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→Nd:YAG (1.32 µm)

→
MQW-DFB (1.5 µm),
locked to interferometer

← Hitachi HLP 1400
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@?_ �� �� A�i|i?c �W?|ihuihL4i|h�U 4i@t�hi4i?| Lu *L� uhi^�i?U) T�@ti
?L�ti U�@h@U|ih�t|�Ut Lu @ _�L_i T�4Ti_ �_Gv@} h�?} *@tih�c ,*iU|hL? wi||�c
VL*� 2Dc T� ..ec �bHb�

d2o A� w� �L)_c #� k*i4ihc �� �� wi�*@M@_)c a� �Lh�i}@c @?_ �� �ittL|c ��
��DD�>4 5L*�_�5|@|i w@tih 5L�hUi uLh #`#� �TT*�U@|�L?t�c a� Lu w�}�|�
�@�i AiU��c VL*� �.c TT� �bfe��bfHc �bbb�

d�o 5� A@UU�iLc �� w@TLh|@c �� 5�i*|Lc @?_ B� #i BihL?�4�c �W?|i?t�|) ?L�ti
hi_�U|�L? �? @ t�?}*i�uhi^�i?U) )||ihM��4�UL_LTi_ ihM��4 *@tih�c �T|�
wi||�c VL*� 2�c TT� �.e.��.ebc �bbS�

deo a� A� kh�?}*iML|?c `� O� wL� @?_ +� W� w@4�?}c ��L*@h�4i|h�U ,h�n�_LTi_
�Mih _�t|h�M�|i_�uii_M@U! *@tih ti?tLh uLh _�gihi?|�@* Thitt�hi @?_ uLhUi
4i@t�hi4i?|t�c �T|� wi||ihtc VL*�2�c TT��HSb��H.�c �bbS�

dDo k� �� kLL @?_ @̀?tihc �� #� kihti)c �6�Mhi *@tih ti?tLh ��|� �*|h@��}�
t|h@�? hitL*�|�L? �t�?} �?|ihuihL4i|h�U �?|ihhL}@|�L?�c ,*iU|hL?� wi||�c VL*�
��c TT� ��Hf���H2c �bbD�



��@T|ih �G 6hi^�i?U) @?_ W?|i?t�|) �L�ti Lu ,h�_LTi_ ��� Sb

dSo a� A� kh�?}*iML|?c ��T|�U@* �Mih _�t|h�M�|i_ uii_M@U! *@tih� E_�t|h�M�|i_
uii_M@U! *@tih �ti_ @t ti?tLh�c N5 �@|i?| D Hee b2.c Nk �@|i?| 2 2bb 2f�c
�� �@|i?| �f2 ee�c �T|LT*@? �5c �bbS�

d.o A� �!Lt�� @?_ k� k�!�U��c ��L�ihi?| LT|�U@* �Mih UL44�?�U@|�L?t�c
EkAk 5U�i?|��U ��M*�t�ihtc AL!)Lc �bHH�c TT� S��H��
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Iljxuh 7161 Odvhu lqwhqvlw| +ohiw, dqg iuhtxhqf| +uljkw, uhvsrqvh dv d ixqfwlrq ri
skdvh prgxodwlrq iuhtxhqf| ri ihhgedfn iurp d glvwdqfh ri 5;18 p +GIE4, dqg 5<18
p +GIE5,1
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Iljxuh 7171 Pd{lpxp ihhgedfn doorzhg iurp glvfuhwh uh�hfwruv iru vwdeoh rshudwlrq lq
iuhtxhqf| dqg lqwhqvlw| ri GIE4 dqg GIE51 Fxuyhv zlwk flufxodu +�, dqg vtxduh +�,
pdunhuv vkrz wkh odujhvw ihhgedfn doorzhg wr jhw d pd{lpxp uhod{dwlrq rvfloodwlrq
dpsolwxgh ri 	53 nK} iru d edfn0uh�hfwlrq skdvh prgxodwlrq vshhg ri 4 dqg 43 nK}/
uhvshfwlyho|1 Fxuyhv zlwk gldprqg +�, pdunhuv vkrz pd{lpxp ihhgedfn doorzhg iru
FZ rshudwlrq iru d edfn0uh�hfwlrq skdvh prgxodwlrq vshhg ri 4 nK}1
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ì �@�i uLU�ti_ L? ,h�_LTi_ @4T*��ih 4i_�@c ���U� U@? Mi 4L_i**i_ M) |�i
2�*i�i* h@|i i^�@|�L?t d�So� �| @ TLt�|�L? 5 �? |�i U@��|) |�i *LU@* @4T*�|�_i
}@�? �t @TThL �4@|i_ @tG

}
,JS

E�� '
}
�?r@|

� n �
r

*�
r@|

( }
�?r@|

'
@
R

o
�,

�
R

�
r@|

� @
r

ES�e�

��|�

�
r@|

' Ed}
R

n @
R

o o
�,

�
R

n �
rR

*2� E}
r

n @
r

�3�

�
r

'
�6[

6'�

��
�
�O-

6

�
�
�
2

n
�
�
�O7

6

�
�
�
2

n 2+i
�
e��O7

n

6

O-
6

��

�

Oihi � ' 2g
�

5 _itUh�Mit |�i T�@ti hi*@|��i |L |�i �?_i }h@|�?}� }
�?r@|

�t |�i
�?t@|�h@|i_ }@�?c �

r@|

�t |�i t@|�h@|�L? TL�ih @| |�i t�}?@* �@�i*i?}|�c @?_ �
R

@?_ �
r

@hi |�i T�4T @?_ t�}?@* TL�iht� O-
6

' do
%

c o
+

o
6

@?_ O7
6

' dr
%

c r
+

o
6

@hi
|�i h�}�| @?_ *iu| ThLT@}@|�?} �i*_t Lu *@tih 4L_i6c 6 ' ����

6

� A��t ?L|@|�L?
UL�iht @?) ?�4Mih �

6

Lu *@t�?} 4L_it� W? |�i uL**L��?} tiU|�L?tc ��i? L?*)
|�L TL*@h�3@|�L? 4L_it @hi �?�L*�i_c |�i *i||iht 6 ' %c + ��** Mi �ti_ @t 4L_i
�?_i it� O7

n

6

�t |�i |h@?tTLti_ UL?��}@|i Lu O7
6

� A�i }@�? 4i_��4 T@h@4i|iht



b2 �@h| WWWG �L*@h�3@|�L? �L_it

}
r

c }
R

c @
r

@?_ @
R

hiThiti?| t�}?@* @?_ T�4T }@�? @| u�** �?�iht�L? @?_ t�}?@*
@?_ T�4T @MtLhT|�L? @| 3ihL �?�iht�L?c hitTiU|��i*)� �

rR

' ?
.o

�D
r

*�
rR

E`%4�
�t |�i tTL?|@?iL�t i4�tt�L? TL�ih Tih �?�| *i?}|� Lu �Mih @| u�** �?�iht�L?c
��|� �

rR

Mi�?} |�i tTL?|@?iL�t i4�tt�L? |�4ic �D
r

|�i t�}?@* T�L|L? i?ih})c
@?_ ?

.o

|�i �L? UL?Ui?|h@|�L? Tih �?�| �Mih *i?}|�� o
�,

�t |�i h@|�L Lu |�i T�4T
�@�i*i?}|� |L |�i t�}?@* �@�i*i?}|��
A�i }@�? @?_ }@�? }h@|�?} ULi�U�i?|t } @?_ }

}o

|�@| @TTi@h �? ES�2� @hi }��i?
M) |�i 3ihL|� @?_ �ht| Lh_ih 6L�h�ih UL4TL?i?|t Lu }

,JS

E��c hitTiU|��i*) d�.oc
d�Ho� �@ti_ L? ES�e� �i }i?ih@*�3i |�i i Thitt�L?t �? d�.o @?_ d�Ho |L @**L� uLh
4�*|�T*i @?_ @hM�|h@h�*) TL*@h�3i_ *@tih 4L_itG

} ' }
�?r@|

�
E� n R

|J|

�2 � e mR
S

m2�3�*2 ES�D�

}
}o

'
}
�?r@|

2RW
S

k
�� E� n R

|J|

�
�
E� n R

|J|

�2 � e mR
S

m2�3�*2
l
�

Oihi

R
|J|

'
�6[

6'�

�
�
�O-

6

�
�
�
2

n
�
�
�O7

6

�
�
�
2

�
r@|

( R
S

'
�6[

6'�

O7
n

6

O-
6

�
r@|

�

�L|i |�@| |�i }@�? }h@|�?} ULi�U�i?| }
}o

�@t |�i t@4i T�@ti @t |�i ?Lh4@*�3i_
t|@?_�?} �@�i TL�ih T�@tLh R

S

�
A�i T�4T @MtLhT|�L? uL**L�t uhL4 |�i h@|i i^�@|�L?t @tG

@
R�6R

' @
R

� }
R

n @
R

}
r

n @
r

E} n @
r

� � ES�S�

,^t� ES�e� |L ES�S� UL�ih |�i tT@|�@* �L*i�M�h?�?} 4iU�@?�t4t� W? @__�|�L?c
TL*@h�3@|�L? �L*i�M�h?�?} E�O�� t�L�*_ Mi �?U*�_i_ �? |�i 4L_i*� �O� iu�
uiU|t �? ihM��4�_LTi_ �Mih @4T*��iht E,#6�t� �@�i Mii? t|�_�i_ �? d�bo�d22oc
@?_ UL4Thi�i?t��i �L? @?�tL|hLT) 4L_i*t @t �i** @t t�4T*��i_ @TThL �4@|i
uLh4�*@t @hi Thiti?|i_ �? d2�o @?_ d22o� OL�i�ihc |�Lti t�4T*��i_ uLh4�*@t _L
?L| _itUh�Mi @ hi_�U|�L? Lu |�i �O� 4@}?�|�_i @| ��}� }@�? UL4Thitt�L?t
E�

r

*�
r@|

: �� Thi_�U|i_ M) |�i UL4Thi�i?t��i 4L_i*t� ��4ih�U@* �4T*i4i?|@�
|�L? Lu |�i UL4Thi�i?t��i �L? @?�tL|hLT) 4L_i*t EU�u� �TTi?_� S��� �?_�U@|it
|�@| |�i *LU@* }@�? _�gihi?Ui Mi|�ii? |�i TL*@h�3@|�L? t|@|i Lu |�i t@|�h@|�?}
t�}?@* @?_ |�i Lh|�L}L?@* t|@|i {}

,JS

4@) Mi @TThL �4@|i_ M)G

{}
,JS

}
�?r@|

� # (
R

�
r

*�
r@|

E� n �
r

*�
r@|

�2
� ES�.�

Oihi (
R

�t |�i _i}hii Lu *�?i@h TL*@h�3@|�L? Lu |�i |L|@* TL�ih @| |�i *@t�?}
�@�i*i?}|�c _i�?i_ �? L�h 4L_i* M) ES�H� Mi*L�� # �t @ 4@|ih�@* T@h@4i|ih



��@T|ih SG �L_i*�?} Lu TL*@h�3@|�L? 4L_i UL4Ti|�|�L?��� b�

-30 -20 -10 0 10 20 30 40
10

-6

10
-5

10
-4

10
-3

10
-2

D
p
= 1.0

0.4

0.1

0.01

0.001

Approx.
A=0.535
A=2.17

P
s
/P

sat
 (dB)

∆g
lo

c/g
un

sa
t

Iljxuh 9141 Qrupdol}hg orfdo SKE pdjqlwxgh �j
,JS

@j
�?r@|

yhuvxv qrupdol}hg vdw0
xudwlqj srzhu S

r

@S
r@|

zlwk ydulrxv ghjuhh ri olqhdu srodul}dwlrq G
R

1 Vrolg olqhv=
Dssur{lpdwlrq +91:, zlwk � @ 3=38<1 Gdvkhg2grwwhg olqhv= Prgho ri Z|vrfnl hw1 do1
^48`1

|�@| _iTi?_t L? |�i 4@}?�|�_i Lu |�i �L? @?�tL|hLT)� `�i? it|�4@|�?} # uhL4
�O� 4i@t�hi4i?|t L? ,#6�tc �| �t ?iUitt@h) |L i*�4�?@|i |�i igiU|t Lu |�i
h@?_L4 i�L*�|�L? Lu(

R

@*L?} |�i ,#6�c @t �i** @t |�i UL?|h�M�|�L? |L |�i 4i@�
t�hi_ ,#6� t@|�h@|�L? uhL4 T�4T @MtLhT|�L?� `)tLU!� i|�@*� d2�o �@�i |@!i?
|�iti igiU|t �@�i Mii? |@!i? �?|L @UUL�?| ��i? it|�4@|�?} |�i �L? @?�tL|hLT)
T@h@4i|ih Eh@|�L Lu �L? UhLtt�tiU|�L?t Lh|�L}L?@* @?_ T@h@**i* |L |�i LT|�U@* @ �t
Lu i@U� �L?c U�u� �TTi?_� S���� uLh @? ,#6� �Mih |L � ' f�D�D Lh � ' 2��.�
�@ti_ L? |�Lti it|�4@|it �i it|�4@|i # ' f�fDb �? �TTi?_� S���
6�}� S�� �**�t|h@|it |�i _iTi?_i?Ui Lu {}

,JS

*}
�?r@|

L? �
r

*�
r@|

@?_ (
R

@TThL �
�4@|i_ M) ES�.� ��|� # ' f�fDb EtL*�_ *�?it�c @?_ U@*U�*@|i_ uhL4 `)tLU!�<t
4L_i* d2�o E_@t�i_ @?_ _L||i_ *�?it�� A�i @TThL �4@|�L? ihhLh �t ��|��? n�fI
@?_ ��HI� �L|i |�i _hLT �? {}

,JS

@| ��}� �?|i?t�|�it� ES�.� 4@) Mi hi_�Ui_ |L
{}

,JS

� #(
R

E}
�?r@|

� }
,JS

� uLh �
r

� �
r@|

c ��ihi }
,JS

�t |�i t@|�h@|i_ }@�?� A��t
�t UL?t�t|i?| ��|� Thi��L�t*) T�M*�t�i_ @TThL �4@|�L?t�
W? @ _�@* TL*@h�3@|�L? *@tih |�i t@|�h@|�?} TL�ih ��** Mi L?*) T@h|*) TL*@h�

�3i_c t�?Ui |�i UL4M�?i_ TL*@h�3@|�L? t|@|i ��|��? |�i U@��|) LtU�**@|it @| |�i
Mi@| uhi^�i?U) Mi|�ii? |�i *@tih 4L_it� A�i _i}hii Lu TL*@h�3@|�L? 4@) �@h)
tT@|�@**) L�ih @ t|@?_�?} �@�i Tih�L_ �u |�i t|@?_�?} �@�it �? |�i |�L TL*@h�3@�
|�L?t @hi ?L| �? T�@ti� OL�i�ihc �? |�Lti U@tit |�i tT@|�@* �L*i�M�h?�?} igiU|
L? |�i ��� _�i |L }

}o

�t i TiU|i_ |L _L4�?@|i L�ih |�i �O� igiU|t _�i |L |�i
TL*@h�3@|�L? _iTi?_i?Ui {}

}o

Lu }
}o

c @?_ ?L t�}?��U@?| ihhLh �? |�i t�4�*@|�L?t
t�L�*_ |��t Mi �?|hL_�Ui_ M) �}?Lh�?} |��t tT@|�@* 4L_�*@|�L? Lu (

R

� 6Lh �ti �?



be �@h| WWWG �L*@h�3@|�L? �L_it

L�h 4L_i* �i |�ihiuLhi _i�?i @? igiU|��i _i}hii Lu TL*@h�3@|�L? @t |�i t�}?i_
^�@?|�|) �? |ih4t Lu |�i 4i@?  � @?_ )�TL*@h�3i_ t�}?@* TL�iht @�ih@}i_ L�ih
L?i t|@?_�?} �@�i Tih�L_c _i?L|i_ �

%

@?_ �
+

G

(
R

� E�
%

� �
+

� * E�
%

n �
+

�

'
�

R
|J|

�
r@|

�6[

6'�

�mo
%c6

m2 n mr
%c6

m2 � mo
+c6

m2 � mr
+c6

m2� � ES�H�

�t i T*@�?i_ �? �TTi?_� S��c ES�.� *i@_t |L |�i uL**L��?} i Thitt�L?t uLh
|�i TL*@h�3@|�L? _iTi?_i?| }@�? T@h@4i|iht Lu ES�2� ThL��_i_ |�@| (

R

�t _Lit
?L| �@h) L�ih |�i t|@?_�?} �@�i Tih�L_G

{} ' #(
R

�
R
|J|

n R2
|J|

� e mR
S

m2�
�
E� n R

|J|

�2 � e mR
S

m2��*2
ES�b�

{}
}o

'
#(

R

2RW
S

+

� n

�
H mR

S

m2 n e mR
S

m2 R
|J|

� E� n R
|J|

��
�

�
E� n R

|J|

�2 � e mR
S

m2��*2
,

�

W| 4@) Mi ?L|i_ |�@| �O� UL?|h�M�|�L?t _�i |L |�i U�hU�*@h*) TL*@h�3i_ T@h|
Lu |�i t@|�h@|�?} �i*_c hiTLh|i_ �? d2foc @hi ?L| |@!i? �?|L @UUL�?| �? ES�b��
OL�i�ihc uLh |�i Thiti?| t�4�*@|�L?t E5iU|�L? S�D� |�i �i*_ i**�T|�U�|�it @hi *L�
Lh 3ihLc @?_ |�i L4�tt�L? Lu |��t igiU| t�L�*_ ?L| @giU| |�i hit�*|t t�}?��U@?|*)�

S�e "�@?|�|@|��i 4i@t�hit Lu }@�? t@|�h@|�L?

W? i@h*�ih �Lh! dHo�d��o |�i t�?}*i�T@tt }@�? T@h@4i|ihc _i�?i_ @t |�i }@�? i Ti�
h�i?Ui_ M) @ ThLMi Mi@4 T@tt�?} |�hL�}� |�i *@tih ��|�L�| �?|ih@U|�?} ��|� |�i
hi�iU|Lhtc �@t �ti_ |L t|�_) @?_ UL4T@hi 4L_@* |�hit�L*_t� A��t T@h@4i|ihc
�L�i�ihc U@??L| hi�i@* |�i �4TLh|@?| igiU| Lu }@�? �L*i�M�h?�?} L? 4�*|��
4L_i_ *@tih LTih@|�L?�
�? @*|ih?@|��i 4i@t�hi uLh |�i |�hit�L*_ }@�? hi^��hi4i?|t Lu 4L_i 6 �t |�i

UL?|h�M�|�L? o|}
6

uhL4 |�i }@�? 4i_��4 |L |�i |L|@* 4L_@* hL�?_�|h�T }@�?
-AC

6

E_i�?i_ �? �TTi?_� S���� A��t T@h@4i|ih 4@) Mi _i�?i_ @tG

o|}
6

'
�
}@�?

�
S

ES��f�

��ihi �
}@�?

�t |�i TL�ih |h@?tuihhi_ uhL4 |�i }@�? 4i_��4 |L |�i *@tih 4L_i

@?_ �
S

'
�
�
�O- E5

S

�
�
�
��
�
�
�O7 E5

S

�
�
�
� �t |�i }iL4i|h�U 4i@? Lu |�i 4L_@* TL�iht |h@�i**�?}

�? |�i h�}�| @?_ *iu| _�hiU|�L? @| |�i Ui?|ih 5
S

Lu |�i *@tih� o|}
6

UL4Ti?t@|it
i @U|*) |�i U@��|) *Lttit Lu @?) *@t�?} 4L_i�



��@T|ih SG �L_i*�?} Lu TL*@h�3@|�L? 4L_i UL4Ti|�|�L?��� bD

0 1
0

1

(a
rb

. u
ni

ts
)

z / λ

(a)

x intensity

y intensity

gain

0 1
0

1

(a
rb

. u
ni

ts
)

z / L
laser

(b)

x intensity
y intensity

gain

Iljxuh 9151 H{dpsohv ri +d, orfdo vsdwldo kroh0exuqlqj +OVKE, dqg +e, joredo vsdwldo
kroh0exuqlqj +JVKE,1

A�i _�gihi?Ui {o|}
|J|@,

' o|}
+

� o|}
%

Mi|�ii? |�i }@�? UL?|h�M�|i_ |L |�i
*@tih TL*@h�3@|�L? 4L_it E6 ' %c +� 4�t| Mi _�i |L |�i tT@|�@* @?_ TL*@h�3@|�L?
�L*i�M�h?�?} 4iU�@?�t4tc ��i� _�gihi?| igiU|��i L�ih*@Tt �? tT@Ui @?_ TL*@h�3@�
|�L? Mi|�ii? |�i }@�? _�t|h�M�|�L? @?_ |�i 4L_@* �?|i?t�|) _�t|h�M�|�L?t� A�hii
UL?|h�M�|�?} �L*i�M�h?�?} 4iU�@?�t4t �@�i Mii? �_i?|��i_G

{o|}
R

�O� UL?|h�M�|�L? _�i |L |�i TL*@h�3@|�L? _iTi?_i?Ui Lu } @?_ }
}o

EU�u�
ES�b���

{o|}
,

wLU@* tT@|�@* �L*i�M�h?�?} Ew5O�� UL?|h�M�|�L? ���U� �t Thiti?| �u |�i
|�L 4L_@* t|@?_�?} �@�i T@||ih?t �@�i _�gihi?| T�@tit hi*@|��i |L |�i
}@�? }h@|�?}� A��t t�|�@|�L? �t �**�t|h@|i_ �? 6�}� S�2 E@��

{o|}
}

' {o|}
|J|@,

� {o|}
R

� {o|}
,

� B*LM@* tT@|�@* �L*i�M�h?�?} EB5O�� UL?�
|h�M�|�L?c ���U� �t _�i |L |�i _�gihi?| }*LM@* L�ih*@Tt Lu |�i 4L_@* �i*_
_�t|h�M�|�L?t @?_ |�i }@�?c @t �**�t|h@|i_ �? 6�} S�2 EM��

� 4Lhi _i|@�*i_ _itUh�T|�L? Lu �L� |�i �L*i�M�h?�?} UL?|h�M�|�L?t @hi U@*�
U�*@|i_ �t }��i? �? �TTi?_� S���



bS �@h| WWWG �L*@h�3@|�L? �L_it

S�D 5�4�*@|�L? +it�*|t

� ?�4ih�U@* @TThL@U�c _itUh�Mi_ �? �TTi?_� S��c �@t Mii? �ti_ |L UL4T�|i
|�i i TiU|i_ ��� Mi�@��Lh Lu �Mih #6� *@tiht ��|� _�gihi?| |)Tit Lu TL�
*@h�3@|�L? �4TihuiU|�L?t� �) TL*@h�3@|�L? �4TihuiU|�L?t �i 4i@? @t)44i|h�it
Mi|�ii? TL*@h�3@|�L? t|@|it |�@| U@�ti _�gihi?Uit Mi|�ii? |�i L�|T�| TL�iht
Lu |�i |�L TL*@h�3@|�L? 4L_it� A�i i Thitt�L?t uLh 4L_i�UL�T*�?}c }@�? t@|�h@�
|�L? @?_ T�4T @MtLhT|�L? _itUh�Mi_ �? 5iU|�L?t S�2 @?_ S�� �ihi �ti_ uLh |�i
U@*U�*@|�L?t�
A�i M@t�U t|h�U|�hi |L ���U� |�i TL*@h�3@|�L? �4TihuiU|�L?t �ihi @__i_ �@t

@ u ' .f 44 �?�uLh4 }h@|�?} ��|� @ Z E�@*u Tih�L_� T�@ti�t��u| �? |�i Ui?|ih�
A�i }@�? 4i_��4 T@h@4i|iht �ti_ �ihi d}

r

c }
R

c @
r

c @
R

o ' d22c 2�.ec 2fc Ho _�%4c
�
rR

' D�2 4`%4c o
�,

' f�bS�c @?_ # ' f�fDb� A�iti ?�4Miht @hi hiThiti?|@�
|��i uLh @ ��}�*) ,h�_LTi_ �Mih T�4Ti_ @| �eHf?4 @?_ *@t�?} @| �Def?4c ��|�
@ 4@ �4�4 }@�? E��i? �

R

$ 4� @| |�i *@tih �@�i*i?}|� Lu ���� _�%4c @?_
��|� @ T�4T t@|�h@|�L? TL�ih Lu 2�bD 4`� A�i �?|h�?t�U *Ltt @ �@t @tt�4i_
|L Mi 3ihL� � T�4T TL�ih Lu �

Rf

' Df 4` *@�?U�i_ uhL4 |�i *iu| i?_ E5 ' f�
�@t @tt�4i_ uLh @** |�i t�4�*@|�L?t�
�L|i |�@| _�i |L |�i tU@*�?} ThLTih|�it Lu |�i UL�T*�?} i^�@|�L? ES�2�c @**

hit�*|t }��i? �? |��t tiU|�L? @hi �@*�_ uLh @?) tU@*�?} Lu |�i 3�@ �tc ThL��_i_
|�@| |�i ?Lh4@*�3i_ �@*�it uLh |�i _i|�?�?} B

6

uc }@�? 4i_��4 T@h@4i|iht
}
r

uc }
R

uc @
r

uc @
R

u @?_ |�i T@h@4i|iht UL?|@�?i_ �? �u @hi @** Thitih�i_�
A�i 4@�? hit�*|t @hi T*L||i_ �? 6�}t� S���S�Dc S�.c S�Hc @?_ S���c ��|� |�i 4@}�

?�|�_it Lu _�gihi?| TL*@h�3@|�L? �4TihuiU|�L?t @*L?} |�i hitTiU|��i �Lh�3L?|@*
�}�hi @ it� +L� E@� Lu |�iti �}�hit t�L�t |�i hi}�4it Lu }h@|�?} t|hi?}|� Vu
|�@| U@�ti t�?}*i @?_ _�@* TL*@h�3@|�L? LTih@|�L?� A�i t�?}*i @?_ _�@* 4L_i
|�hit�L*_t UL4T�|i_ �ihic i UiT| uLh |�i U@ti ��|� UhLtt�t@|�h@|�L? �? 6�}� S��fc
uL�?_ |L Mi ^��|i �?ti?t�|��i |L u�h|�ih �?Uhi@tit Lu |�i T�4T TL�ih |L�@h_t
�?�?�|)�
W? hL� EM� |�i 4@}?�|�_it Lu |�i _�gihi?| }@�? �L*i�M�h?�?} UL?|h�M�|�L?t

@| |�i MLh_ih Mi|�ii? |�i t�?}*i @?_ _�@* TL*@h�3@|�L? hi}�4it Lu hL� E@� @hi
�**�t|h@|i_ ��|� U�h�it uLh {o|}

,

c {o|}
,

n{o|}
R

@?_ {o|}
|J|@,

c U�u� 5iU|�L? S�e�
�L|i |�@| {o|}

}

�t }��i? �4T*�U�|*) M) |�i hi*@|�L? {o|}
|J|@,

' {o|}
,

n{o|}
R

n
{o|}

}

�
W? hL� EU� Vu ' b �t @tt�4i_� A�i @MtLhMi_ T�4T TL�ih @?_ |�i |L|@*

L�|T�| TL�ih Eh�}�|n*iu|� Lu ML|� *@tih 4L_it @hi T*L||i_� A�i *iu| |L h�}�|
L�|T�| TL�ih h@|�L Lu |�i �?_���_�@* 4L_it E?L| _�tT*@)i_� �@t uL�?_ |L Mi
��|��? �	f�ff2 �? @** U@titc i UiT| uLh |�i U@ti Lu M@U! hi�iU|�L? �? 6�}� S�b� W?
|�@| U@ti |�i *iu| |L h�}�| L�|T�| h@|�Lt �@t ��|��? �	 f�fD uLh M@U! hi�iU|�L?t
Mi*L� ��2 _��



��@T|ih SG �L_i*�?} Lu TL*@h�3@|�L? 4L_i UL4Ti|�|�L?��� b.

3

6

9

12

15
(a)

κ L

no lasing

x lasing

x & y lasing

0

0.3

0.6

0.9

1.2
(b)

∆ r
tg

 / 
10

-3 ∆rtg
total

∆rtg
p

0 0.02 0.04 0.06 0.08 0.1
0

0.5

1

1.5
(c)

P
ow

er
 (

m
W

)

∆κL

Absorbed pump

x output

y output

Iljxuh 9161 +d, Uhjlphv ri vlqjoh dqg gxdo srodul}dwlrq rshudwlrq/ +e, gl�huhqwldo
jdlq frqwulexwlrqv +�uwj

,

@ 3 lq wklv fdvh, dqg +f, rxwsxw srzhu dqg devruehg
sxps srzhu1 Doo txdqwlwlhv duh sorwwhg djdlqvw d srodul}dwlrq ghshqghqfh ri wkh
judwlqj vwuhqjwk ��O1

S�D�� �L*@h�3@|�L? _iTi?_i?| }h@|�?} t|hi?}|�

6�}� S�� �**�t|h@|it �L� |�i ��� i�L*�it ��|� @ TL*@h�3@|�L? _iTi?_i?Ui Lu |�i
}h@|�?} t|hi?}|�c ^�@?|��i_ M) {Vu ��ihi V ' V

%

@?_ {V ' V
%

� V
+

�
6�}� S�� E@� t�L�t |�@| |�i _�@* TL*@h�3@|�L? |�hit�L*_ �?Uhi@tit t*L�*) @| *L�

TL*@h�3@|�L? �4TihuiU|�L? 4@}?�|�_it� �| ��}�ih 4@}?�|�_itc {Vu ) f�fec |�i
t*LTi Lu |�i |�hit�L*_ t|@h|t �?Uhi@t�?} ThL}hitt��i*)� A�i t�?}*i TL*@h�3@|�L?
|�hit�L*_ t|@)t �?U�@?}i_c @t i TiU|i_ t�?Ui |�i }h@|�?} t|hi?}|� V

%

i Tih��
i?Ui_ M) |�i �ht| *@t�?} 4L_i �t ?L| U�@?}i_�
6hL4 6�}� S�� EM� �i tii |�@| |�i �L*i�M�h?�?} UL?|h�M�|�L? {o|}

|J|@,

|L
|�i _�gihi?|�@* hL�?_�|h�T }@�? @| |�i _�@* TL*@h�3@|�L? |�hit�L*_ �?Uhi@tit
|L�@h_t @ 4@ �4�4 @| {Vu ' f�f2. @?_ |�i? _iUhi@tit uLh ��}�ih �4TihuiU|�L?
4@}?�|�_itc @TThL@U��?} 3ihL �ih) h@T�_*) uLh {Vu ) f�fS� {o|}

|J|@,

�t tii?
|L Mi UL4TLti_ 4@�?*) uhL4 |�i �O� UL?|h�M�|�L? {o|}

R

@| *L� �@*�it Lu



bH �@h| WWWG �L*@h�3@|�L? �L_it

{Vu� A�i w5O� UL?|h�M�|�L? �t 3ihLc t�?Ui |�i T�@ti Lu |�i 4L_@* t|@?_�?}
�@�i �?|i?t�|) 4L_�*@|�L? �t �?_iTi?_i?| L? |�i UL�T*�?} T@h@4i|ih V

%c+

� A�i
B5O� UL?|h�M�|�L? {o|}

}

' {o|}
|J|@,

� {o|}
R

UL?|h�M�|it tL4i��@|c _�i |L
|�i _�gihi?| tT@|�@* _iU@) h@|it Lu 4L_@* �?|i?t�|�it uhL4 |�i Ui?|ih Lu |�i
U@��|) EU�u� |�i i?_ Lu tiU|�L? S�2��
A�i UL*_ U@��|) hL�?_�|h�T *Ltt o|}

,Jrr

uLh @ 4L_i 4@) Mi i Thitti_ @t |�i
h@|�L Mi|�ii? |�i |L|@* *@tih L�|T�| TL�ih @h�t�?} uhL4 |�@| 4L_i @?_ |�i
4L_@* TL�ih |h@�i**�?} �? L?i _�hiU|�L? @| |�i Ui?|ih Lu |�i }h@|�?}� W| U@? Mi
t�L�? EU�u� |�i i?_ Lu 5iU� S�2� |�@|

o|}
,Jrr

� H i TE�Vu�� ES����

A�i _�gihi?Ui �? o|}
,Jrr

Mi|�ii? |�i TL*@h�3@|�L? 4L_it _�i |L {V 4�t| i^�@*
{o|}

|J|@,

c ���U� �4T*�it |�i uL**L��?} hi*@|�L?G

{o|}
|J|@,

� H{Vu i TE�Vu�� ES��2�

�?@*)t�t Lu |�i _�@* TL*@h�3@|�L? |�hit�L*_t @?_ |L|@* �L*i�M�h?�?} 4@}?�|�_it
T*L||i_ �? 6�}t� S�� E@� @?_ EM� UL?�h4 |�i hi*@|�L? ES��2��
A�i i�L*�|�L? Lu |�i _�@* TL*@h�3@|�L? |�hit�L*_ Vu �iht�t {Vu �? 6�}�S�� E@�

�t _iU�_i_ M) |�i UL?_�|�L? |�@| |�i }@�? _�gihi?Ui _�i |L |�i �L*i�M�h?�?} 4�t|
4@|U� |�i }@�? _�gihi?Ui �? ES��2�� A�i @�@�*@M*i �L*i�M�h?�?} UL?|h�M�|�L?
_iTi?_t L? |�i igiU|��i *i�i* Lu |�i t@|�h@|�?} t�}?@* �?|i?t�|) �

r

��|��? |�i
U@��|)� �t 4i?|�L?i_ �? 5iU� S�2c �

r

_iU@)t i TL?i?|�@**) L? @ }*LM@* tU@*i uhL4
|�i Ui?|h@* T�@ti�t��u| TLt�|�L?c ��|� @? i TL?i?|�@* _iU@) h@|i Lu 2V

%c+

� A��t
_iU@) �4T*�it |�@| 4Lt| Lu |�i t|Lhi_ *@tih i?ih}) �t UL?Ui?|h@|i_ ?i@h |�i
Ui?|ih Lu |�i }h@|�?}� W| uL**L�t uhL4 ES���� |�@| |�i t@|�h@|�?} TL�ih �

r

@| |�i
Ui?|h@* T�@ti�t��u| TLt�|�L? i^�@*t e i TEVu� |�4it |�i L?i �@) *@tih L�|T�|
TL�ih� �

r

�? |�i Ui?|h@* hi}�L? Lu |�i U@��|) |��t �?Uhi@tit i TL?i?|�@**) ��|�
Vu�
�| t4@** �@*�it Lu {Vu �i tii uhL4 6�}�S�� E@� |�@| |�i _�@* TL*@h�3@|�L?

|�hit�L*_ �@*�i uLh Vu �t U*Lti |L |�i t�?}*i TL*@h�3@|�L? |�hit�L*_� A�i igiU|��i
t@|�h@|�L? �?|i?t�|) �? |�i U@��|) |�ihiuLhi �?Uhi@tit hi*@|��i*) t*L�*) �? |��t
hi}�4ic _�i 4@�?*) |L |�i �?Uhi@ti �? *@tih L�|T�| TL�ih @t Vu �?Uhi@tit @ML�i
|�i t�?}*i TL*@h�3@|�L? |�hit�L*_� A�i �?Uhi@ti �? {o|}

R

��|� {Vu ��|��? |��t
hi}�4i 4@) Mi i T*@�?i_ M) |�i �?Uhi@ti �? �O� 4@}?�|�_i ��|� �?Uhi@t�?}
t@|�h@|�?} TL�ih uLh �

r

*�
r@|

	 �c @t tii? �? 6�}� S���
A�i *@tih L�|T�| TL�ih t@|�h@|it ��i? Vu �?Uhi@tit �i** @ML�i |�i t�?}*i

4L_i |�hit�L*_� A�i igiU|��i t@|�h@|�?} TL�ih �? |�i U@��|) �t |�i? itti?|�@**)
ThLTLh|�L?@* |L e i TEVu�� 6�}� S�� @?_ ES�.� t�L� |�@| |�i �O� �t �?�ihti*)
ThLTLh|�L?@* |L �

r

*�
r@|

@| ��}� t@|�h@|�?} TL�ihtc @?_ {o|}
R

�t |�ihiuLhi itti?�
|�@**) ThLTLh|�L?@* |L i TE�Vu� @| |�iti ��}� Vu��@*�it� �) UL4T@h�?} ��|�



��@T|ih SG �L_i*�?} Lu TL*@h�3@|�L? 4L_i UL4Ti|�|�L?��� bb

ES��2� �i tii |�@| |�i �?Uhi@ti �? |�i hi^��hi_ {o|}
|J|@,

@t {Vu �?Uhi@tit U@?
?L| Mi UL4Ti?t@|i_ tL*i*) M) |�i �O� �? |��t hi}�4i M) �?Uhi@t�?} Vu� �U|��
@**)c |�i h@|�L {o|}

}

*{o|}
R

�?Uhi@tit ��|� {Vu �? 6�}� S�� EM�c UL?�h4�?} |�@|
|�i B5O� T*@)t @? �?Uhi@t�?}*) �4TLh|@?| hL*i @t {Vu �?Uhi@tit�
�?@*)|�U @TThL �4@|�L?t *�!i |�i L?i �? ES��2� uLh |�i hi^��hi_ �L*i�M�h?�?}

@| _�@* TL*@h�3@|�L? LTih@|�L? @hi ?L| @�@�*@M*i uLh |�i L|�ih |)Tit Lu TL*@h�
�3@|�L? �4TihuiU|�L?t _�tU�tti_ �? |�i uL**L��?} t�M�tiU|�L?t� OL�i�ihc @t tii?
uhL4 ES����c |�i hL�?_�|h�T *Ltt Lu i@U� *@tih 4L_i �? @? �_i@* U@��|) _iUhi@tit
i TL?i?|�@**) ��|� �?Uhi@t�?} Vu� W| �t |�ihiuLhi hi@tL?@M*i |L Mi*�i�i |�@| _�u�
uihi?|�@* *Lttit �?|hL_�Ui_ M) L|�ih |)Tit Lu TL*@h�3@|�L? �4TihuiU|�L?t ��** @*tL
_iUhi@ti h@T�_*) ��|� �?Uhi@t�?} Vu�
6�}� S�� EU� t�L�t |�@| uLh Vu ' b |�i *@tih ��** Mi t�?}*i�4L_i_c @t hi^��hi_

uLh @ |i*iUL44�?�U@|�L? �`�tL�hUic ��i? {Vu : f�fSS� 6Lh M�hiuh�?}i?Ui
ti?tLht @TT*�U@|�L?t @ TL*@h�3@|�L? L�|T�| TL�ih h@|�L t4@**ih |�@? 2 �t @ hi@�
tL?@M*i hi^��hi4i?|c uLh ���U� {Vu 	 f�f2� �t ?ii_i_�
�L*@h�3@|�L? _iTi?_i?U�it �T |L H I Lu |�i |L|@* T�L|L�?_�Ui_ �?_i U�@?}i

�@t hiTLh|i_ �? d2�oc _iTi?_�?} L? |�i TL*@h�3@|�L? Lu |�i NV�i TLt�hi @?_ L?
�Mih ThLTih|�it� �?i 4@) i TiU| t�4�*@h �@*�it uLh {V*V �? @ T�L|L�?_�Ui_
}h@|�?}� ,�i? ��}�ih �@*�it uLh {V*V �ihi hiTLh|i_ �? d2eo uLh @ �Mih ��|� ��}�
t|hitt��?_�Ui_ M�hiuh�?}i?Ui� �L?|hL* Lu |�i TL*@h�3@|�L? Lu |�i NV�i TLt�hi
|��t tii4t |L Mi �4TLh|@?| uLh UL?|hL**�?} |�i ��� �? �Mih #6� *@tiht�

S�D�2 �L*@h�3@|�L? _iTi?_i?| U��hT

6�}� S�e �**�t|h@|it �L� ��� _iTi?_t L? U��hT Lu |�i ) TL*@h�3@|�L? ThLT@�
}@|�L? UL?t|@?| q

+

� A��t �t i^���@*i?| |L U��hT�?} Lu |�i ) TL*@h�3@|�L? �h@}}
�@�i*i?}|� ���*i |�i  TL*@h�3@|�L? �h@}} �@�i*i?}|� �t !iT| UL?t|@?|� 5L*�_
@?_ _@t�i_ *�?it �**�t|h@|i *�?i@h @?_ t^�@hi U��hTc hitTiU|��i*)c @t }��i? M)
EU�u� ES����

{q
+

' {q E5 � u*2�*u E*�?i@h U��hT�
{q

+

' e{q E5 � u*2�2*u2 Et^�@hi U��hT��
ES����

A�i hit�*|t �? 6�}� S�e @hi ^�@*�|@|��i*) t�4�*@h |L |�Lti t�L�? uLh |�i TL*@h�
�3@|�L? _iTi?_i?| }h@|�?} t|hi?}|� �? |�i Thi��L�t tiU|�L?c i UiT| uLh �i _�@*
TL*@h�3@|�L? |�hit�L*_ uLh |�i t^�@hi U��hTi_ *@tih �? 6�}� S�e E@� ���U� t�L�t
t�}?t Lu t@|�h@|�?} uLh {qu ) D� N?*�!i |�i U@ti �**�t|h@|i_ �? |�i *@t| tiU�
|�L?c |�ihi @hi @*tL tL4i UL?|h�M�|�L?t |L {o|}

|J|@,

uhL4 w5O� �? |�i U��hTi_
*@tihtc t�?Ui |�i t|@?_�?} �@�i T�@ti �t @giU|i_ M) |�i TL*@h�3@|�L? _iTi?_i?|
�@h�@|�L?t Lu |�i ThLT@}@|�L? UL?t|@?| |�hL�}�L�| |�i U@��|)�
�L*@h�3@|�L? _iTi?_i?| U��hT 4@) Mi _�i |L @?) tL�hUi Lu M�hiuh�?}i?Ui |�@|

�t ?L?��?�uLh4*) _�t|h�M�|i_ @*L?} |�i �Mihc t�U� @t NV�i TLt�hi EU�u� Thi���
L�t tiU|�L?�c i |ih?@**) @TT*�i_ |h@?t�ihti uLhUitc Mi?_�?}c �?|ih?@* t|hitt �?



�ff �@h| WWWG �L*@h�3@|�L? �L_it

3

6

9

12

15
(a)

κ L

no lasing

x lasing

x & y lasing

0

0.3

0.6

0.9
(b)

∆ r
tg

 / 
10

-3

∆rtg
total

∆rtg
l
+∆rtg

p

∆rtg
l

0 2 4 6 8
0

0.5

1

1.5
(c)

Po
w

er
 (

m
W

)

∆βL (rad)

Absorbed pump

x output

y output

Iljxuh 9171 Vdph lqirupdwlrq dv lq Iljxuh 916 sorwwhg djdlqvw olqhdu fklus +gdvkhg
olqhv, dqg vtxduh fklus +vrolg olqhv, ri �

+

/ f1i1 ht1 +9146,1

|�i �Mihc Lh ULhi i**�T|�U�|)� W? tL4i ti?tLh @TT*�U@|�L?tc ��ihi i |ih?@* uLhUit
@hi t�TTLti_ |L @U| L? |�i �Mihc |�i �?�uLh4�|) Lu tL4i Lu |�iti igiU|t 4@)
Mi _��U�*| |L UL?|hL*� �? |�i L|�ih �@?_c t�?}*i TL*@h�3@|�L? LTih@|�L? uLh
|i*iUL44�?�U@|�L? *@tiht 4@) Mi @U��i�i_ M) 4@?�T�*@|�?} |�i M�hiuh�?}i?Ui
�?|i?|�L?@**)�
A�i @tt�4T|�L? Lu U��hT �? L?*) L?i @ �tc ���U� �@t Mii? �ti_ �ihic 4@) ?L|

Mi hi@*�t|�U �? 4@?) U@tit� A�iLhi|�U@* U@*U�*@|�L?t Lu t|hitt��?_�Ui_ M�hiuh�?�
}i?Ui t�}}it| @ h@|�L {q

+

*{q
%

' �2�D uLh Mi?_�?} d�eo @?_ {q
+

*{q
%

� �D
uLh |h@?t�ihti uLhUit @TT*�i_ i |ih?@**) |L |�i �Mih d�eoc d2Doc d2So� W? |�i U@ti Lu
|h@?t�ihti uLhUitc �L�i�ihc |�iti U@*U�*@|�L?t _L ?L| |@!i UL44L? 4L_i �?_i 
U�@?}i _�i |L @ �@* t|hitt Lh UL@|�?} igiU|t �?|L @UUL�?|c @?_ i Tih�4i?|@*
hit�*|t �@�i Mii? T�M*�t�i_ ��|� _�gih�?} {q

+

*{q
%

h@|�Lt� W? deo @ h@|�L Lu
Df �@t LMtih�i_ ��|� @? �?UL@|i_ �Mih #6� *@tih� �i@t�hi4i?|t L? T@tt��i
�h@}} }h@|�?}t t�L� h@|�Lt Lu . uLh @? �?UL@|i_ �Mih d2.o @?_ ���. uLh @?
@Uh)*@|i UL@|i_ �Mih d2Ho� W? |�i @Uh)*@|i�UL@|i_ U@ti @ t�}?��U@?| U��hT �L�*_



��@T|ih SG �L_i*�?} Lu TL*@h�3@|�L? 4L_i UL4Ti|�|�L?��� �f�

4

6

8

10

12
(a)

κ L

no lasing

x lasing

x & y lasing

0

0.4

0.8

1.2
(b)

∆ r
tg

 / 
10

-3

∆rtg
total

∆rtg
l
+∆rtg

p

∆rtg
l

0 0.2 0.4 0.6 0.8
0

0.5

1

1.5
(c)

P
ow

er
 (

m
W

)

∆φ (rad)

Absorbed pump

x output

y output

Iljxuh 9181 Vdph lqirupdwlrq dv lq Iljxuh 916 sorwwhg djdlqvw d judwlqj skdvh huuru
�! lq wkh | srodul}hg prgh orfdol}hg wr wkh fhqwhu ri wkh judwlqj1

|��t Mi �4TLti_ �? ML|� TL*@h�3@|�L?tc @?_ |�i U�h�it �? 6�}� S�e �L�*_ ?L| Mi
^�@?|�|@|��i*) hiThiti?|@|��i�
�UULh_�?} |L |�i |�iLh) {q

+

u ' � ULhhitTL?_t |L @ Mi?_�?} _�@4i|ih Lu
@ML�| 2f44 Lh |L @ �@* uLhUit �? |�i Lh_ih Lu f�fe�%44 �? @ �Mih #6� *@tih
Lu *i?}|� u ' .f 44�

S�D�� �L*@h�3@|�L? _iTi?_i?| T�@ti ihhLh

6�}� S�D �**�t|h@|it �L� ��� _iTi?_t L? @ }h@|�?} T�@ti ihhLh EhL�?_�|h�T
T�@ti� {� �? |�i ) ThLT@}@|�L? 4L_i L?*)c *LU@*�3i_ @| |�i Ui?|ih Lu |�i }h@|�?}�
6Lh UL4T@h�tL?c |�i t^�@hi U��hT E_@t�i_ *�?it� �? 6�}� S�e U@? Mi ��i�i_ @t

@ ��}�*) _�t|h�M�|i_ T�@ti ihhLh Lu 4@}?�|�_i {� � {qu� �) UL4T@h�?} 6�}t�
S�e E@� @?_ S�D E@� �i tii |�@| |�i _�@* 4L_i |�hit�L*_ �t 4�U� 4Lhi ti?t�|��i
|L *LU@*�3i_ T�@ti ihhLht� A�i tT@|�@* �L*i�M�h?�?} igiU|tc |�L�}�c @hi tii? |L
Mi t|hL?}ih �? 6�}� S�D EM� |�@? �? 6�}� S�e EM��



�f2 �@h| WWWG �L*@h�3@|�L? �L_it

0

10

20

30
(a)

rt
g

z  (
1/

km
)

Sqare chirp

∆βL=2.98

κL=9

rtg
z,x

rtg
z,y

0

0.5

1

1.5

2
(b)

∆ r
tg

z (
1/

km
)

Same as (a)

∆rtg
z,total

∆rtg
z,l

+∆rtg
z,p

∆rtg
z,l

0 17.5 35 52.5 70
0

2

4

6

8
(c)

∆ r
tg

z / 
(1

/k
m

)

z (mm)

∆φ=0.463
κL=9

∆rtg
z,total

∆rtg
z,l

+∆rtg
z,p

∆rtg
z,l

Iljxuh 9191 Vsdwldo jdlq dqg gl�huhqwldo jdlq frqwulexwlrqv dw wkh gxdo srodul}dwlrq
wkuhvkrog zkhq �O @ <1 +d, Prgdo urxqg0wuls jdlq frqwulexwlrqv iru wkh vtxduh
fklushg odvhu looxvwudwhg zlwk gdvkhg olqhv lq Ilj1 917 +e,1 +e, Gl�huhqwldo jdlq frq0
wulexwlrqv iru wkh vdph odvhu dv lq +d,1 +f, Gl�huhqwldo jdlq frqwulexwlrqv iru wkh odvhu
looxvwudwhg lq Ilj1 918 +e,1

AL }��i @? �?_�U@|�L? Lu �L� |�i }@�? UL?|h�M�|�L? Tih �?�| *i?}|� |L |�i
�?_���_�@* 4L_it 4@) *LL! *�!ic |�i 3�_ih��@|��it o|}

5c%

@?_ o|}
5c+

Lu |�i 4L_@*
}@�? UL?|h�M�|�L?t E��i� |�i �?|i}h@?_ Lu ES��D�� @hi T*L||i_ �? 6�}� S�S E@� uLh
|�i t^�@hi U��hT U@ti Lu ES���� ��|� {qu ' 2�bH @?_ Vu ' b�fc ��i� @| |�i _�@*
TL*@h�3@|�L? |�hit�L*_ Lu 6�}� S�D EU�� A�i hi*@|��i*) �@| t�@Tit Lu o|}

5c%

@?_
o|}

5c+

�?_�U@|i @ t|hL?} t@|�h@|�L? Lu |�i }@�? ?i@h |�i Ui?|ihc t�?Ui |�i TL�ih
Ti?i|h@|�L? _iT|� �t L?*) E2V�3� ' ��b 44�
A�i 3�_�t|h�M�|�L?t Lu |�i �L*i�M�h?�?} UL?|h�M�|�L?t @hi �**�t|h@|i_ �? 6�}�

S�S EM� uLh |�i t@4i *@tih @t |�i L?i �**�t|h@|i_ �? 6�}� S�S E@�� 6�}� S�S EU�
t�L�t |�i 3�_�t|h�M�|�L?t Lu |�i _�gihi?| �L*i�M�h?�?} UL?|h�M�|�L?t @| |�i _�@*
TL*@h�3@|�L? |�hit�L*_ uLh @ *@tih ��|� @ *LU@*�3i_ T�@ti ihhLhc ��|� Vu ' b�f
@?_ {� ' f�eS�� A�i hi*@|��i*) t|hL?} tT@|�@* �L*i�M�h?�?} igiU| ?i@h |�i



��@T|ih SG �L_i*�?} Lu TL*@h�3@|�L? 4L_i UL4Ti|�|�L?��� �f�

T�@ti�t��u| TLt�|�L? �? 6�}� S�S EU� 4@) Mi i T*@�?i_ M) UL?t�_ih�?} |�i T�@ti
Lu |�i t|@?_�?} �@�i T@||ih? Lu |�i )�4L_i hi*@|��i |L |�i �?_i }h@|�?}c ���U�
U*Lti |L |�i T�@ti�t��u| TLt�|�L? _�giht M) 	{�*2 ' 	f�2��D h@_ uhL4 �|t �_i@*
�@*�i� A��t U@�tit t�}?��U@?| w5O� UL?|h�M�|�L?t �? |�i Ui?|h@* hi}�L?c @?_ �|
@*tL �?Uhi@tit |�i igiU|��i TL�ih Ti?i|h@|�L? _iT|� Lu |�i )�4L_ic }���?} h�ti
|L t�}?��U@?| B5O� UL?|h�M�|�L?t u�h|�ih @�@) uhL4 |�i Ui?|ihc @t �t U*i@h*)
tii? �? |�i �}�hi�
W? 6�}� S�S EM� |�i w5O� @?_ B5O� UL?|h�M�|�L?t @hi U*Lti |L 3ihL� A��t

hi�iU|t |�@| |�i T�@ti _�gihi?Ui Mi|�ii? |�i t|@?_�?} �@�it Lu |�i |�L 4L_it
t|@)t t4@** |�hL�}�L�| |�i Ui?|h@* T@h| Lu |�i }h@|�?}c �4T*)�?} t�4�*@h }*LM@*
�?|i?t�|) _iU@) h@|it uLh |�i |�L 4L_it �? |��t hi}�L?� A�i _i��@|�L? �? |�i
Lu |�i )��?_i }h@|�?} T�@ti uhL4 @? �_i@* ?L?�U��hTi_ }h@|�?} LUU�ht 4Lt|*)
?i@h |�i i?_t Lu |�i U@��|)c @?_ |�i _�gihi?|�@* U@��|) *Ltt �t |�ihiuLhi 4@�?*)
_�i |L _�gihi?| �?|i?t�|) _iU@) h@|it uLh |�i |�L 4L_it �? |�iti i?_ hi}�L?t�
�L*@h�3@|�L? _iTi?_i?| T�@ti�t��u|t U@? Mi @U��i�i_ M) TLt|�i TLt�hi Lu @

ui� 4�**�4i|iht Lu |�i �Mih @u|ih }h@|�?} �?tUh�T|�L?c @?_ t|@M*i t�?}*i TL*@h�3@�
|�L? *@tiht �@�i Mii? hiTLh|i_ M) �ti Lu |��t |iU�?�^�i d.o� Wu |�i *i?}|� Lu |�i
i TLti_ tiU|�L? �t UL4T@h@M*i |L Lh *L?}ih |�@? |�i TL�ih Ti?i|h@|�L? _iT|�
E2V�3�c igiU|t Lu |�i tT@|�@* _�t|h�M�|�L? Lu |�i T�@ti ihhLh �t Mi*�i�i_ T*@) @
t�}?��U@?| hL*i�

S�D�e �L4M�?@|�L? Lu |��t| @?_ TL*@h�3@|�L? �?_iTi?_i?| T�@ti ihhLh

6�}� S�. �**�t|h@|it �L� ��� _iTi?_t L? @ �?�uLh4 |��t| Lu |�i �Mih M�hiuh�?�
}i?Ui @ it M) o Eh@_%4�c UL4M�?i_ ��|� @ TL*@h�3@|�L? �?_iTi?_i?| T�@ti ihhLh
Lu f�2 h@_ *LU@|i_ @| |�i Ui?|ih Lu |�i }h@|�?}� A�i tL*�_ @?_ _@t�i_ *�?it �**�t�
|h@|i U@tit ��ihi |�i ?Lh4@*�3i_ �?|h�?t�U M�hiuh�?}i?Ui E{q

+

�{q
%

�u ' f�ee
@?_ e�ec hitTiU|��i*)c ULhhitTL?_�?} |L Mi@|�*i?}|�t Lu �4 @?_ f��4� � � @?_
�)� *@Mi**�?} Lu |�i TL*@h�3@|�L? 4L_it hiuiht |L |�i _�hiU|�L?t Lu |�i 4@�Lh
@ it Lu |�i 4L_@* �i*_t @| |�i Ui?|ih Lu |�i }h@|�?}�
`�|�L�| |�i T�@ti ihhLhc |�i *@tih 4L_it �L�*_ �@�i i^�@* |�hit�L*_t @?_

L�|T�| TL�iht� `�|� |�i ihhLh Thiti?|c |�i _�@* 4L_i |�hit�L*_ �t tii? |L
�?Uhi@ti |L�@h_t �?�?�|) ��i? 4L_ih@|i |��t| �t @TT*�i_� �ML�i ou � D |�i
|�hit�L*_ _iUhi@tit |L�@h_t @ 4�?�4�4 @| ou � bc ���*i |�i }@�? _�gihi?Ui
UL?|h�M�|�L?t uhL4 w5O� @?_ B5O� �?Uhi@ti� A�i |�hit�L*_ �@h�@|�L?t @hi
}i?ih@**) *@h}ih uLh |�i ��}� M�hiuh�?}i?Ui U@ti E_@t�i_ *�?it��
A�i hit�*|t �? 6�}� S�. �?_�U@|i |�@| t�?}*i TL*@h�3@|�L? LTih@|�L? U@? Mi

@U��i�i_ M) �h�|�?} @ �?�uLh4 M�hiuh�?}i?| #6� *@tih ��|� @? �?|i?|�L?@* T�@ti
ihhLhc @?_ |�i? |��t|�?} |�i }h@|�?}� A��t �@t i@h*�ih Mii? _i4L?t|h@|i_ i �
Tih�4i?|@**) �? d2bo� A�ihi @hic �L�i�ihc _�gihi?Uit Mi|�ii? |�i *@tih Mi�@��Lh
hiTLh|i_ �? d2bo @?_ L�h t�4�*@|�L? hit�*|t� W? |�i i Tih�4i?| ?L U�@?}i �? |�i
L�|T�| TL�ih �@t LMtih�i_ �?|�* @? Lgti| |��t| h@|i Lu ou � � �@t hi@U�i_� �L



�fe �@h| WWWG �L*@h�3@|�L? �L_it

4

6

8

10

12
(a)

κ L

no lasing

x
lasing

x
&
y

x
&
y

0

0.5

1

1.5

2
(b)

∆ r
tg

 / 
10

-3

∆rtg
total

∆rtg
l
+∆rtg

p

∆rtg
l

0 3 6 9 12
0

0.5

1

1.5
(c)

P
ow

er
 (

m
W

)

rL (rad)

Absorbed pump

x output

y output

Iljxuh 91:1 Vdph lqirupdwlrq dv lq Iljxuh 916 sorwwhg djdlqvw wzlvw uO dvvxplqj d sr0
odul}dwlrq lqghshqghqw skdvh huuru ri 315 udg dw wkh fhqwhu dqg lqwulqvlf ehdw0ohqjwkv
ri 4p +vrolg olqhv, dqg 314p +gdvkhg olqhv,1

t�U� igiU| �t Thi_�U|i_ uhL4 L�h t�4�*@|�L?t� �|�ih _�gihi?Uit �? |�i t�@Ti Lu
|�i L�|T�| TL�ih �iht�t |��t| h@|i 4@) Mi hi*@|i_ |L _�gihi?| _�t|h�M�|�L?t Lu
|�i }h@|�?} T�@ti ihhLht �? |�i i Tih�4i?| @?_ |�i t�4�*@|�L?t� A�i U�@?}it �?
|�i Mi@| uhi^�i?U) Mi|�ii? |�i TL*@h�3@|�L? 4L_it LMtih�i_ �? d2bo @hi ^�@*��
|@|��i*) t�4�*@h |L ��@| �i LMtih�i_ �? |�i Thiti?| t�4�*@|�L?t�
6�}� S�H t�L�t E@� |�i 3�_iTi?_i?Ui Lu |�i �L*i�M�h?�?} igiU|tc EM� |�i 4@�Lh

@ �t Lh�i?|@|�L?t E���� Lu |�i uLh�@h_ @?_ M@U!�@h_ ThLT@}@|�?} 4L_@* �i*_t
O-
6

@?_ O7
6

c 6 ' %c + @?_ EU� |�i i**�T|�U�|) Lu |�i �i*_t� A�i t@4i T@h@4i|iht
@hi @tt�4i_ @t uLh |�i *@tih �**�t|h@|i_ ��|� _@t�i_ *�?it �? �}�hi S�. EM�c ��|�
ou ' H�D @?_ Vu ' S���
A�i T*L||i_ i**�T|�U�|�it @hi _i�?i_ @t |�i h@|�L Lu |�i 4�?Lh |L 4@�Lh @ itc

��|� TLt�|��i t�}? uLh h�}�| �@?_ hL|@|�L?� A�i i**�T|�U�|�it @hi tii? |L Mi t4@**
E��|��? 	f���� |�hL�}�L�| |�i }h@|�?}� �| |�i L�|T�|t |�i i**�T|�U�|�it @hi t|�**



��@T|ih SG �L_i*�?} Lu TL*@h�3@|�L? 4L_i UL4Ti|�|�L?��� �fD

0

20

40

60
(a)

∆ r
tg

z / 
10

-3

rL=8.5
κL=6.1

∆rtg
z,total∆rtg

z,l
+∆rtg

z,p ∆rtg
z,l

-45

0

45

90

135
(b)

O
ri

en
ta

tio
n 

(d
eg

)

R
y
, S

y

R
x
, S

x

fast axis

0 17.5 35 52.5 70
-0.1

0

0.1 (c)

E
lli

pt
ic

ity

z (mm)

R
y

R
x

S
x

S
y

S
x

S
y

R
y

R
x

Iljxuh 91;1 Vsdwldo ghshqghqfh ri +d, gl�huhqwldo jdlq frqwulexwlrqv/ +e, rulhqwdwlrq
ri wkh pdmru d{hv ri �U

6

dqg �V
6

/ p @ {> |/ dqg +f, wkh hoolswlflw| ri �U
6

dqg �V
6

zlwk
uO @ ;=8 iru wkh odvhu looxvwudwhg zlwk gdvkhg olqhv lq Iljxuh 91< +e,1

?L?3ihLc |�L�}�� A��t �t �? UL?|h@t| |L |�i �?_�?}t uLh �?�uLh4*) |��t|i_ 6@Mh)�
�ihL| *@tiht d�fo�
A�i ���<t @hi hiuihi?Ui_ |L @ ?L?�|��t|i_ ULLh_�?@|i t)t|i4� A�i Lh�i?|@�

|�L? Lu |�i u@t| M�hiuh�?}i?Ui @ �t �t �?U*�_i_ @t @ _@t�i_ *�?i uLh hiuihi?Ui� A�i
���<t @hi u@�h*) UL?t|@?| |�hL�}�L�| |�i }h@|�?}� A��t 4i@?t |�@| |�hL�}�L�|
|�i }h@|�?} i@U� *@tih 4L_i U�@?}it Mi|�ii? ThLT@}@|�?} �? |�i u@t| @?_ t*L�
�?|h�?t�U TL*@h�3@|�L? 4L_it� �L?ti^�i?|*)c |�i 4L_@* �i*_t i Tih�i?Ui igiU�
|��i*) TLt�|��i @?_ ?i}@|��i t^�@hi U��hTt ?i@h |�i Ui?|ih Lu |�i }h@|�?}� A�iti
igiU|��i U��hT �4TihuiU|�L?t t�M|h@U| @?_ @__ |L |�i TL*@h�3@|�L? �?_iTi?_i?|
T�@ti ihhLh Lu  � @?_ )�4L_itc hitTiU|��i*)c @?_ |��t i T*@�? ��) |�i TL*@h�3@�
|�L? �?_iTi?_i?| T�@ti ihhLh U�@?}it |�i ��� Mi�@��Lh Lu |�i |��t|i_ #6�
*@tih�
A�i hL|@|�L? Lu |�i u@t| @?_ |�i t*L� M�hiuh�?}i?Ui @ it @*L?} |�i }h@|�?} @*tL

�T�**t� |�i |�L t|@?_�?} �@�i T@||ih?t L�| Lu T�@ti ��|� i@U� L|�ih �? Uih|@�?



�fS �@h| WWWG �L*@h�3@|�L? �L_it

4

6

8

10

12
(a)

κ L

no lasing

x lasingx & y lasing

0

0.3

0.6

0.9
(b)

∆ r
tg

 / 
10

-3

∆rtg
total

∆rtg
l
+∆rtg

p

-80 -60 -40 -20 0
0

0.5

1

1.5
(c)

P
ow

er
 (

m
W

)

Back reflection (dB)

Absorbed pump

x output

y output

Iljxuh 91<1 Vdph sdudphwhuv dv lq Iljxuh 916 sorwwhg djdlqvw edfn uh�hfwlrq ohyho1

hi}�L?t� A��t i T*@�?t |�i ��}� w5O� UL?|h�M�|�L? �? |�i hi}�L?t @hL�?_ 5 ' 2e
44 @?_ 5 ' eS 44�
�iU@�ti Lu |�i t|hitt��?_�Ui_ LT|�U@* @U|���|) �? t�*�U@ �Mih ��i? �| �t |��t|i_

d�eo |�i @U|�@* |��t| h@|i Lu |�i �Mih ��** Mi o
@S|

* ���Hoc ��ihi o �t |�i
igiU|��i TL*@h�3@|�L? UL�T*�?} h@|i �ti_ �? |�i t�4�*@|�L?t� A��tc |�i hiuihi?Ui
ULLh_�?@|it uLh 6�}� S�H EM� ��** @U|�@**) Mi |��t|i_ M) �f��Hou �? @ hi@* t�*�U@
�Mih�

S�D�D �@U! hi�iU|�L?

6�}� S�b t�L�t �L� |�i ��� _iTi?_t L? M@U! hi�iU|�L? �?|L |�i h�}�| �@?_
t�_i E5 ' .f 44� Lu |�i }h@|�?}� A�i  @?_ ) L�|T�| �i*_t @hi @tt�4i_ |L Mi
hi�iU|i_ ��|� |�i�h TL*@h�3@|�L? t|@|it 4@�?|@�?i_c ���*i |�i T�@ti�t��u| Lu |�i
hi�iU|�L? _�giht M) Z Mi|�ii? |�i |�L TL*@h�3@|�L?t� A�i UL44L? hi�iU|�L?
T�@ti �t ti*iU|i_ t�U� |�@| |�i TL*@h�3@|�L? L�|T�| TL�ih h@|�L �t 4@ �4�3i_�
W| �t Mi*�i�i_ |�@| |��t UL4M�?@|�L? Lu M@U! hi�iU|�L? T�@tit @?_ TL*@h�3@|�L?



��@T|ih SG �L_i*�?} Lu TL*@h�3@|�L? 4L_i UL4Ti|�|�L?��� �f.

t|@|it hiThiti?|t @ �Lht| U@ti ��|� hitTiU| |L |�i TL*@h�3@|�L? L�|T�| TL�ih
h@|�L�
A�i _�@* 4L_i |�hit�L*_ �? 6�}� S�b E@� �?Uhi@tit L?*) t*�}�|*) �T |L @ M@U!

hi�iU|�L? *i�i* Lu �ef _�� �ML�i |��t *i�i* |�i _�@* TL*@h�3@|�L? |�hit�L*_
�?Uhi@tit �ih) h@T�_*)c @?_ ��|� |�i }��i? �Lht| U@ti M@U! hi�iU|�L? T�@titc
_�@* TL*@h�3@|�L? LTih@|�L? U@??L| Mi @U��i�i_ L?*) M) �?Uhi@t�?} Vu ��i?
|�i M@U! hi�iU|�L?t @hi t|hL?}ih |�@? ��f _�� A�i L�|T�| TL�iht t�L�? �?
6�}� S�b EU� @hi t�4t Lu |�i 4L_@* L�|T�| TL�iht |L |�i *iu| @?_ |�i L�|T�| @|
|�i h�}�|��@?_ t�_i Lu |�i @__i_ hi�iU|Lh� �?i tii |�@| uLh |�i �**�t|h@|i_ U@ti Lu
Vu ' bc |�i TL*@h�3@|�L? L�|T�| TL�ih h@|�L �t :��fb uLh M@U! hi�iU|�L?t @ML�i
�Sf _�� W? hi@* t)t|i4tc ��ihi |�i M@U! hi�iU|�L? T�@tit @?_ TL*@h�3@|�L?t
4@) U�@?}i _�i |L ��Mh@|�L?t @?_ |i4Tih@|�hi �@h�@|�L?tc |��t �L�*_ �4T*)
�Lht| U@ti h�TT*it �? |�i TL*@h�3@|�L? L�|T�| TL�ih h@|�L Lu 4Lhi |�@? 	b I�
A)T�U@* M@U! hi�iU|�L? *i�i*t LM|@�?@M*i ��i? @? �tL*@|Lh �t T*@Ui_ Mi|�ii? |�i
*@tih L�|T�| @?_ UL??iU|Lht%_i|iU|Lht 4@) Mi uhL4 �Sf |L �.f _��
�t tii? uhL4 6�}� S�b E@�c t�?}*i 4L_i LTih@|�L? U@? �? Th�?U�T*i Mi @U��i�i_

uLh @?) Vu �? @ M�hiuh�?}i?| �Mih M) �?|hL_�U�?} @ M@hi �Mih i?_ M@U! hi�iU|�L?
E��D _�� TLt�|�L?i_ �%e Mi@|�*i?}|� uhL4 |�i }h@|�?}c i?t�h�?} @ M@U! hi�iU|�L?
T�@ti _�gihi?Ui Lu Z Mi|�ii? |�i TL*@h�3@|�L? 4L_it� 5L4i !�?_ Lu |�?�?}
�L�*_ Mi hi^��hi_c �L�i�ihc |L @tt�hi |�i ULhhiU| UL44L? 4L_i T�@ti�t��u|
Mi|�ii? |�i hi�iU|Lh @?_ |�i }h@|�?}�
6�}� S�b EM� t�L�t |�@| �O� �t |�i _L4�?@|�?} �L*i�M�h?�?} igiU| �? |��t

U@tic ��|� @ t4@** ?i}@|��i UL?|h�M�|�L? uhL4 B5O��

S�D�S 5ih�@* 4�*|�T*i �?}c UhLtt�t@|�h@|�L? M) T@tt�?} TL�ih

6�}� S��f t�L�t |�i ��� Mi�@��Lh ��i? LT|�U@* TL�ih @| @ �@�i*i?}|� U*Lti |L
|�i *@tih �@�i*i?}|� EM�| ?L| hitL?@|�?} ��|� |�i }h@|�?}� �t T@tt�?} |�hL�}�
|�i *@tih �? |�i ) TL*@h�3@|�L? t|@|i� A��t ULhhitTL?_t |L @ t�|�@|�L? ��ihi
ti�ih@* _�@* TL*@h�3@|�L? *@tiht @hi 4�*|�T*i i_ @*L?} |�i �Mihc uLh �?t|@?Ui @t
M�hiuh�?}i?Ui ti?tLh i*i4i?|t� W? 4Lt| t�U� t�|�@|�L?t |�i T@tt�?} TL�ih ��**c
�L�i�ihc Mi tL4i�L� _���_i_ Mi|�ii? |�i TL*@h�3@|�L? t|@|itc tL |�i t�4�*@�
|�L?t hiThiti?| @ �Lht| U@ti�
�t �?_�U@|i_ i@h*�ihc |�i 4L_@* TL�ih ?i@h |�i Ui?|ih Lu |�i *@tihc ��ihi 4Lt|

Lu |�i hL�?_�|h�T }@�? UL?|h�M�|�L? Lh�}�?@|itc ��** |)T�U@**) i Uii_ |�i L�|T�|
TL�ih M) ti�ih@* Lh_iht Lu 4@}?�|�_i� 6hL4 |��t @h}�4i?|c |�i #6� *@tih
LTih@|�L? �t i TiU|i_ |L Mi ^��|i |L*ih@?| |L @ T@tt�?} t@|�h@|�?} t�}?@*c ML|�
uLh t�?}*i @?_ _�@* TL*@h�3@|�L? *@tiht� A��t �t U*i@h*) UL?�h4i_ uLh |�i _�@*
TL*@h�3@|�L? U@ti �? 6�}t� S��f E@� @?_ EU�� �*tL t�4�*@|�L? Lu t�?}*i TL*@h�3@|�L?
*@tiht E?L| �**�t|h@|i_ �ihi� t�L�t @ *L� ti?t�|���|) Lu |�i L�|T�| TL�ih |L UhLtt�
t@|�h@|�L?�



�fH �@h| WWWG �L*@h�3@|�L? �L_it

4

6

8

10

12
(a)

κ L

no lasing

x lasing

x & y lasing

0

4

8

12
(b)

∆ r
tg

 / 
10

-6

∆rtg
total

∆rtg
p

0 5 10 15 20
0

0.5

1

1.5

2
(c)

P
ow

er
 (

m
W

)

Passing y-polarized power (mW)

Absorbed pump

x output

y output

Iljxuh 91431 Vdph sdudphwhuv dv lq Iljxuh 916 sorwwhg djdlqvw sdvvlqj
furvv0vdwxudwlqj srzhu1

5ih�@* 4�*|�T*i �?} Lu #6� *@tiht t�L�*_ |��t Mi TLtt�M*i @t u@h @t 4i@?
L�|T�| TL�ih �t UL?Uih?i_� A��t �@t @*tL Mii? _i4L?t|h@|i_ i Tih�4i?|@**)
uLh t�?}*i TL*@h�3@|�L? *@tiht �? dDo @?_ d��o� 6�h|�ih t|�_�it @hi hi^��hi_ |L
_i|ih4�?i ��@| �@TTi?t |L |�i _)?@4�U Mi�@��Lh �? |ih4t Lu |�i |L|@* �?|i?t�|)
?L�ti @?_ �?|h@�4L_@* �?|i?t�|) ?L�ti �? 4�*|�T*i i_ UL?�}�h@|�L?t�
A�i hL�?_�|h�T }@�? _�gihi?Ui UL?|h�M�|�L?t �? 6�}� S��f EM� @hi 4�U� *L�ih

|�@? �? |�i Thi��L�t U@tit ELh_ih Lu �f3S @t LTTLti_ |L �f3��� A��t �t MiU@�ti
|�i T@tt�?} TL�ih _Lit ?L| U�@?}i |�i U@��|) *Lttit t�}?��U@?|*)�

S�S �L?U*�t�L?

� UL4Thi�i?t��i 4L_i* �@t Mii? Thiti?|i_ uLh 4�*|��4L_i_ #6� *@tiht ��|�
@hM�|h@h) }h@|�?} t|h�U|�hitc �?U*�_�?} M�hiuh�?}i?Uic |��t| @?_ 6@h@_@) hL|@�
|�L?� A�i 4L_i* �@t Mii? @TT*�i_ |L �?�it|�}@|i TL*@h�3@|�L? 4L_i UL4Ti|�|�L?
�? �Mih *@tiht ��|� Uih|@�? TL*@h�3@|�L? �4TihuiU|�L?t� A�i 4@}?�|�_it Lu |�i



��@T|ih SG �L_i*�?} Lu TL*@h�3@|�L? 4L_i UL4Ti|�|�L?��� �fb

TL*@h�3@|�L? �L*i�M�h?�?} igiU| @?_ |�i *LU@* @?_ }*LM@* tT@|�@* �L*i�M�h?�?}
igiU|t �@�i Mii? �?�it|�}@|i_c @?_ �| 4@) Mi UL?U*�_i_ |�@| @** |�iti igiU|t
@hi Lu t�}?��U@?Ui uLh |�i TL*@h�3@|�L? 4L_i UL4Ti|�|�L? Mi�@��Lh� A�i *@tih
4L_i* 4@) @*tL Mi �ti_ |L �?�it|�}@|i *L?}�|�_�?@* 4L_i UL4Ti|�|�L? @?_ u�?�
_@4i?|@* 4L_i |�hit�L*_t �? ?L?��?�uLh4 }h@|�?}t� �Lhi i Tih�4i?|@* �Lh!
hi4@�?t |L Mi _L?i |L �ih�u) |�i �@*�_�|) Lu |�i 4L_i*�
A�i }h@|�?} 4L_i* Thiti?|i_ U@? @*tL Mi @TT*�i_ |L M�hiuh�?}i?| T@tt��i }h@|�

�?}tc @?_ �| U@? hi@_�*) Mi i |i?_i_ |L �?U*�_i UL�T*�?} Mi|�ii? 4Lhi |�@? |�L
4L_it ThLT@}@|�?} �? i@U� _�hiU|�L?�
� t�4T*i @TThL �4@|�L? uLh |�i TL*@h�3@|�L? _iTi?_i?Ui Lu |�i t@|�h@|i_ }@�?

�@t @*tL Mii? Thiti?|i_c ���U� �t Mi*�i�i_ |L Mi �@*�_ ML|� Mi*L� @?_ @ML�i
|�i t@|�h@|�L? TL�ih �

r@|

� 6hL4 |�i @TThL �4@|�L? �i @hi @M*i |L i Thitt |�i
TL*@h�3@|�L? _iTi?_i?Ui Lu |�i }@�? @?_ }@�? }h@|�?} T@h@4i|iht �? |�i *@tih
}@�? 4i_��4 _�i |L t@|�h@|�L? uhL4 |�i *@tih TL�ihc �?U*�_�?} |�i t|@?_�?}
�@�i 4L_�*@|�L? igiU|t�
�hL4�t�?} |iU�?�^�it uLh @U��i��?} t�?}*i TL*@h�3@|�L? LTih@|�L? tii4 |L Mi

�?|hL_�U|�L? Lu TL*@h�3@|�L? _iTi?_i?| }h@|�?} t|hi?}|�c TL*@h�3@|�L? _iTi?�
_i?| }h@|�?} T�@ti ihhLht *LU@|i_ �? |�i ��}� �?|i?t�|) hi}�L? Lu |�i U@��|)c
|��t| Lu |�i M�hiuh�?}i?Ui @ it UL4M�?i_ ��|� @ ?L?��_i@* T�@ti�t��u|c Lh M@U!
hi�iU|�L? �?|L |�i *@tih ��|� �?_���_�@**) UL?|hL**i_ T�@tit uLh |�i |�L TL�
*@h�3@|�L?t� 5�?Ui �?�?|i?_i_ TL*@h�3@|�L? �4TihuiU|�L?tc *�!i M@U! hi�iU|�L?tc
4@) �Lh! @}@�?t| |�i �?|i?_i_ �4TihuiU|�L?t M) u@�Lh�?} |�i 4L_i |�@| �t ?L|
t�TTLti_ |L Mi *@t�?}c i |h@ 4@h}�?t t�L�*_ Mi @__i_ |L |�i 4@}?�|�_it Lu |�i
�?|i?_i_ �4TihuiU|�L?t�
Wu @ _�@* TL*@h�3@|�L? *@tih ��|� t|@M*i TL*@h�3@|�L? L�|T�| TL�ih h@|�L �t

hi^��hi_c �| 4@) Mi ?iUitt@h) |L �?U*�_i @? �tL*@|Lh @| |�i *@tih L�|T�| |L @�L�_
4L_i UL4Ti|�|�L? ?L�ti U@�ti_ M) h@?_L4*) �@h)�?} M@U! hi�iU|�L? T�@tit�
W? }i?ih@*c t|hL?} }h@|�?}t E��}� Vu� @hi uL�?_ |L Mi 4Lhi |L*ih@?| |L TL*@h�

�3@|�L? �4TihuiU|�L?tc @?_ hi*@|��i*) t|hL?} }h@|�?}t t�L�*_ |�ihiuLhi Mi �ti_
��i? _�@* TL*@h�3@|�L? *@tiht @hi hi^��hi_� A�ihi @hic �L�i�ihc Th@U|�U@* *�4�
�|t |L �L� t|hL?} |�i }h@|�?}t U@? Mi 4@_i� 6�ht|c _�i |L |�i ��}� "�u@U|Lh
Lu #6�<t ��|� ��}� Vuc i�i? @ t4@** �?|h�?t�U �Mih *Ltt 4@) hi_�Ui |�i t*LTi
i�U�i?U) t�}?��U@?|*)� 5iUL?_c |�i }@�? |�hit�L*_t Lu @** *L?}�|�_�?@* 4L_it
_iUhi@ti ��|� �?Uhi@t�?} }h@|�?} t|hi?}|�� �| |�i t@4i |�4i |�i }*LM@* tT@�
|�@* �L*i�M�h?�?} Mi|�ii? *L?}�|�_�?@* 4L_it �?Uhi@tit t�}?��U@?|*)� A��t 4@)
hit�*| �? �?_it�hi_ 4�*|�T*i *L?}�|�_�?@* 4L_i LTih@|�L?�
A��h_c _�i |L t@|�h@|�L? Lu |�i NV��?_�Ui_ �?_i �U�@?}ic |�ihi �t @ *�4�| |L

|�i V��@*�it |�@| U@? Mi @U��i�i_� W| 4@) ?L| Mi @ }LL_ tL*�|�L? |L �?Uhi@ti
Vu M) �?Uhi@t�?} uc t�?Ui |�i �4T@U| Lu tL4i Lu |�i }h@|�?} �4TihuiU|�L?tc *�!i
|��t|c TL*@h�3@|�L? _iTi?_i?| U��hTc E@?_ @*tL TL*@h�3@|�L? �?_iTi?_i?| U��hT�
tU@*i ThLTLh|�L?@**) ��|� u� ,tTiU�@**) �? M�hiuh�?}i?Ui ti?tLh @TT*�U@|�L?tc



��f �@h| WWWG �L*@h�3@|�L? �L_it

��ihi i |ih?@* uLhUit @hi t�TTLti_ |L �?_�Ui M�hiuh�?}i?Ui U�@?}itc 4@�?|@�?�?}
�?�uLh4 }h@|�?} T@h@4i|iht @*L?} �ih) *L?} }h@|�?}t 4@) Mi _��U�*|�
W| �t i?UL�h@}�?} uLh ti?tLh @TT*�U@|�L?t |�@| tih�@* 4�*|�T*i �?} _Lit ?L|

tii4 |L @giU| |�i t|@|�U tL*�|�L?t uLh 4L_@* L�|T�| TL�iht t�}?��U@?|*)� OL��
i�ihc |�i �?��i?Ui Lu 4�*|�T*i �?} L? |i4TLh@* �?|i?t�|) ?L�ti t|�** ?ii_t 4Lhi
�?�it|�}@|�L?�

S�. �U!?L�*i_}4i?|t

A�i @�|�Lht �@?| |L |�@?! aL�? Bhi}Lh) �L�*i uLh uh��|u�* _�tU�tt�L?t @?_
k�i** �*�|i!�&h uLh hi@_�?} |�hL�}� @?_ UL44i?|�?} |�i 4@?�tUh�T|�

�TTi?_� itG

S�� �@U!}hL�?_ uLh |�i �O� �L_i*

A�L t*�}�|*) _�gihi?| 4L_i*t �@�i Mii? Thiti?|i_ �? |�i *�|ih@|�hi uLh 4L_i**�?}
|�i h@?_L4 Lh�i?|@|�L? Lu �L? UhLtt�tiU|�L? @?�tL|hLT�it� `)tLU!� i|� @*� d2�o
@tt�4it �?�@ �@* }@�? Lu i@U� �L?c h@?_L4 Lh�i?|@|�L?t �? |�hii _�4i?t�L?t Lu
|�i LT|�U@* @ it E��� Lu i@U� �L?c @?_ �_i?|�U@* UhLtt tiU|�L? @?�tL|hLT�it � '
j
z
*j

8
uLh @** �L?t ��ihi j

z
@?_ j

8
@hi |�i �L? UhLtt�tiU|�L?t uLh �i*_t TL*@h�3i_

T@h@**i* @?_ Lh|�L}L?@* |L |�i ��� @̀}i?ih i|� @*� d22o �tit @ t�4T*ih 4L_i*
��|� @? �@�ih@}i_� ThL�iU|i_ �L? @?�tL|hLT) "c |@!�?} h@?_L4 �L? Lh�i?|@|�L?t
�? L?*) |�L _�4i?t�L?t �?|L @UUL�?|� �) �||�?} t�4�*@|�L?t |L 4i@t�hi4i?|t
Lu TL*@h�3@|�L? �L*i�M�h?�?} E�O�� �? ihM��4 _LTi_ @4T*��iht E,#6�t� @|
4L_ih@|i t�}?@* �?|i?t�|�it E�

r

	 �
r@|

�c |�i) it|�4@|i � ' f�D�D Lh 2��. @?_
" ' f�S.c hitTiU|��i*)�
6Lh 4L_ih@|i �L? @?�tL|hLT�it �| �t uL�?_ |�@| ES�.� �? 5iU� S�� U@? @TThL �

�4@|i |�i *LU@* �O� U@*U�*@|i_ ��|� |�i @uLhi4i?|�L?i_ 4L_i*t ^��|i �i**�
`�i? UL4T@h�?} |L `)tLU!�<t 4L_i* ��|� � ' f�D�D Lh 2��.c @ Mit| �| �t
LM|@�?i_ ��|� # ' f�fDbc @t �**�t|h@|i_ �? 6�}� S��� 6Lh @̀}i?ih<t 4L_i* ��|�
" ' f�S.c @ }LL_ �| �t LM|@�?i_ ��|� # ' f�f�b� A�i _�gihi?Ui �? it|�4@|i_
# 4@) Mi _�i |L |�i u@U| |�@| |�i |�L 4L_i*t @hi �||i_ |L _�gihi?| i Tih��
4i?|tc @?_ |�@| @̀}i?ih @tt�4it (

R

' � i�ih)��ihi @*L?} |�i |it| �Mihc |��t
L�ihit|�4@|�?} |�i ,#6� �O� uLh |�i }��i? "�
A�i TL*@h�3@|�L? _iTi?_i?| }@�? @?_ }@�? }h@|�?} ULi�U�i?|t |L Mi �ti_

�? |�i #6� UL�T*i_ 4L_i i^�@|�L?t 4@) Mi _ih��i_ uhL4 ES�.� @*L?} |�i
t@4i *�?it @t �@t �ti_ |L _ih��i ES�D� �? 5iU� S��G �u|ih i Thitt�?} |�i h@|�L
�
r

*�
r@|

�? ES�.� �? |ih4t Lu �|t 4i@? �@*�i R
|J|

@?_ �|t t|@?_�?} �@�i UL4TL�



��@T|ih SG �L_i*�?} Lu TL*@h�3@|�L? 4L_i UL4Ti|�|�L?��� ���

?i?| 2-e
�
R
S

e��
�
c {} @?_ {}

}o

@hi _ih��i_ @t |�i 3ihL|� @?_ �ht| Lh_ih 6L�h�ih
UL4TL?i?|t Lu {}

,JS

E��� A��t *i@_t |L ES�b� �? 5iU� S���

S�� B@�? �i_��4 �L?|h�M�|�L?t |L +L�?_�|h�T B@�?

A�i TL�ih |h@?tuihhi_ |L @ *@tih 4L_i uhL4 |�i }@�? 4i_��4 Tih �?�| *i?}|�
i^�@*t }o

ess

mO-m2 n }r
ess

mO7m2 ��ihi }o
ess

@?_ }r
ess

@hi |�i igiU|��i TL�ih }@�?t

UL?|h�M�|i_ |L O- @?_ O7c hitTiU|��i*)� �) U@*U�*@|�?} _mO-2m *_5 @?_ _mO72m *_5
uhL4 ES�2� @?_ i |h@U|�?} |�i |ih4t |�@| @hi _�i |L |�i }@�?�4i_��4c |�i
uL**L��?} i Thitt�L?t @hi LM|@�?i_G

}o
ess

' 2
�
} mo

%

m2 n E} n{}� mo
+

m2 n+i EoW
%

r
%

}
}o

�

n+i
�
oW
+

r
+

E}
}o

n{}
}o

�
�� ���o2

%

�
�n

�
�o2

+

�
��3� c

}r
ess

' 2
�
} mr

%

m2 n E} n{}� mr
+

m2 n+i
�
o
%

rW
%

}W
}o

�

n+i
�
o
+

rW
+

�
}W
}o

n{}W
}o

��� ��
�r2

%

�
�n

�
�r2

+

�
�
�
3�

� ES��e�

�L| @** Lu |�i TL�ih |h@?tuihhi_ uhL4 |�i }@�? 4i_��4 UL?|h�M�|it |L |�i
hL�?_�|h�T }@�?� 6Lh �?t|@?Uic @| |�i }h@|�?} i?_t |�i L?*) UL?|h�M�|�L? uhL4
|�i }@�? 4i_��4 �t |L @4T*�u) |�i L�|T�| t�}?@*t� ��4ih�U@* �?�it|�}@|�L?t
�?_�U@|i |�@| |�i }iL4i|h�U 4i@? Lu |�i uLh�@h_ @?_ M@U!�@h_ ThLT@}@|�?}
TL�iht mO-E5�m mO7E5�m 4@) Mi �ti_ �? |��t UL?|i | @t @ }LL_ it|�4@|i uLh |�i
uh@U|�L? Lu |�i *@tih TL�ih |�@| �t hiU�hU�*@|i_ M@U! �?|L |�i U@��|)� A�i hL�?_�
|h�T TL�ih UL?|h�M�|�L? �? ES��f� �t |��t U@*U�*@|i_ @tG

�
}@�?

'

u]

f

�
}o
ess

mO-E5�m2 n }r
ess

mO7E5�m2
�

� 2 mO-E5�m mO7E5�m
mO-E5�m2 n mO7E5�m2 _5 � ES��D�

A�i �O� UL?|h�M�|�L? |L o|}
6

c @?_ |��t {o|}
R

c �t uL�?_ M) ti||�?} |�i
TL*@h�3@|�L? �?_iTi?_i?| }@�? T@h@4i|iht } @?_ }

}o

|L 3ihL �? ES��e��
A�i w5O� UL?|h�M�|�L? |L o|}

6

c @?_ |��t {o|}
,

c �t LM|@�?i_ @t |�i _�gihi?Ui
Mi|�ii? |�i @U|�@* o|}

6

@?_ |�i �@*�i uLh o|}
6

LM|@�?i_ �u |�i t|@?_�?} �@�i
T@||ih? �t �? i @U| @?|�T�@ti ��|� |�i }@�? }h@|�?}c @t �| ��** @*�@)t Mi �? @
�?�uLh4 }@�? 4i_��4 ��|� L?*) L?i *@tih 4L_i� A�i *@||ih �@*�i �t LM|@�?i_
M) hiT*@U�?} |�i +i E�� u�?U|�L? �? ES��e� ��|� � m�m E?i}@|��i @MtL*�|i �@*�i��



��2 �@h| WWWG �L*@h�3@|�L? �L_it

Iljxuh 91441 Ilqlwh hohphqw prghoolqj e| fdvfdglqj ri 7{7 W0pdwul{hv1

S�� ��4ih�U@* �L_i*

W? |�i ?�4ih�U@* t�4�*@|�L?t �i _���_i |�i }h@|�?} �?|L ^ ' ����
R

tiU|�L?t @*L?}
|�i 3 ThLT@}@|�L? @ �t� ,@U� tiU|�L? 4@) i�|�ih Mi @ }h@|�?} tiU|�L? Lu *i?}|�
{5

^

c �? ���U� |�i UL�T*�?} 4@|h� �
|J|c^

�t @tt�4i_ |L Mi UL?t|@?|c Lh �| 4@) Mi
@ *LU@*�3i_ E{5

^

' f� Tih|�hM@|�L? *�!i @ T�@ti�t��u| �? |�i }h@|�?} t|h�U|�hic
hi�iU|�L?c *Ltt Lh hL|@|�L? Lu |�i M�hiuh�?}i?Ui @ it�
�

R

' Hf � �2f tiU|�L?t Lu �@h�@M*i *i?}|� �ihi �ti_ uLh |�i t�4�*@|�L?tc ��|�
t�Lh|ih tiU|�L?t ?i@h |�i T�@ti�t��u| TLt�|�L? ��ihi |�i �?|i?t�|) @?_ |�i }@�?
T@h@4i|iht U�@?}i h@T�_*)� W| �@t �ih��i_ |�@| u�h|�ih hi_�U|�L?t �? |�i tiU|�L?
*i?}|�t _�_ ?L| }��i t�}?��U@?| U�@?}it �? |�i t�4�*@|�L? hit�*|t�
A�i |h@?tuih 4@|h� A

^

Lu tiU|�L? ^ �t _i�?i_ M) dbo

O�
^n�

' A
^

O�
^

ES��S�

��ihi O�
^

�t |�i �i*_ @4T*�|�_i @| |�i *iu| Lu }h@|�?} tiU|�L? ^� A�i UL4M�?i_
|h@?tuih 4@|h� uLh ti�ih@* U@tU@_i_ }h@|�?} tiU|�L?t �t UL4T�|i_ @t |�i ThL_�U|
A

Ruuu^
' A

^

A
^3�
� �A

R

� A��t U@tU@_�?} Lu A�4@|h� it �t �**�t|h@|i_ �? 6�}� S����
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