ì��

!

îC«7D

0ó\à`}¨

&

ÅæÓ§t¾H�

*

ó`6oó

ô

*

¨ó

eC"" q!

D�5ó`��hå

! d&"

s%

I

J6�e

!$

9=-

/̀I

¬���;

5

&

V

5

$

!5

&

V

5

$

ó`6»ZÏVJ66»ZÏH¦

%"K#

¤7

&

!
"

#
$

/
n

m

1 546

1 544

1 542

1 540

1 538

1 536

1 534

1 532

1 530

1 528

0 100 200 300 400 500 600 700 800

%& ℃/

S

S

1

2

-()

- )

-*+,-

-*+,-

S

S

1

2

(

R

2

=0.999

"K#

®9=-

/̀I

ó`6»ZÏÁJ66»ZÏk¢¦

!
"

/
1

0

-
4

0 100 200 300 400 500 600 700 800 900

5.5

5 4

5 3

5 2

5 1

5 0

4 9

4 8

4 7

4 6

.

.

.

.

.

.

.

.

.

S

S

1

2

#$ ℃/

"T# 5

&

'5

$

iGJ6x.o¦

?

H2

ÌéÞ,}Ýwz

[

\��ÇÍé?

6789H2E,?<,()'@(,);0&'()7;*@(N,&/>'./ 8/=0B<=)',064X

C¦

%"K#

ë¦

!

§móS

C"" q

ûó`óô

ì

!5

&

V

5

$

®9=-

/̀I

�ë­YÌ¹[JJ6

I6»

!

HJ6GPxr�DY0

$

=-

/̀I

D

?"" eB!" q

ó`óôìÏD`YÌ

!

Cdô\%

?

$

;

":AAA!

Â,D

?"" eB!" q

ó`óôì=-

/̀I

ë­ÏD[JJ6I6»

!

]^ë­ ¡

&:?

».

PÃIó`\%hå0óJ6I�H

!

k¨d

$

9

=-

/̀I

håó`iù�H1

!

J6GH¿ZH

¦

%"T#

¤7

!

¨ó

eC""q

ó`óôìJ6x!¸

6»ëWXD

x! d&"

s!

­ì

&

C2

}~÷wÜ\QRáâZØÙîÜ

\!Þì>]\6/@P

C:32

}~}Ý÷wÜ\�QR`a

ÊÖÊÙI=-

/̀I

0óoJ6GH\]

!

C

=-

/̀I

sBÚ

'

�ìsÒ¥"

'

0ãì�sB°

=Î

'

%_��B¬b\]o�

!

C.0ã�ì°

=Î4Qñ;

&" UEb!&#

 ô¢CÐ�

!

ëê¬Í

ÎoJ6GHI��²ÈV0ã4QñIÇÈ

&

Ð�ÔÑî0ó�ìoJ6GH@A�(g[J

K_uw�o´�Ó�GÓ.

!

�<¬�©L¿

-'

`

®5�#I0óoJ6GÓno

!

çîGH¿Z

I~ìDVr�DhåºÇ¬b

$

¢Cî0óoJ

6GH¿ZÁ�°w8¿Zhåk¢¬b

&

$:$'

Ê

-

VB!ÞìQR��/@P

¿

-

�#uw�o´ÜÝ�^�Ó�k�o

´håÌ�

!

0óe"vÝú<!0ó`�

!"" q&

���o´Ó�0óG�¯

&#

5

!

ÊÖ©L¼C.

$

5G�¬�D÷^R¢IÓ�.GHIoJ6[

JZÏ

!

H¦

!

¤7

&

¦.Ç��;J6x

!

ü��

;C>

!

Ó�C�;

#" Y!

©¥

? e! Y

¯�4È%

_

$

5bZÏë­iC¯+55Ó�¡ªwGvÝ

J6iC6»ZÏ

&

0 10 20 30 40 50 60 70

#$/s

-1

0

1

2

3

4

5

6

7

8

9

10

!
"

/
1

0

-
3

"K#

G�

&

÷^Ó�oJ6[JZÏ

&?&



e

'

f

'

g

'

h

$"$%

$

&$

%

0 10 20 30 40 50 60

-1

0

1

2

3

4

5

6

7

8

9

10

#$/s

70

!
"

/
1

0

-
3

"T#

G�

$

÷^Ó�oJ6[JZÏ

?

L2

Qï

3

jQï

C

Ü\�¡\Íé

6789L2!-;)?7*&'()7;(,&</;&,*@(N,/>?,)&@(7;8 </7;'3

);0</7;'C

>_

&:?

»håó`iù

!

G�

&

ÁG�

$

D

ST� !¸côJ6

"

côJ6îøuvI�J

6VÓ�Top�I¿ÀJ6

!

�Ö¢

#

óô�_

"$:% e?:"# d&"

s?

!

>_0ôuvD

!"" q

�Iu

vwD�%

!

!¸côJÜ;

%C" D4K!

ãþ_uv

I¾KJÜ

&

C¦

!

ë¦

!

¢rG�R¢Ó�GH

¿Z~ìD

'

r�DlmÌ

!

ë­þÿ¯+55Ó

�¡ªIo¶J6[JZÏ

!

GPI0óoJ6x

ëK_izÓ�Ðo�I¿À.4

&

C:G2

Ê

`

VB!ÞìQR��/@P

D¿

`

�#uw�o´�Ó�¡ª.

!

¿0

ó��vÝÑ��Ó�¡ª.FÞIfH��

!

Cúóó`0�

B$! q!

Ñ¡¿Àðh1k�v

Ýhå¼izÓ�¡ª.0óoJ6IGH

!

Ó

�Ðo;ì}×Ü;

B D4K&

¿G�0ó«77

9¦H¦

#"K#

¤7

!

0óJ6iC%_H¦

#"T#

¤7

&

>_

&:?

»håó`iù

!

G�

?

DST� 

!¸côJ6;

"%:! e%:B!# d&"

s?

!

>_0ôu

vD

C"" q

�IuvwD�%

!

!¸côJÜ;

!$C D4K!

ãþ_uvI¾KJÜ

$

�G�DST�

 ¿À6�p�!¸J6;

&:% d&"

s?

!

>_0ô

uvD

C"" q

�IuvwD�%

!

!¸JÜ

;

&A! D4K&

¿0óvcw8JÜ¬ÂH¦

#"=#

¤7

&

 ¡¦

#"T#

Á¦

#"=#

ë¦

!

i§GÓ¿Z

Á³¢ì}×Ü�Iw8¿Z,ÊMô

!

uw�o

´�Ó�oJ6GH¿Z,Êë­þÿ¯+55

Ó�¡ªIo¶J6[JZÏ

!

GPI0óoJ6

xëK_izÓ�Ðo�I¿À.4

&

!"#

$%

BGF

"K#

¿0óG�«779¦

14

12

10

8

6

4

2

0

2-

0 20 40 60 80

!
"

/
1

0

-
3

#$/s

"T#

G�

?

0óoJ6[JZÏ

!"/MPa

123 aMP

179 MPa

#$3

202 PaM

162 MPa

266 2.

225 2.

184 2.

143 1.

102 1.

61 1.

20 0.

"=#

¿0óvcw8JÜ¬Â¦

?

I2

Ê÷wQïÜ\�¡\Íé/\Ýöð?

6789I2!-;)?7*&'()7;(,&</;&,*@(N,);0&'(,&&&7?@=)',0

07)8()?/>) A78A',?<,()'@(,?,)&@(7;8 </7;'

G2

�Í

ÊÖÕk�o´�Ó�V0vVdÓ§.0

óoJ6IGH²È

!

éU¯Ó¼,_=-

/̀I

I

0óJ6GH@A67

!

;uw�o´�Ó�·�

0ó�oJ6IGH©Ê¼r�ëÎIz 

!

ÇÇ

¿°H�

&

$?&



!

!"

"!

#

# m<

!

\

*

JK_uw�o´I=-�ì��0óoJ6GH@A

&#

>_uw�o´�Ó�G��

'

�äã

'

·

�0óIìíz{

!

©Ã4K9ÌË�@Ak=-

�ìhå�Ð

!

çk�zÇð-�taIèNhå

0óoJ6IGH

!

<_�^Ó�GH¿Z~7

!

¨dèNö+¼sBÚIÂ0ówDÁëÎD

&

$#

,_

/̀I

IAB´�

!

¯Ó¼=-ta

/̀I

sBÚó`iù@A67

!

ÿT¼0óó`iùè

�Viù\%

!

Ñ§+ë­YÌ¹° ó`kJ6

GH¿ZI?[

!

J6GH¿Zë­þÿ¹¯+5

5Ó�¡ª.0óe"IcôJÜ6»no

!

ë_

Ä¯ÓizÓ�Ðo�Ie"�bV¿À.4

Ð�

&

?#

1Ý²ÇÙZ0óG«7V�

!

 ¡¤�`

w8¬b

!

�ó=-

/̀I

I«7Ð�

!

H»«7�

%

!

hr(©0GH¿ZIþÿ`

$

¢C¯�iC

DÏ��\]

!

ë­;~ìOK�o´jé|}\

]©ÊiCþÿIJÜJ6x

&

ÐÑCD

(&)'

?È

!

?¢è

!

!Nà

!

\

:

6�0óô-DÝæe

f�o´.IJKhÓBÓm

(():

efgh

! $"$%!

!""&#* !B@##:

F-,I1! F-,I;/! .6*Hj! <JK9:-RR9M=KJM8P KPX

RV8YR<=J8ONV8WSZJYWR<VK998[MP 9MaWMX V8=U<J<PSMP<(():

(8WVPK98O+8=U<J4V8RW9YM8P! $"$%! !""&#* !B@##:

($)

0k,

:

Ýæef�o´¹<Ó§.���%GHè

�t�

(():

efgh

! $""$! $C"&#* $B@?$:

_E-)F D:;<YMSP 8OU<[RKVKQ<J<VYQ<KYWV<Q<PJ

Y=Z<Q<MP 9MaWMX V8=U<J<PSMP<SV8WPX J<YJ(():(8WVPK98O

+8=U<J4V8RW9YM8P! $""$! $C"&#* $B@?$:

(?)

OP

!

>EË

!

jJ�

:

�ìó`

\

J6ìôsBÚB

CD

C"" q

0ó�IJK

(():

uv*+@A

! $"$"!

?&"$#* ##@B&:

0E-6F! E-)j+! -̀)(I:6PJ<SVKJ<X 8RJM=K9OMTV<

J<QR<VKJWV<\YJVKMP Y<PY8VYWT]<=J<X J8JZ<C"" q =8PXM@

JM8PY(():-<V8PKWJM=K95=M<P=<k 3<=ZP898S[! $"$"!

?&"$#* ##@B&:

(%)

L?e

!

¡wa

!

&Ì

!

\

:

�ì�Â4

@

?Å�àÎ

0ósBÚ67hÓ

(():

.&�+

"

. Ö

#! $"$$!

&!"%#* #"A@#$%:

.6-F! 5E-,3j! I*)j! <JK9:+<Y<KV=Z RV8SV<YY

8O8RJM=K9OMT<V/KTV[@4<V8JMPJ<VO<V8Q<J<VZMSZ J<QR<VK@

JWV<Y<PY8VY( ():0ZMP<Y<)RJM=Y! $"$$! &! " % #*

#"A@#$%:

(!)

?æã

!

!â

:

0ó�ìsBÚD�¿Àó`GÓ.

IJK

(():

(o»JK

! $"$?"A#* &B$@&B%:

F-,I/0! .6*0:-RR9M=KJM8P 8OZMSZ J<QR<VKJWV<8R@

JM=K9OMT<VY<PY8VMP J<QR<VKJWV<Q<KYWV<Q<PJ8OJZ<VQK9

YJVW=JWV<( (): -WJ8QKJM8P -RR9M=KJM8P! $"$? " A #*

&B$@&B%:

(#)

C+]

!

%Q

!

°qñ

!

\

:

0ó�ìsBÚD�¿

Àó`VJ6GÓ.IJK

(():

qæef@A

!

$"&?! ?#"!#* B"&@B"!:

D2,I5 E! ;*0! G62F E! <JK9:-RR9M=KJM8P 8O

ZMSZ@J<QR<VKJWV<8RJM=K9OMT<VY<PY8VMP J<QR<VKJWV<KPX

YJVKMP J<YJMPS8OZ8JYJVW=JWV<(():(8WVPK98O589MX +8=U<J

3<=ZP898S[! $"&?! ?#"!#* B"&@B"!:

(B)

º'R

:

,_�ì

/@4

sBÚ0óJ6GH@A6

7

(;):

!î

*

!¹ÐÅ¸+

! $"$&:

F*((:+<Y<KV=Z 8P ZMSZ J<QR<VKJWV<YJVKMP Q<KYWV<@

Q<PJJ<=ZP898S[TKY<X 8P OMT<V8RJM=/@4Y<PY8V(;):

GMmKP* ,8VJZN<YJ489[J<=ZPM=K9*PML<VYMJ[! $"$&:

(C)

_ô

:

�ì0óJ6æ�H¢C@ÿGHsBÚ��

@A67

(;):

!î

*

!¹¸+

! $"$":

36-,j:+<Y<KV=Z 8P U<[J<=ZP898SM<Y8O8RJM=K9OMT<V

XWK9@RKVKQ<J<VYMQW9JKP<8WYK==WVKJ<Q<KYWV<Q<PJY<PY8V

O8VZMSZ J<QR<VKJWV<YJVKMP(;):GMmKP* ,8VJZN<YJ*PML<V@

YMJ[! $"$":

(A)

YXx

!

!n

!

�âY

!

\

:

�ì0óJ6sBÚ67

hÓ

"

wÍ

#(():

�å+ó

! $"$$! !&"&"#* &""#""$:

H-,IE_! .6*G! ,-,4H! <JK9:4V8SV<YYMP V<@

Y<KV=Z 8O8RJM=K9OMT<VZMSZ J<QR<VKJWV<KPX YJVKMP Y<PY8V

"MPLMJ<X# (():-=JK4Z8J8PM=K5MPM=K! $"$$! !& "&"#*

&""#""$:

(&") .6IH! I*-,`):3Z<YJVKMP V<YR8PY<8O=Z<QM=K9

=8QR8YMJM8P SVKJMPSYKJZMSZ J<QR<VKJWV<Y(():D<KYWV<@

Q<PJ5=M<P=<KPX 3<=ZP898S[! $""A! $""$#* "$!$"%:

(&&)

ü�

!

?(N

!

SLñ

:

ìÁNv}�ì�Â4

@

?Å

J6sBÚI6X

(():

eø�Ð¸++ó

! $"&#!

?C"&#* C"@C?:

_E-,IG! F-,I((! 42,IFE:+<Y<KV=Z 8P <QT<X@

X<X QM=V8=KLMJ[8RJM=K9OMT<VOKTV[@R<V8JYJVKMP Y<PY8V(():

(8WVPK98OFWZKP *PML<VYMJ[ 8O3<=ZP898S[! $"&#!

?C"&#* C"@C?:

(&$)

!T

!

L/à

!

U�÷

!

\

:

�ì��0óJ6GHB

Ð�óz=Wè�

(():

×ÛÁâ�

! $"$?! %!"%#*

??&



e

'

f

'

g

'

h

$"$%

$

&$

%

!BA@!C?:

.6*H! .6_j! 3-,HI! <JK9:EMSZ J<QR<VKJWV<

YJVKMP Q<KYWV<Q<PJKPX N8VUMPSJ<QR<VKJWV<b8P<V<SW9K@

JM8P Q<JZ8X 8OOMT<V̀ VKSSSVKJMPS(():4M<b8<9<=JVM=Yk

-=8WYJ88RJM=Y! $"$?! %!"%#* !BA@!C?:

(&?)

Yø*

:

,_�ìsBI0áâã9åÚ½<ó`

'

J6B×ÜÆG@A67

(;):

ô¨

*

ô¨ÐÅ¸

+

! $"$":

H-,I+3:+<Y<KV=Z 8P YWVOK=<J<QR<VKJWV<! YJVKMP KPX

RV<YYWV<Q8PMJ8VMPSJ<=ZP898S[8OZ[R<VY8PM=L<ZM=9<

TKY<X 8P 8RJM=K9OMT<VY<PYMPS(;):E<O<M* E<O<M*PML<V@

YMJ[8O3<=ZP898S[! $"$":

(&%)

SN

!

<=ñ

!

uh

!

\

:

u}N�ì

/KTV[@4<V8J

�

à�0óJ6sBÚ

(():

�+@A

! $"&B! %?"!#*

%$?@%$#:

(6-,IH! (6-(5! /*.! <JK9:-ZMSZ@J<QR<VKJWV<YJVKMP

Y<PY8VTKY<X 8P <̂JVMPYM=/KTV[@4<V8JMPJ<VO<V8Q<J<V(():

)RJM=K93<=ZPMaW<! $"&B! %?"!#* %$?@%$#:

(&!)

72¢

!

üRí

!

)[,

!

\

:

6Æ @�ì��0ó

J6[JwD

(():

.&Ö�

! $"&B! %%"&&#* &&"#""?:

;6,IG;! _E-,IHD! 5),IHD! <JK9:+<YR8PY<

=ZKVK=J<VMYJM=Y8ORWV<@aWKVJb@=8V<OMT<V̀ VKSSSVKJMPSWP@

X<VZMSZ J<QR<VKJWV<YJVKMP(():0ZMP<Y<(8WVPK98O.K@

Y<VY! $"&B! %%"&&#* &&"#""?:

(&#) .--+)5566! +).;y,@7-+),- 4! j*6,32.-@6,@

02+-D-! <JK9:*9JVKZMSZ J<QR<VKJWV<KPX YJVKMP Z[TVMX

MPJ<SVKJ<X Y<PY8VY[YJ<QTKY<X 8P +KQKP KPX O<QJ8Y<=8PX

/̀IMPY=VMRJM8P MP KQW9JMQ8X<S89X@=8KJ<X OMT<V(():)R@

JM=Y2̂RV<YY! $"&A! $B"$##* ?B&$$:

(&B)

7j9

!

0à

!

?³9

!

\

:

9ÌÖ�X`�ìÂ

¸±��67hÓ

(():

� ­67

! $"$$ "?#*

?&@?C:

;6,I`H! _E-)j! F-,IG/! <JK9:+<LM<N8OOM@

T<V̀ VKSSSVKJMPSOKTVM=KJ<X T[O<QJ8Y<=8PX 9KY<VRV8=<YY@

MPS(():5JWX[8P )RJM=K908QQWPM=KJM8PY! $"$$ "?#*

?&@?C:

(&C)

ÉË¢

!

3*

!

óF+

!

\

:

9ÌÖ�X`�ì

V̀KSS

��D�ìÖ�Ú.IJK

(():

Ö�Á�Ûå+h

Ó

! $"$"! !B"&&#* &&&%$#:

.H*+;! 0E2,3! /-,05! <JK9:-RR9M=KJM8P 8OOM@

T<V9KY<VYTKY<X 8P O<QJ8Y<=8PX 9KY<VMPY=VMT<X OMT<V

V̀KSSSVKJMPSY(():.KY<Vk )RJ8<9<=JV8PM=Y4V8SV<YY!

$"$"! !B"&&#* &&&%$#:

(&A) 2012F! .-31-6! F6..50E+! <JK9:/MTV<8RJM=

Y<PY8VP<JN8VU O8VYRK=<=VKOJZ<K9JZ Q8PMJ8VMPS( ():

D<KYWV<Q<PJ5=M<P=<KPX 3<=ZP898S[! $""&! &$ "B#*

AB%@AC":

($") *̀+ID262+(! 50E6442+5 F! 2D;2,! <JK9:/<Q@

J8Y<=8PX 9KY<V@MPY=VMT<X OMT<V̀VKSSSVKJMPSYO8VYJVKMP Q8@

PMJ8VMPSMP R8N<V=KT9<Y8O8OOYZ8V<NMPX JWVTMP<Y(():

-RR9M<X )RJM=Y! $"&&! !""&?#* &C#C@&CB$:

($&) .6*,.! .6*5 E! .*4G:-O<QJ8Y<=8PX@9KY<V@MP@

XW=<X OMT<V̀ VKSSSVKJMPSNMJZ YWR<VQ8X<V<Y8PKP=<YO8V

Y<PYMPSKRR9M=KJM8PY(():0ZMP<Y<4Z[YM=Y.<JJ<VY! $"&%!

?&"A#* "A%$"%:

($$)

Ump

!

e(

!

?/ä

:

9ÌÖ�X`�ìÂ¸±�

�0ósBÚ67

(():

�++ó

! $"&C! ?C "?#*

&$?@&?&:

.6-)0+! E2(! F-,IH4:5JWX[8P ZMSZ J<QR<VK@

JWV<Y<PY8VYTKY<X 8P OMT<V̀ VKSSSVKJMPSYOKTVM=KJ<X T[

O<QJ8Y<=8PX 9KY<V( (): -=JK)RJM=K 5MPM=K! $"&C!

?C"?#* &$?@&?&:

($?) H6,5 _:;WK9@NKL<9<PSJZ /̀IMPY=VMT<X T[O<QJ8Y<=8PX

9KY<VO8VYMQW9JKP<8WYQ<KYWV<Q<PJ8OZMSZ J<QR<VKJWV<

KPX YJVKMP(():0ZMP<Y<)RJM=Y.<JJ<VY! $""A! B "C#*

#B!@#BC:

($%)

3VW

!

e(

!

¼�h

!

\

:

9ÌÖ����X`�

ìÂ¸±��0ósBÚ�©

(():

�++ó

! $"$&!

%&"&?#* &!@$?:

0E2,_H! E2(! G*G_! <JK9:/KTVM=KJM8P 8OOMT<V

V̀KSSSVKJMPSZMSZ J<QR<VKJWV<Y<PY8VKVVK[T[O<QJ8Y<=@

8PX 9KY<VR8MPJ@T[@R8MPJQ<JZ8X(():-=JK)RJM=K5MPM=K!

$"$&! %&"&?#* &!@$?:

($!)

+1(

!

Â-ê

!

3*

!

\

:

9ÌÖ�X`µf�ì

��Ió`J6æ�%sBÚ

(():

.&Ö�

! $"&C!

%!"B#* "B"$""A:

0-)E(! 56(E! 0E2,3! <JK9:3<QR<VKJWV<KPX

YJVKMP XWK9@RKVKQ<J<VZ<J<V8S<P<8WYOMT<V V̀KSSSVKJMPS

Y<PY8VQKX<T[O<QJ8Y<=8PX 9KY<V(():0ZMP<Y<(8WVPK98O

.KY<VY! $"&C! %!"B#* "B"$""A:

%?&


