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Feedback Resistor Rf

Feedback Capacitor Cf

Bias Voltage Vb

Bias Resistor Rb

Detector Cd

Coupling
Capacitor Cc

 Vout
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Phonon Frequency at Hz
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Phonon Frequency at Hz
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The Angle between Reverse Direction of Electrical Field and Phonon
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The Angle between the Reverse Direction of Electrical Field and Phonon
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Z3, Ionization vs Phonon
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Z4, Ionization vs Phonon

� D>[6SPKN5 �@i { � ��OP5jD>=67PD>�nAC9NDG=67�5B7P58KN[L\V365BKXRNSPRsQPOI=67P=67 vJ9NOP5�KX5B?B=LDG; 587P5BKX[L\I}�HJ=6Kb58;G5B?h9EKX=67
DG7l9N5BKEAC?89ED>=67PR�AL7PW�7:SP?B;>5nALK.D>7:9N5BKNAL?89NDG=67PR8i �_=6Kw9NOP5�5B;G58?89NKN=67�DG7l9E58KEAL?h9ED>=67PRB~�9EOP5FRN;>=6Q�5
DGRj7I=6KNM1AL;GD>�B58Wz9E= ­ i �_=6KT9NOP5.7�SI?B;G5BALK<DG7l9E58KEAL?h9ED>=67PRB~!9NOP5BKX5�ACKN5.M1=LKN5�QPOP=L7P=67PRj9EOPAL7
?�O_ALKX[65BR8~�RN=#9EOI5wDG=67IDG�nA£9EDG=L7�3�R�QPOP=L7P=67¬RN;>=6Q�51DGRURNM1AL;G; iV��OP5�QP;>=L9�=L7Y9EOP5w;>58H 9TDGRUHJ=LK
[658KNM1AL7PDGSIM WP5h9E58?89E=LKbc 
I~@9EOP5sQP;>=L9�=67.9EOP5sKXDG[6Ol9�DGRqHJ=LK�RNDG;>DG?8=67wWP5h9E5B?h9E=6K�c �Pi

\�DG58;GW�9E=6[L589EOI5BK�HJ=6K�7:SP?B;>5nALK�KX5B?8=6DG;�D>WP5B7l9ND �_?BAC9ED>=67�i
��OP5�58;G5B?h9EKX=67#DG7l9N5BKEAC?89ED>=67PR8~���OPD>?�O�ALKX5UHJKN=LM QPOP=L9N=67PR`AL7IWV5B;>5B?h9EKN=L7PRB~�?nAL7#OPALQPQ�5B7

=67�9EOP5^RNSPKaHxAL?B51=LH�9NOP5^WP589N5B?89N=6KNR8i ��5B?BALSPRN5^9EOP51DG7l9E58KEAL?h9ED>=67F;G=�?nAC9NDG=67FDGRs?8;G=6RX5^9N=�9EOI5
5B;>5B?h9EKN=�WP5C~LAL7IW�9NOP5m58;G58?89EKX=67PR�AL7PW�OP=6;>5BR,?BKX5nAC9N5BWUHJKX=6M%9NOP5�DG7l9E58KEAL?h9EDG=L7UACKN5�5B7P58KN[65h9ED>?L~6ACR
7P=L9N5BW�5nALKX;GD>5BKB~n9NOP58\s?BAL7�]_AL?��`WPD��eSPRX5!DG7l9E=�9NOP5�5B;G58?89NKN=�WP5BR ]�5hHJ=6KN5!?�OPALKN[65�?B=L;G;G58?89NDG=67�i �_=6K
5h�IALM^QP;>5L~�SP7PWP58Km¢ 
��%5h��9E58KN7_AC;e]PDGALRm3L=6;>9EAL[65�HJ=LK�AT[L5BKNM1AL7PD>SPM�WP5h9E5B?h9E=6K8~I9EOI5b5B;>5B?89NKN=67IR
AL7PWVOP=6;G58R�ACKN5�RNSPQPQ�=6RX5BW#9E=ZRN5BQPALKEAC9N5Li�2!;G5B?h9EKX=67PR�[L=19E=^9EOP5UQ�=LRND>9ND>3L5U58;G5B?h9EKX=@WP5 ��OI=6;G58R
[6=z9N=z9EOI5#7P5B[6AC9ED�365#58;G5B?h9EKX=@WP5Ci ��SI9wHJ=LK19EOI5#DG7l9E58KEAL?h9ED>=67PRZ7I5nALKZ9NOP5#RXSPKXHxAL?85#=LHs9EOI5
WP5h9E5B?h9E=6K8~_REAn\.AC9�9NOP5`7P58[lAC9ED�365`58;G5B?h9EKX=@WP5`RXDGWP5C~P9EOP5`58;G58?89EKX=67PR���D>9NO��:DG7P5h9EDG?`587P5BKX[L\�?BAL7
]_AL?��TWPD>��SPRN5�D>7l9E=b9EOI5�7P5B[lA£9ED>3L5�5B;>5B?89NKN=�WP5�AL7IW^]�5B?8=6M^5q9EKEACQPQ�58W<DG7�~6?BALSPRXDG7P[`9EOI5�;G=6RXR4=LH
DG=L7PDG�BAC9ED>=67#?B=L;G;G58?89NDG=67�i<��OP58KN5hHJ=6KN5<9EOP5^RNSIKXHxAL?851D>7:9N5BKNAL?89NDG=67PR`OPA*3L5ZKX5BWPSP?85BWYD>=67PD>�nAC9NDG=67
\�DG58;GW�~_AC7PWVACQPQ�5BALKq9E=<]�5�A<7:SP?8;G5BALK�DG7l9E58KEAL?h9EDG=L7�DG7�9E58KNM^R�=CH D>=67PDG�BAC9ED>=67Z\�DG58;GW�i

{ 
l{



0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er (keV)

yc
, Q

/E
r

Z3, Ionization Yield vs Recoil Energy

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er (keV)

yc
, Q

/E
r

Z4, Ionization Yield vs Recoil Energy

� D>[6SPKN5 �@i 
 � dk=L7PDG�BAC9ED>=67V\�DG58;GW¬v \@?jD>RbQ�=6RND�9EDG=L7V?B=LKNKN58?89N5BW�DG=67PD>�nAC9NDG=67.\�DG58;GW©}�365BKXRNSPRs9EOI5
KN58?B=6D>; 587P5BKX[L\6is��OP5�9k�m=.W_ALRNOI5BWFKN58W�;GDG7I5BR�9NO_AC9`RXSPKNKX=6SP7PW�9NOP5�;G=*�m5BK`D>=67PDG�BAC9ED>=67.\@D>5B;>W
583L5B7l9ER�WP5 �_7P5U{ � 7:SP?B;>5nALK�KX5B?B=LDG;e]PAL7PW�i���OP5b9k�m=1WPALRNOP58W�KX5BW.;GD>7P5BRm9EO_AC9�RXSPKNKX=6SP7PW.9EOI5
OPD>[6OP5BK�D>=67PD>�nAC9NDG=67^\@D>5B;>W�5836587l9ER�WI5$�_7P5U{ � 58;G5B?h9EKX=67.KN5B?8=6DG;e]_AL7PW�i���OP5sQP;>=L9�=67�9NOP5s;G58H 9
DGRqHJ=LK�[65BKXMZAL7IDGSPM WP589N589E?8=6K�c 
I~I9NOP5sQP;G=L9q=67�9NOP5sKND>[6Ol9�DGRqHJ=6K�RXDG;GD>?B=67ZWP589N5B?89N=6K�c �Pi

��OP5�RNSIKXHxAL?85qDG7l9E58KEAL?h9ED>=67PR4ACKN5�KX5g�X58?89E58Wj��D>9EOTQPOP=67P=L7�QPSP;>RN5�9NDGM^DG7P[�Q_ALKNALM^589E58KNR!AC7PW
DG7l9N5BKEAC?89ED>=67<;G=�?nAC9NDG=67jQPALKEALM^589N5BKXRBi4��OP5�OPD>[6O1D>M1QISPKND�9k\�WP587PRND�9EDG58R�=67^9NOP5�RNSPKaHxAL?B5�KN58RNSP;�9
DG7ZDG7l9E58KEAL?h9EDG=L7PR�O_An3�DG7I[�HxALRX9�QPOP=67P=L7�QPSP;GRX5b9ED>M1D>7P[UQPALKEALM^589N5BKXRB~IWISP5�9E=�9NOP5bOPD>[6OwRX?nAC9a¢
9E58KND>7P[UKNAC9E5�=LH�9EOP5�QPKXDGM1ALKX\T=6QI9NDG?nAC;_QPOP=67P=L71=LH�9EOP5�DG7l9N5BKEAC?89ED>=67 � ­ { ® � i4��OP5�DG7l9E58KEAL?h9EDG=L7
;G=�?nA£9EDG=L7�QPALKEALM^589N5BKXR�ALKX5U?BAL;G?8SP;�A£9E5BW.��D>9NO�9NOP5U;>=@?BAL; QPOP=L7P=67#RX5B7PRX=6K�QPSI;GRN5�RX9EALKX9�9ED>M15
AL7PWU9k��=`7P58DG[6O:]�=6K QPOP=67P=L7�RN587PRN=6K QPSP;GRX5qRX9EALKX9 9ED>M158RB~LALR WP58RN?8KNDG]�5BWjD>7T?�O_ACQI9E58K ® i!t�DG7P?85
RNSIKXHxAL?85�D>7:9N5BKNAL?89NDG=67PR�=LHe;G=*�q¢k587P5BKX[L\<5B;>5B?h9EKN=L7PR�ALKN5�9EOP5�;GD>M1D�9E58W�DG7l9E58KN7_AC;_]_AL?��:[6KN=LSP7PWwD>7
9EOI5�5��@Q�58KNDGM^5B7l9�vJ7P5BSI9NKN=67IR�ALKX5q9EOP5�WP=LM1D>7_AL7l9!5h��9N5BKN7PAL;_]_AL?��:[6KX=6SP7PW©}�~�9NOP5�DGM^Q�=6KX9EAL7P?B5
=LH�RNSPKaHxAL?B5�583L5B7l9�KN5g�X58?89NDG=67.?nAC7P7P=L9�]�5�=*3L5BK�5BM^QPO_ALRXDG�85BW�i

{ 
 




� ��� 	 ��� �
�
�!0n+ � �./"� � � � � � � �`+�� !

�_=6K�AL7�583L5B7l9bD>7VA<WP589N5B?h9E=6K8~©9NOP5Uoqpsr#t�WPAC9�A^AL7_AL;�\�RNDGR�QPAL?��£AL[65L~�p`ALKX��f�D>Q�5C~_5h��9EKNAL?89NR
9EOI5�QPSP;>RN5�Ra9�ALKa9�9ED>M15C~�KXDGRX5T9ED>M15C~eAL7IW#HxAL;G; 9ED>M15�=LH�5BAL?�OF?�O_AL7P7P58; ~ AC7PW#=LH!9NOP5T9E=C9�AL; =LH
9EOI5^HJ=6SIKUQPOI=67P=67�RN587PRN=6KXRBi�vxdk7�=67P5^WP589N5B?h9E=6K8~�9EOI5BKN5ZALKN5jHJ=6SIKUQPOI=67P=67�RN5B7IRN=6KXR # ~ ��~
o�~�AC7PWFp�~eAC7PW#9k��=�?�OPALKN[65T?B=6;>;G5B?h9ED>=67PRB~ �bd�AL7PW � � ~�ALR�WP5BRX?BKXDG]�5BWFDG7#RX5B?h9EDG=L7 �Pi {1=LH
?�O_ALQ@9E5BK �Pi }
� DG[LSPKN5 ��i �.RNOI=¯��Rs9EOI5^KNAn��9EKNAL?B58Rs=LHqA.y � �C5 � 5836587l9TD>7F9NOP51c {Z?�O_ALKX[65
DG7I7P5BKj58;G5B?h9EKX=@WP5Ciz��OP5�9NDGM^DG7P[�Q_ALKEACM15h9E5BKXR�=LH�583L5B7l9ER^DG7�cedgf	WP589N5B?89N=6KNR^ALKX5�SPRN58W¡ACR
RNSIKXHxAL?85^5h36587:9UKN5k�X5B?h9EDG=L7�~ AL7PW�HJ=6K`;G=�?nA£9EDG=L7#KN58?B=67PRa9EKXSP?89NDG=67�Q_ALKNALM15h9E58KNRB~ ALR`WIDGRN?8SPRNRX5BW
DG7�o�O_ACQI9E58K ® i
��OP5�QPOP=67P=L7�9NDGM^DG7P[jQ_ACKEALM^589N5BKNR�9NO_AC9�ALKX5�SIRN5BW�DG7�t@=6SIW_AL7VKXSP7 ­6­ 
<WPAC9�A^AL7_AL;�\�RNDGR

DG7I?B;GSIWP5 �


 ��OP5m9EDGM^5mAC9 ��OPD>?�O�9EOP5�?�O_ALKN[L5qQPSP;>RN5qKX5nAL?�OP58R�{ � � =LH©D�9ER Q�5nAC�TALM^QP;>D>9ESIWP5Li ��OP58\
ALKX5`?�O_ALKX[65URa9�ALKa9�9ED>M15C~������	��

���������	���


 ��OP5�9ED>M15.AC9<��OPD>?�O¡9EOI5�QPOI=67P=67 QPSP;GRX5�KX5nAL?�OI5BR�{ � ��=LHbD�9ER^Q�5BAL�¬ALM^QP;GD�9ESPWI5Li
��OP5h\�ALKN5`QIOP=67P=67�RX9EALKX9�9NDGM^5���������� �!��"#����� �!��$!����� ���&%��	��� �&

���'�)(*�����
�


 ��OP5�9ED>M15.AC9<��OPD>?�O¡9EOI5�QPOI=67P=67 QPSP;GRX5�KX5nAL?�OI5BR ­�� ��=LHbD�9ER^Q�5BAL�¬ALM^QP;GD�9ESPWI5Li
��OP5h\�ALKN5+�����-,.� �/�&"0�-,.� ����$!�1,.� �!��%2�1,.� ��

���'�)(��-,.�
�


 ��OP5�9ED>M15.AC9<��OPD>?�O¡9EOI5�QPOI=67P=67 QPSP;GRX5�KX5nAL?�OI5BR � � ��=LHbD�9ER^Q�5BAL�¬ALM^QP;GD�9ESPWI5Li
��OP5h\�ALKN5+�����435� �/�&"0�435� ����$!�635� �!��%2�635� ��

���'�)(��435�
�


 ��OP5�WPD>��5BKX5B7P?85b]�589k�m5B5B7�� � � QPSP;GRX5�ACM1QP;>D>9NSPWP5�9ED>M15�AL7PW ­ � ��QPSP;>RN5�ALM1QI;GD>9NSPWP5
9NDGM^5bDGR�?BAL;G;>5BW.QPOP=67I=67.KNDGRX5`9EDGM^5Li d 9�D>R87��9����HJ=6Kq9NOP5sQPOP=67I=67�9N=L9�AC; i


 ��OP5jQIOP=67P=67�KXDGRX5T9ED>M15�DG7V9NOP5j?�O_AL7I7P5B;4D>7V��OPD>?�OF9NOP5�M1A£�@DGM�SIM QPOP=67P=L7�QISP;GRX5
=�?B?8SPKNR�DGR�?BAL;G;>5BW.M^DG7PD>M�SPM¦QPOP=67I=67�KXDGRX5b9EDGM^5Li d 9�D>R87�:<;=�>���?�

{ 
 �



300 400 500 600 700 800 900 1000 1100 1200 1300 1400
0

0.5

1

300 400 500 600 700 800 900 1000 1100 1200 1300 1400
0

0.5

1

300 400 500 600 700 800 900 1000 1100 1200 1300 1400
0

0.5

1

300 400 500 600 700 800 900 1000 1100 1200 1300 1400
0

0.5

1

300 400 500 600 700 800 900 1000 1100 1200 1300 1400
0

1

2

300 400 500 600 700 800 900 1000 1100 1200 1300 1400
0

0.5

1

300 400 500 600 700 800 900 1000 1100 1200 1300 1400
0

0.5

1

Time (µs)

A
m

p
lit

u
d

e

A 

B 

C 

D 

T 

QI 

QO 

� D>[6SPKN5
��i � � ��OP51y � �L5���5h365B7l9TKEAn��9NKEAL?85BR�DG7F9EOP51c {w?�O_ALKX[651D>7P7P58K�58;G58?89EKX=@WI5Li^��OP5
9EKNAL?B58R�ALKN5`QPOI=67P=67.RN587PRN=LK # ~ ��~©o�~Pp�~ QPOI=67P=67�9E=C9�AL; ~@?�O_ACKN[65sDG7I7P5BK�AC7PW.?�O_ALKN[L5�=LSI9E58K
HJKN=LM 9E=LQ�9N=^]�=L9X9E=6M�i4��OP5�583L5B7l9�D>R�DG7 �:S_ALWPKNAL7l9�p�i

{ 
 ®




 ��OP5<9ED>M15jWID>��5BKN587P?B5^]�589k�m5B5B7�QIOP=67P=67�RX9EALKX9�9ED>M15<AC7PW�?�OPALKN[65^RX9EALKX9s9NDGM^5jDGR�A
M^5nALRXSPKN5`=CH�QIOP=67P=67.QPKX=6Q_AL[6AC9ED>=67Z9ED>M15�HJKN=6M 583L5B7l9�;G=�?nAC9NDG=67^9E=<QPOP=67I=67.RN5B7IRN=6K8i
d 9�DGR�QIOP=67P=67.WP58;�An\6i


 ��OP5�QPOI=67P=67�WP5B;GAn\`DG7`9EOI5�?�OPAL7P7P58;@A£9 ��OPDG?�Os9EOP5�M1A£�@DGM�SIM�QPOI=67P=67�QPSP;>RN5�=@?8?BSPKXR
D>R�?nAL;>;G5BW�M^DG7IDGM�SPM QPOP=L7P=67.WP5B;GAn\6i�d 9�DGR87������ �

��OP5�9EDGM^DG7I[�Q_ALKNALM^589E58KNR,ALKX5�KN5B7PALM158W`��D>9EO�A�RNS �<��=CH@;>589X9E5BK!� ?L�¯A£H 9E5BK�9NOP5BD>K Q�=LRND>9NDG=67
?B=LKNKN58?89NDG=67PR8i �_=6K45��PACM1QP;>5L~L9NOP5�QPOP=L7P=67j9E=L9EAL;PKXDGRN5m9EDGM^5�Q@9EKX9�D>R4KN587_ALM^5BW^ALR!QI9NKX9N?�ACH 9E58K
9EOIDGR�?B=LKNKN58?89NDG=67�i
��D>9NO¬9NOP5.DG=67IDG�nA£9EDG=L7�\�DG58;GW¬?BSI9B~mM^=6Ra9<=LH�9EOP5.5B;>5B?h9EKN=L7�KX5B?8=6DG;q]PAL?��:[6KN=6SI7PW D>RjKN5�¢

M^=¯3L5BW�i �mSI9TRX=6M^5^RXSPKXHxAC?B5Z58;G58?89EKX=67zKX5B?8=6DG;>R�?BAL7z;>5nAL�VDG7l9E=.9EOP5^7:SP?B;>5nALK�KN58?B=6D>;�]_AL7PW�i
��OP5mRNSPKaHxAL?B5m5836587l9�KN5g�X58?89NDG=67UKN5BM1ALD>7PR ALR�9NOP5m?85B7l9EKNAL;IQPALKX9�=LHP9NOP5qoqpsrVt���darVfFRN5nACKN?�O
W_AC9EA<AL7_AL;�\@RXDGR8i�f�OI=67P=67�KND>RN5`9ED>M15bQ@9EKX9N?`�qALR�SPRX5BW�ALR�9EOP5sRNSIKXHxAL?85U5h365B7l9�KN5k�X5B?89NDG=67�Q_A£¢
KEACM15h9E5BKmDG7wcedgf�WP5h9E58?89E=LKNRq]�58HJ=6KX5`oqpsr#t�t�=6SPW_AL7�KXSP7 ­6­ 
 ��
6yI~ ­ { ® � i4��OP5sALQIQP;GD>?nAC9NDG=67
=LHmQPOP=67I=67�WI5B;�An\�HJ=6K`583L5B7l9T;>=@?BAC9ED>=67#D>7IHJ=6KNM1AC9NDG=67VAL7PW�RNSPKaHxAL?B5<583L5B7l9UWPDGRX?BKND>M1D>7_AC9NDG=67
��ALR�DG7l3658RX9ED>[lAC9N5BW�ACH 9E58K�t�� �¬KXSPMZ{ ­ DG7�{ � � {@i�vJDG7l9E58KN7_AL;eKN58HJ58KN587P?B58R � ­ {Ly � ~�� ­ { � � ~ � ­ {�
 � ~
� ­ {�� � ~ � ­ 
 � � }�isf�OI=67P=67FWP58;�An\�?nALKXKNDG58RbDG7@HJ=6KNM1AC9ED>=67.HJKN=6M 9k�m=�QPOl\@RXDG?8R�QIKN=�?B5BRXRN58RBi � 7I5
DGR���58;G;�SP7PWP58KNRX9N=@=�W���D>9NO#QPOP=67I=67�KND>RN5T9NDGM^5UQI9NKX9N?�HJ=6K�RXSPKXHxAL?85j583L5B7l9ER8iU��OP5jOIDG[6O#QIKND�¢
M1ALKX\^=6QI9NDG?BAL;©QPOP=67P=L7�RN?nA£9N9E58KND>7P[�KEA£9E5�WISP5�9E=TOPDG[6O1DGM^QPSPKXD>9k\<WP587PRND�9k\Z=6719EOP5bWI589E58?89N=6K
RNSIKXHxAL?85�KN58RNSP;�9ERbD>7�HxALRa9`QPOP=67I=67V9ED>M1D>7P[Pi���OP5�RX5B?8=67PWF=67P5U?B=6M^5BR�HJKX=6M 9EOP5 	�5B[6AL7P=*3l¢
� SP�L5mQPOP=67I=67�58��5B?h9ni4��OI5�DG=L7PDG�BAC9ED>=67`?�O_ALKX[65BR!ACKN5�RN5BQPALKEAC9N5BWjAC7PWT?8=6;G;>5B?89N5BWU?B=6M^QP;G5h9E58;>\
HJ=6Kb]ISP;G��5B;G58?89NKN=67�D>7:9N5BKNAL?89NDG=67PR8~ ]PSI9sRXSPKXHxAL?85j583L5B7l9ER�O_An365<KN58WPSP?85BW�DG=67PD>�nAC9NDG=67�?�O_ALKX[65
?B=L;G;G58?89NDG=67�i ��5B?BALSPRN5 	�5B[lAL7I=¯3l¢��,SI�L5<QPOP=67I=67PRsALKX5�5BM^D>9X9E5BWVDG7PRa9�AL7l9�AC7P5B=6SIRN;>\L~ QPOP=67I=67
WP58;�An\w��DG;>;eKX5g�X5B?h9�RNSPKaHxAL?B5�583L5B7l9ER�ALRq��58;G;,ALR�]PSI;G�Z58;G58?89EKX=67�5836587l9ERBi
# 7P=C9EOP58K�RNSPKaHxAL?B5`KX5g�X5B?h9ED>=67�Q_ALKNALM15h9E58KqDGR�9NOP5b�`?8=@=6KXWPDG7PAC9E5�Q_ALKEACM15h9E5BK � �U~@��OIDG?�O

DGR�WP5BRX?BKXDG]�5BW<DG7U?�O_ALQI9N5BK ® i � � ?B=LM158R HJKN=6M	583L5B7l9�;G=�?nA£9EDG=L7�9NKEAL7PRaHJ=6KNM1AC9NDG=67�i,d 9!?BALKNKXDG58R

{ 
6y



QPOP=L7P=6719NDGM^DG7P[�DG7IHJ=6KXMZA£9EDG=L7�DG7<9EOP5�;G=�?nAC; �:S_ALWPKNAL7l9�QPOI=67P=671RN5B7IRN=6KmAL7PW<9k��=U7P5BD>[6O:]�=LK
QPOP=L7P=67�RN5B7IRN=6KXRBi

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

� D>[6SPKN5 �@i ®�� 2e�X58?89NKN=67jRX5B;G58?89NDG=67UDG7<c ® i�2��X5B?h9EKN=L7PR*vJ[6KN585B7<?BKX=6RNRX5BR�}4ACKN5q;>=¯��\�D>5B;GWU7P5nACKN5BRa9
WP=6SI]P;G5`RX?nAC9X9E5BKXDG7P[j5h36587:9NR�]�5B;>=¯��9NOP5 
 � ;G=*��58K�]�=LSP7PW.=LH,9EOP5s[lACM1M1AU]_AC7PWVAC7PW�\@D>5B;>W
\�? � � i � ® DG7 " # # �qA�?nAC;GDG]IKEAC9NDG=67�W_AC9EAIi ��OP5�]I;GSP5mWP=L9ER4ALKN5q7I5BSI9NKN=67PR DG7T9NOP5�7:SP?B;>5nALK�KN5B?8=6DG;]_AL7IW�i���OP5s]P;�AL?��ZWPD�ALM^=67PWIR�ALKN5`RXDG7P[6;>5`RN?BAC9N9N5BKNR�D>7 " # # ��A^?BAL;GD>]PKEAC9NDG=671W_AC9EAIi
�z5`SIRN5Uc ® ALR�AL7.5h�IALM^QP;>5�9E=<SP7PWI5BKNRa9�AL7IW�9NOP5`RNSPKaHxAL?B5s5h365B7l9�KN5k�X5B?h9EDG=L7�?BALQ_AL]IDG;GD�9k\

=LH_9NDGM^DG7P[�Q_ALKNALM^589E58KNR4Q@9EKX9N?L~6QIM1D>7PKX9N?L~6AC7PW�Q�WP5B;>?L~lAL7IW�;G=�?nAC9NDG=67�Q_ALKNALM^589E58K � ��i ¨��k¨ omH
?nAC;GDG]IKEAC9NDG=67�WPAC9�AsDG7<9EOP5�7:SP?8;G5nACKmKX5B?B=LDG;_]_AL7IWZAL7IW15k�X5B?89NKN=67IR`vx;>=*�¡\�DG58;GW<7P5nACKN5BRa9�WI=6SP]P;>5
RN?BAC9N9N5BKXDG7P[#5h36587:9NR<]�58;G=*��9EOP5 
 � ;>=¯�m5BKT]�=6SI7PWY=LH�9NOP5w[lALM^M1A�]_AC7PW�AL7PW�D>=67PD>�nAC9NDG=67
\�DG58;GW�\�? � � i � ® }�DG7 " # # �qAV?BAL;GD>]PKEAC9NDG=67FW_A£9�AVACKN5ZSIRN5BW¬ACRT7:SP?B;>5nALKUKN58?B=6D>;GRUAL7PWYRXSPKXHxAL?85
583L5B7l9ER8~�KX5BRXQ�58?89ED�3658;>\6~�ALR�RXOP=*��7VD>7���DG[6SPKX5 �@i ® i
dk7�9NOPDGRq9NOP5BRXDGRB~©7P58SI9EKX=67PR�DG7 ¨��k¨ omH4?BAL;GD>]PKEA£9EDG=L7wW_AC9EA1ALKX5sSPRN58W#ALRs� ��darVf ¢k;GD>�L5C�P9E5BRa9

Q_ALKa9ED>?B;G58RB~P]�5B?BALSPRX5U]�=L9EO.7P58SI9EKX=67PR�AL7PW���darVf!R�QIKNDGM1ALKXDG;>\<D>7l9E5BKNAL?89���D�9EO�7:SP?B;>5BD i

{ 
 �



��OP5�WPDGRa9EKND>]PSI9NDG=67PR�=LH�Q�WP58;G?�DG7 ­�� ¢a{ � �C5 �T~I{ � ¢ 
 � �L5 �T~ 
 � ¢�� � �L5 �T~�AL7PW � � ¢ ­ � � �L5��
5B7I5BKN[C\�]PDG7IRqHJ=6K�7P5BS@9EKN=L7PR�AL7PW.5g�X58?89EKX=67PR�ALKX5`DG7 � DG[LSPKN5 ��i yIi!Q�WP58;G?`O_ALR�[L=@=�W�5g�X58?89EKX=67
KN5k�X5B?h9EDG=L7�?BALQ_AL]IDG;GD�9k\6~���OP5BKX5nALR�M1=LRX9�=LH 9EOP5s7:SP?8;G5nACK�KX5B?8=6DG;>R�ALKN5`�C5BQI9Bi
�_=6KwAz[LD>36587�?BSI9w;GDG7I5�=LH`9NOP5#RXSPKXHxAL?85#583L5B7l9�KN5k�X5B?89NDG=67¡Q_ALKEACM15h9E5BK8~qHJ=6KZ5��IALM1QI;G5L~

Q�WP5B;>?L~I9NOP5`7P5BS@9EKN=L7�RX5B;>5B?89NDG=67wHJKNAL?89NDG=67ZDGR '�~PAL7PW�9NOP5`5g�X58?89EKX=67.RN58;G5B?h9ED>=67wHJKEAL?h9ED>=67wDGR )�i
# R�WP5 �_7P58WV5nACKN;GD>5BK8~@9EOI5�M^DG7IDGM�SPM =LH 9EOP5 �:S_AL;>D>9k\1HxAL?89N=6K � ­L­6­ � �

� � )mv ­ ! )�}
v ' ! )�} ¨ v �@i ­ }

WP5h9E5BKXM1D>7P5BR�=6Q@9EDGM^DG�85BW�?8SI9�3LAC;GSP5Ci
�_=6KmQ�WP58;G?L~�9EOP5 �:S_AL;GD�9k\jHxAL?89N=6K �%WI5B?BKX5nALRX5BR�M^=67P=L9N=67PDG?BAL;G;�\T]�=L9NOwDG7^9EOP5 ­ � ¢ 
 � �L5��

5B7I5BKN[C\F]PDG7�AL7PW�9EOP5 
 � ¢ ­ � � �L5�� 587P5BKX[L\F]PDG7e~ ALRsRXOP=*��7YDG7 � DG[LSPKN5
�@i �@i^�z5^?nAL7�RN5h9
9EOI5jRNSPKaHxAL?B5j5h365B7l9UKN5k�X5B?89NDG=67�?8SI9�AC9 �  ��� � � ��� 
 ��� DG7#9EOI5 ­ � ¢ 
 � �L5�� 587P5BKX[L\#]IDG7�~ A£9�  ��� � � y�� 
 ��� DG7�9NOP5 
 � ¢ ­ � � �C5 �¦5B7I5BKN[C\�]IDG7�~�]�58?nALSPRX5 � RX9EALKX9NR�9E=ZWP5B?8KN5nACRN5�RX;G=*��;>\
AC9�9EOI5BRN5�3CAL;GSI5BRBi ��OP5BRX5�;G5BALW<9E=s9EOP5�RNSIKXHxAL?85�5h365B7l9�?BSI9m;GD>7P5�RNOP=*��71DG7<9EOP5�;G5hH 9�[6KEALQIO1D>7
� D>[6SPKN5 �@i 
Ii���D�9EOT9NOPDGR4RXSPKXHxAC?B5�583L5B7l9�?BSI94;GDG7I5L~L=L7P5qRNSIKXHxAL?85�5836587l9m]�589k�m5B587 ­�� �L5 ��AC7PW
{ � �L5 � DGR�RN5B;>5B?h9E5BW�� � ® �&9N= 
 ® ��7I5BSI9NKN=67PR�ALKN5�RN58;G5B?h9E58W�i!��OP5b7:SP?8;G5nACKmKX5B?B=LDG;©RN58;G5B?h9ED>=67
5��^?8DG5B7I?8\FAL7IWF9NOP5jRNSIKXHxAL?85j5836587l9TKX5g�X5B?h9ED>=67�5��^?BD>5B7P?h\FALKX5jRNOP=*��7�DG7V9NOP5jKND>[6Ol9`[6KEACQPO
DG7��_[LSPKN5 �@i 
Ii
t@DGM^DG;GALKN;�\6~¯��OP5�WPD>RX9NKNDG]ISI9ED>=67PR =CH�Q@9EKX9N?L~lQPM^DG7IKX9E?C~lAL7PW^c cwD>7 ­ � ¢g{ � �L5���~�{ � ¢ 
 � �C5 �T~


 � ¢ � � �L5���~£AL7PW � � ¢ ­ � � �C5 � 5B7P58KN[L\s]PD>7PR HJ=6K 7P58SI9EKX=67PR�AL7PW�5g�X5B?h9EKX=67PR�ALKN5�DG7 �_[LSPKN58R ��i �I~
�@i ­ {@~eAL7PW �@i ­¯® i`��OP5j=6Q@9EDGM^DG�BAC9ED>=67PR�=LH!9NOP5jRNSPKaHxAL?B5j5h36587:9�?8SI9ER`D>7 ­ � ¢�
 � �L5��¦5B7P58KN[L\
]PD>71AC7PW 
 � ¢ ­ � � �L5 ��5B7I5BKN[C\<]PDG7jHJ=6K!QI9NKX9N?L~:QPM^DG7PKa9E?L~:AC7PW1c c�ALKX5�DG7 �_[6SPKX5BR �@i ­ � ~ �@i ­ 
I~
AL7PW��@i ­ yIi���OP5�ALQPQP;>DG?nAC]P;G5qRXSPKXHxAC?B5�5836587l9�?8SI9ERmAL7PWj9EOI5�5 �^?BDG587P?BD>5BR�HJ=6K!QI9NKX9E?C~:QPM1D>7PKX9N?L~
AL7PWVc c�ALKN5sD>7 �P[6SPKN58R �@i ­L­ ~ �@i ­ �P~_AC7PW ��i ­ ��i
��OP5�QPOP=67I=67`9EDGM^DG7I[�Q_ALKNALM^589E58KNR Q�WP5B;>?L~¯QI9NKX9E?�AC7PWsQPM1D>7PKX9N?L~¯AL7IWs9NOP5�c c�Q_ALKNALM15h9E58K

AL;>;mO_An3L5�[6=@=�WYRXSPKXHxAL?85�583L5B7l9^KN5g�X58?89NDG=67�5 �1?8DG587P?8\���D>9EO�M^=6Ra9j=LH�9EOI5�7�SI?B;G5BALK�KX5B?B=LDG;GR

{ 
 




RN58;G58?89E58W�i!��DGM^DG7I[bQ_ALKNALM15h9E58KNR!QI9NKX9E?C~:QPM1D>7PKX9N?L~lAC7PW<Q�WP58;G?�ALKX5�Q�=LRND>9NDG=67j?8=6KNKX5B?h9E5BWe~�D i 5Ci>~
9EOI5���2�t.[6KEALWIDG5B7l9�WP58Q�587PWP5B7I?B5�AC7PW�9NOP5sKEALWIDGSPR�WP58Q�587PWP5B7I?B5T=CH 9EOI5���2�t.KN5BRXQ�=L7PRN5�=LH
9EOI5BRN5 �:S_AL7l9ND>9ED>5BRsALKX5jKN58M1=*3658W�i ��S@9Uc c�OPALR`7P=L9s]�5B587�Q�=6RXD>9ED>=67#?8=6KNKX5B?89N5BWF\65h9nijd 9`D>R
5h�@Q�5B?h9E5BWw9NO_AC9qc c��m=6SP;GW1O_An365b]�589X9E58Km7P58SI9EKX=67wRX5B;G58?89NDG=6715��^?BD>5B7P?h\wACH 9N5BK�9EOP5�Q�=LRND>9NDG=67
?B=LKNKN58?89NDG=67�i

��5B?BALSPRX5V=LH�9EOP5�KN58;�AC9ND>3658;>\�OIDG[6O¬7P58SI9EKX=67¡RX5B;G58?89NDG=67�5��^?BD>5B7P?h\�=LHbQ�WP5B;>?YvJQPOP=67I=67
WP58;�An\I}h~�Q�WP58;G?�O_ACR^]�5B587 SIRN5BW ALRj9EOI5�MZALD>7�RNSPKaHxAL?B5.KX5g�X5B?h9ED>=67¬Q_ALKEACM15h9E5BKjD>7�oqpsr#t
]_AL?��:[6KX=6SP7PW¡W_AC9�A�AL7_AC;>\�RND>RBi �mSI9Z=C9EOP58K^9NDGM^DG7P[�Q_ACKEALM^589N5BKNR^ALKX5�7I5B5BWI5BW¡9N=�HJSPKa9EOP58K
DGM^QPKX=¯3L5FRNSPKaHxAL?B5�583L5B7l9#KX5g�X5B?h9ED>=67�i ��OP5BKX5zALKX5�9k��= Q�=L9N5B7l9EDGAL;bQPKX=6]P;>5BM^R.��D�9EO�W_AC9EA
KN58WPSP?h9EDG=L7z?BS@9ER�SPRND>7P[�QIOP=67P=67�9ED>M1D>7P[�Q_ALKNALM15h9E58KNR�=67P;>\Li � 7P5^DGR`9NOP51KXDGRX��=LHqRXSPKXHxAL?85
583L5B7l9�;G5BAL�£AL[65�]l\ZSPRXDG7P[T=67P;>\<=L7P5�QPOI=67P=67w9NDGM^DG7P[sQ_ALKNALM^589E58Km?8SI9n~@HJ=6Km5��IALM1QI;G5L~�Q�WP5B;>?
AC9�;G=*��KX5B?8=6DG;_587P5BKX[L\6i # 7P=L9EOI5BK�D>R!9EOP5�;G=*�'7:SP?8;G5BALKmKX5B?8=6DG;©583L5B7l9qRX5B;>5B?89NDG=6715��^?BD>5B7P?h\^]:\
SPRXDG7P[j9k�m=Z=6K�M^=6KN5b9NDGM^DG7P[TQ_ALKEACM15h9E5BKXRBi

{ 
��



5 10 15
0

2

4

6

8

10

12

14

16

18

pdelc in µs

co
u

n
ts

10−20 keV

5 10 15
0

2

4

6

8

10

12

14

16

pdelc in µs
co

u
n

ts

20−30 keV

5 10 15
0

1

2

3

4

5

6

7

pdelc in µs

co
u

n
ts

30−40 keV

5 10 15
0

5

10

15

20

25

30

pdelc in µs

co
u

n
ts

40−100 keV

� D>[6SPKN5 �@i y � Q�WP5B;>?�WPDGRa9EKND>]PSI9NDG=67�=CHe7P58SI9EKX=67PR�vx]P;>SP5�W_ALRXOP5BW^;GD>7P5BRE}4AL7PW<5g�X58?89NKN=67PR�vJ[6KN585B7
RN=L;GDGW�;>DG7P58R�}�=LH4c ® DG7.WPD��e58KN5B7l9�587P5BKX[L\.]PDG7IRBi

{ � �



4 5 6 7 8 9 10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

pdelc in µs

E
ve

nt
 F

ra
ct

io
n

10−30 keV

5 5.5 6 6.5 7 7.5 8 8.5 9
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

pdelc in µs

E
ve

nt
 F

ra
ct

io
n

30−100 keV

� D>[6SPKN5 �@i � � ��OP5#=LQI9ED>M1D>�B5BW�Q�WP5B;>?V?BS@9w3CAL;GSP5�RN5BALKN?�O'HJ=LK�c ® D>7¡587P5BKX[L\¡]IDG7PR ­ � ¢ 
 �
�L5�� v 9EOP5s;G5hH 9�[6KEALQIO©}�AL7PW�
 � ¢ ­�� � �L5 � vJ9NOP5�KNDG[LO:9�[6KNALQPO©}�im��OI5T]P;>SP5sRN=6;>DGW.;GD>7P5`DGR�9EOI5
RN58;G58?89E58WF7P5BSI9NKN=67�HJKNAL?89NDG=67�~�9EOP5j[LKN5B587FW_ALRNOI5BWF;GD>7P5TD>R�9EOP5jRX5B;>5B?89N5BWF5g�X58?89NKN=67�HJKEAC?89ED>=67�~
9EOI5�WPALRNOP58WVWP=C9�;GDG7I5bDGRq9NOP5 ��SPAL;GD�9k\ZHxAL?h9E=6K �<i

10 20 30 40 50 60 70 80 90 100

4

6

8

10

12

14

16

Recoil Energy in keV

pd
el

c 
in

 µ
s

10 20 30 40 50 60 70 80 90 100

0.7

0.8

0.9

1

Recoil Energy Er in keV

E
ve

nt
 F

ra
ct

io
n

� D>[6SPKN5 �@i 
 � ��OI5bQ�WI5B;G?�?BS@9svJ9NOP5b;>58H 9�[6KEACQPO©}mAC7PWw5��^?8DG5B7I?BDG58R`v 9EOP5�KNDG[LO:9m[6KNALQPO©}!=LH�c ® i
��OP5�]P;�AC?���W_ALRXOP5BW1WP=L9�;GD>7P5�DGR49NOP5�7I5BSI9NKN=67^RN58;G5B?h9ED>=6715 �^?BDG587P?8\L~�9NOP5�[6KN585B7^W_ALRNOI5BWZ;>DG7P5
DGRs5k�X5B?89NKN=67�KN5k�X5B?h9EDG=L7�5 �1?8DG587P?8\F��D>9NOP=6SI9sD>=67PD>�nAC9NDG=67V\�D>5B;GW�?BS@9n~,9EOP5<RN=L;GDGWFKX5BW�;GDG7I5j=67
9EOI5�9E=6QZDGRm9NOP5b5k�X5B?89NKN=67�KX5g�X58?89ED>=67w5 �1?8DG587P?8\1��D>9EOZDG=67PD>�nAC9NDG=67<\�DG58;GWZ?8SI9�v { � 	 ��]_AL7PW_}
AL7PW�Q�WP5B;>?`?BSI9Bi

{ � ­



8 10 12 14 16 18
0

5

10

15

20

25

30

ptrtc in µs

co
u

n
ts

10−20 keV

8 10 12 14 16 18
0

5

10

15

20

ptrtc in µs
co

u
n

ts

20−30 keV

8 10 12 14 16 18
0

2

4

6

8

10

12

ptrtc in µs

co
u

n
ts

30−40 keV

8 10 12 14 16 18
0

20

40

60

80

100

ptrtc in µs

co
u

n
ts

40−100 keV

� D>[6SPKN5 �@i�� � QI9EKa9E?�WPDGRa9EKND>]PSI9NDG=67j=LHe7P5BS@9EKN=L7PR`vJ]P;GSP5�W_ACRNOP58Ww;GD>7P5BRE}�AC7PWZ5k�X5B?89NKN=67IRbvJ[6KN585B7
RN=L;GDGW�;>DG7P58R�}�=LH4c ® DG7.WPD��e58KN5B7l9�587P5BKX[L\.]PDG7IRBi

{ �:{



11 11.2 11.4 11.6 11.8 12 12.2 12.4 12.6 12.8 13
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

ptrtc in µs

E
ve

nt
 F

ra
ct

io
n

10−30 keV

11 11.2 11.4 11.6 11.8 12 12.2 12.4 12.6 12.8 13
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

ptrtc in µs

E
ve

nt
 F

ra
ct

io
n

30−100 keV

� D>[6SPKN5 ��i ­ ��� ��OP5�=6QI9NDGM^DG�B58W<QI9EKa9E?�?BSI9�3CAL;GSI5�RN5nACKN?�OZHJ=6Kmc ® DG7^5B7I5BKN[C\<]PDG7PR ­ � ¢ 
 � �L5��
vJ9NOP5�;G58H 9�[6KNALQPO©}�AL7IW 
 � ¢ ­ � � �C5 � v 9EOP5�KND>[6Ol9�[6KEALQIO©}him��OP5U]I;GSP5�RN=6;>DGW.;GD>7P5`DGR�RX5B;G58?89N5BW
7P58SI9EKX=67THJKEAC?89ED>=67�~£9EOP5m[6KN585B7jW_ALRXOP5BWj;>DG7P5�DGR,9EOI5�RN58;G58?89E58Wj5g�X58?89EKX=67�HJKEAC?89ED>=67�~¯9EOP5�W_ALRNOI5BW
WP=L9�;>DG7P5`D>Rq9EOP5 �:S_AL;>D>9k\1HxAL?89N=6K �^i

10 20 30 40 50 60 70 80 90 100
10

11

12

13

14

15

16

Recoil Energy Er in keV

pt
rt

c 
in

 µ
s

10 20 30 40 50 60 70 80 90 100

0.5

0.6

0.7

0.8

0.9

1

Recoil Energy Er in keV

E
ve

nt
 F

ra
ct

io
n

� D>[6SPKN5 �@i ­L­�� ��OI5�Q@9EKX9N?�?BSI9�v 9EOP5�;>58H 9�[6KNALQPO©} AC7PW15 �^?BDG587P?BD>5BR�v 9EOP5�KND>[6Ol9![6KNALQPO©} =LH�c ® i
��OP5�]P;�AC?���W_ALRXOP5BW1WP=L9�;GD>7P5�DGR49NOP5�7I5BSI9NKN=67^RN58;G5B?h9ED>=6715 �^?BDG587P?8\L~�9NOP5�[6KN585B7^W_ALRNOI5BWZ;>DG7P5
DGRs5k�X5B?89NKN=67�KN5k�X5B?h9EDG=L7�5 �1?8DG587P?8\F��D>9NOP=6SI9sD>=67PD>�nAC9NDG=67V\�D>5B;GW�?BS@9n~,9EOP5<RN=L;GDGWFKX5BW�;GDG7I5j=67
9EOI5�9E=6QZDGRm9NOP5b5k�X5B?89NKN=67�KX5g�X58?89ED>=67w5 �1?8DG587P?8\1��D>9EOZDG=67PD>�nAC9NDG=67<\�DG58;GWZ?8SI9�v { � 	 ��]_AL7PW_}
AL7PW�QI9NKX9E?s?8SI9ni

{ � 




6 8 10 12 14
0

5

10

15

20

25

30

35

pminrtc in µs

co
u

n
ts

10−20 keV

6 8 10 12 14
0

5

10

15

20

25

pminrtc in µs
co

u
n

ts

20−30 keV

6 8 10 12 14
0

5

10

15

pminrtc in µs

co
u

n
ts

30−40 keV

6 8 10 12 14
0

20

40

60

80

100

pminrtc in µs

co
u

n
ts

40−100 keV

� D>[6SPKN5��@i ­ { � QPM^DG7IKX9E?^WPD>RX9EKXDG]PS@9EDG=L7�=LH�7I5BSI9NKN=67PR�vx]P;>SP5ZW_ACRNOP58W�;GDG7I5BR�}�AL7PWY5k�X5B?h9EKN=L7PR
vx[LKN5B587�RX=6;GD>W�;GD>7P5BRE}�=LH!c ® D>7�WID>��5BKN587l9�5B7P58KN[L\.]PD>7PRBi

{ � �



8 8.2 8.4 8.6 8.8 9 9.2 9.4 9.6 9.8 10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

pminrtc in µs

E
ve

nt
 F

ra
ct

io
n

10−30 keV

8.5 9 9.5 10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

pminrtc in µs

E
ve

nt
 F

ra
ct

io
n

30−100 keV

� D>[6SPKN5 �@i ­ 
 � ��OP5U=6QI9NDGM^DG�B58W.QPM1D>7PKX9N?`?BSI9�3CAL;GSI5�RX5nALKX?�OVHJ=6K�c ® DG7�5B7P58KN[L\�]PD>7PR ­ � ¢ 
 �
�L5�� v 9EOP5�;G5hH 91[LKEALQPO_}^AL7IW 
 � ¢ ­ � � �L5�� v 9EOP5�KNDG[LO:9^[6KNALQPO©}�i'��OP5�]P;GSP5.RX=6;GD>W ;>DG7P5�D>R
RN58;G58?89E58WF7P5BSI9NKN=67�HJKNAL?89NDG=67�~�9EOP5j[LKN5B587FW_ALRNOI5BWF;GD>7P5TD>R�9EOP5jRX5B;>5B?89N5BWF5g�X58?89NKN=67�HJKEAC?89ED>=67�~
9EOI5�WPALRNOP58WVWP=C9�;GDG7I5bDGRq9NOP5 ��SPAL;GD�9k\ZHxAL?h9E=6K �<i

10 20 30 40 50 60 70 80 90 100
8

8.5

9

9.5

10

10.5

11

Recoil Energy Er in keV

pm
in

rt
c 

in
 µ

s

10 20 30 40 50 60 70 80 90 100

0.7

0.8

0.9

1

Recoil Energy Er in keV

E
ve

nt
 F

ra
ct

io
n

� D>[6SPKN5 �@i ­ � � ��OI5bQPM^DG7PKa9E?�?BSI9`vJ9EOI5b;G5hH 9�[6KNALQPO©}�AL7PWw5 �^?BDG587P?BD>5BRsv 9EOP5�KND>[6Ol9q[6KNALQPO©}!=LH
c ® ib��OI5�]P;�AC?���W_ACRNOP58W�WP=L9`;>DG7P5�DGR�9EOP5�7I5BSI9NKN=67�RX5B;G58?89NDG=67#5 �^?BDG587P?8\L~e9EOI5�[6KN585B7�W_ACRNO
;GD>7P5sDGR�5g�X58?89NKN=67#KX5g�X58?89ED>=67V5 �^?BDG587P?8\.��D�9EOP=6S@9�D>=67PDG�BAC9ED>=67w\�DG58;GWV?8SI9n~©9EOI5URX=6;GD>W�KX5BWV;>DG7P5
=67^9EOP5�9E=6Q1DGR�9EOP5�5g�X58?89NKN=67wKX5g�X58?89ED>=67Z5 �^?BDG587P?8\<��D�9EO19NOP5�DG=67PD>�nAC9NDG=67j\�DG58;GW^?BSI9bv { � 	 �
]_AL7IW©}�AL7PW.QPM^DG7PKa9E?`?BS@9ni

{ � ®



−2 −1.5 −1 −0.5 0
0

10

20

30

40

50

ZZ in cm

c
o

u
n

ts

10−20 keV

−2 −1.5 −1 −0.5 0
0

10

20

30

40

ZZ in cm
c
o

u
n

ts

20−30 keV

−2 −1.5 −1 −0.5 0
0

5

10

15

ZZ in cm

c
o

u
n

ts

30−40 keV

−2 −1.5 −1 −0.5 0
0

20

40

60

80

100

120

ZZ in cm

c
o

u
n

ts

40−100 keV

� D>[6SPKN5 ��i ­¯® � c cFWPD>RX9NKNDG]ISI9ED>=67�=LH�7P5BSI9NKN=67IR�vJ]P;GSP5`WPALRNOP58WV;>DG7P58R�}qAL7PW�5g�X58?89NKN=67PRUvJ[6KN585B7
RN=L;GDGW�;>DG7P58R�}�=LH4c ® DG7.WPD��e58KN5B7l9�587P5BKX[L\.]PDG7IRBi

{ �ly



−0.5 −0.4 −0.3 −0.2 −0.1 0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

ZZ in cm

E
ve

nt
 F

ra
ct

io
n

10−30 keV

−0.5 −0.4 −0.3 −0.2 −0.1 0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

ZZ in cm

E
ve

nt
 F

ra
ct

io
n

30−100 keV

� D>[6SPKN5 �@i ­ y � ��OI5�=6QI9NDGM^DG�B58W#c c�?BSI9�3LAC;GSP5�RN5BALKN?�O#HJ=6Kbc ® D>7V5B7I5BKN[C\V]PD>7PR ­ � ¢ 
 � �L5��
vJ9NOP5#;>58H 9w[LKEALQPO_}ZAL7PW 
 � ¢ ­ � � �L5 � v 9EOP5VKNDG[LO:9Z[6KEACQPO©}hi ��;>SP5VRX=6;GD>W';GD>7P5�DGRwRX5B;G58?89N5BW
7P58SI9EKX=67ZHJKEAC?89ED>=67�~l[6KX5B587wW_ALRXOP5BWw;>DG7P5�D>RmRX5B;G58?89N5BWw5k�X5B?89NKN=671HJKEAL?h9EDG=L7�~lW_ALRXOP5BW�WP=C9�;>DG7P5�D>R
9EOI5 �:S_AC;GD>9k\1HxAL?89N=6K �<i

10 20 30 40 50 60 70 80 90 100
−1.6

−1.4

−1.2

−1

−0.8

−0.6

−0.4

−0.2

0

Recoil Energy Er in keV

Z
Z

 in
 c

m

10 20 30 40 50 60 70 80 90 100

0.7

0.8

0.9

1

Recoil Energy Er in keV

E
ve

nt
 F

ra
ct

io
n

� D>[6SPKN5 �@i ­ � � ��OI5<c c�?BS@9^vx;>58H 9�QP;G=L9�}�AL7PW#5 �1?8DG587P?BD>5BR<vJKNDG[LO:9�QP;>=L9�}�=LH�c ® i���OP5�]I;�AL?��
W_ALRXO#WP=L9�;GD>7P5sDGR�9EOP5U7P5BS@9EKN=L7#RN58;G5B?h9ED>=67V5 �1?8DG587P?8\L~e9EOP5U[6KN585B7#WPALRNOP58W#;GD>7P5sDGR�5g�X58?89EKX=67
KN5k�X5B?h9EDG=L7^5 �^?BDG587P?8\j��D�9EOP=LSI9�DG=67IDG�nA£9EDG=L7T\�DG5B;>Wj?BSI9B~l9EOP5�RN=L;GDGWjKX5BW^;GD>7P5q=67j9EOI5�9N=6Q^DGR49EOI5
5g�X58?89NKN=67�KN5k�X5B?89NDG=67�5��^?8DG5B7I?8\���D>9NO.DG=67PD>�nAC9NDG=671\@D>5B;>W�?BSI9Tv { � 	 �%]_AL7PW_}�AC7PW�c cF?8SI9ni

{ � �



� ��� ��� �^+ �^+ � � � �!0 �!0 �^+ � � � � � �b+ ��! ��0�� � ��0 � 	 ��	
-�0B/"!

��OP5�DG7l9EKX=@WPSI?89ED>=67^=LH 583L5B7l9�;>=@?BAC9ED>=67<DG7IHJ=6KXMZA£9EDG=L7jOP5B;>QPR�SPR�9E=UDGWP587:9ND>H \j9NOP5�HJ5BAC9ESIKN5BRm=LH
9EOI5bRNSPKaHxAL?B5�5836587l9ER�DG7Z9NOP5scedgf�WP5h9E5B?h9E=6KqAL7PWw9E=TSPRN5b9NOP5BM DG71]_AL?��:KN=6SI7PW.KN5g�X58?89NDG=67ZHJ=LK
��darVf�RN5BALKN?�OIDG7P[Pi�� DG[6SIKN5 �@i ­ 
sRNOP=*��Rm9NOP5�7P5BSI9NKN=67IR�AL7IWZ5g�X58?89NKN=67PR�DG7<9k�m=T?nA£9E5B[L=6KND>5BR �
583L5B7l9ERb��D�9EO#KNALWPD>SPR�¤�� {�� �^?8M�AL7PW#5h365B7l9NRb��D>9EOVKEALWPD>SPR�¤ �%{�� �1?BM vJ9NOP5TWI589E58?89N=6K
DG7I7P5BK�5B;>5B?89NKN=�WP5TKNALWPD>SPR�D>R 
@i ® ?BM�~�9NOP5TKX5B?B=L7PRX9NKNSP?h9E5BW�KNALWPD>SPR�Q_ACKEALM^589N5BK�¤�� 
�� ® ?BM
HJ=6Kb58;G58?89EKX=67�KN58?B=6D>;GR8~�]PSI9�¤�?nAC7�]�5jALR`]IDG[.ALR��Ii ® ?8M HJ=6Kb7:SP?8;G5BALK`KN58?B=6D>;GR�WISP5�9E=�9EOI5
RN;>=*��QPOI=67P=67F9ED>M158R�}hi�2e�X58?89NKN=67PRs9EOPAC9sO_An3651A�RNM1AL;G;�KEALWPD>SPR`?nAC7�]�5<KN5k�X5B?89N5BWzAC9sOPDG[LO
5��^?8DG5B7I?8\j��D>9NOj9EDGM^DG7I[bQ_ALKNALM15h9E58KNRB~�ALR�RXOP=*��7ZDG7j9NOP5�9E=6Q^[6KEACQPO�i42��X58?89EKX=67PR�9EO_A£9mOPA*3L5
AV]PD>[#KEACWPDGSPRU7P5B58W�O_ALKXRNOY9ED>M1D>7P[�?BSI9NRB~�ALRTRXOP=*��7¬DG7z9NOP5w]�=L9N9N=6M [6KEALQIO�i�2��X5B?h9EKN=L7PR
]�589k�m5B5B7 9EOP5�9k�m=�W_ACRNOP58W¡;GD>7P5BRjD>7�9EOP5.]�=L9N9N=6M�QP;>=L9^ALKX5�D>7�AF?8=67l9EKX=¯3L5BKXRND�AC;�KX5B[6D>=67�i
� D>[6SPKN5 �@i ­ �FRXOP=*��Rj9EO_AC9<M^=6Ra9<=LH�9EOP5.;G=*�¦\�DG58;GW¬5g�X58?89EKX=67PRj9EOPAC9<7P5B58W OPALKNRXO�9NDGM^DG7P[
?BS@9ER�ALKN5<A£9b9EOP5<58WP[65j=LH�9EOI5^QIOP=67P=67FRX5B7PRX=6KNR8ij��OPDGR`D>Rb[65B7I5BKEAC;G;>\�9EKXSP5�HJ=6KsAL;>;�9NDGM^DG7P[
Q_ALKNALM^589E58KNR8~ ALR`RNOI=¯��7�DG7 � DG[6SIKN5BR �@i|{ � ~��@i { ­ ~ AC7PW �@i {6{@i � � 
 � �¯~ � � � & 
 � �£~,AC7PW �  ��� �
ALKX5�QI;G=L9X9E5BW�ALRqHJSI7P?89NDG=67PR�=LH�KEACWPDGSPR�¤�~_KX5BRXQ�58?89ED�3658;>\6i

��5B?BALSPRX5U=LH 9EOI5�;>DGM^D>9EAC9ED>=67PR�DG7�RX5BQ_ALKNAC9ED>7P[<7:SP?B;>5nALK�KX5B?B=LDG; AL7IW�RXSPKEACHJ?85s5836587l9ER�AC9�A
]PD>[1KNALWPDGSIRB~©ALR�DG;>;GSPRa9EKEA£9E5BW.]l\.9EOP5UAL]�=*365�QP;G=L9NRB~_�m5TQPSPKXRNSP5TA^Ra9EKNAC9E58[L\�9EO_A£9�RX5BQ_ALKNAC9E58R
9EOI5U5h365B7l9NRbDG7.9EOP5Toqpsr#t�cedgf'WP589N5B?89N=6K�DG7l9E=<9EOP5�RNM1AL;>; KEALWPD>SPR�?nAC9N5B[6=LKX\�AL7PW�9EOP5�]PD>[
KEACWPDGSPR�?BAC9E58[6=6KX\^AC7PWwAL;>;G=*��R�SPR�9E=�RN5B;>5B?h9�7:SP?8;G5nACKmKX5B?B=LDG;GR�AC9mA�OPDG[6OI5BK�?B=67 �_WP5B7I?B5�;>583L5B; i
# 7�DG7IWP5BQ�5B7PWI5B7l9�RNSPKaHxAL?B5�KN5k�X5B?89NDG=67.Q_ACKEALM^589N5BKB~@��OPDG?�O�RNOP=LSP;GW.]�5�SIRN5BW�9E=6[L589EOI5BKq��D>9NO
QPOP=L7P=67#9ED>M1D>7P[^Q_ALKEACM15h9E5BKXRB~�D>RbKN5$�:SPDGKX5BW#HJ=6K�OPDG[6O�7:SP?8;G5BALKbKN58?B=6D>;�RX5B;>5B?89NDG=67�5 �^?BDG587P?8\
AL7PW�AL7.D>M1QPKX=*365BW.RXSPKXHxAL?85U5h36587:9�KN5k�X5B?h9EDG=L7�5 �^?BDG587P?8\Li���OPDGR�Q_ALKNALM^589E58KqDGRq9NOP5sQPOP=67I=67
5B7I5BKN[C\1QPALKX9ND>9ED>=67 � 9EOI5�QPOI=67P=6715B7P58KN[L\^DG7<9EOI5�;>=@?BAL; �:S_ALWPKNAL7l9qAC7PW19NOP5�QIOP=67P=6715B7P58KN[L\
DG7Y9k�m=�7P5BD>[6O:]�=6K���SPALWPKEAC7:9NR<M1D>7�SIRT9EOP5.QPOI=67P=67¬5B7I5BKN[C\YDG7�9NOP5�=6QPQ�=6RND�9E5 �:S_ACWPKEAL7l9Bi

{ � 




�_=6KmAL7Z5h365B7l9�D>719NOP5`oqpsr#tZcedgfYWP589N5B?89N=6K �:S_ACWPKEAL7l9 # ~l9EOP5�QPOP=67P=L7wQ_ALKa9ED>9NDG=67<?BAL7w]�5
5h�@QPKX5BRXRN5BW#ALR � � 
 � � � � ��& � � � ª � � ª �  ! � �� � v �@i|{L}
��OP58KN5 � ��DGRUQPOP=67I=67Y5B7I5BKN[C\YDG7 �:S_ALWPKNAL7l9 # ~ � �jDGRTQIOP=67P=67�587P5BKX[L\�DG7 �:S_ALWIKEAL7l9 ��~� �VD>RwQPOP=L7P=67�5B7P58KN[L\'DG7 �:S_ALWIKEAL7l9Vo�~ �  ¬DGR�QPOI=67P=67�5B7I5BKN[C\'DG7 �:S_ACWPKEAL7l9�p�~qAC7PW� � � � � ª � � ª � � ª �  ZDGRq9N=L9�AC;�QPOP=67I=67�587P5BKX[L\6i
��OP5VRX5BQ_ACKEAC9NDG=67 ]�5h9k��585B7�7P58SI9EKX=67PRwAC7PW¡5k�X5B?89NKN=67IR1��D>9NO¡]PD>[�KNALWPD>SPR1QPALKEALM^589N5BKXR

DGRU[6=�=@W�DG7�9NOP5wQPOI=67P=67 � � 
 � � � � ��&¡3L5BKXRNSPR �  ��� �^9k�m=�WPD>M1587PRND>=67_AL;!QP;>=L9jACRTRNOI=¯��7¬D>7
� D>[6SPKN5 �@i { 
�HJ=6K47P58SI9EKX=67PR�AL7IW^5k�X5B?h9EKN=L7PR�vx]�5B;G=*�¬9EOI5 
 � [lALM^MZA�]_AL7PW^AL7IW « � � � � � ® }h~
AL7PW�DG7 ��DG[6SPKX5 �@i { ��vx5g�X58?89NKN=67PR�ALKX5`DG7�9EOP5 
 � 7:SP?8;G5nACK�KX5B?8=6DG;�]PAL7PW©}�i
��OP5wHJSP;>;mSP7IWP5BKXRX9�AC7PWPDG7I[�=LH�9EOP5wRX5BQ_ACKEAC9NDG=67Y]�589k�m5B587 7I5BSI9NKN=67PR<AC7PW�5g�X58?89EKX=67PRjD>7

9EOI5�QPOP=L7P=67wQ_ACKX9ED�9ED>=67^3�RmQ�WP58;G?�QP;G=L9m?B=LM158RmHJKN=LM�RN583L5BKNAL;e5h�e58?89ER�=CH QPOP=67I=67w583L=6;GS@9EDG=L7
AL7PWTQPKN=6QPAL[lAC9NDG=67UDG7U9NOP5�cedgfFWP5h9E5B?h9E=6K8i�� D>KNRa9n~LRXSPKXHxAC?B5qRX?nAC9X9E5BKXDG7P[�;G5nACWPR�9N=�HxALRX9 QPOP=67I=67
9ED>M1D>7P[�Q_ALKEACM15h9E5BKXRBi4t@5B?8=67PW�~69NOP5qQPOP=L7P=67�9ED>M1D>7P[�Q_ALKEACM15h9E5BKXR4ALKX5q]PD>[6[65BK,HJ=6K 9EOP5qRNALM^5
�:DG7PW�=LHmRN?BAC9N9N5BKND>7P[���OP5B7�9EOP5^583L5B7l9TALQPQPKX=@?�OP58R�9NOP5<?�O_ALKX[651=LSI9E58K�58;G58?89EKX=@WI5L~ ALRsRN585B7
DG7#ALKN[6SIM1587:9NR`AC9b9NOP5�]�5B[6D>7P7PD>7P[w=LH!9NOPDGRbRX5B?h9EDG=L7�i � DG7_AC;G;>\L~_9EOP5�WID>��SPRND>=67#KN5��_5B?h9ED>=67�=LH
9EOI5�QPOP=67I=67PRb[6D�3658R`AZ?�O_ALKNAL?89N5BKXDGRX9NDG?UQPOP=67P=L7#Q_ALKa9ED>9NDG=67�WPDGRa9EKXDG]PSI9NDG=67�ALR`A^HJSP7P?89NDG=67�=LH
583L5B7l9�Q�=6RXD>9NDG=67�i d�5h�@QP;GALDG7�9NOP5 �_KNRa9�AC7PW�9EOP5`9EOIDGKNW.=LH 9EOI5BRN5UALKX[6SPM^5B7l9ER�DG7.WP5h9�ALD>; �
� DGKXRX9B~¯9NOP5�5836=L;GSI9NDG=67s=LH�9EOP5�7P=L7P5 �:S_AL;>DG]PKXDGSPM�QPOP=67I=67UWIDGRX9NKND>]PSI9ED>=67bHJSP7P?h9ED>=67 & �� v �
 � �X}

DG7.RXQ_AL?B5�AL7IW�9NDGM^5bDGR�[6=*3L5BKN7I5BW#]l\w9NOP5 ��=6;>9N�BM1AL7P7@¢kf�58DG5BKX;GRq5$�:S_AC9ED>=67 � ­�� y �
� & ��
� �

� ! �
� �� ��� & �� ª�� v'& �� } ª�� v'& �� } ª�� �� v �@i 
6}

��OP58KN5
� �� D>R�9NOP5U[LKN=6SPQ�365B;>=@?8D>9k\.=LH4QPOP=67P=L7 �� ~ � v'& �� }�DGR�AZ?B=6;>;GD>RNDG=L7w9E5BKXM HJ=6K�QIOP=67P=67�¢

QPOP=L7P=67wRX?nAC9X9E5BKXDG7P[_vxSPRXS_AL;G;�\<D>9mDGR�?nAL;>;G58WwAL7POPALKNM^=67PD>?�WI5B?nAn\L~PKN58RNSP;�9EDG7I[TDG71QPOP=67I=67wRNQI;GD>9
=6K�?B=lAC;G5BRX?B587P?B5n}h~ � v'& �� }!DGRmAL7P=L9NOP5BK�?B=6;>;GD>RNDG=L7�9E5BKXM�HJ=6KmQIOP=67P=67�¢kDGM^QPSPKXD>9k\�vxWP5hHJ5B?89�}�RX?nAC9a¢
9E58KND>7P[P~ AL7IW � �� D>Rb9EOP5jQPOI=67P=67F[6587P5BKNAC9ED>=67�KEAC9N5THJKN=LM�5h��9N5BKN7PAL;45h�@?8D>9�A£9EDG=L7�i # H 9E58KsAL7

{ ���



DG7l9N5BKEAC?89ED>=67�=@?8?BSPKXRTDG7F9EOI5Z?BKa\�RX9�AC;m=LHm9EOP5wcedgf WP589N5B?h9E=6KTAL7PWz]�58HJ=LKN5<9EOP517P5h��9�5h36587:9B~
� �� � � i
��OP5BKX5wALKX5^9NOPKN5851?�OPALKEAL?h9E58KNDGRa9ED>?^9NDGM^5BR`=LH�7P=67@¢ 5 �:SPDG;>DG]PKXDGSPM QPOP=67I=67�QIKN=6Q_AC[lAC9ED>=67�i

��OP5��PKNRX9�=67P5UDGR�� ��~�QPOI=67P=67#QIKN=6Q_AC[lAC9ED>=67.9EDGM^5sHJKN=6M QPOI=67P=67#RX=6SPKX?B5T9N=19EOI5�QPOP=67I=67
RN587PRN=LK �P9EOI5`RN5B?8=67PW.=67P5`D>R�� 	�~PQPOI=67P=67�;>D>HJ5�9NDGM^5�WPSI5b9E=jQPOP=L7P=67�DGM^QPSPKXD>9k\^RN?BAC9N9N5BKXDG7P[ �
9EOI5b9EOPD>KNW�DGR��

�
~IQPOP=L7P=67.;GD�HJ5�9ED>M15�WPSP5`9E=jQIOP=67P=67.QPOI=67P=67�RX?nAC9X9E5BKXDG7P[Ii!��OP5`3LAC;GSP58Rq=LH

� �e~�� 	�~©AL7IW��
�
WP589N5BKXM1D>7P5b9EOP5sKX5nAL; QPOI=67P=67.QPKX=6Q_AL[lA£9EDG=L7�M1=�WP5Li

dk7#9EOP5U?nALRX5�=LH!D>RN=L9NKN=6QIDG?�WPDGRa9EKND>]PSI9NDG=67�~�AL7IWV9EOP5UWPDGRXQ�58KNRXDG=67�KN5B;GAC9ED>=67 / �� � � � vJR�D>R
RN=LSP7PW�RNQ�5B5BW_}�SP7IWP5BK�9EOI5�;>=67P[j��A*3L5TACQPQPKN=n�@DGM1AC9NDG=67�~���5sO_An3L5 � ­ � y �

� v &��P} � !
&�� ! &�� (
�
�

v �@i �l}

� v &��I} � !
&�� ! &�� (
� 	 v �@i ® }

��OP58KN5�&�� ( D>Rq9EOP5s5$��SIDG;GD>]PKND>SPM QPOP=67P=L7�7:SPM�]�5BK���D�9EO�HJKN5$��SI5B7P?h\ /�i
��OP5B7�9EOP5sQPOI=67P=67�DGM^QPSPKND�9k\�vJ=6K�WP5hHJ5B?89NR�}�RN?nA£9N9E58KND>7P[<DGR�DGM^Q�=LKX9�AC7:9B~	� ��
�� 	 ~P9EOI5

��=6;�9E�8MZAL7I7@¢kQ�5BD>5BKN;>R�5$��SPAC9ED>=67.DGR�RND>M1QI;>\Z9NOP5sWPD>��SPRXDG=67�5$��SPAC9ED>=67
� & ��
� �

� 
 � ¨ & �� ª�� v & �� } ª�� �� v �@i y6}

��OP58KN5 
 �
� ¨ �� � 	 ~©AL7PW
� 	�D>Rq9EOP5sQPOP=L7P=67�;GD>HJ5h9ED>M15�WPSP5s9E=<DGM^QPSPKXD>9k\1RN?BAC9N9N5BKND>7P[Pi

��OP5B7�QPOP=L7P=67@¢ QPOP=67P=L7�RN?nA£9N9E58KND>7P[�DGR�D>M1Q�=6Ka9�AL7l9n~�� ��� � 	�~�AL7PW�� ��� �
�
i # 9

;�ACKN[65<RN?BAL;G58R�vJ?BMZ}h~ [65B7P58KEAL;>;>\L~�QPOI=67P=67�QPKN=6QPAL[lAC9NDG=67�WPDGRa9�AL7I?B5 � � ��~ ��OP5BKX5 �sDGRs9EOI5
QPOP=L7P=67�QPKN=6QPAL[lAC9NDG=67w9NDGM^5Li
�q��=T��D>7PWPR�=LH�D>M1QISPKND�9EDG58R4M�SPRa9�]�5�WPDGRa9EDG7I[6SPDGRXOP5BW<��OP587wQPOP=67I=67@¢kD>M1QISPKND�9k\�RN?BAC9N9N5BKg¢

DG7I[�D>R!?B=67IRNDGWI5BKN58W�i!��OP5 �_KNRa9���D>7PW^=LHeD>M1QISPKND�9EDG58R4ALKX5�DG7j9EOP5�]PSI;G��=LH�9EOI5bcedgfzWI589E58?89N=6KNR8i
��OP5h\#O_An365<AwKXDG[6D>W�58;G58?89EKX=67PD>?TRX9NKNSP?h9ESPKX5���D>9NO�5h�@?BD�9�AC9NDG=67�5B7P58KN[L\V=LH!9EOP5T=6KNWP58Kb=LH�9EOI5

{ ® �



AC9N=6M1D>?b5B7I5BKN[C\�v A�HJ58�%5 �s}�i�t@SP?�O�DGM^QPSPKND�9ED>5BR�ALKX5`DG=67IDG�B58W.WP=67P=6KXR�AL7PW�AL?B?85BQI9N=6KNR8~�AC7PW
DGRX=L9E=LQ�58RBiq��OP5�RN58?B=67IW#�:DG7PW�=LH4D>M1QPSIKND>9NDG58R�O_An365�A<RN=CH 9�58;G5B?h9EKX=67PDG?sRa9EKNSI?89ESIKN5U��D�9EO�;G=*�
5h�@?8D>9�A£9EDG=L7�587P5BKX[L\F;G5h365B;>RBi.t�SP?�OYDGM^QPSPKXD>9NDG5BRbALKN5^7P5BS@9EKEAC;�WI=67P=6KXRTAL7IWzAL?8?B58QI9E=6KXRB~!AC7PW
W_AL7I[6;GD>7P[j?�OP5BM^DG?BAL;�]�=67PWPR8i
��OP5qQPOI=67P=67�RX?nAC9X9E58KNDG7I[b=LH_9EOI5 �_KXRX9!�:DG7IWT=LH©D>M1QPSIKND>9NDG58RB~£AL;>��An\�R 9EOP5 ��An\�;G58DG[6O�9k\�Q�5C~

DGR�SPRNSPAL;G;�\.KN58HJ58KNKX5BW#9E=wALRbDGRX=L9E=LQ�5�RN?BAC9N9N5BKND>7P[Pi���OP5jQPOP=67I=67#RN?BAC9N9N5BKXDG7P[w=CH!9EOP5�RX5B?8=67PW
�:DG7PWj=CH©DGM^QPSPKND�9ED>5BR,DGR4[L5B7P58KEAL;>;>\s?B=L7PRND>WP5BKX5BW<DG7jAbRXDGM^QP;G5�M^=@WP58;@=CH�A�9k��=C¢ ;G5h365B;@DGM^QPSPKXD>9k\
AC9N=6M�i ��OP5qQIOP=67P=67jRX?nAC9X9E58KNDG7I[bKEAC9N5`v ­�� � 	 ¨ }�=LH_9NOP5�RX5B?8=67PW<�:DG7PW�=CH©DGM^QPSPKND�9ED>5BR,DGR�M�SP?�O
OPD>[6OP5BK�9EO_AL7�9NOP5�QPOP=L7P=67jRN?BAC9N9N5BKXDG7P[`KNAC9E5sv ­�� � 	 " }�=CH�9NOP5 �_KXRX9��:DG7PWj=CH�D>M1QISPKND�9EDG58R � ­ � y � ~
D i 5Li�~�� 	 " ��� � 	 ¨ i
oqpsr#tYcedgf WP5h9E58?89E=LKNR�ACKN5^OPDG[6O�QPSPKXD>9k\F[658KNM1AL7PD>SPM =6K�RND>;GDG?8=67�WP5h9E5B?h9E=6KXRB~4RX=V9EOI5

�_KXRX9��:DG7IW�=LH DGM^QPSPKND�9ED>5BR�ALKN5�MZALD>7P;>\<D>RN=L9N=6Q�5BRB~IAL7PWw9NOP5bRN58?B=67IW��:D>7PW�=LH,DGM^QPSPKXD>9NDG5BRmALKX5
9EOI51W_AC7P[6;GD>7P[�?�OP58M1D>?nAL;!]�=67PWPR�=67F9EOP5^RNSIKXHxAL?851=LHm9EOP5^WP5h9E5B?h9E=6K8i��_=6K`RNSIKXHxAL?85Z583L5B7l9ER8~
9EOI5U?8=67l365BKXRND>=67�9NDGM^5`=LH4QPKXDGM1ALKX\Z=6QI9NDG?nAC; QPOP=67P=L7PR�D>R�WP589N5BKNM^DG7I5BW�]:\
� 	 ¨ ~_9NOP5URX5B?8=67PW
�:DG7PW�=LHqQIOP=67P=67�¢kDGM^QPSPKXD>9k\�RX?nAC9X9E58KNDG7I[�9ED>M15Ci # H 9E5BKs9EOI5Z?B=L7:3L5BKXRNDG=L7�~4;G=*�m5BKsHJKN5$��SI5B7P?h\
]_AL;>;GD>RX9ED>?�QPOP=67P=L7PR�9EKNAn365B;�9EOPKX=6SP[6OZ9NOP5scedgf¬WP589N5B?h9E=6K�AC9�7P5nACKN;>\^SP7ID>HJ=6KXM1;�\<OPDG[6OZRNQ�5B5BWei
�_=6K�]PSP;G�<5h365B7l9NRB~P9EOI5b?B=67l3L5BKNRXDG=67w9NDGM^5�=LH,QPKND>MZACKX\<=6QI9NDG?BAL;©QPOP=67P=L7PRqDGR�WP5h9E5BKXM1D>7P5BWZ]:\
� 	 " ~ 9EOP5 �_KXRX9s�:DG7IW�=LH�QPOI=67P=67@¢ DGM^QPSPKXD>9k\�RN?nA£9N9E58KND>7P[�9EDGM^5Li � 	 " � � � 	 ¨ 5��@QP;�ALD>7PRb9EOI5
QPOP=L7P=67.9EDGM^DG7I[�WPD>��5BKX5B7P?85s]�5h9k��585B7#5k�X5B?89NKN=67IR�AC7PW�7I5BSI9NKN=67PR8i
��OP5qQPOI=67P=67UWPD>��SPRND>=67�KN5��P5B?89NDG=67�AL7PWT;>DGM^D>9N5BWsQPOP=67I=67TRX5B7PRX=6K4?B=*3L5BKEAC[65�AC9 9EOP5�5BWI[65

=LH49NOP5jcedgf�WP5h9E58?89E=LKb?nALSIRN5T9NOP5TQPOI=67P=67#QPALKX9ND>9ED>=67�9E=w]�5TRXMZAC;G;G58KqHJ=6K�5h36587:9NR`7P5nACK�9EOI5
?�O_ALKX[65�=6SI9N5BK�5B;>5B?89NKN=�WP5Li ��OPDGR�ALKX[6SPM^5B7l9�]�58?nALM^5�?B;>5nALK49N=�M^5�ACH 9E58K�A�WIDGRN?8SPSPRXDG=67j��D>9NO
��DG?�O_ALKXW�t�?�OP7P5B5mDG7s��OPDG?�O�OP5�Q�=LDG7l9E58WU=6S@9 9NO_AC9,9EOI5�9N=L9�AL;l7:SPMT]�58K�=LH@QPOP=L7P=67PR ?B=6;>;G58?89E58W
]l\.A�QPOP=L7P=67.RN587PRN=6K�D>RqQPKN=LQ�=6Ka9ED>=67_AL;©9E=j9EOI5`RN=6;>DGW�AL7I[6;G5b=CH�9NOP5`QPOP=67I=67.RN5B7IRN=6K�RN585BD>7P[
9EOI5�QPOP=67P=L7PRBi!��OPD>R4RN=L;GDGW<AC7P[6;G5�=LH©9EOP5�=6QIQ�=6RXD>9N5 ��SPALWPKEAC7:9�QIOP=67P=67<RX5B7PRX=6K�DGR4587PO_AL7P?85BW
HJ=6K�583L5B7l9ER`7I5nALK�9EOP5�?�O_ALKX[65�=6SI9E58K�58;G58?89EKX=@WI5UWPSI5U9E=<9EOI5TQPOP=L7P=67VWID>��SPRND>=67�KX5��_58?89NDG=67�i

{ ®@­



� D>[6SPKN5��@i { ® RXOP=*��R�9EOP5wQIOP=67P=67�QPALKX9NDG=67zALRjA�HJSP7I?89ED>=67Y=LH�5h36587:9<KNALWPD>SPRTQ_ACKEALM^589N5BKBi
��58?nALSPRX517I5BSI9NKN=67PRs[6587P5BKNAL;G;�\VOPA*3L5<RN;G=*�	9ED>M1D>7P[P~�9NOP5jKEACWPDGSPR`QPALKEALM^589N5BK`D>Rb]PDG[L[65BK�HJ=LK
7P58SI9EKX=67PRU9NO_AL7zHJ=LKU5k�X5B?89NKN=67IRBi���OPDGRUM15BAL7PRs9EO_AC9U9EOP51KN5BAL;�5836587l9jKEALWIDGSPRU?B=6SP;>Wz]�5ZA£9
¤ ( � 
1?BM HJ=6KbA^7P5BS@9EKN=L7�O_An3@D>7P[wA1KN5B?8=67l9EKXSP?89N5BWFKEALWIDGSPR�Q_ALKNALM15h9E58Kb¤ � 
�� ® ?8M�=LK
583L5B7�RN;>DG[6Ol9E;�\^]PDG[6[L5BKBi # H 9E58Kq9EOPD>Rq?B=LKNKN58?89NDG=67�~�9EOP58KN5`D>Rq7P=jQPOP=L7P=67.Q_ALKa9ED>9NDG=671WPD>��5BKX5B7P?85
]�589k�m5B5B7�7P5BS@9EKN=L7PR�AL7PW.5g�X58?89EKX=67PR8i ��S@9�9EOP5`HJ5nA£9ESPKX5`DGR�?B;>5nALK � 583L5B7l9ER�7P5nACKq9EOP5s5BWI[65`=LH
9EOI5Tcedgf WP589N5B?89N=6K�O_An365UAjRNM1AL;G;>5BKqQPOI=67P=67�Q_ALKa9ED>9NDG=67ei
� DG[LSPKN5 �@i {Ly�RNOI=¯��R<9EOI5�QIOP=67P=67�Q_ALKa9ED�9EDG=L7z3658KNRNSIRZ;G=�?nAC; �:S_ALWPKNAL7l9^QPOP=67P=L7 Ra9�ALKa9

9ED>M15�QP;>=L9nis2��X5B?h9EKX=67PRb��D>9NO�Aw]PD>[wKEALWIDGSPR�Q_ALKEACM15h9E5BK�MZAn\�O_An365<AwOPD>[6O#QPOI=67P=67�Ra9�ALKa9
9ED>M15C~�]ISI9`[6587P5BKNAL;G;�\�9EOP5h\#O_An365j;>=*� QPOP=67P=L7�Q_ALKX9ND>9NDG=67.3CAL;GSP58RB~��XSIRX9b;>DG�C5U9EOI5�5g�X58?89EKX=67
WPD>RX9EKXDG]PS@9EDG=L7�DG7w9EOI5�QIOP=67P=67 � � 
 � � � � � &F365BKXRNSPR �  ��� ��QP;G=C9�=LH���DG[6SPKX5 �@i { 
Ii
o�=67PRXDGWP58KNDG7I[19EOI5TQPOP=L7P=67VWI5B;�An\�WPD>RX9EKXDG]PS@9EDG=L7�ACRbA^HJSI7P?89NDG=67�=LH4KNALWPDGSIR�Q_ACKEALM^589N5BKB~

9EOI5�QIOP=67P=67�Q_ALKa9ED>9NDG=67'ALRVAYHJSP7I?89ED>=67�=LHTKNALWPD>SPR.Q_ALKEACM15h9E5BK8~bAL7IW�9NOP5�HxACRX9�QPOP=67I=67
9ED>M1D>7P[wQ_ACKEALM^589N5BKNR`HJ=6K`RXSPKXHxAC?B5^5836587l9ERB~ D>9sDGR`D>WP5nAC; 9E=�RN58;G5B?h9�7�SI?B;G5BALKsKN58?B=6D>;GR^v AC7PW�9N=
KN5k�X5B?h9�RNSPKaHxAL?B5�5836587l9ER�}qD>7Z9EOP5�QPOP=67I=67 � � 
 � � � � � &V3658KNRXSPR �  ��� ��9k�m=jWPDGM^5B7PRXDG=67PAL;©QP;�AL7I5
HJ=6K<AL;>;q583L5B7l9ER1O_An3�DG7P[F]PD>[�KNALWPD>SPRjQ_ALKNALM15h9E58K<¤�i���OIDGRjM^589EOI=@W¬?nAC7 5h�e58?89ED�3658;>\¬?BS@9
=L��5g�X58?89EKX=67PRb9NO_AC9bOPA*3L5j]PDG[19EDGM^DG7I[1Q_ACKEALM^589N5BKNR8~�ALR�DG;G;>SPRX9NKEAC9N5BW�DG7 ��DG[6SPKX5 �@i { �Pi���OP5
��darVf'RX5nALKX?�OVW_AC9EA<AL7_AL;�\@RXDGR�D>7w9EOP5s7P5��@9�RN58?89NDG=67.HJ=6;G;>=*��R�9EOPD>R�DGWP5BAIi

{ ® {



10 20 30 40 50 60 70 80 90 100
2

4

6

8

10

12

14

16

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z5, R<=2.7 cm

Neutrons
Ejectrons
Ejectrons failed rt

10 20 30 40 50 60 70 80 90 100
2

4

6

8

10

12

14

16

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z5, R>2.7 cm

Neutrons
Ejectrons
Ejectrons failed rt

� D>[6SPKN5 �@i ­ 
 � t@58Q_ALKEA£9EDG7I[w583L5B7l9ERsDG7�c ® DG7l9E=^9k��=.?BAC9E58[6=6KND>5BR8i`24365B7l9NR�D>7V9EOI5T9E=6QVQP;G=L9
O_An365UKEALWIDGSPR�¤ �%{�� �<?8M�i���OP5�583L5B7l9ERbD>7�9EOP5�]�=C9N9E=LM QP;G=C9�O_An365TKNALWPD>SPR�¤ ��{�� �<?8M�i
��OP5j5h365B7l9NRbHxAL;G;>DG7P[^DG7l9E=19EOP5jACKN5nA1]�5h9k��585B7F9EOP5T9k�m=�W_ALRXOP5BWFKX5BW�;GD>7P5BR�DG7�9EOP5�]�=L9X9E=6M
QP;>=L9�ACKN5^5836587l9ERjDG7�9EOP51?B=67l9NKN=*3658KNRNDGAL;�KX5B[6D>=67�i.��OP5wKa9T?8SI9�KX58HJ58KNRT9N= � QI9NKX9E? � ­6­ i ® ���AL7PW�QPM^DG7PKa9E? � 
@i|{ ��� i

{ ® 




� D>[6SPKN5 �@i ­ � � ��DG[#9NDGM^DG7P[�Q_ALKNALM15h9E58K�5g�X58?89EKX=67PRjO_An3L5�A#]IDG[#KNALWPDGSIRBi �_=6KT9EOI5�5836587l9ER
RNOI=¯��71DG7�9NOPDGR![6KNALQPO�~lQ@9EKX9N? � ­6­ i ® ��� �:QPM1D>7PKX9N? � 
Ii { ��� �lQ�WI5B;G? ��yIi 
 ��� HJ=6K�c { �lQ�WP5B;>? �

�� 
 ! � � �I­¯® � � 
 � ��� HJ=6Kqc 
��IQ�WP5B;>? � 
�� � ! � � �I­ { � � 
0� ��� HJ=6K�c ® i4QPKN?�DGRqKX5B?B=LDG;�5B7P58KN[L\Li��OP5�?BD>KN?B;>5BR�ALKX5bHJ=6K�c {@~I9NOP5sWPD�ACM1=67IWPR�ALKN5bHJ=LK�c 
I~_AL7PW.9EOI5�Ra9�ALKXR�ALKN5`HJ=6K�c ® i

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
10.5

11

11.5

12

12.5

13

13.5

14

14.5

15

pt
rt

c 
in

 µ
s

Radius R in cm

Z2+Z3+Z5, 10−20 keV

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
10.5

11

11.5

12

12.5

13

13.5

14

14.5

15

pt
rt

c 
in

 µ
s

Radius R in cm

Z2+Z3+Z5, 20−60 keV

� D>[6SPKN5 �@i|{ ��� c ® ~6QI9EKa9E?�WPD>RX9NKNDG]ISI9ED>=67jALR�AbHJSP7P?h9ED>=67j=LH�KEALWIDGSPR8i ��;>SP5�WP=L9NR�ALKN5�7P58SI9EKX=67PR8~
[6KX5B5B7�?BKX=6RNRX5BR�ALKN5`5k�X5B?89NKN=67IRBi�r�=6RX9�]PD>[jKND>RN5`9ED>M15b5k�X5B?h9EKN=L7PR�OPA*3L5TAj]PD>[jKEALWIDGSPR8i

{ ® �



0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
7

7.5

8

8.5

9

9.5

10

10.5

11

pm
in

rt
c 

in
 µ

s

Radius R in cm

Z2+Z3+Z5, 10−20 keV

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
7

7.5

8

8.5

9

9.5

10

10.5

11

pm
in

rt
c 

in
 µ

s

Radius R in cm

Z2+Z3+Z5, 20−60 keV

� D>[6SPKN5 ��i|{ ­�� c ® ~�QPM^DG7PKa9E?�WPD>RX9NKNDG]ISI9ED>=67�ALR�A¬HJSP7I?89ED>=67�=LH�KNALWPD>SPRBi ��;GSI5�WI=L9ER�ALKX5
7P58SI9EKX=67PRB~_[LKN5B587�?8KN=6RXRN58R�ACKN5`5g�X58?89NKN=67PR8iqr�=6RX9�]PD>[jQPM^DG7PKa9E?b5k�X5B?89NKN=67IR�OPA*3L5s]PDG[jKNALWPDGSIR
¤�i

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
3

4

5

6

7

8

9

10

11

pd
el

c 
in

 µ
s

Radius R in cm

Z2+Z3+Z5, 10−20 keV

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
3

4

5

6

7

8

9

10

11

pd
el

c 
in

 µ
s

Radius R in cm

Z2+Z3+Z5, 20−60 keV

� D>[6SPKN5 �@i {6{ � c ® ~LQ�WP58;G?qWPD>RX9NKNDG]ISI9ED>=67�ALR A�HJSP7P?h9EDG=L7�=LH©KEACWPDGSPR8i ��;>SP5�WI=L9ER!ACKN5q7P58SI9EKX=67PR8~
[6KX5B5B7�?BKX=6RNRX5BR�ALKN5`5k�X5B?89NKN=67IRBi�r�=6RX9�]PD>[jQPOP=67I=67�WI5B;�An\�5k�X5B?h9EKN=L7PR�OPA*3L5U]IDG[jKEACWPDGSPR�¤�i

{ ®6®



4 6 8 10 12 14

0.7

0.8

0.9

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−20 keV

4 6 8 10 12 14

0.7

0.8

0.9

pdelc in µs

ph
on

on
 p

ar
tit

io
n

20−100 keV

� D>[6SPKN5 �@i { 
 � c ® ~:QPOP=67I=67wQ_ALKa9ED�9EDG=L7jWPDGRa9EKND>]PSI9NDG=671ALRmA�HJSP7P?h9ED>=671=CH Q�WI5B;G?Ci4��OP5�W_ALRNOI5BW
KN58W�;GD>7P51D>R�9NOP5wRXSPKXHxAL?85w583L5B7l9<?BS@9j;GD>7P5L~�5836587l9ERj]�5B;G=*��9NOPDGRU;GDG7I5ZALKX5ZRXSPQPQ�=6RN58W¬9N=#]�5
RNSIKXHxAL?85mD>7:9N5BKNAL?89NDG=67PR8i �m;GSP5!WP=C9ER�ALKN5�7P58SI9EKX=67PRB~C[6KN585B7U?BKN=LRNRN58R4ALKX5�5g�X5B?h9EKX=67PRBi # ;>;l5836587l9ER
O_An365�KEACWPDGSPR�¤ ��{�� �j?BM�i

{ ® y



4 6 8 10 12 14

0.7

0.8

0.9

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−20 keV

4 6 8 10 12 14

0.7

0.8

0.9

pdelc in µs

ph
on

on
 p

ar
tit

io
n

20−100 keV

ptrtc=10.35 µs,   pminrtc=7.95 µs

� D>[6SPKN5 �@i { � � c ® ~:QPOP=67I=67wQ_ALKa9ED�9EDG=L7jWPDGRa9EKND>]PSI9NDG=671ALRmA�HJSP7P?h9ED>=671=CH Q�WI5B;G?Ci4��OP5�W_ALRNOI5BW
KN58W�;GD>7P5<DGRU9NOP5ZRXSPKXHxAC?B5w5h365B7l9<?8SI9j;GD>7P50� 5836587l9ER<]�58;G=*��9EOIDGRT;>DG7P5^ALKX5ZRXSPQPQ�=6RN58W¬9N=#]�5
RNSIKXHxAL?85mD>7:9N5BKNAL?89NDG=67PR8i �m;GSP5!WP=C9ER�ALKN5�7P58SI9EKX=67PRB~C[6KN585B7U?BKN=LRNRN58R4ALKX5�5g�X5B?h9EKX=67PRBi # ;>;l5836587l9ER
O_An365�KEACWPDGSPR�¤ ��{�� �j?BM�i � 7I;>\w5k�X5B?h9EKN=L7PR���D�9EOPD>7w9EOP5 
 � 	 � ]_AL7PW�ALKN5`RXOP=*��7�i

{ ® �



0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

0.66

0.68

0.7

0.72

0.74

0.76

0.78

0.8

0.82

0.84

ph
on

on
 p

ar
tit

io
n

radius R in cm

� D>[6SPKN5 �@i { ®�� f!OP=67P=L7VQ_ALKa9ED�9EDG=L7�ACR�A<HJSP7P?89NDG=67�=LH KEALWPD>SPR ��i ��;>SP5�WP=L9ER�ALKX5U7P58SI9EKX=67PR8~
[6KX5B5B7�?BKX=6RNRX5BR�ALKN5`5k�X5B?89NKN=67IRBi � � 
 � � � ­6­ ��� HJ=LK�7P5BSI9NKN=67IRBi

1 2 3 4 5 6 7 8 9 10 11
0.72

0.74

0.76

0.78

0.8

0.82

0.84

local quadrant phonon start time in µs

ph
on

on
 p

ar
tit

io
n

� D>[6SPKN5 �@i|{Cy � f!OP=67P=67.Q_ACKX9ED�9ED>=67�ALR�A�HJSP7P?h9ED>=67.=LH ;G=�?nAL; ��SPALWPKEAC7:9�QPOI=67P=67.RX9EALKX9�9NDGM^5Li
��;>SP5�WP=L9ER�ALKX5�7I5BSI9NKN=67PR8~@[LKN5B587Z?8KN=6RXRN5BR�ALKN5�5k�X5B?89NKN=67IRBi # ;>;_583L5B7l9ERmO_An365�KNALWPD>SPR�Q_ALKEACM<¢
589N5BK�¤ �'{�� �<?8M�i � � 
 � � � ­L­ � � HJ=6K�7P58SI9EKX=67PR8i

{ ® 




� ��( � � !40��40 �^+ � � !,�`- � ��� � � ����� � � � ������� + ��� � !40�!

# R.WP58RN?8KNDG]�5BW�DG7�RX5B?h9EDG=L7 ��i �P~�9EOP58KN5FDGR.AYRX5BQ_ACKEAC9NDG=67�]�589k�m5B5B7�7:SP?B;>5nALK.KN58?B=6D>;GR�AC7PW
5B;>5B?h9EKN=L7ZKN58?B=6D>;GR�DG7^9EOP5�QPOP=67I=67ZQ_ACKX9ED�9ED>=67j365BKXRNSPR�QIOP=67P=671WP5B;GAn\j9k��=�WIDGM^5B7PRXDG=67_AC;_QP;G=L9
HJ=6K�5h365B7l9NR�9EOPAC9�O_An365UA<]IDG[<KEALWIDGSPR8i�t�=P~_DG7.;G=*��]_AL?��:[6KX=6SP7PW�W_AC9�A<AL7PAL;>\�RND>RB~PD�9�DGR�D>WP5nAL;
9E=ZRN5BQPALKEAC9N5jAL;>;,9NOP5T5h36587:9NRsDG7�9NOP5<oqpsr#t�cedgf�WP5h9E58?89E=LKbDG7l9E=^9k��=�?BAC9E58[6=6KXDG5BR � 5836587l9ER
��D>9NO.KEALWPD>SPR�¤ ��¤ ( AL7PW�583L5B7l9ER���D>9NO�¤ ��¤ ( i���OP5`HJ=6;>;G=*��DG7P[TQ�=6RXD>9NDG=67�D>7IHJ=6KNM1AC9NDG=67
]_ALRX5BW�=671��darVf RX5nALKX?�O�W_AC9�ATAL7_AL;�\@RXDGRmSPRN58R�9EOPD>R�Ra9EKEA£9E5B[C\6i�2436587:9NR�9EO_AC9�O_An365`AURNM1AL;G;
KEACWPDGSPR4ALKN5qRXSP]��X58?89E58W^9N=`QPOP=67I=67�9ED>M1D>7P[�QPALKEALM^589N5BK4?8SI9ER!=L7P;>\L~C��OPD>;G5�5h36587:9NR�9NO_AC9!OPA*3L5
AU]IDG[sKEALWIDGSPRmALKN5�RNSI]��X5B?h9E5BWw9N=UQIOP=67P=6719EDGM^DG7I[`Q_ALKEACM15h9E5BK�?8SI9ER�AL7PWZQIOP=67P=671Q_ALKa9ED>9NDG=67
?BS@9ERBi

��5B?BALSPRX5T9EOP5UQPOP=67I=67VQ_ACKX9ED�9ED>=67PR�ALKN5�7P=L9��m5B;G;,RX5BQ_ALKNAC9E58W#]�589k�m5B5B7F7:SP?8;G5nACK�KX5B?B=LDG;GR
AL7PW<9EOI5�58;G58?89EKX=67<KN58?B=6D>;GR HJ=6K!5h36587:9NRm��D�9EO^A�RXMZAC;G;IKNALWPD>SPRB~69NDGM^DG7P[bQPALKEALM^589N5BKXR�ALKN5�SPRX5BW
HJ=6K`]_AC?���[LKN=6SP7IW�KX5BWPSP?h9ED>=67�HJ=6Kb9EOP5<5h365B7l9NRTDG7#9NOPDGR`?BAC9E58[6=6Ka\6ij��OP5<RN58?B=67IWzKN5BALRN=L7FHJ=LK
SPRXDG7P[w9NDGM^DG7P[1Q_ALKEACM15h9E5BKXR`=67P;�\VD>7#9EOPD>Rb?nAC9N5B[6=LKX\#D>Rb9EO_A£9b9EOP5�9NDGM^DG7P[1Q_ALKNALM15h9E58KNRsALKX5
�m5B;G; ]�58O_An365BWFHJ=6K`AC;G; 5h36587:9NR�9NO_AC9`OPA*3L5^A.RXMZAC;G; KEALWPD>SPR<vJRN5B5<RX5B?89NDG=67 �@i �wHJ=6KbWI589�ACDG;GRE}hi
2436587:9NR�9NO_AC9,O_An365�QPOI=67P=67s9E=L9EAL;LKXDGRX549EDGM^5 � � 
 � � �'¤ � ­ vJ9NOP5�An365BKNAL[65�QPOP=L7P=67sKND>RN549ED>M15
=LH�5g�X58?89NKN=67PRsD>7#9EOP5j7:SP?8;G5nACKbKN58?B=6D>; ]_AL7IW©}h~�9NOP5jM1D>7PDGMTSPM KND>RN5�9ED>M15 � � � & 
 � � � ¤ ��{
DG7�9EOP5ZMZA£�@D>M�SPM QPOI=67P=67YQISP;GRX5L~�AL7PWzQPOP=67P=L7YWP5B;GAn\ �  ��� � � ¤ � 
VALKN51RN5B;>5B?h9E5BW¬ACR
7:SP?B;>5nALK�KN5B?8=6DG;>RBi�¤ � 
Z?nAL7�]�5�587P5BKX[L\VWI5BQ�5B7PWP587l9nis��OP5BRX5j?BSI9NR`ALKX5�RN5h9`]l\V;>=@=6�:D>7P[ZA£9
7P58SI9EKX=67PR<DG7Y9NOP5 ¨��k¨ omH�?BAL;GD>]PKEA£9EDG=L7zW_AC9EA�AL7PW¬5g�X58?89NKN=67PRjHJKX=6M 9NOP5 " # # �qA�?nAC;GDG]IKEAC9NDG=67
W_AC9EAz��D>9NO'9k��=�KNSP;>5BR � ¤ � 
YDGRw=LQI9ED>M1D>�B5BW ��D>9EO �:S_AC;GD>9k\�HxAL?h9E=6K � M^DG7PD>M�SPM 3CAL;GSP5
RN5BALKN?�OYALRTWP58RN?8KNDG]�5BWzDG7�RN5B?h9ED>=67 �@i 
��45k�X5B?h9EKN=L7PR�vJDG7�9NOP5 " # # �qA�?BAL;GD>]PKEAC9NDG=67�WPAC9�A.HJKN=6M
pb5B?85BM�]�5BK �@~,{ � � 
Z9N=.pb5B?85BM�]�5BK ­ y@~,{ � � 
6}�9EO_A£9sALKN5jD>7V9EOI5^{ � 7�SI?B;G5BALK`KN58?B=6D>; ]_AC7PW
ALKX5�7I=L9mAL;G;>=¯�m5BW<9E=sQ_ACRNR�9EOP5�9ED>M1D>7P[`?BSI9NRBi4��AL]P;>5 �@i ­ O_ALR�9EOI5�3CAL;>SP5BR�=LH�¤ ( AC7PW1WI589�ACDG;GR
=LH�9EOP5�9NDGM^DG7P[b?8SI9�Q_ALKNALM15h9E58KNR!HJ=6K�AL;>;IRND �1oqpsr#t^cedgfzWP5h9E5B?h9E=6KXRm=CHe� =*��58Kmd�DG71t@=6SPWPAL7

{ ® �



KNSI7 ­6­ 
Ii
QPALKEALM^589N5BK c ­ c { c 
 c � c ® c�y
¤ ( vx?BMZ} {@i ® {@i � {@i � {@i ® {@i � {@i ®
¤ � ­ v ��� } ­6­ i � ­6­ i � ­L­ i � ® i ® ­6­ i|{ ® i 

¤ ��{Pv ��� } 
Ii { 
Ii { 
Ii|{ �Ii � 
Ii { �Ii �

� yIi 
 yIi 
 
Ii � yIi ® 
Ii � yIi 

� � � � i �I­ � � i �I­ { �
¤ � 
 � ! � � � 
 �

��AL]P;G5 �@i ­�� t�SPKXHxAL?85w583L5B7l9^KN5k�X5B?89NDG=67�QPALKEALM^589N5BKXRUHJ=6K�5h36587:9NR<O_An3@D>7P[�A#RXMZAL;>;�KEALWPD>SPRBi
¤ ( DGRU9EOP5�RXMZAL;>;mKNALWPD>SPR�583L5B7l9^RN58;G5B?h9ED>=67�Q_ALKNALM15h9E58KBi�A�AL7PW¬]YHJ=6KNM�AV9EOPD>KNWY9NDGM^DG7P[Q_ALKNALM^589E58Kq¤ � 
 � � ! � � � 
0�¯~@��OI5BKN5�QPKN?bD>R�KX5B?B=LDG;©5B7P58KN[L\ZDG71�L5 �Ti # RXRNSPM^5�9NO_AC9q]ISP;G�7:SP?B;>5nALK�D>7:9N5BKNAL?89NDG=67PR�OPA*3L5 � � 
 � � �'¤ � ­ ~ � � � & 
 � � �'¤ �b{�~_AL7PW �  ��� � �'¤ � 
Ii
��OP5�7�SI?B;G5BALK�KN58?B=6D>;GR�AL7PW^5B;>5B?h9EKN=L7^KX5B?8=6DG;>R�ALKN5��m5B;G;_RX5BQ_ACKEAC9N5BW^DG7j9EOP5�QPOP=L7P=67^Q_ALKX9ND�¢

9ED>=67Z3L5BKNRXSPR�QPOP=67I=67�WP5B;GAn\ �  ��� ��D>7Z9EOI5b]PDG[TKEALWPD>SPR�?BAC9E58[6=6Ka\6i ��=L9NO�QPOP=67I=67�Q_ALKa9ED>9NDG=67
AL7PW�9EDGM^DG7I[�QPALKEALM^589N5BKXRTALKX5ZSPRX5BWYHJ=6K�58��5B?h9ED�365wRXSPKXHxAL?85Z5h365B7l9<KX5g�X5B?h9ED>=67zD>7�9EOIDGR�?nAC9a¢
5B[L=6KX\Li ��58?nALSPRX5�;G=*� KN58?B=6D>;�5B7P58KN[L\ RNSPKaHxAL?B5V5836587l9ER.?B=6SI;GW¡OPA*3L5FAL7'5��@9NKN58M158;>\�;G=67I[
QPOP=L7P=67#WP58;�An\VAC9`A^]PDG[wKNALWPD>SPRB~�583L5B7l9ER`9EOPAC9bO_An3L5jAZ]PD>[ZKEACWPDGSPR�ALKN5UWPD>3�D>WP5BW#D>7l9E=19k�m=
?B;GALRNRX5BR � RNM1AL;>;�5B7P58KN[L\.?8;�ALRXR�AC7PW�]IDG[<5B7P58KN[L\�?8;�ALRXRBiq243L5B7l9ER�DG7.9EOP5sRNM1AL;>;�5B7P58KN[L\�?8;�ALRXR
O_An365.KX5B?B=LDG;�587P5BKX[L\ �
� � � ( iY243L5B7l9ER1DG7Y9EOI5�]PDG[�587P5BKX[L\Y?8;�ALRXRjO_An365�KN5B?8=6DG;m5B7P58KN[L\
�
� � � ( i�� ( DGR�DG7#��AL]P;>5 ��i|{^HJ=LK�AL;>;,RND���WP5h9E58?89E=LKNRBis243L5B7l9ERb9NO_AC9bOPA*3L5�QPOP=L7P=67V9N=L9�AL;
KND>RN5w9NDGM^5 � � 
 � � � ¤ � ­ ~!9EOP5�M^DG7PD>M�SPM QPOP=L7P=67¬QPSP;>RN5�KND>RN5w9NDGM^5 � � � & 
 � � � ¤ ��{@~
AL7PW�QPOP=L7P=67 � � 
 � � � � ��& ���	�b¤ � ­ ACKN5sRN58;G5B?h9E58W#ALR�7:SP?B;>5nALK�KN58?B=6D>;GR�D>7�9NOP5U]IDG[<5B7P58KN[L\
?B;GALRNR8i 2 �:S_AC9NDG=67 ��i|{�WI5$�_7P58R�QPOP=67I=67 � � 
 � � � � � & i 2!3L5B7l9ER�9NO_AC9wOPA*3L5#QPOP=L7P=67¡9N=L9�AL;
KND>RN5�9EDGM^5 � � 
 � � � ¤ � ­ ~�9EOP5VM1D>7PDGM�SIM KND>RN5�9NDGM^5 � � � & 
 � � � ¤ ��{@~�AC7PW�QPOP=67I=67� � 
 � � � � � & � �	�b¤ ��{UALKX5�RX5B;>5B?89N5BW�ACR�7:SP?B;>5nALK�DG7l9N5BKEAC?89ED>=67PR�DG7^9EOP5�RNM1AL;G;_587P5BKX[L\1?B;�ACRNRBi
��OP5BRX5j?BSI9NRbO_An365T]�585B7�RN58;G58?89E58W�DG7�RNSP?�O�A^��An\V9NO_AC9�5g�X5B?h9EKX=67PRbD>7V9EOP5�{ � 7:SP?8;G5nACK

KN58?B=6D>;�]_AC7PW�DG7 " # # �qA#?BAL;GD>]PKEA£9EDG=L7�W_A£9�A¬vJHJKX=6M pb5B?B58M�]�5BK �I~m{ � � 
�9E=Fpb58?B58M�]�58K ­ yI~
{ � � 
l}b?nAL7P7I=L9TQPALRNR�9EOP5^9EDGM^DG7I[�?BSI9NR�AL7PW�QPOP=67I=67 � � 
 � � � � � &¡?8SI9ERUDG7�AL;G;![L5BKNM1AL7PD>SPM

{Ly �



Q_ALKNALM15h9E58K c ­ c { c 
 c � c ® c�y
¤ ( vx?8Mw} {�i ® {�i � {@i � {@i ® {@i � {@i ®
� ( vJ�L5��s} 
 � { � { � 
 � { � 
 �
¤ � ­ v ��� } ­L­ i � ­6­ i � ­6­ i � ® i ® ­6­ i { ® i 

¤ ��{Pv ��� } 
@i|{ 
@i|{ 
Ii { �Ii � 
Ii { �Ii �

� ­ i ­6­ { ­ ­ i ­ �l® � ­ i ­6­ � 
 ­ i ­ y6y � ­ i ­�� � � ­ i|{ � ® � � i �l® 
6y � i ® � � � � i � �ly � � i � y � � � i � � ­ � � i � � ® �� � i��l{�
 
 � i�� � 
l{ � i�� �ly ­ � i�� 
 
 � ­ i � �ly ­ ­ i ­ { �� � i � { � � � i � { ®6® � i �I­ ��� � i � 
l{ � � i � 
l{�� � i �l® � �
�
��¤ � ­ � !  �� �  ��� ��
��¤ ��{ � ! � � �  ��� �

��AL]P;G5 �@i { � t@SPKaHxAL?B5�583L5B7l9�KN5k�X5B?h9EDG=L7�Q_ACKEALM^589N5BKNR�HJ=6K.5h365B7l9NR#O_An3�DG7P[ A ]PD>[¬KEALWPD>SPRBi
¤ ( DGR�9NOP5�]PD>[�KEALWPD>SPR�5h365B7l91RN58;G5B?h9ED>=67¬Q_ALKEACM15h9E5BK8iz243L5B7l9ER^9EO_AC9�O_An365.KN58?B=6D>;q5B7P58KN[L\
��
 � � ( ALKX5�DG7�9EOI5�]IDG[`5B7I5BKN[C\j?B;GALRNR8i4?�AL7PW<W<HJ=6KNM&QPOP=67P=L7^QPALKX9ND>9ED>=67�?8SI9�Q_ALKNALM15h9E58K�	�b¤ � ­ � � !  � �  ��� �£~_��OP58KN5�Q�WP5B;>?UD>R�QPOP=67P=L7#WP5B;GAn\.DG7 ��� i 	�SP?8;G5nACK�D>7:9N5BKNAL?89NDG=67PRDG7¬9EOI5�]PD>[F5B7P58KN[L\¬?8;�ALRXR1M�SIRX91O_An365�QI9EKa9E? � � � ­ ~qQPM^DG7PKa9E? � � ��{�~mAC7PW � � 
 � � � � ��& �
�	�b¤ � ­ iU2!3L5B7l9ERs9EOPAC9sO_An365<KN58?B=6D>; 587P5BKX[L\ ��
 � � ( ALKX5�DG7#9NOP5<RNM1AL;G; 5B7P58KN[L\#?B;�ACRNRBi5wAC7PW�HqHJ=LKNM QPOP=L7P=67YQ_ACKX9ED�9ED>=67F?BSI9TQ_ALKEACM15h9E5BK��	�b¤ ��{ ��� ! � � �  ��� �¯i 	�SP?8;G5nACKDG7l9N5BKEAC?89ED>=67PR`D>7F9NOP5<RNM1AL;G;�5B7P58KN[L\F?8;�ALRXRsM�SPRX9sOPA*3L5 � � 
 � �
�&¤ � ­ ~ � � � & 
 � �
��¤ ��{@~
AL7PW � � 
 � � � � � & ���	�b¤ ��{@i
WP5h9E5B?h9E=6KXRBi&2��X5B?89NKN=67IR�DG7¡9NOP5"
 � 	 � ]_AL7IW�AL7PW'9EOI5#RN5BALKN?�OP58W�=LQI9ED>M1D>�B5BW�3CAL;GSP5�=LH
Q�WP5B;>?w��D>9EOY9NOP5�M^589EOI=@W�D>7�RN5B?h9ED>=67��@i 
#OPA*3L5�]�5B587�AL;GRX=�SPRN58W�HJ=6KT?�OP=@=LRNDG7I[#9EOP5.?BS@9
;GD>7P5BR8i � DG[LSPKN58R �@i|{ 
^AC7PW �@i|{ �^RXOP=*� 9EOI5�WI589�ACDG;GRmHJ=6K�c ® i
��OP5�9k�m=�RNDG;>DG?8=67�WI589E58?89N=6KNR`KX5 �:SPDGKX5 � � � & 
 � � � � ��� ib��OP5U9EDGM^DG7I[1?8SI9ER`ACKN5�M^=6KN5

DGM^Q�=6KX9EAL7l9�DG7^RNDG;>DG?8=67<WP589N5B?89N=6KNR8i���OP5�QIOP=67P=67ZQ_ALKX9ND>9NDG=67j?8SI9qD>R�7I=L9qACRm[6=�=�W^HJ=6K�RXDG;GD>?B=67
WP5h9E5B?h9E=6KXRTACRbHJ=6K`[65BKXMZAC7PDGSPM�WP5h9E5B?h9E=6KXRBi<��OP58KN5^ALKN5j9NOPKN585^Q�=6RXRNDG]I;G5�KX5nALRX=67PR`HJ=6Kb9EOIDGRBi
� D>KNRX9B~l9EOP5�QPOP=67P=L7Z5B7I5BKN[C\Z?8=6;G;>5B?89NDG=67<5 �1?8DG587P?8\1DG7^RND>;GDG?8=67^WP589N5B?89N=6KNRmDGR�7P=L9�ALR�[L=@=�WZACR
DG7V[65BKXMZAL7IDGSPM WP5h9E58?89E=LKNR`WPSP5U9E=Z9NOP5�=6;>WV;G=L7P[�AL;>SPM1D>7:SPM �_7�Ra9EKNSI?89ESIKN5�HJ=6K�9EKEACQPQPDG7I[
QPOP=L7P=67PR�vxRXDG[67ID �_?BAL7l9 �:S_ALRND ¢kQ_ACKX9ED>?B;>5w;G=6RXR�}�i¬t@5B?8=67PW�~�QPOP=L7P=67PR^ALKX5�[65B7P58KEAL;>;>\�HxALRX9<D>7
RND>;GD>?B=67�i�� DG7PAL;G;�\�9NOP5�DGM^QPSPKXD>9k\ WP5B7IRND>9k\�?8=6SP;>W�]�5FOPD>[6OP5BK�D>7'9EOP5FRXDG;GD>?B=67�WI589E58?89N=6KNR8i
��OP5�RXSPKXHxAL?85wKN5k�X5B?h9EDG=L7�?BSI9NRTHJ=6K�RXDG;GD>?B=67�WP5h9E5B?h9E=6KXRjO_An365.]�5B5B7�RX5B;>5B?89N5BW¬]l\Y]_AC;�AL7P?8DG7P[
9EOI5�5k�X5B?h9EKN=L7�KX5g�X58?89ED>=67.5��^?BD>5B7P?h\�AL7PW.7P58SI9EKX=67�RX5B;>5B?89NDG=67�5 �^?BDG587P?8\.D>7w9EOP5U{ � 7:SP?8;G5nACK

{Ly ­



KN58?B=6D>;�]_AL7IW�i
��OP5jQPSPKXQ�=LRN5j=LH�KN5$�:SPDGKXDG7P[ � � 
 � � � ¤ � ­ AL7PW � � � & 
 � � � ¤ �b{ZD>R�9E=�KX5BM^=*365�9EOI5

5BKXKEAC9NDG?.RNSIKXHxAL?85�5h365B7l9NRZDG7�=67P5���An\¬=6Kj9EOP5�=L9EOI5BKBi�d 91=67P;>\zO_ALR1A�;>DGM^D>9N5BWY5h�e58?891=67
7P58SI9EKX=67wRN58;G58?89ED>=67^5��^?BD>5B7P?h\6i # ;>RN=P~�¤ � ­ AL7IWw¤ ��{�?8SI9ER�?B=6M^5�HJKN=6M�MT\ �PKNRX9�Q�=LRND>9NDG=67
]_ALRX5BW�W_AC9�A<AL7PAL;>\�RND>R�AL;G[L=6KND�9EOPM � ­ 
 ­ � i
�_=6K`AL;>; 583L5B7l9ER�DG7#9NOP5j]PD>[�KEALWPD>SPR`?nA£9E5B[L=6KX\L~�9EOP5jRXSPKEACHJ?85<KN5g�X58?89NDG=67�?8SI9sQ_ALKNALM15h9E58K

¤ � ­ ~_¤ ��{@~ �	�b¤ � ­ ~PAL7PW �
��¤ �b{�ACKN5sDG7.��AL]P;G5 ��i|{THJ=6K�AL;>;�RND ��WP5h9E58?89E=LKNRBi
� 7P;>\�9EOP5.;G=*�m5BKjO_AC;>HTv « � � =6K «  ��� � � }U=CH�9NOP5�c�y�;G=*��]PAL?��:[6KN=6SI7PW WPAC9�A#D>R

AL7_AC;>\��B58W^D>7T9EOIDGR!Q�=6RND�9EDG=L7TDG7@HJ=6KNM1AC9ED>=67T]PALRN58W^WPAC9�A`AL7PAL;>\�RND>RBi���OP5�KN5BALRN=67<D>R45h�@QP;GALDG7P58W
DG7^KN5hHJ5BKX5B7P?85 � ­ 
l{ � i ��KXDG5��P\6~l9EOI5�5k�X5B?89NKN=67IRmD>7^9NOP5�SIQPQ�58KmOPAL;>H4v « � � =LK «  ��� � � }!OPA*3L5
A<;G=*�%\�DG58;GW�AL7PW�A^]IDG[^QPOP=67P=L7VKND>RN5`9ED>M15Cim��OI5BRN5TALKN5`9NOP5UD>7PWPD>?nAC9NDG=67PRq9NO_AC9�9EOI5BKN5s��ALR
Aj7P5BS@9EKEAC;GDG�BAC9ED>=67�QPKX=6]P;G58M�=6K�Q�=6RXD>9ED>=67�?B=LKNKN58?89NDG=67.QPKX=6]P;G58M�D>7.9NOP5�ALKN5BAIi
�_=6K�?8;�ALKXD>9k\6~©9EOI5�RNSPKaHxAL?B5j5h36587:9sKX5g�X58?89ED>=67#M^589NOP=@WV]_ALRN58WF=67#583L5B7l9s;G=�?nA£9EDG=L7VDG7@HJ=6Ka¢

M1AC9ED>=67�?nAL7.]�5sKN5B=LKN[lAL7IDG�B58W�ALR�HJ=6;G;>=¯��D>7P[6R �

­ i�2436587l9ER�9EO_A£9�O_An365�KNALWPDGSIR�¤ � ¤ ( ALKX5#DG7 9EOP5�RXMZAL;>;�KEALWPD>SPRw?BAC9E58[6=6KX\Li ��OP5
RXSPKXHxAL?85wKN5k�X5B?h9EDG=L7z9ED>M1D>7P[.Q_ALKEACM15h9E5BKXRjALKX5w¤ � ­ ~4¤ ��{@~4AL7PW�¤ � 
I~!ACRT;GD>RX9N5BWYD>7
��AL]P;>5 �@i ­ i

{@i�2436587l9ER�9NO_AC9�O_An3L5UKNALWPDGSIR�¤ ��¤ ( ALKX5`DG7�9EOP5s]PD>[<KEALWPD>SPR�?nA£9E5B[L=6KX\Li


 243L5B7l9ER<9EO_A£9jO_An365�KX5B?B=LDG;�587P5BKX[L\ �

 � � ( ALKN5ZDG7z9NOP5w]PD>[�5B7P58KN[L\z?B;�ACRNRBi
��OI5qRNSPKaHxAL?B5�KN5k�X5B?h9EDG=L7U9ED>M1D>7P[�AL7PWUQPOP=67P=L7TQ_ALKa9ED�9EDG=L7�QPALKEALM^589N5BKXR ALKX5�¤ � ­ ~
¤ ��{@~©AC7PW �
��¤ � ­ ~_ALR�;GD>RX9E58W.DG7���AL]P;G5 �@i {@i


 243L5B7l9ERb9NO_AC9bOPA*3L5�KN58?B=6D>;,5B7P58KN[L\ ��
 � � ( ALKN5�DG7�9EOP5URNM1AL;G; 587P5BKX[L\�?B;�ACRNRBi
��OI5qRNSPKaHxAL?B5�KN5k�X5B?h9EDG=L7U9ED>M1D>7P[�AL7PWUQPOP=67P=L7TQ_ALKa9ED�9EDG=L7�QPALKEALM^589N5BKXR ALKX5�¤ � ­ ~
¤ ��{@~©AC7PW �
��¤ �b{�~_ALR�;GD>RX9E58W.DG7���AL]P;G5 �@i {@i

{Lyl{



dk7Y9EOPD>RTQ�=6RND�9ED>=67�]PALRN58WY��darVf	RX5nALKX?�O¬W_AC9�AVAL7_AL;�\@RXDGR8~�9EOI5�ALQPQP;>DG58WzW_AC9EA �:S_AL;>D>9k\
?BS@9ER�ALKN5 �

­ i�? �s=�=@WP2!3It�ieo�SI9�=L��]_ALW#5h365B7l9NR`]_ALRN58W#=67#QISP;GRX5U9EKNAL?B5 �:S_AL;GD�9k\6~©]_ALRX5B;>DG7P5�7P=6D>RN5L~
?�O_ACKN[65s]PDGALR�DGRXRNSP58RB~�AL7PW�7P=6D>RN5`DGRXRNSP58RBi

{@i�? �`D>7©t�i©t�5B;G58?89�583L5B7l9ER�DG7�9EOI5Tcedgf�WP589N5B?h9E=6K �_WPSP?8D�AL;�36=6;>SPM15Ci


Ii�? �`��OIKN5BREt�i�t@5B;>5B?h9�5h36587:9NRbAL]�=*365`9EOI5�?�OPALKN[65�5B7I5BKN[C\w9EOPKX5BRXOP=6;GWei

�Pi ��5h9E=^AL7l9ED ¢k?B=LDG7P?8DGWP587:9Bi ��58M1=*3L5�MTSP=67.?B=6D>7P?BD>WP5B7l9�5h365B7l9NRBi

® i ��5B?8=6DG;�587P5BKX[L\ ��­ � �L5 �	9E= ­ � � �C5 �Ti

� DG[LSPKN5 �@i { 
sRNOP=*��R�9EOP5�RNSIKXHxAL?85�5h365B7l9�KN5g�X58?89NDG=67^?BSI9m;GD>7P5BR4HJ=LK�5h36587:9NR�O_An3�DG7I[UKNALWPDGSIR
Q_ALKNALM^589E58K�¤ � {�� ��?8M D>7�c ® i#��OP5�;>58H 9�[LKEALQPOzDG7
� D>[6SPKX5 �@i {�
VRXOP=*��R<9NOP5wRXSPKXHxAL?85
583L5B7l9�KN5g�X58?89NDG=67�?BSI9�;>DG7P5�HJ=LK�5836587l9ER�OPA*3�D>7P[<KEALWPD>SPR�Q_ALKNALM^589E58K�¤ �	{@i ��?BM D>7�c ® i

2!K � \�? Q�WP58;G? QPM^DG7PKa9E? QI9EKa9E? QIOP=67P=67�Q_ALKa9ED�9EDG=L7
vx�C5 �s} ?BM ��� ��� ���
­ yIi 
 �Pi y�� � i ­ �ly ­ i � 
Ii 
 ­ � i � � i 
 
6y
­ {@i 
 
Ii 
 
 � i 
 � 
 
Ii � �Ii ® ­ {@i � � i � � �

 �Pi y 
Ii 
 � � i {Ly�� ® i|{ 
Ii � ­6­ i { � i 
 ­ 

­¯® i 
 {@i 
 ® � i { ­ � � i ­ 
Ii � ­6­ i 
 � i 
6{ �

 ® i�� {@i ­*® � i {Ly � ® i|{ 
Ii 
 ­6­ i � � i 
 ­ 


 
Ii�� � i � ® � i 
 ­ { �Pi � �Ii|{ ­ {@i ® � i yLy ­
� AL]I;G5 �@i 
 � # 7l9ND�¢k?8=6DG7I?BDGWI5B7l9�RND>7P[6;G5�RN?nA£9N9E58KND>7P[15h36587:9NR�D>7�c ® i

dk7�9NOP5���dar�f RX5nALKX?�O W_AC9EAI~��m5YALKX5F;G=�=6�:DG7P[�HJ=6K.M�SP=L7%AL7l9ND�¢k?8=6DG7I?BDGWI5B7l9.RND>7P[6;G5
RN?BAC9N9N5BKXDG7P[�7:SP?B;>5nALK KX5B?8=6DG;>R,ALR���darVf#?nAC7PWPDGWPAC9E58RBi ��OP5BKX5�ALKX5!RND �sAL7l9ED ¢k?8=6DG7P?8DGWP587l9 RND>7P[6;G5
RN?BAC9N9N5BKXDG7P[�5h36587:9NR�DG7Z9NOP5�7:SP?8;G5BALKqKN58?B=6D>;©]_AL7PW�D>7�c ® ~@ALRq;>DGRX9N5BW1DG7Z��AL]P;>5 �@i 
Ii4��OI5 ­ yIi 

�L5���583L5B7l9sO_ALR�QPOP=67P=L7#WP5B;GAn\ �  ��� � � ­ � � ��� ~eAC7PWV9EOI5 ­¯® i 
1�C5 ��5h365B7l9sO_ACRbQPOP=67I=67
WP58;�An\ �  ��� �
� � � ­ ��� i ��OP58RN5q9k�m=�5h36587:9NR�ALKN5�RNSPKaHxAL?B5q58;G58?89EKX=67jKN58?B=6D>;GR ]�58?nALSIRN5�=LH_9NOP5BD>K

{Ly 




5h��9NKN5BM^5B;�\ZHxALRa9�QPOP=L7P=67�9ED>M15�vJ9EOI58\�ACKN5`=6SI9N5BKqRXDGWP5`=CH 9NOP5b9E=LQ�[6KEALQIO�DG7 � D>[6SPKN5 �@i|{��6}hi
��OP5 ­ {@i 
��L5�� 583L5B7l9�v � � 
 � � ��� � � � � 
 � ­ � �@­ � y ­ � 
l{@~ � �

�)& � � � � � � 
 � ­ � � { �lyI~�  ��� � � 
�� � ��� ~ � � � & 
 � � � ��� ® ��� ~ � � 
 � � � ­ {�� � ��� }�D>RU9NOP5w]P;>SP5wWP=L9TDG7z9NOP5Z9N=6Q
[6KNALQPO<DG7 � D>[6SPKN5 �@i|{��@i d 9�DGR!]�5B;>=*� 9NOP5�RNSPKaHxAL?B5�583L5B7l9m?BSI9�;GD>7P5L~C��OPDG?�O<�qACR�RX589�9E=sKX5g�X5B?h9
AL;>;�9NOP5w5k�X5B?89NKN=67IRT9EO_A£9THxAL;>;�D>7z9EOI5�{ � 7:SP?8;G5BALK�KN58?B=6D>;�]_AL7PW�iV��OP5�
 �Pi yV�C5 � 5h365B7l9<D>R
9EOI5`]P;GSP5�WP=L9�D>7Z9EOP5`]�=L9X9E=6M [6KEACQPO�DG7���DG[6SPKX5 �@i { �@i!d 9qDGR�HxALKm]�58;G=*��9EOP5`RXSPKXHxAC?B5`583L5B7l9
?BS@9�;>DG7P5Ci ��=L9NO�9NOP5 
 ® i��^�C5 � 5h36587:9`AL7PW�9NOP5 
 
Ii��^�C5 � 5h36587:9�O_An365UKEALWPD>SPR�Q_ALKNALM15h9E58K
¤ ��{@i �T?BM �@9NOP5BRX5s9k�m=<583L5B7l9ER�ALKX5�HxALKq]�5B;>=¯��9NOP5`RNSPKaHxAL?B5`5h36587:9�?8SI9�;GD>7P5L~@ALRqRXOP=*��7�D>7
9EOI5�KXDG[6Ol9�[6KNALQPO.DG7 � D>[6SPKX5 �@i {�
Ii
� DG[LSPKN5��@i {��.[6D>3L5BRU9NOP5^7P5BSI9NKN=67�RN58;G5B?h9ED>=67z5 �1?8DG587P?8\�AL7PW�RNSPKaHxAL?B51583L5B7l9�KX5g�X5B?h9ED>=67

5��^?8DG5B7I?8\���D>9NO.RNSPKaHxAL?B5�583L5B7l9�KX5g�X58?89ED>=67.?BSI9NR�HJ=LK�c ® i
��OP5b[6KX5B587w?BD>KN?B;>5BR�DG7 � DG[6SIKN5 �@i { �UAL7IWwDG7<9EOP5�KND>[6Ol9�[6KNALQPO1=LH � D>[6SPKN5 �@i {�
TACKN5�AL7l9ED�¢

?B=LDG7P?8DGWP587:9�M�SI;>9ED>QP;G5�RN?nA£9N9E58KND>7P[Z5h365B7l9NRBi���OP5�KN5BW�R �:S_ALKX5TD>7PWPDG?BAC9E58R � � 
 � � � ¤ � ­ AC7PW� � � & 
 � � � ¤ ��{@i
# QPQ�5B7IWPD�� �'O_ALR�9NOP5bWP5h9�ALD>;GRm=LH 9EOP5�RNSPKaHxAL?B5b5h36587:9�KX5g�X5B?h9ED>=67w?BS@9�RN5h9N9ED>7P[6R�HJ=LK�5B;>5B?�¢

9EKX=67�KN5g�X58?89NDG=67�~_7:SP?8;G5BALK�KN5B?8=6DG;eRN5B;>5B?h9EDG=L7�5 �1?8DG587P?BD>5BRB~_9NOP5sRNSPKaHxAL?B5�583L5B7l9bKX5g�X5B?h9ED>=67�5 �j¢
?BD>5B7P?8DG58RB~CAL7PWUAL7l9ED�¢ ?B=6D>7P?BD>WP5B7l9,RXDG7P[6;>5!RN?BAC9N9N5BKND>7P[�5836587l9ER4AC7PWUMTSP;>9NDGQP;>54RN?BAC9N9N5BKND>7P[�5836587l9ER
DG7�9EOP5�{ � 7:SP?8;G5nACK�KN58?B=6D>;�]PAL7PWVHJ=6K�9EOI5�RND �Voqpsr#t�cedgf�WP589N5B?89N=6KNR�DG7�t�=6SPW_AL7VKNSP7 ­L­ 

��darVf'RX5nALKX?�OVW_AC9EAIi
��OP5�]�=L9N9N=6M ;GDG7I5VDGR^9EO_A£9w9EOP58KN5�ACKN5#7P=zM�SP=67@¢kAL7l9ED>?B=6D>7P?BD>WP5B7l91RNDG7I[6;G5�RN?nA£9N9E58KND>7P[

7:SP?B;>5nALKjKX5B?8=6DG;>R�AL]�=*365 ­ � �L5���5B7P58KN[L\�9EOPKX5BRNOI=6;GW�AL7PW¬]�5B;>=¯� ­ � � �L5 ��D>7�oqpsr#tYdNd
t@=6SIW_AL7�KNSP7 ­L­ 
Ii
��OP5BKX5sALKN5 �P365`WP=LSP]P;G5�RN?BAC9N9N5BKND>7P[j583L5B7l9ER�9NO_AC9qQPALRNRX5BW�9EOP5�RNSPKaHxAL?B5`5h365B7l9�KX5g�X5B?h9ED>=67

?BS@9ERBi!��OI58\ZALQPQ�5nALK�9E=T]�5�7:SP?8;G5BALK�KX5B?B=LDG;GR�D>7Z=67P5�WP589N5B?h9E=6K8~I]PSI9m9EOP5�WP=6SP]I;G5�RN?nA£9N9E58KND>7P[
Q_ALKa9E7P58KNR�=LH 9EOP58RN5 �P365�583L5B7l9ER�HxALDG;>5BWw9NOP5sRNSPKaHxAL?B5s583L5B7l9bKX5g�X58?89ED>=67.?BSI9NR�DG7�AC9�;G5BALRX9�=67I5
��A*\zDG7Y9NOP5w=L9NOP5BK�WI589E58?89N=6KBi���OP58\�ALKN5w;>DGRa9E5BWzDG7���AL]P;G5 �@i �Pi �©=LKT5h�IALM^QP;>5L~!583L5B7l9 ­

{Ly �



��������� 	
����
���������������� ��������������������� � �����"!#��$�� �%� & ! '�� ��(�! '��)
*���+��! ' ���+��!
,.- ��/10 243 243 243

5 5�6�5"7�7 5�5"8�5:9 6�;�7<;�8 =�> 7<;�? 6 ;�? 7�@ A�? 8<> 8�?�5:@ 9�? A
@
=B9 @�@ ? 8 ;�? 9�9 >�?C7�7 D�?C7<D 5�;�? 9�8

7 5�6�5�5�5�A�;�8�9<> 9�;�;�7�A =�> 6�@ ? 6 ;�? 7�@ A�? 6�; 8�? D<> 9�? 9�@
=E6 5"7�? D ;�? >
7 A�? 8�A 8�? ;�@ 5:7 ? 6

6 5�6�5�;�7F>�5F@:>�8 9�;�7<A�A =B9 5�;�? 6 ;�? 6
@ 5�;�?C@ 8�? A�; 5:9 ?C7
=EA 5"A�5 ;�? 8�D 9 ? D�7 D�?C9<A 9�? D�8

> 5�6�5"7�;<>�5F@F6�A A�;�6�5F@ =EA 7�9�? 9 ;�? 7�6 D�? ;�9 5�;�? ; 9�? 8�>
=B9 8�5�?C@ ;�? 8�9 D�?G@:> D�?C9<; 5�5�? >�>

9 5�6�5"7�7<;�7�;�5�5 8�;�7�9<> =EA @FA�?C@ ;�? 6�D A�?C9<6 8�? >�9 A�? 7�;
=B9 5:7�9 ;�? 8�D 9 ?C9<; 8�?C7<; 9�? 9

��AL]P;G5 ��i � � r�SP;>9NDGQP;>5VRX?nAC9X9E5BKXDG7P[¬5h365B7l9NR�D>7�Q�=6RXD>9NDG=67'D>7IHJ=6KXMZAC9NDG=67 ]_ALRX5BW�;G=*��]_AL?��6¢
[6KX=6SP7PW�W_AC9EA^AC7_AL;>\�RXDGRBi

DGR`RX5B;>5B?89N5BW�ALRsA�7:SP?B;>5nALK`KX5B?B=LDG;45h365B7l9UDG7�c �Pi ��SI9`9EOIDGR`583L5B7l9�HxALDG;>5BWV9NOP5<]_AL?��:[6KN=LSP7PW
KN58WPSP?h9EDG=L7'?BSI9ZDG7 DG=67PD>�nAC9NDG=67�\�DG58;GW « �¯~qRNSIKXHxAL?85V583L5B7l9.KN5k�X5B?h9EDG=L7¡?BS@9ERwQPOI=67P=67'WI5B;�An\�  ��� �£~PAL7PW.QPOP=67I=67.KNDGRX5�9ED>M15 � � 
 � ��DG7�c ® i ��OP5BRX5 �P3L5`583L5B7l9ER�ALKN5`7I=L9�7:SP?B;>5nALK�WI=6SP]P;>5
RN?BAC9N9N5BKXDG7P[�5h365B7l9NRBi�r�=6RX9<;>DG�L58;>\L~ 9EOP5h\�ALKX5w[lALM^M1ALRUD>7Y=67P5�WI589E58?89N=6KB~�AL7PW�5k�X5B?h9EKN=L7PR
DG7¬9EOI5�=L9NOP5BK^WP5h9E5B?h9E=6K8i # 7P=C9EOP58K1Q�=6RNRXDG]P;>D>9k\zDGR<9EO_AC9<9NOP58\�?B=LSP;GW�]�5�M�SP=L7 D>7PWPSP?85BW
]_AL?��:[6KX=6SP7PWIR ��D i 5Li�~!9EOP5h\�ALKX5�[lALM^MZACRTDG7�=L7P5�WP589N5B?h9E=6K8~mAC7PW¬7P5BSI9NKN=67IR^D>7Y9EOP5�=C9EOP58K
WP5h9E5B?h9E=6K8i ��SI9m��5b5��@Q�58?89q9N=�RN585 ­ [lACM1M1AUAC7PWw7P58SI9EKX=67w?B=LM�]PDG7PAC9ED>=671D>7 
 � 7P5BS@9EKN=L7PR
HJKN=LM r�=67l9N5�oqALKX;G=jRXDGM�SP;GAC9ED>=67PR8~PAL7PW��m5URX5B5�7P=67P5s=LH 9EOI5�;GAC9N9N5BK8i
� DG[LSPKN58R �@i 
 � 9E= �@i 
 ® RNOP=*��9NOP5<AL7l9ED ¢k?8=6DG7P?8DGWP587l9`RND>7P[6;G5URN?BAC9N9N5BKND>7P[.583L5B7l9ER�=LH�;G=*�

]_AL?��:[6KX=6SP7PW�W_AC9EA^D>7#t@=LSPW_AL7�KNSP7 ­6­ 
<]�5hHJ=6KN5�AL7PWVACH 9E58K�Q�=LRND>9NDG=67.]_ACRN5BW�RNSPKaHxAL?B5�583L5B7l9
KN5k�X5B?h9EDG=L7�?BSI9NRBi # H 9E58K�9EOI5q?BSI9NRB~L9NOP5qOPD>[6OTD>=67PD>�nAC9NDG=67s\�DG5B;>WT58;G5B?h9EKX=67�KN58?B=6D>;GR ALKN5mKN5g�X58?89N5BW
SP7PD�HJ=6KNM^;>\UDG7<5BAL?�OZWP5h9E58?89E=LKB~�AL7PW<9EOP58KN5�ALKN5�7P=s5h365B7l9NRqDG7j9EOI5�{ � 7:SP?8;G5nACK�KX5B?8=6DG;P]PAL7PWPR8i
��OP5�5h36587:9b]�58;G=*�u9EOP5�{ � 	 �	]PAL7PW#D>7�9EOI5T[6KNALQPOV=L7V9EOP5UKND>[6Ol9�D>7 � D>[6SPKN5 �@i 
 � ?B=6SP;>W
]�5�A`;>5nAL�£AL[65�5g�X5B?h9EKX=67�~:]�58?nALSIRN5�c ­ WIDGKN58?89N;>\THxAC?B5BR!9NOP5�pbd �¬?8=6QPQ�5BK!D>7<9NOP5���=*�m5BK8i!��OP5
REACM15<ALKX[6SPM^5B7l9`?8=6SP;GWF]�5�9EKXSP5�HJ=6K�9NOP5<5836587l9U]�5B;>=*�&9NOP5^{ � 	 ��]PAL7PWFDG7#9NOP5j[6KEACQPO
=67F9EOP5<KXDG[6Ol9sDG7 � D>[6SPKX5
�@i 
 ® i��z5^AL;>RN=.�:7P=*� 9EOPAC9Tc�y���ALRs?B=L7:9EALM^DG7_AC9N5BW���D>9NO " � o�~
��OPD>?�O�D>R�A<]�589EA^RX=6SPKX?B5Li

{Ly ®



4 6 8 10 12 14

0.7

0.8

0.9

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−20 keV

2 4 6 8 10 12 14
0.5

0.6

0.7

0.8

0.9

pdelc in µs

ph
on

on
 p

ar
tit

io
n

20−100 keV

� D>[6SPKN5
��i|{ � � c ® i1t@=6SPW_AC7�KXSP7 ­6­ 
.AL7l9ND�¢k?8=6DG7I?BDGWI5B7l9`;G=*��]_AL?��:[6KN=LSP7PWzWPAC9�A�DG7�9NOP51{ �
7:SP?B;>5nALK�KN58?B=6D>;@]_AC7PW���D>9NOTKEACWPDGSPR ¤ �'{�� ��?BM�i ��;>SP5�WP=C9ER4ACKN5�RXDG7P[L;G5�RN?nA£9N9E58KND>7P[6RB~L[6KN585B7
?BD>KN?8;G5BR�ACKN5`M�SP;�9ED>QP;G5�RN?BAC9N9N5BKND>7P[6R8i���OI5b9E=6Q.QP;>=L9�DGRqHJ=LKq583L5B7l9ER�9EO_A£9�O_An365sKN58?B=6D>;�5B7P58KN[L\
��
 �%{ � �L5���i@��OP5�]�=L9N9N=6M¦QP;G=C9mD>RmHJ=6K�583L5B7l9ERq9NO_AC9mO_An365bKX5B?8=6DG;�5B7P58KN[L\ �

 ��{ � �C5 �Ti
	�=<RXDG7P[6;>5`RN?BAC9N9N5BKND>7P[<7:SP?B;>5nALK�KN58?B=6D>;GR8i

{Ly6y



10 20 30 40 50 60 70 80 90 100
2

4

6

8

10

12

14

16

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z5, R<=2.7 cm

10 20 30 40 50 60 70 80 90 100
2

4

6

8

10

12

14

16

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z5, R<=2.7 cm

� D>[6SPKN5 �@i {�
 � � 5hH 9bQP;>=L9 � c ® ~�QIOP=67P=67VWP5B;GA*\�?8SI9�HJ=6K�583L5B7l9ERb��D�9EOVKNALWPD>SPRb¤ � {�� �^?8M�i
��;>SP5.WP=L9ER1ALKX5�7I5BSI9NKN=67PR8~q[6KX5B5B7 ?BKX=6RNRX5BRwACKN5.5g�X58?89EKX=67PR8i ��58W¡R ��SPALKN58RwALKX5�5k�X5B?h9EKN=L7PR
9EOPAC9�HxACDG; � � ­ AL7PW � ��{@iq��OP5U583L5B7l9ERsAL]�=*365s9EOP5UW_ALRXOP5BW#KX5BW�;GDG7I5UACKN5UALRNRXSPM158W�9N=Z]�5
7:SP?B;>5nALKTKN5B?8=6DG;>RUD�Hq9EOI58\YQPALRNR ��� ­ AL7PW � ��{.9EDGM^DG7I[�?8SI9ER8i ��D>[6Ol9�QP;>=L9 � c ® ~�t@=6SPWPAL7
KNSI7 ­6­ 
#AC7:9ND�¢ ?B=6D>7P?BD>WP5B7l9U;G=*�¦]_AL?��:[6KX=6SP7PW�W_A£9�AVD>7z9EOP5w{ � 7:SP?8;G5nACK�KN58?B=6D>;m]_AC7PWz��D>9NO
KEACWPDGSPR�¤ ��{�� �V?BM�i ��;GSI5ZWP=L9NR<ALKN5ZRNDG7I[6;G51RN?nA£9N9E58KND>7P[6RB~�[6KX5B587�?BDGKX?B;>5BRjALKX5wM�SP;�9ED>QP;G5
RN?BAC9N9N5BKXDG7P[6R8~l9EOP5�R �:S_ALKX5�D>R!HJ=6K!583L5B7l9ER�HxACDG;GD>7P[ ��� ­ # 7PW � ��{`?BS@9ERBi 	�=U7:SP?8;G5BALK�KN5B?8=6DG;>RBi

10 20 30 40 50 60 70 80 90 100
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

Recoil Energy Er in keV

E
ve

nt
 F

ra
ct

io
n

� D>[6SPKN5 �@i {�� � c ® ~C9NOP5q]P;>SP5q;>DG7P5 �P9N9N5BW�9N=�9EOP5�W_AC9�A���D�9EO�58KNKX=6K ]_ACKNR4D>R 7P58SI9EKX=67jRN58;G5B?h9ED>=67
5��^?8DG5B7I?8\¬DG7Y9NOP5 ¨��k¨ omH�?BAL;GD>]PKEA£9EDG=L7YW_AC9EAIiY��OP5.W_ALRXOP5BW�[6KX5B5B7�;GD>7P5wD>RjRNSPKaHxAL?B5.583L5B7l9
KN5k�X5B?h9EDG=L7w5��^?BD>5B7P?h\ZD>719NOP5 " # # �qA�W_AC9�A���D>9EOI=6SI9�AC7ZDG=L7PDG�BAC9ED>=67^\�D>5B;GW1?BSI9Bi!��OP5�9N=6QwKN58W
;GD>7P5�DGR�RXSPKXHxAC?B5`583L5B7l9�KN5k�X5B?h9EDG=L7w5��^?BD>5B7P?h\wD>7Z9EOP5 " # # �qATW_AC9EAU��D>9NOPDG719EOP5s{ � 	 ��]_AL7PW�i

{Ly �



0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

Z1, R118

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

Z1, R118

� D>[6SPKN5 �@i 
 ��� � 58H 9ZQP;G=L9 � c ­ ~ # 7l9ND�¢k?8=6DG7I?BDGWI5B7l9ZRXDG7P[L;G5�RN?nA£9N9E58KND>7P[Y583L5B7l9ER.]�58HJ=6KX5V9EOI5
RNSIKXHxAL?85�5836587l9VKX5g�X5B?h9ED>=67�?BSI9NRBi ��D>[6Ol9�QP;G=C9 � c ­ ~ # 7l9ED ¢k?B=LDG7P?8DGWP587:9wRNDG7I[6;G5�RN?nA£9N9E58KND>7P[
583L5B7l9ER�ACH 9E58Kq9EOP5sRXSPKXHxAL?85U5h36587:9�KN5k�X5B?h9EDG=L7�?8SI9ER8i 	�=<RNDG7I[6;G5`RX?nAC9X9E5BKXDG7P[<7:SP?8;G5nACK�KX5B?8=6DG;>RBi

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

Z2, R118

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

Z2, R118

� D>[6SPKN5 �@i 
 ­�� � 58H 9ZQP;G=L9 � c {@~ # 7l9ND�¢k?8=6DG7I?BDGWI5B7l9ZRXDG7P[L;G5�RN?nA£9N9E58KND>7P[Y583L5B7l9ER.]�58HJ=6KX5V9EOI5
RNSIKXHxAL?85�5836587l9VKX5g�X5B?h9ED>=67�?BSI9NRBi ��D>[6Ol9�QP;G=C9 � c {@~ # 7l9ED ¢k?B=LDG7P?8DGWP587:9wRNDG7I[6;G5�RN?nA£9N9E58KND>7P[
583L5B7l9ER�ACH 9E58Kq9EOP5sRXSPKXHxAL?85U5h36587:9�KN5k�X5B?h9EDG=L7�?8SI9ER8i 	�=<RNDG7I[6;G5`RX?nAC9X9E5BKXDG7P[<7:SP?8;G5nACK�KX5B?8=6DG;>RBi

{Ly 




0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

Z3, R118

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

Z3, R118

� D>[6SPKN5 �@i 
l{ � � 58H 9ZQP;G=L9 � c 
I~ # 7l9ND�¢k?8=6DG7I?BDGWI5B7l9ZRXDG7P[L;G5�RN?nA£9N9E58KND>7P[Y583L5B7l9ER.]�58HJ=6KX5V9EOI5
RNSIKXHxAL?85�5836587l9VKX5g�X5B?h9ED>=67�?BSI9NRBi ��D>[6Ol9�QP;G=C9 � c 
I~ # 7l9ED ¢k?B=LDG7P?8DGWP587:9wRNDG7I[6;G5�RN?nA£9N9E58KND>7P[
583L5B7l9ER�ACH 9E58Kq9EOP5sRXSPKXHxAL?85U5h36587:9�KN5k�X5B?h9EDG=L7�?8SI9ER8i 	�=<RNDG7I[6;G5`RX?nAC9X9E5BKXDG7P[<7:SP?8;G5nACK�KX5B?8=6DG;>RBi

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

Z4, R118

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

Z4, R118

� D>[6SPKN5 �@i 
 
 � � 58H 9ZQP;G=L9 � c �P~ # 7l9ND�¢k?8=6DG7I?BDGWI5B7l9ZRXDG7P[L;G5�RN?nA£9N9E58KND>7P[Y583L5B7l9ER.]�58HJ=6KX5V9EOI5
RNSIKXHxAL?85�5836587l9VKX5g�X5B?h9ED>=67�?BSI9NRBi ��D>[6Ol9�QP;G=C9 � c �P~ # 7l9ED ¢k?B=LDG7P?8DGWP587:9wRNDG7I[6;G5�RN?nA£9N9E58KND>7P[
583L5B7l9ER�ACH 9E58Kq9EOP5sRXSPKXHxAL?85U5h36587:9�KN5k�X5B?h9EDG=L7�?8SI9ER8i 	�=<RNDG7I[6;G5`RX?nAC9X9E5BKXDG7P[<7:SP?8;G5nACK�KX5B?8=6DG;>RBi

{Ly��



0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

Z5, R118

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

Z5, R118

� D>[6SPKN5 �@i 
 � � � 58H 9ZQP;G=L9 � c ® ~ # 7l9ND�¢k?8=6DG7I?BDGWI5B7l9ZRXDG7P[L;G5�RN?nA£9N9E58KND>7P[Y583L5B7l9ER.]�58HJ=6KX5V9EOI5
RNSIKXHxAL?85�5836587l9VKX5g�X5B?h9ED>=67�?BSI9NRBi ��D>[6Ol9�QP;G=C9 � c ® ~ # 7l9ED ¢k?B=LDG7P?8DGWP587:9wRNDG7I[6;G5�RN?nA£9N9E58KND>7P[
583L5B7l9ER�ACH 9E58Kq9EOP5sRXSPKXHxAL?85U5h36587:9�KN5k�X5B?h9EDG=L7�?8SI9ER8i 	�=<RNDG7I[6;G5`RX?nAC9X9E5BKXDG7P[<7:SP?8;G5nACK�KX5B?8=6DG;>RBi

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

Z6, R118

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

Z6, R118

� D>[6SPKN5 �@i 
 ®�� � 58H 9ZQP;G=L9 � c�yI~ # 7l9ND�¢k?8=6DG7I?BDGWI5B7l9ZRXDG7P[L;G5�RN?nA£9N9E58KND>7P[Y583L5B7l9ER.]�58HJ=6KX5V9EOI5
RNSIKXHxAL?85�5836587l9VKX5g�X5B?h9ED>=67�?BSI9NRBi ��D>[6Ol9�QP;G=C9 � c�yI~ # 7l9ED ¢k?B=LDG7P?8DGWP587:9wRNDG7I[6;G5�RN?nA£9N9E58KND>7P[
583L5B7l9ER�ACH 9E58Kq9EOP5sRXSPKXHxAL?85U5h36587:9�KN5k�X5B?h9EDG=L7�?8SI9ER8i 	�=<RNDG7I[6;G5`RX?nAC9X9E5BKXDG7P[<7:SP?8;G5nACK�KX5B?8=6DG;>RBi

{ � �



� ��� � �B0n+�- � ��� � � ����� � � � � � � � + ���$� !40 !

# ]P;>DG7PW���darVf�RN5nACKN?�O^W_AC9�A`AC7_AL;>\�RXDGR4��ALR!Q�58KXHJ=6KXM158WjHJ=6K�oqpsr#tjKNSP7 ­6­ 
Ii���OP5�RN5nACKN?�O
��ALR�]I;GDG7IW�D>7`9EOP5�RN587PRN5�9EO_AC9�A���DGWP587P5BW�7:SP?B;>5nALK KN58?B=6D>;6]_AL7IWU��ALR�OIDGWPWP587�~¯HJKN=6M%3�D>58�zHJ=LK
SP7l365h9E=�5BW15836587l9ERBi ��5hHJ=6KN5q9NOP5�;G=*��]_AL?��:[6KX=6SP7PW^W_AC9EA`]P;GD>7PWPDG7I[��qACR!KN5BM^=*3658W1=671rVACKN?�O
{ � ~C{ � � �P~*9EOP5�W_AC9EA ��SPAL;GD�9k\b?BS@9ER�vx?��`=�=@W_243ItP}�~*DG7P7P58K,5B;G?h9EKX=@WP5!5h36587:9 RN58;G5B?h9ED>=671vx? �bD>7©tP}h~
AL7PW�?�OPALKN[65`587P5BKX[L\Z9NOPKN58RNOP=L;GW�vx? �b��OPKN58R�tP}m�m5BKX5�RX589q��D�9EOw9NOP5 " # # �qA�?BAL;GD>]PKEAC9NDG=67^W_AC9EA
AL7PW#9NOP5 ¨��k¨ omH�?nAL;>DG]PKNAC9ED>=67VWPAC9�AI~eALR`WP58RN?BKXDG]�5BWFDG7�o�O_ALQI9N5BKsyI~ AC7PW#9EOP5jRXSPKXHxAC?B5j583L5B7l9
KN5k�X5B?h9EDG=L7�?8SI9Tvx? ����{6tP}�=67�QIOP=67P=67.9ED>M1D>7P[jQ_ALKNALM^589E58KNR���ALR�WI5$�_7P58W#]l\.KN5k�X5B?89NDG7P[<9EOI5
5g�X58?89NKN=67PR�DG7�9NOP5s7�SI?B;G5BALK�KN58?B=6D>;�]_AL7IW�i
��OP5VRXSPKXHxAC?B5V5h36587:9ZKN5k�X5B?89NDG=67 ?BSI9#vx? � ��{6tP}���ALRZWP5 �_7P58W']l\ ��SP� rVAL7PWPD>? � ­ 
 
 � i

	�58SI9EKX=67PRqD>719NOP5s{ � 7:SP?8;G5BALK�KX5B?B=LDG;©]_AL7PW�=CH�9EOP5 ¨��k¨ omH ALKN5�RN5B;>5B?h9E5BW.ACRq7:SP?B;>5nALKmKN5B?8=6DG;>RBi
2��X5B?h9EKN=L7PR�vJ7P5nALKX5BRa9Z7P58DG[6O:]�=6K^WP=6SP]P;>5.RN?nA£9N9E58KND>7P[6R^]�58;G=*� 9EOI5 
 � [lALM^M1AF]PAL7PW'AC7PW
« � � � � � ® }eDG7`9NOP5 " # # �qA�?nAL;>DG]PKNAC9ED>=67�W_A£9�A�ALKN5�RX5B;G58?89N5BWUALR,RNSPKaHxAL?B5�583L5B7l9ER8i4��OP5�QPOP=67I=67
9ED>M1D>7P[sQ_ALKNALM15h9E58K�?8SI9ER���58KN5b=LQI9ED>M1D>�B5BW<]l\^M1D>7PDGM^DG�8DG7P[bf�=�� � �0'�� ­ 
 
 � ALR�A�KN5hHJ5BKN587P?B5C~
AL7PW^]l\<KN5k�X5B?89NDG7P[UAL;>;P5g�X58?89EKX=67PR�DG7j9EOI5 " # # �qA`?BAL;GD>]PKEAC9NDG=67TW_AC9�A`HJKN=LM�pb5B?85BM�]�5BK �I~@{ � � 

9E=Upb5B?85BM�]�5BK ­ yI~@{ � � 
Ii�� D>[6SPKX5 ��i 
6ysRNOI=¯��R�9EOP5�QPOP=67I=67ZM^DG7PD>M�SPM	KND>RN5�9EDGM^5 � � � & 
 � �
?BS@9URX5nALKX?�OYAL7IW�9NOP5<QPOP=67P=L7�WP58;�An\ �  ��� ��?BS@9URX5nALKX?�O�HJ=6K�c ® D>7F9NOP5 ® ¢ ­�� �L5 �T~ ­ � ¢a{ �
�L5���~P{ � ¢�� � �L5���~_AC7PW � � ¢ ­ � � �L5�� 5B7P58KN[L\1]PDG7IRB~IKX5BRXQ�58?89ED�3658;>\6i�f =�� � D>Rm9NOP5�� � ��SIQPQ�58K
;GD>M1D�94HJ=6Kmf�=6D>RNRX=67ZWPD>RX9NKNDG]ISI9ED>=67^HJ=LK�9NOP5�[6D�36587Z7:SPM�]�5BKm=LH ]�589�ACRm9EOPAC9�RXSPKX3�D�365BWw9NOP5�?BSI9 �
'YDGRq9NOP5s7P5BS@9EKN=L7�RX5B;G58?89NDG=67�5��^?BD>5B7P?h\.=67�9EOP5`9NDGM^DG7P[�QPALKEALM^589N5BK�?8SI9ni
��OP5�QPOP=67P=L7<9NDGM^DG7P[�?BSI9�? ����{6tjHJ=LK!RNSPKaHxAL?B5�583L5B7l9mKN5g�X58?89NDG=67<DGR!?8SI9�{`DG7 �_[LSPKN5 �@i 
6yIi

��OPD>R�D>7P?B;>SPWP58Rq9EOPKX5B5�Q_ALKX9NR�DG7�9EOI5�D>7l9E5BKX5BRa9�587P5BKX[L\.KEAC7P[65`]�5B;G=*� ­ � � �L5���i©��OP5BRX5TACKN5 �

­ i�f!OP=67I=67�M^DG7IDGM�SPM¦KXDGRN5`9NDGM^5b?BSI9

¤ � ­ � � ­ � � 
0� ª � ­ v �@i �L}

{ � ­



� D>[6SPKN5 ��i 
6y � t@5nALKX?�OPDG7I[^QIOP=67P=67.9ED>M1D>7P[�Q_ACKEALM^589N5BK�?BS@9ER�HJ=6K�RNSPKaHxAL?B5�583L5B7l9�KN5g�X58?89NDG=67�i
'uDGR�9NOP5.7P5BSI9NKN=67 RN58;G5B?h9ED>=67�HJKEAL?h9EDG=L7�~ )�DGRj9EOI5�RXSPKXHxAC?B5�5836587l9wRN58;G58?89ED>=67�HJKEAL?h9ED>=67¬=67
9ED>M1D>7P[^Q_ALKEACM15h9E5BK�=67P;�\6~ ��DGR�9EOP5TRNSPKaHxAL?B5�5h36587:9�RX5B;G58?89NDG=67#=L7#9EDGM^DG7I[1Q_ACKEALM^589N5BKbAC7PW
DG7s9EOI5m7:SP?8;G5nACK KX5B?8=6DG;:]_AL7IW�i�?8SI9 ­ DGR,RN5h9 ]l\�M1A£�@DGM^DG�BD>7P[ ' ¢ )�~¯?BSI9�{�DGR,RX589�]:\�M^DG7PD>M1D>�BD>7P[
f�=�� � �0'�i � DG[6SIKN5�HJKX=6M � ­ 
 
 � i

{ �6{



Q_ALKNALM^589E58K c ­ c { c 
 c � c ® c�y
� " � ¢ � i ­ � ¢ � i ­ 
 ¢ � i �@­ ¢ � i � � �
� " �@i|{ ­ {@i ® ­6­ i ® ­ � i � �Ii � �Ii ®
� ¨ " � � � i �@­ 
 � � �
� ¨ " y@i � ® yIi � 
Ii { yIi { ® yIi � ® �
� ¨k¨ � ¢ � i ­ � � � ¢ � i ­ � �
� ¨k¨ � ­ � � � ­ { �

� AL]I;G5 �@i ®�� ��DGM^DG7I[j?BSI9�Q_ALKNALM^589E58KNR�D>7�;>=*�%]_AC?���[LKN=6SP7IWVW_AC9EAj]P;GD>7PWPDG7I[<AL7_AL;�\@RXDGR8i

��OP58KN51QPKN?^DGR�KN58?B=6D>;!5B7P58KN[L\�DG7��L5���i � " AL7PW � " ALKN5^;GD>RX9E58W�D>7���AL]P;>5 ��i ® HJ=6KTc ­
9NOPKN=6SI[6O�c�yIi

{@i�f!OP=67I=67�WI5B;�An\�?8SI9
¤ ��{ ­ � ��{ ­ � � 
 � ª �h{ ­ v �@i 
6}

��OP58KN5�QIKN?TD>R�KX5B?8=6DG;,5B7I5BKN[C\�D>7V�C5 ��i � ¨ " AL7PW�� ¨ " ACKN5T;>DGRa9E5BW�DG7�� AC]P;G5 �@i ® HJ=6K�c ­
9NOPKN=6SI[6O�c�yIi


Ii�f!OP=67I=67�WI5B;�An\.A£9�;G=*�%KX5B?8=6DG;�587P5BKX[L\
¤ ��{6{ � ��{6{ � � 
 � ª �h{6{ v �@i �6}

��OP58KN5�QIKN?TD>R�KX5B?8=6DG;,5B7I5BKN[C\�D>7V�C5 ��i � ¨k¨ AL7PW�� ¨k¨ ACKN5T;>DGRa9E5BW�DG7�� AC]P;G5 �@i ® HJ=6K�c ­
9NOPKN=6SI[6O�c�yIi
��OP5�7:SP?8;G5BALKmKX5B?8=6DG;©RN58;G58?89ED>=67Z5 �^?BDG587P?8\1AL7IWZRNSIKXHxAL?85�583L5B7l9�KX5g�X5B?h9ED>=67Z5 �1?8DG587P?8\1ALKX5

?nAC;G?BSI;�AC9N5BWU��D�9EO ¨��k¨ omH_?nAL;>DG]PKNAC9ED>=67sW_AC9EA ­ 
 ­L­ { ® ­*® 
 
I~ ­ 
 ­ { ­ � ­ � � ��AC7PW ­ � �@­ �l® ­*®6® yI~
AL7PW`��D�9EO " # # �qA�?nAC;GDG]IKEAC9NDG=67�W_AC9�A ­ 
 ­ { � � ­ � ­ y@~ ­ 
 ­ { �6® � �l{ ® ~ ­ 
 ­ { � � ­L­¯® 
I~ ­ 
 ­ { ­ � ­ � � 
I~
­ 
 ­ { ­ � ­ 
 �:{@~ ­ 
 ­ { ­6­ � �l{ � ~ ­ 
 ­ { ­6­ ­L­¯® �I~ ­ 
 ­ { ­6­ ­ 
 � �@~ ­ 
 ­ { ­ { � � � �P~ ­ 
 ­ { ­ { ­ { � �P~
­ 
 ­ { ­¯® � � 
 �@~ ­ 
 ­ { ­¯® ­ � ­ �I~ ­ 
 ­ { ­ y � �l{ ® ~ ­ 
 ­ { ­ y ­6­ 
6yI~�AL7PW ­ � �I­ � y ­ { �I­ ib��OP5�5hH�¢
�_?8DG5B7I?BDG58R�ALKN5sRNOI=¯��7�DG7 � D>[6SPKX5 �@i 
 ��HJ=LK�AL;G;�RND���cedgf¡WP589N5B?h9E=6KXRBi
2 �@9N5B7PRXD>3L5�]�589�A`;>5nAL�£AL[65�KX5BRX5nALKX?�OZO_ALR�]�5B587ZWP=67I5���D�9EOj9EOI5�RXSPKXHxAC?B5�5836587l9�KX5g�X5B?h9ED>=67

9ED>M1D>7P[Z?8SI9ER8i<t@SPKaHxAL?B5j5h36587:9NRUD>7#9EOP5j]PAL?��:[6KN=6SI7PWzAC7PWF?nAL;>DG]PKNAC9ED>=67�WPAC9�ALRX589NRZvJ=6SI9NRNDGWI5

{ � 




9EOI5 	 � ]_AL7PW_}�ALKX5TSPRX5BW�9E=15BRX9NDGM1AC9E5�9EOP5U7:SPM�]�5BKb=LH�vJRND>7P[6;G5�RN?BAC9N9N5BKE}�RNSPKaHxAL?B5T5836587l9ER
9EOPAC9T;>5nAL��D>7l9E=�9NOP5 	 ��]_AL7PW�DG7�9NOP5Z]PAL?��:[6KN=6SI7PWYW_AC9EAIi.��OP5Z58RX9NDGM1AC9E58Wz7:SPM�]�5BK�=LH
RNSIKXHxAL?85V583L5B7l9ER19EO_AC91?nAC7¡;G5BAL��DG7l9N=�9NOP5V7:SP?8;G5nACK1KX5B?B=LDG;�]_AL7IW HJ=6K<9EOP5 �z[L5BKNM1AL7PD>SPM
WP5h9E5B?h9E=6KXR�v c {@~©c 
I~PAL7PWVc ® =*3L5BK�9EOP5 ­ � ¢ ­ � � �C5 �&5B7P58KN[L\.KNAL7P[65C~©AL7PWVc ­ =*3L5BK�9EOP5U{ � ¢
­ � � �L5�� 5B7I5BKN[C\VKNAL7P[65n}�D>R � i { ­ ��D>9EO�SP7P?85BKX9EALDG7l9k\ � i ® 
Ii���OPD>R�;>5nALWPR�9E=^9EOP5�{ � SIQPQ�58K
]�=6SP7PW�=LH 9EOP5s]�589�Aj;>5nAL�£AL[65`=CH ­ i 
 ��583L5B7l9ER � ­ 
 � � i
� DG[LSPKN5
�@i 
 
.RNOP=*��Rs9EOP5j��darVf RX5nALKX?�OYW_AC9EAwHJKN=6M ® �L5�� 9N= ­ � � �L5 ��ACH 9N5BK`W_AC9EA

�:S_AL;>D>9k\Y?8SI9ER8i # H 9E58Kj9EDGM^DG7I[#?BSI9NRB~�AL;G;qRXDG7P[L;G5wRX?nAC9X9E5BKXDG7P[�583L5B7l9ER1ALKX5�D>7�� DG[6SIKN5 �@i 
��Ii
	�=�RXDG7P[L;G5VRX?nAC9X9E58KNDG7I[�5836587l9ER.DG7'9NOP5#7:SP?B;>5nALK�KX5B?8=6DG;�]_AL7PW�Q_ACRNRw9ED>M1D>7P[�?BSI9NR�DG7'9EOI5
HJ=6SPK1[65BKXMZAC7PDGSPM WP5h9E58?89E=LKNRBi �_=6SPK15836587l9ER.Q_ALRXRZ9ED>M1D>7P[z?8SI9ERwD>7�c�yI~�]PSI9Z9EOP58RN5FALKX5
?B=L7PRND>RX9E587l9U��D�9EOF9EOP5^RNSPKaHxAL?B5^583L5B7l9j;>5nAL�£AL[65j58RX9NDGM1AC9ED>=67�~���OPD>?�OzDGR 
Ii�� �.583L5B7l9ER�AC9T{ �
SPQPQ�5BK�]�=6SP7PW � ­ 
 � � i�c�y^OPALR�QIKN=6]P;>5BM^R�DG7 �:S_ALWPKNAL7l9 # AL7PWVp��P9EOP58KN5�DGR�AL7�SI7�SIRNS_AL;>;>\
;�ACKN[65.7:SPM�]�5BK^=LHb;>=*� \�DG5B;>W 5k�X5B?h9EKN=L7PRZD>7�9NOPDGR^ALKX5nA � ­ 
l{ � i # ;G;qHJ=LSPK15h36587:9NRwQ_ALRXRND>7P[
9EOI5^9NDGM^DG7P[.?BS@9ER�ACKN5^DG7F9EOP5^REALM^51ALKN5BA�]�589k�m5B5B7
�:S_ACWPKEAL7l9 # AL7IW �:S_ALWPKNAL7l9�p vxRN585
� D>[6SPKN5 �@i � ­ }�i���OP5U?B=67I?B;GSIRNDG=L7�D>R�9NO_AC9�9EOI5BKN5TALKN5�7P=^SP7l365h9E=�5BW�RND>7P[6;>5`RN?nA£9N9E58K�7:SP?8;G5nACK
KN58?B=6D>;GR�DG7�t@=LSPW_AL7�KNSP7 ­L­ 
^��darVf'RX5nALKX?�O#W_AC9EAIi���OI5�AL]PRX5B7P?85T=LH RNSP?�O�5h36587:9NR���D>;G; ]�5
DG7l9N5BKNQIKN589N5BW�ALR�AL7�SPQPQ�5BK�;GD>M1D�9�=67�9NOP5`��darVf ¢k7:SP?B;>5B=67�?BKX=6RNR�RN58?89NDG=67�DG7�o�O_ALQ@9E5BK 
Ii
��OP5BKX5�ALKX5mHJ=6SPK�WP=6SP]I;G5�RX?nAC9X9E58KNDG7I[�583L5B7l9ER!9NO_AC9�Q_ALRNR�9EOP5�9EDGM^DG7I[�?8SI9ER�DG7U9NOP5q7:SP?8;G5nACK

KN58?B=6D>;�]_AL7PW¡DG7�=67P5�WP589N5B?89N=6KVvxRN585 � D>[6SPKX5 ��i � � }hi �_SPKa9EOP58K1Ra9ESPWI\�RXOP=*��R19EOPAC919NOP5BRX5
583L5B7l9ERTALKN5<;>DG�L58;>\�;G5BAL�£AL[65j5B;>5B?h9EKN=L7�KX5B?B=LDG;GR8ij��OP5 
 �@i 
��L5 � 583L5B7l9�D>7�c ��?8=6KNKX5BRXQ�=67IWPR
9E=FA ­ {@i 
#�C5 ��583L5B7l9^DG7�c 
I~�AC7PW�HxALDG;>R�9NDGM^DG7P[�?BSI9NRjDG7�c 
Ii��q��=FWP=LSP]P;G5ZRN?nA£9N9E58KND>7P[
583L5B7l9ERm]�5h9k��585B7wc�y�AC7PWwc ® OPA*3L5�A`OPD>[6O<DG=67IDG�nA£9EDG=L7T\�DG5B;>WjDG71c ® i���OP58\^ALKX5�M1=LRX9�;GD>�L58;>\
5B;>5B?h9EKN=L7zKN58?B=6D>;GR8i1��OP51OPDG[LO�587P5BKX[L\�[lALM^MZACR`��7I=@?��F=L�¬58;G5B?h9EKX=67PRsHJKN=6M c ® ~ AL7IW�9EOI5
5B;>5B?h9EKN=L7PRTD>7:9N5BKNAL?89U��D>9EO�c�yIi � 7P5ZWP=6SP]P;>51RX?nAC9X9E58KNDG7I[#]�5h9k��585B7 c�y#AL7IW¬c 
�O_ACR�OPDG[LO
DG=L7PDG�BAC9ED>=67^\�D>5B;GWZDG7�c 
@i!��OP5bRN58KND>5BRq7:SPM�]�5BK8~P583L5B7l9�7:SPM�]�5BK8~PKN58?B=6D>;�587P5BKX[L\6~PD>=67PD>�nAC9NDG=67
\�DG58;GW�AL7PW�9ED>M1D>7P[�Q_ACKEALM^589N5BKNR�=LH 9EOI5BRN5sHJ=6SPK�5h36587:9NRbALKX5s;GDGRa9E58W�DG7.� AC]P;G5 �@i �@i

{ � �



t�5BKND>5BR 	�SPM�]�5BK 24365B7l9 	�SPM�]�5BK 2!K \�? Q�WP58;G? QPM^DG7PKa9E?
vJ�L5��s} ��� ���­ 
 ­6­ { ®�­ 
 
 ­ � � 
 � ® � ® i�� 
 � i 
 � �@i 
 � �Ii y�


­ 
 ­6­ { � ­ { ­ { { � �I­ 
 � ­ 
Ii � � � i|{ � �@i �Cy ­�� i � ­
­ 
 ­ { � 
 ­ � �I­ y � � 
 � y 
Ii ­ � � i 
�� �@i 
Ly �Ii � �
­ � �I­ � �l{ � � ­ � � � ­ y � � i�� 
 � i �:{ �@i �6y �Ii y6{

� AL]I;G5 �@i y � t@D>7P[6;G5`RX?nAC9X9E58KNDG7I[^5h36587:9NR�D>7Vc�y@i

t@58KNDG58R 	�SPM�]�5BK 243L5B7l9 	�SPM�]�5BK pb5h9E5B?h9E=6K 2!K \�? Q�WP5B;>? QPM^DG7IKX9E?
vx�C5 �s} ��� ���

­ 
 ­L­6­ y � � ® � ® � � {Ly c � 
 �@i {�
 � i|{�� yIi 
 � �Ii 
 �
­ 
 ­L­6­ y � � ® � ® � � {Ly c 
 ­ {@i 
 � � i �l{ yIi��6y �Ii � �
­ 
 ­��I­ � � � 
 
 { � � y � c�y ­ � i � � � i|{Cy �@i y6y {6{@i ­ �
­ 
 ­��I­ � � � 
 
 { � � y � c ® 
�� 
Ii ® ­ i � � �Pi 
6y 
Ii y �
­ 
 ­ { � � ­ � 
6y y � 
 ­ � c�y { ® i ®@­ � i|{ 
 
Ii � � ­ � i � 

­ 
 ­ { � � ­ � 
6y y � 
 ­ � c ® � ­ �@i { � i � ® 
Ii � � 
Ii ® �
­ 
 ­ { ­6­6­ � ­ 
 ­ { � � 
 
 c�y � �@i ­ y � i 
 � �@i � ® ­ � i y �
­ 
 ­ { ­6­6­ � ­ 
 ­ { � � 
 
 c 
 
 �@i {�� � i ��� ® i��6y 
Ii 
 


��AL]P;G5 �@i � � r�SP;>9NDGQP;>5sRN?nA£9N9E58KND>7P[�583L5B7l9ER`D>7#]P;GD>7PWPD>7P[1WPAC9�AwAC7_AL;>\�RXDGRBi � 7P5�583L5B7l9sDG7�c �
Q_ALRXRN58Rb\@D>5B;>W�AL7PW#9NDGM^DG7P[^?BSI9NRB~ ]PS@9bHxALDG;>R�9NDGM^DG7P[^?BS@9ER`DG7�c 
��e9EOIKN5B5T5836587l9ERsQ_ALRXRb\@D>5B;>W
AL7PW�9EDGM^DG7I[�?8SI9ER�D>7�c�yI~ ]PSI9T9k�m=�=LHq9NOP5BM HxALD>;�9NOP5wD>=67PDG�BAC9ED>=67�\�DG5B;>Wz?8SI9jDG7Yc ® ~4=67I5
=LH�9EOP58M HxACDG;GRq9NOP5�DG=67PD>�nAC9NDG=67w\�D>5B;GW�?BS@9�D>7#c 
Ii 	�=ZMTSP;>9NDGQP;>5bRN?BAC9N9N5BKND>7P[^7�SI?B;G5BALK�KN5B?8=6DG;
583L5B7l9ER�ALKN5`RX5B587VDG7���darVf'RX5nALKX?�OVW_A£9�AIi

{ � ®



0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

Recoil Energy Er in keV

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

Recoil Energy Er in keV

� D>[6SPKN5 ��i 
 � � ��D>M1D>7P[<?BSI9�5��^?8DG5B7I?BDG58R�=67�7P58SI9EKX=67VRX5B;G58?89NDG=67�AL7PW�RNSPKaHxAL?B5�583L5B7l9`KN5k�X5B?�¢
9ED>=67YD>7�]P;GD>7PWPDG7I[V;G=*� ]_AL?��:[6KX=6SP7PW�W_AC9EA�AL7_AL;�\�RNDGR8iF��OP5�OP5nAn3:\�]P;>SP5w;>DG7P51DGR�7P58SI9EKX=67
RN58;G58?89ED>=67�5��^?8DG5B7I?8\6~P9NOP5bW_ACRNOP58W�[6KX5B587�;GDG7I5�DGR�RNSPKaHxAL?B5`5h365B7l9�KN5k�X5B?h9EDG=L7�5��^?BD>5B7P?h\Z��D>9NO
9ED>M1D>7P[w?8SI9T=L7P;>\L~,9NOP5j9E=6Q�KN58Wz;>DG7P5�D>RsRNSPKaHxAL?B5^KN5k�X5B?89NDG=67�5��^?8DG5B7I?8\���D>9NO�]�=L9NO�9NDGM^DG7P[
AL7PW�DG=L7PDG�BAC9ED>=671\�DG58;GW.?BS@9ERBi

{ �Ly



0 20 40 60 80 100
0

0.5

1

1.5

Y
ie

ld
, Q

/E
r

0 20 40 60 80 100
0

0.5

1

1.5

0 20 40 60 80 100
0

0.5

1

1.5

Y
ie

ld
, Q

/E
r

0 20 40 60 80 100
0

0.5

1

1.5

0 20 40 60 80 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

0 20 40 60 80 100
0

0.5

1

1.5

Recoil Energy Er in keV

� D>[6SPKN5 �@i 
 
 � r�SP=L7'AL7l9ED ¢k?8=6DG7P?8DGWP587l9j��darVf�RN5nACKN?�O'W_A£9�A�HJKN=6M ® �L5���9E= ­ � � �L5��
]�58HJ=6KX5s9NDGM^DG7P[T?BSI9NRBimp`AC9�A �:S_AL;>D>9k\w?8SI9ER8~©RNSP?�OVALR�?��`=@=�W_243It�~_? �bDG7_t�~_AL7PW�? �b��OPKX5BREt�~
ALKX5UACQPQP;GD>5BW�i

{ � �



0 20 40 60 80 100
0

0.5

1

1.5

Y
ie

ld
, Q

/E
r

0 20 40 60 80 100
0

0.5

1

1.5

0 20 40 60 80 100
0

0.5

1

1.5

Y
ie

ld
, Q

/E
r

0 20 40 60 80 100
0

0.5

1

1.5

0 20 40 60 80 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

0 20 40 60 80 100
0

0.5

1

1.5

Recoil Energy Er in keV

Z1 Z2 

Z3 Z4 

Z5 Z6 

� D>[6SPKN5 ��i 
�� � r�SP=67¡AL7l9ED�¢ ?B=6D>7P?BD>WP5B7l9jRXDG7P[L;G5�RN?BAC9N9N5BKXDG7P[�583L5B7l9ERZACH 9E58K<9NDGM^DG7P[V?BSI9NR1D>7
]P;>DG7PWPD>7P[FAL7_AC;>\�RND>RBi¡��OI5�]P;GAL?���]_ALK<D>R<9NOP5�5B7P58KN[L\�9NOPKN58RNOP=6;>W�i'��OP58KN5�ALKN5�7P=�RND>7P[6;G5
RN?BAC9N9N5BKXDG7P[�7:SP?8;G5nACK`KN5B?8=6DG;>RbDG7�c ­ 9EOPKX=6SP[6O�c ® ��HJ=6SIKb;G5BAL�£AL[65�58;G5B?h9EKX=67�KN58?B=6D>;GRb5��ID>RX9sD>7
c�yIi

{ ��




0 20 40 60 80 100
0

0.5

1

1.5

Y
ie

ld
, Q

/E
r

0 20 40 60 80 100
0

0.5

1

1.5

0 20 40 60 80 100
0

0.5

1

1.5

Y
ie

ld
, Q

/E
r

0 20 40 60 80 100
0

0.5

1

1.5

0 20 40 60 80 100
0

0.5

1

1.5

Recoil Energy Er in keV

Y
ie

ld
, Q

/E
r

0 20 40 60 80 100
0

0.5

1

1.5

Recoil Energy Er in keV

Z1 Z2 

Z3 Z4 

Z5 Z6 

� D>[6SPKN5 �@i � ��� r�SP;>9NDGQP;>5qRN?BAC9N9N5BKND>7P[s583L5B7l9ER�ACH 9E58K49EDGM^DG7I[�?BS@9ER�DG7<]P;>DG7PWPD>7P[`AL7PAL;>\�RND>RBi���OP5
]P;GAL?���]_ALK�DGR`9EOI5Z5B7I5BKN[C\�9NOPKN58RNOP=L;GW�i���OP5^M�SP;�9ED>QP;G5jRX?nAC9X9E5BKXDG7P[�583L5B7l9ERT9NO_AC9UQ_ALRXRU9EOI5
9ED>M1D>7P[<?BSI9NRbDG7�9EOP5U7:SP?B;>5nALK�KN58?B=6D>;�]_AC7PW#DG7#c �wAL7IW�c�yZACKN5T;>DGRa9E5BW�DG7�� AL]I;G5 �@i � ��9NOP5BD>K
Q_ALKa9E7P58KNR�ALKX5�58;G58?89EKX=67.KN58?B=6D>;GR�DG7.=L9NOP5BK�WP5h9E58?89E=LKNRBi

{ ���



−5 −4 −3 −2 −1 0 1 2 3 4 5
−5

−4

−3

−2

−1

0

1

2

3

4

5

x in cm

y 
in

 c
m

� D>[6SPKN5 ��i � ­�� t@D>7P[6;>5`RN?nA£9N9E58KND>7P[15h36587:9NRbDG7Vc�yIi # ;>;�HJ=6SPK�RND>7P[6;G5`RX?nAC9X9E58KNDG7I[15h365B7l9NR�9EO_A£9
Q_ALRXR�9EDGM^DG7I[�?BSI9NR�ACKN5`DG7�9NOP5sREALM^5�ALKN5BAIi

� ��� ��( � / �

dk7�9NOP5 �_KNRa9TQ_ACRNRB~,9EOI51?8=6;G;>5B?89N5BW�KEAn��W_A£9�A.DG7F9EOP5Zoqpsr#t�5��@Q�58KNDGM^5B7l9s��ALR�AL7PAL;>\�RN58W
]l\FKNSP7I7PDG7P[.9EOI5ZoqpsrVt�AL7_AC;>\�RND>R`Q_AL?��£AL[65C~�?BAL;G;>5BW�p`ALKN��f!DGQ�5Li^d Hq?�OPALKN[65<9EKNAL?B58R��m5BKX5
REA£9ESPKNAC9E58WwHJ=6K�A�Q_ALKa9ED>?BSP;GALKm5h36587:9B~P9EOP5�W_AC9�A�RXOP=6SP;>W�]�5bAL7_AL;�\@�85BW�]l\wSIRNDG7I[<ATRN=C¢ ?nAL;>;G58W
� ® �P9�D>7�9EOI519ED>M15^WP=6M1ALD>7�HJ=6K�?�O_ALKX[65BRTQPSP;GRX5Li � 9NOP5BKa��DGRX5L~ 9NOP5wW_AC9EA���ALRjAL7PAL;>\��B58W
]l\zSIRNDG7I[�AVRN=£¢k?nAC;G;G58W � � vJ=6QI9NDGM1AL;��_;>9N5BKE} �P9TDG7z9NOP51HJKX5 �:SP5B7I?8\YWI=6MZACDG7�~ ��OPDG?�O�O_ACR
9EOI5w]_AL?��:[6KX=6SP7PW�7P=LDGRN51KN58M1=*3658W�i ��SI9�ACH 9E58KU9NOP5w]P;>DG7PWPD>7P[�W_AC9�AVAL7_AL;�\@RXDGRU=LH�t@=6SPWPAL7
KNSI7 ­6­ 
I~�D>9���ALR�HJ=6SI7PW19NO_AC9qRX=6M^5�;>=¯�']_AL?��:[6KN=LSP7PW�W_AC9EA��m5BKX5bDG7_ACWI3658KX9E587l9E;>\1AL7PAL;>\��B58W
��D>9NO�� ® �I9n~P5h365B7�9NOP=6SP[6O19EOP58KN5b�m5BKN5`7I=�REAC9NSPKEA£9EDG=L7Z9EKNAL?B58RBi���OPDGR�;G5BW19E=�RX=6M15�5836587l9ER
]�5BDG7I[w?BSI9s=C����D�9EO�? �bD>7©t�~�AC7PW�?nALSIRN5BW�9NOP5j7:SP?B;>5nALKbKX5B?8=6DG;�]_AL7PW#9N=�RNOPD�H 9ni`��OPD>Rb?nALRX5
��ALR�?BAL;G;>5BWw9NOP5 � � ® ]PSP[��Ii
��OP5�;G=*�']_AC?���[LKN=6SP7IWZW_AC9EAb�qALR�KN5BAL7_AL;�\��B5BW<��D>9NO^9NOP5 � ® ]PSP[�KN5BM^=*3658W�i4�z5�HJ=6SI7PW

{�
 �



=67P5�583L5B7l9¯v�t@5BKXDG58R 	�SIM�]�58K � 
 ­ {L{ 
 ­ � � 
I~£2!3L5B7l9 	�SPM�]�5BK � � �I­ ����} 9NO_AC9 Q_ALRXRN5BWU9EOP5�9ED>M<¢
DG7I[�?BS@9ER4D>7U9EOI5�7:SP?B;>5nALK�KN58?B=6D>;�]PAL7PWjDG7�c ® i�v t@585�9EOP5m[6KEACQPO�=67�9EOP5q;>58H 9�DG7�� DG[6SIKN5 �@i �l{6}hi
# ;�9EOP=LSP[6O �_7IWPDG7P[Z=67P5�5h365B7l9�Q_ALRXRND>7P[w9EOP5U9EDGM^DG7I[1?8SI9ER`D>7V9EOP5T7�SI?B;G5BALKbKX5B?B=LDG; ]_AL7PW�D>R
?B=L7PRND>RX9E587l9q��D>9NO19EOI5bRNSPKaHxAL?B5�583L5B7l9�;G5BAL�£AL[65�5BRX9NDGM1AC9ED>=67�~69NOP5bWPD>KN5B?h9�5h3�DGWP587P?B5b9NO_AC9�9EOPD>R
583L5B7l9�DGR�5BD�9EOP58K�7�SI?B;G5BALK�KN58?B=6D>;�=6K�5B;>5B?h9EKN=L7�KX5B?B=LDG;�D>R�7P5B58WP5BW�i

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy in keV

Y
ie

ld
, Q

/E
r

4 6 8 10 12 14

0.7

0.8

0.9

pdelc in µs

ph
on

on
 p

ar
tit

io
n

20−100 keV

� D>[6SPKN5 �@i �:{ � � 58H 9�[LKEALQPO � c ® ~�t@=6SPW_AC7�KNSP7 ­L­ 
���darVf RN5nACKN?�O�W_AC9EAYACH 9E58KZRXSPKXHxAL?85
583L5B7l91KN5g�X58?89NDG=67Y9NDGM^DG7P[�?BSI9NRBiY��OP5�WID�ALM^=67PW�D>RjA�AL7l9ED ¢k?B=LDG7P?8DGWP587:9�RNDG7I[6;G51RN?nA£9N9E58KND>7P[
583L5B7l9<9EO_A£9jDGR�D>7z9EOI5�7�SI?B;G5BALK�KX5B?B=LDG;�]PAL7PW¬AL7PW�QPALRNRX5BRj9ED>M1D>7P[V?8SI9ER<ACH 9N5BK � ® ]PSP[�D>R
KN58M1=*3L5BW#D>7�]P;>DG7PWIDG7P[<W_AC9EA1AC7_AL;>\�RXDGRBi ��D>[6Ol9�[LKEALQPO � dk7V9NOP5UQIOP=67P=67�Q_ALKa9ED>9NDG=67.RXSPKXHxAL?85
KN5k�X5B?h9EDG=L71M^589NOP=@We~:9NOP5�5836587l9svxWID�ALM^=67PW©} D>7j9EOP5�7:SP?B;>5nALK�KN58?B=6D>;P]_AL7PW1DG7<9EOP5�;G5hH 9�[6KEACQPO
DGR�AL7�5B;>5B?h9EKN=L7�KX5B?B=LDG;�vxWID�ALM^=67PW©}�DG7.9EOP5sKND>[6Ol9�[6KEALQIO�im��OI5U]P;>SP5sWP=L9NR�ACKN5�7P5BSI9NKN=67IR�D>7
¨��k¨ omH4?BAL;GD>]PKEA£9EDG=L7�i���OI5U[6KX5B587�?8KN=6RXRN5BR�ALKX5�5k�X5B?h9EKN=L7PR�D>7 " # # �qAj?nAL;>DG]PKNAC9ED>=67�i
dk7�9EOP5FQPOP=L7P=67 � � 
 � � � � � & AL7PW �  ��� �VRNSIKXHxAL?85�5h36587:9�KN5k�X5B?h9EDG=L7�M15h9EOP=�W	vxD>7�RN5B?�¢

9ED>=67 �@i ® }�~�9EOI5�583L5B7l9�DG7V9NOP5j7:SP?B;>5nALKbKX5B?8=6DG; ]_AL7PW�D>7Fc ® DGR�KN5k�X5B?89N5BW �,D i 5Ci>~�9EOP5j5h365B7l9sD>R
A�58;G58?89EKX=67zKX5B?8=6DG; i�v t�5B5<9EOP51[6KEALQIOz=67F9EOP51KND>[6Ol9UD>7 ��DG[6SPKX5��@i �l{6}hiw��OI5ZRND>[67_AC9NSPKN5<D>R
3658KX\�?B;>5nALK8~P9EOP5�583L5B7l9�HxAC;G;GR�DG7.9EOP5�5g�X58?89EKX=67V?8;GSPRa9E58KB~�An�qAn\�HJKN=LM 7:SP?B;>5nALK�KN58?B=6D>;GRBi���OPD>R
DG7l9N5BKNQIKN589EAC9ED>=67#HJ=6;>;G=*��R�9EOI5jSP7:]P;GD>7PWPDG7I[�=LH�9EOP5^AL7_AC;>\�RND>RB~�]PS@9UD>Rb]_ALRX5BW�=67�9EOP5<SP7IWP5BKg¢
RX9EAL7PWPD>7P[�=LHe9NOP5�HJSI7PW_ALM^5B7l9�AC;_WPD>��5BKX5B7P?85�]�589k�m5B587�7P5BSI9NKN=67IR�AL7IWZ5g�X58?89NKN=67PR�DG7<9EOI5bcedgf

{�
 ­



WP5h9E5B?h9E=6K8i�dk7zQPKEAL?h9ED>?B5L~�RN585BDG7I[V=67P515B;>5B?89NKN=67�KN58?B=6D>;�D>7�9NOP5Z7:SP?8;G5nACKUKX5B?B=LDG;�]_AL7PWYACH 9E58K
9EOI5TRNSIKXHxAL?85T583L5B7l9`KX5g�X5B?h9ED>=67V?8SI9ER�DGR�?B=67PRXDGRa9E5B7l9���D>9EO�5h�@Q�5B?89N5BWF5B;>5B?h9EKN=L7V;G5BAL�£AL[65C~�AC7PW
=67P;�\�O_ALR�A<RNM1AL;G;e58��5B?89�=67.9EOI5UD>7:9N5BKXQPKN5h9�AC9NDG=67.=LH�9EOP5sW_AC9EAI~P��OPD>?�OVDGRqHJSIKX9EOI5BK�9EKN5BAC9E58W
DG7�o�O_ACQI9E58K 
@i

{�
l{



� � ��� ���	� �

� �!� ����� "�� � �

� �*) � ��� � ��� � �n/"!40$�1+ �¬0�� 0 �

# ��darVf�=67P;�\VRX?nAC9X9E58KNRb=L��9EOP5T7�SI?B;G58SPRbD>7#=67P5�WI589E58?89N=6K`]�58?nALSIRN5j=LH�D�9ER��m5nAC�VDG7l9N5BKa¢
AL?h9EDG=L71��D>9NOZ=6KXWPDG7PALKX\<M1AC9N9N5BK8i4dk7Z9EOI5`oqpsr#t1��darVf�RX5nALKX?�O�W_AC9�A@~@9EOI5���darVf¬RND>[67_AL;
?nAC7 =67I;>\Y]�5�A�M�SP=67�AL7l9ED ¢k?8=6DG7P?8DGWP587l9jRND>7P[6;G5�RX?nAC9X9E58KNDG7I[�7:SP?8;G5BALK<KN5B?8=6DG;�5836587l9ni���OP5
Q�=6RNRXDG]P;>5w]_AL?��:[6KX=6SP7PW¬9EO_A£9<O_ALR�9EOI5�RNALM^5wRND>[67_AC9NSPKN5�?8=67PRND>RX9NRj=LH�5���9E5BKX7_AL;�7P58SI9EKX=67PR8~
��OPD>?�O�ALKN5�[6587P5BKNAC9E58W�DG7.9EOP5UM1D>7P5sKN=�?��.HJKX=6M M�SP=67�5h�@?BD�9�AC9NDG=67�=6K�HJKN=6M KNALWPDGAL=lAL?h9ED>3l¢
D>9k\Li���OP5BRX5�7I5BSI9NKN=67PR^M1A*\zQ�587P589NKEAC9N5�9EOP5.RNOIDG5B;>W�AL7PW�RN?nA£9N9E58K<DG7¬=67P5.WP5h9E5B?h9E=6K8~�]PS@9
9EOI5BKN5sD>R�7P=1KX5B?8=6KNW�DG7�9EOI5�RX?BD>7:9NDG;>;�AC9N=6K�3L589N=ZQ_ALWIWP;G58RBi
# 7P=C9EOP58K Q�=6RXRNDG]I;G5!RND>7P[6;>5!RN?nA£9N9E58KND>7P[�5h36587:9�DG7`9NOP5�7�SI?B;G5BALK,KN58?B=6D>;6]_AL7PW�DGR,AC7U58;G5B?h9EKX=67

KN58?B=6D>;4WPSP5�9N=.D>9ER�DG7P?8=6M1QI;G589N5�?�O_ALKX[65j?B=L;G;G58?89NDG=67�i���OP5<5B;>5B?h9EKN=L7�KX5B?8=6DG;4D>RbKN58M1=*3L5BW�]:\
SPRXDG7P[.DG=L7PDG�BAC9ED>=67�\�DG58;GW�~eQPOP=67P=L7�587P5BKX[L\�WPD>RX9NKNDG]ISI9ED>=67#DG7�9NOP5�HJ=6SPK`QPOI=67P=67FRN587PRN=LKNRs=LH
9EOI5�cedgf'WP5h9E58?89E=LKB~�AL7PW�9NOP5TQIOP=67P=67�9ED>M1D>7P[jQ_ALKNALM15h9E58KNRB~�ALR�WP5BRX?BKXDG]�5BWVD>7#o�OPALQI9E58K �@i
��OP58KN5�ALKN5.7P=FSP7l365h9E=�5BW'RXDG7P[L;G5�RN?BAC9N9N5BK<7:SP?B;>5nALK<KX5B?B=LDG;GRjD>7�9EOP5�oqpsr#t�KNSP7 ­6­ 
 ® {@i y
�:[C¢kWPA*\wW_AC9�A<ACH 9N5BK�9EOI5�WPAC9�A �:S_AL;>D>9k\�AC7PW.RNSPKaHxAL?B5�583L5B7l9�?8SI9ER8i
dk7'9EOP5VQ�=6RXD>9NDG=67 DG7IHJ=6KXMZA£9EDG=L7�]PALRN58W'��darVf RX5nALKX?�O�WPAC9�AYAC7_AL;>\�RXDGRB~q9NOP5#7:SP?8;G5nACK

KN58?B=6D>;`583L5B7l9#RX5B;G58?89NDG=67�5��^?BD>5B7P?h\�DGR.?nAL;>?BSP;GAC9E58W���D�9EO�W_AC9EA��:S_AL;>D>9k\�?8SI9ERzvx?no�OPD t �It�~
?nf!Ra9EW©}�~`?�O_ALKN[L5�587P5BKX[L\'9NOPKN58RNOP=6;>W vJ?B��OPKX5BREtP}.=L7�9NOP5F583L5B7l9ER�DG7�9EOP5F7:SP?8;G5nACK�KN5B?8=6DG;

{�
 




]_AL7IW�~�9NOP5�?�OPALKN[65�DG7I7P5BK�5B;>5B?89NKN=�WP5�?BSI9`vx? �bD>7©tP}h~69NOP5�7:SP?8;G5BALKmKX5B?8=6DG;©]_AL7IWZ?BS@9svx? 	 ��tP}h~
9EOI5�RXSPKXHxAC?B5�583L5B7l9�KX5g�X58?89ED>=67<?BSI9NRbv 9EOP5�QIOP=67P=67^Q_ALKa9ED�9EDG=L7T3�R�Q�WP58;G?�DG7jRX5B?89NDG=67��@i ® }h~:AC7PW
9EOI5�3L589N=�?8SI9�v��?��b��tP}�il��OP5�36589N=U?8SI9ER�=L��
��	5h365B7l9NRmD>7<9NOP5�;G=*� ]_AL?��:[6KX=6SP7PW^=6Q�5BKEA£9EDG=L7
M^=@WP5�DG7Tt@=6SIW_AL7�i���OP5q583L5B7l9!RX5B;G58?89NDG=67U5��^?BD>5B7P?8DG5BR�=LH©AL;>;l9EOP5m?BSI9NRB~lAL7IWU9EOI5m9E=C9�AL;:583L5B7l9
RN58;G58?89ED>=67#5 �1?8DG587P?8\FA£H 9E5BK�AL;G;,9EOI5�?BSI9NRsALKN5TDG7 # QPQ�587PWPD �Fo�is��OP58RN5j?BS@9ER`KN58RNSP;�9`DG7#AL7
An3658KEAL[65U7:SP?B;>5nALK�KN58?B=6D>; 5836587l9`RN58;G5B?h9ED>=67�5 �^?BDG587P?8\�HJ=6K�9EOI5�HJ=6SIK�[658KNM1AL7PD>SPM WP5h9E5B?h9E=6KXR
ALRqRXOP=*��7�DG7���DG[6SPKX5 
@i ­ i ��OP5`Q�5BAL�<=LH,7:SP?B;>5nALK�KN5B?8=6DG;�RN58;G58?89ED>=67Z5 �^?BDG587P?8\ZDGR � i ��� � ­ A£9

 �<�L5���i©��OPD>R�?8=6KNKX5BRXQ�=67IWPR�9N=^Aj9N=L9�AC;�5h�@Q�=6RNSPKX5U=CH!{Lyj�:[C¢ W_An\6i

0 10 20 30 40 50 60 70 80 90 100
0

10

20

30

40

50

Recoil Energy Er [keV]

E
ffi

ci
en

cy
 [%

]

� D>[6SPKN5 
Ii ­�� ��OI5�A*3L5BKNAL[65�7:SP?B;>5nALK4KX5B?8=6DG;@5836587l9mRX5B;>5B?89NDG=67j5 �^?BDG587P?8\T=LH©HJ=6SPK4[L5BKNM1AL7PD>SPM
WP5h9E5B?h9E=6KXRBi���OP5`]P;>SP5`?BKX=6RNRX5BR�ALKN5`WPAC9�AI~@9EOP5`KX5BW.;GD>7P5bDGR�Q�=6;�\�7P=6M^D�AL; �P9Bi ��5B?8=6DG;�5B7P58KN[L\
9EOIKN5BRXOP=6;>W�D>R ­ � �L5 �T~�ALR�DG7PWIDG?nA£9E5BW.]l\�9EOI5s3L5BKa9EDG?BAL; [6KX5B5B7�;GD>7P5Li

��OP5BKX5zACKN5�7P=¬7:SP?B;>5nALK�KX5B?8=6DG;�5836587l9ERVD>7'9EOP5�oqpsr#t'dXdwt@=LSPW_AL7�KNSI7 ­6­ 
Y��d 	�f

{�
 �



WIMP Mass [GeV]

W
IM

P
−

N
uc

le
on

 C
ro

ss
−

S
ec

tio
n 

[p
b]

10
1

10
2

10
3

10
−8

10
−7

10
−6

10
−5

10
−4

� D>[6SPKN5 
Ii { � ��dar�f 5h�@?8;GSPRXDG=67 � � � ?8=67 �_WP587P?B5F;>583658;b;GD>M1D�9ER8i%��OP5�KX5BW�;GD>7P5VD>RZ9EOI5
��darVf ¢k7:SP?8;G58=67 ?BKX=6RNRg¢kRX5B?89NDG=67 5h�@?B;>SPRND>=67�;>DGM^D>9�HJKN=6M Q�=6RND�9ED>=67�DG7IHJ=LKNM1AC9ED>=67�]_ALRX5BW
��darVf�RX5nALKX?�O¬W_AC9�A�AC7_AL;>\�RXDGR�D>7Y9EOP5�t@=LSPW_AL7�KXSP7 ­6­ 
@i���OP5�WPALRNOP58W ]I;�AL?���;GD>7P5��XSPRa9
AL]�=*365.9EOP5.KN58W¡;>DG7P5�D>R�HJKN=6M ]I;GDG7IW AC7_AL;>\�RXDGRBi¬��OP5�]P;>SP5.;GDG7I5w��D>9EO�AFWPDGQ�AC9Z{ � �L5��
DGR�9EOP5�oqpsr#t�dXd�5��@?B;GSIRNDG=L7#;GD>M1D�9�=LH�KNSI7©{ ­ A£9st�9EAL7IHJ=6KXW ��7PWI5BKN[LKN=6SP7IW ��AC?BDG;>D>9k\ � ­ 
 ® � i
��OP5UWP=L9N9N5BW#;>DG7P5sD>7�9EOI5UM^DGWPWI;G5sDGR�9EOP5�?B=L7PRN58KX3CAC9ED�365<oqpsrVt�5BRa9EDGM1AC9NDG=67�im��OP5�WP=C9N9E58W
;GD>7P5�AC9�9NOP5�]�=L9X9E=6M�D>Rm9EOI5�5h�@Q�5B?h9E5BW.;>DGM^D>949NOP5`oqpsr#t^5h�@Q�58KND>M1587:9m��DG;>;�5��@QP;G=6KX5�D>719EOI5
7P5��@9�HJ58��\65BALKNR8im��OP5s[6KX5B587�Q_A£9E?�O#A£9�9EOP5`9E=LQ�D>Rq9EOP5 
 � KN58[6DG=L7.HJ=LKq��darVf!R�HJKX=6M�9EOI5
p # r # ­ ¢ ��RN5nACRN=67�W_AC9EA � ­ 
6y � ij��OI5^M1AL[6587l9�A�W_ALRXOP5BW�WP=L9X9E5BW�;GD>7P5TD>Rb9EOP5^2!WP58;>�m5BDGRXR
5h�@Q�5BKXDGM^5B7l9�5h�@?B;>SPRND>=67.;GD>M1D�9�D>7�{ � � { � ­ 
 � � i���OP5`\658;G;>=¯��Q_A£9E?�O.9EO_AC9�?8=*365BKXR�AC;GM^=6RX9qAL;G;
=LH�9NOP5wALKX5nA#A£9T9EOI5w;G=*�m5BKTKXDG[6Ol9U?B=6KX7P5BKTDGRU9NOP51��dar�f&Q_ALKNALM^589E58KURXQ_AL?85�DG7zM^DG7IDGM1AL;
RNSIQ�58KNRX\�M^M15h9EKa\ � ­ 
 
 � i!��OP5`?h\lAL7�ALKX5nAT=67w9NOP5�9N=6Q�=LH 9EOI5�\658;G;G=*��Q_AC9N?�O�DGR�9NOP5���darVf
Q_ALKNALM^589E58K�RNQ_AC?B5�DG7.M1D>7PDGM1AL;©RNSIQ�58KNRX\�M^M15h9EKa\���D>9EO�9NOP5sM�SP=67.[C¢g{j?8=67PRa9EKEACDG7l9 � ­ 
 
 � i

RN5BALKN?�O W_AC9EA�ACH 9N5BKj9EOI5�]PAL?��:[6KN=6SI7PW'KN58WPSP?h9EDG=L7 ?8SI9ER8i ��7IWP5BKj9EOI5VALRXRNSPM^QI9NDG=67¬=LHbAL7
DGRX=L9EOI5BKNM1AL;lW_ACKN�sMZA£9N9E58Kqv ��darVf�} WPD>RX9NKNDG]ISI9ED>=67���D�9EOTA�WP587PRND�9k\ � � 
 � � # � � ¨ � � � # AL7PWTA
?�O_ALKNAL?89N5BKXDGRX9NDG?b3L5B;G=�?BD�9k\

��( � {L{ � �:M��CR�ALRXRNSPM^QI9NDG=67�~PAL7PW�M15BAL7�2�ACKX9EO�3L5B;G=�?BD�9k\ � � �

{�
 ®



{ 
l{��:M � � " ~�9EOP5�?nAC;G?BSI;�AC9N5BW���darVf�5h�@?B;>SPRND>=67�;GDGM^D>9UHJ=6K<RNQPD>7@¢kD>7PWP58Q�587PWP5B7l9^��darVf ¢
7:SP?B;>5BSPR�DG7l9E58KEAL?h9ED>=67.DGR�RNOP=*��7#D>7 � D>[6SPKX5 
Ii|{�iq��OPDGR�KN58RNSP;�9�DGR�RN;GD>[6Ol9E;�\w]�589N9N5BK�9EO_AC7�9EOI5
?B=L7PRN58KX3CAC9ED�365�oqpsr#t�5BRa9EDGM1AC9N5BW¬RN587PRND�9ED>3�D�9k\6~�AL7PW AL]�=6SI9�HJ=6SIK�9EDGM^5BRj;>=*��58K�9EO_AL7¬9EOI5
2!;GWI�m5BD>RNR�KN58RNSP;�9�DG7�{ � � {�i4d 9�5h�@?B;>SPWP5BR�9EOI5Up # r # ­ ¢��jRN5BALRN=L7 
 � KN58[6DG=L7�i

� ��� ��/ � � ��� 


��OP5woqpsr#t�dNd�5h�@Q�58KND>M1587:9�AC9Tt@=6SPWPAL7YDGR�5h�@Q�5B?h9E5BWY9N=V5��IQI;G=6KX5^9NOP51��darVf ¢ 7�SI?B;G58=67
?BKX=6RNR�RN5B?h9ED>=67�WP=*��7#9E=�{ � ­�� � � QP]�i`��OIDGR���D>;G;,DG7P?8SPWP5jA1]PDG[1Q_ALKX9b=LH!9EOP5UQ_ALKNALM15h9E58K
RNQPAL?B5�DG7�M^DG7PD>MZAC;�RXSPQ�58KNRa\@M^M^589EKa\'9EOI5B=6Ka\6~`AL7IW�M^=6RX9.=CHU9NOP5FQ_ALKEACM15h9E5BK�RXQ_AL?85�D>7
M^DG7PD>MZAL;�RNSPQ�5BKXRX\�M^M15h9EKX\F9NOP5B=6Ka\F��D>9EOF9EOI5ZM�SP=L7�[C¢g{.?8=67PRa9EKEACDG7l9 � ­ 
 
 � i�� =#AL?�OIDG583L5
9EOIDGRs[6=lAL; ~ A.;�ALKX[65<ALM^=6SP7l9s=LHm;G=*� ]_AC?���[LKN=6SP7IWzW_AC9EAw��DG;G; ]�5<?B=L;G;G58?89N5BW���D>9NO�9N=¯�m5BK�d
AL7PW.9E=*�m5BK�dNdmDG7�{ � � �Pi4��OPKX5B5�M1=6KX5b9E=*�m5BKNR���DG;>;e]�5sDG7PRa9�AL;>;G5BW�]l\w9NOP5s5B7PW�=LH!{ � � �Pi
��D>9NO<AL7�DG7I?BKN5BALRN5�=CH_9EOP5�9N=L9�AC;I5h�@Q�=6RNSIKN5�=LH_9NOP5�oqpsr#tT5h�@Q�5BKXDGM^5B7l9!DG7U9EOP5q7I5nALK HJS�¢

9ESIKN5L~£9EOP5�5h�e58?89ED�365m]_AL?��:[6KN=LSP7PWTKX5g�X58?89ED>=67s��DG;G;L]�58?B=6M^5mM^=6KX5!DGM^Q�=6Ka9�AL7l9Bi ��OIDGR,KN5$��SIDGKN58R
QPKX5B?BD>RN5�7P58SI9EKX=67<]_AL?��:[6KX=6SP7PW<RND>M�SP;GAC9ED>=67�AL7IW<AbOPDG[6Oj5 �^?BDG587P?8\�=LH©RNSPKaHxAL?B5�5h365B7l9�KN5k�X5B?�¢
9ED>=67�i���OP5UWP583L5B;>=6Q�58W�583L5B7l9X¢ ]:\l¢ 5836587l9U]PAL?��:[6KN=6SI7PW#KN5k�X5B?h9EDG=L7#M15h9EOP=�WPR�DG7�9EOP5Toqpsr#t
?B=L;G;�AC]�=6KNAC9ED>=67U��D�9EOjD>=67PDG�BAC9ED>=67T\�DG58;GW�~lQIOP=67P=67j9NDGM^DG7P[bQPALKEALM^589N5BKXRB~:AL7PW<5h365B7l9m;G=�?nAC9NDG=67
DG7@HJ=6KNM1AC9ED>=671��D>;G;�OI5B;GQ�9N=^RX5B;>5B?89�7:SP?8;G5nACK�KX5B?8=6DG;>R�AC9�9EOP5sOPD>[6O.?B=67 �_WP5B7I?B5�;G583L5B;>RBi

��58HJ=LKN5�9NOPDGR�9EOP58RNDGR8~P=67P;�\^QPOP=67P=L7Z9ED>M1D>7P[UQPALKEALM^589N5BKXRqO_ALWw]�5B587.SPRN58WwHJ=6K�KX5g�X5B?h9ED>=67
=LH!RXSPKXHxAC?B5�5h365B7l9NR`DG7�9NOP5T7:SP?8;G5BALK�KX5B?B=LDG;,]_AL7PWVDG7�9NOP5joqpsrVt�?B=6;>;�AL]�=6KNAC9ED>=67�i ��S@9�9EOI5
RNSIKXHxAL?85�5h36587:9NRZ7P5BALKj9EOP5.?�O_ACKN[65.=6SI9N5BK<5B;>5B?h9EKN=�WP5.DG7Y9NOP5�cedgf�WP5h9E5B?h9E=6K^O_An365.OPD>[6OP58K
3CAL;GSI5BR�=CH QPOP=67I=67Z9ED>M1D>7P[sQ_ALKNALM15h9E58KNR�WISP5�9N=U9EOI5b;GD>M1D�9E5BWjQIOP=67P=67ZRN5B7IRN=6Kq?8=*365BKNAL[65`A£9
9EOI5�58WP[65s=LH 9EOP5Ucedgf¡WI589E58?89N=6KBi
��OP5VKX5B?8=67PRX9NKNSP?h9E58W¡� AL7PW \¬QPALKEALM^589N5BKXR1D>7�9NOP5#cedgf WI589E58?89N=6KwAL;>;G=*� SPR19N=�SPRX5

]�=L9EOwQIOP=67P=67�587P5BKX[L\1WPDGRa9EKND>]PSI9NDG=671AL7PW�QPOI=67P=67Z9NDGM^DG7P[�Q_ALKNALM^589E58KNR�HJ=6K�RXSPKXHxAL?85b583L5B7l9

{�
6y



KN5k�X5B?h9EDG=L7�i���OP5�QPOP=L7P=67�Q_ALKX9ND>9NDG=67�DGR�AL7�DG7IWP5BQ�5B7PWI5B7l9VQPALKEALM^589N5BK�9EOPAC9�58��5B?89ND>3L5B;>\
KN5k�X5B?h9ER�9EOP5sRNSIKXHxAL?85�5h36587:9NR�7P5BALK�9EOP5s?�O_ACKN[65s=6SI9N5BK�5B;>5B?h9EKN=�WP5`D>7.9NOP5Ucedgf¡WP5h9E5B?h9E=6K8i
24365B7l9s;>=@?BAC9ED>=67�D>7IHJ=6KXMZAC9NDG=67.]_ACRN5BW�WPAC9�A1AL7_AL;�\@RXDGR�OP5B;>QPRbSPR�9E= �P7PW�=6SI9�9EOP5T;G=�?nA£¢

9ED>=67V=CH49EOP5URNSPKaHxAL?B5U5B;>5B?89NKN=67VKN5B?8=6DG;>R�9EO_AC9bALKN5UM1=LRX9�;GDG�C5B;�\w9E=^HxALDG; 9EOI5TQPOP=L7P=67V9NDGM^DG7P[
Q_ALKNALM^589E58K1?8SI9ER8i���OI5V?B=LM1QP;>5BM^5B7l9�ACKX\�QPOI=67P=67 � � 
 � � � � ��&�Q_ALKNALM15h9E58KZAL7IW'QPOP=67I=67
9ED>M1D>7P[VQPALKEALM^589N5BKXRT9E=6[L589EOI5BK<ALKX5wSPRN58W�9N=FAL?�OPD>58365�A#7P5BALKN;�\zQ�5BKaHJ5B?h9<5836587l9X¢k]l\l¢k5h36587:9
RNSIKXHxAL?85^58;G58?89EKX=67FKN58?B=6D>;4KN5k�X5B?89NDG=67eij��OPDGRsM^589EOI=@WFAL7IW�5h365B7l9UQ�=LRND>9NDG=67VKN5B?8=67PRa9EKNSI?89ED>=67
=L��5BKjA#7I58� ��DG7PWP=*� HJ=6KTRXSPKXHxAC?B5�583L5B7l9^KN5k�X5B?89NDG=67ei�d�OP=6Q�5Z9NO_AC9�9NOP5�Q�=LRND>9NDG=67�]_ALRX5BW
W_AC9EAUAC7_AL;>\�RXDGR49E58?�OP7PD ��SI5���DG;>;I]�5�9E5BRa9E58WZ��D>9NO1As;�ACKN[65�ALM^=6SP7l9�=LH�5g�X58?89EKX=67PR�HJKN=6M " # # �qA
?nAC;GDG]IKEAC9NDG=67¬DG7 9EOP5FoqpsrVt't@=6SPWPAL7�KNSP7 ­6­ �I~�AL7IW¡��DG;>;�]�5#SPRX5BW�ALRwAL7'DG7IWP5BQ�5B7PWI5B7l9
��darVf'RX5nALKX?�OVW_AC9EA<AL7_AL;�\@RXDGR�AL;>[6=6KXD>9EOIM D>7�9EOP5Uoqpsr#t�?B=6;>;�AL]�=6KNAC9ED>=67�i
��OP5<KN58?B=67PRa9EKXSP?89N5BWz�jQPALKEALM^589N5BKb?BALKNKXDG58Rb9EOP5jQPOI=67P=67F9ED>M1D>7P[ZD>7IHJ=6KNM1AC9NDG=67�DG7�9EOI5

;G=�?nAC;��:S_ALWIKEAL7l9�QPOP=67I=67FRN5B7IRN=6K�AL7PW#9k�m=�7P5BD>[6O:]�=6KXDG7P[ ��SPALWPKEAC7:9sQIOP=67P=67FRX5B7PRX=6KNR8ijd 9
O_ALR�D�9ER!=*��71RXSPKXHxAC?B5�KN5k�X5B?89NDG=67^?nACQ_AL]PD>;GD>9k\L~6ALR�WP58RN?8KNDG]�5BW^DG71o�O_ACQI9E5 ® i ��OI5�ALQIQP;GD>?nAC9NDG=67
=LH�9EOI5w�wQ_ALKNALM^589E58K�?B=LM�]PDG7I5BWz��D�9EO�DG=L7PDG�BAC9ED>=67�\�D>5B;GWYAL7PW¬QPOP=67I=67Y9ED>M1D>7P[�QPALKEALM^5h¢
9E58KNRsDGRsA�7P5h��M^5BOl9E=�W�9E=.O_An3651AL7FDGM^QPKN=*3L5BWFRNSPKaHxAL?B5<5h365B7l9TKN5g�X58?89NDG=67FDG7�9NOP5^oqpsr#t
5h�@Q�5BKXDGM^5B7l9ni

� ��� ��+ � � � �^+ ����0 � / �!0 �^+"! ��� � � � � ��- � � � �$� � ��	
� ���!0�� � � � � ����0 � �`+��

��OP5boqpsr#t^5��IQ�5BKXDGM^5B7l9mDGRmAL?B?8=6M1QI;GDGRXOP5BW<9EOIKN=6SP[LO19EOI5��m=6KN�<=LH�MZAL7l\<D>7PWPD>3�D>WPS_AL;_AC7PW
[6KX=6SPQ¬?B=67l9NKNDG]ISI9ED>=67PRBizdk7�9NOPDGR�RX5B?h9EDG=L7�~mdUOPDG[LOP;GD>[6Ol9TRX=6M15.=LH�9NOP5.?B=67l9EKXDG]PS@9EDG=L7PRjd�� 3L5
M1ALWP5�=6K�]�5B5B71DG7l36=L;>3658W�~:DG7^ALWPWID>9ED>=67j9E=`9EOI5�5h36587:9�Q�=LRND>9NDG=67jKX5B?8=67PRX9NKNSP?h9ED>=67ZD>7^?�OPALQI9E58K
® AL7PW.9EOP5sQ�=6RND�9ED>=67�]_ALRX5BW�AL7_AL;�\@RXDGRq�m=6KN��=L7�RXSPKXHxAC?B5�5836587l9�KX5g�X5B?h9ED>=67.DG7.?�O_ALQI9N5BK �@i
��AL;�H�=CH�MT\Y[6KEALWIS_AC9E5.Ra9ESPWI\�9NDGM^5w�qACR^=L7�9NOP5�9E5BRa9ED>7P[zAC7PW =LQI9ED>M1D>�BDG7I[V9EOP5.SPRX5

{�
 �



=LH!oqpsr#t.WI589E58?89N=6KNR8~�SPRXDG7P[j9NOP5 � ��HJ=6KXW �`5B;�3�DG7P=n�.WPD>;GSI9NDG=67ZKN58HJKXDG[658KEAC9N=6KB~@��OPDG?�O�O_ALR�A
]_ALRX5`9E5BM^Q�5BKEA£9ESPKX5�=CH ­ {�M��ji
�z=LKN�:DG7P[U��D>9EO^9EOP5`oqpsr#t19E58RX9�HxAC?BDG;>D>9k\L~�M^=6Ra9�=LH 9NOP5�HJSI7.AL7PWw;>5nALKX7PDG7P[�?nACM15�HJKN=6M

oqpsr#t¡WP5h9E58?89E=LKZ9E58RX9ED>7P[Pi���OPDGR^9E5BRa9ED>7P[YDGRZAL7'D>M1Q�=6KX9EAL7l9^Q_ALKX9Z=LHUoqpsr#t WI589E58?89N=6K
HxAL]PKXDG?BAC9ED>=67�~�ALR`WP5BRX?BKXDG]�5BWFDG7�?�O_ACQI9E58K �IiU��OP5jD>7PRX9EAL;G;GAC9ED>=67�=LH�9EOP5jWP5h9E58?89E=LKb��DGKND>7P[ �
5B;>5B?h9EKN=L7PDG?8RbQ_AL?��£AL[65C~ 9EOP5j� =*��58KB~�HJKN=LM 9EOI5j]�=L9X9E=6M�=LH�9EOI5jWPDG;>SI9ED>=67VKX58HJKND>[65BKNAC9E=LK���ALR
A�?�O_AL;>;G587P[6DG7I[��X=6]�i ��\�DG7I[j=67w9EOP5��P=@=6KmHJ=6K�OP=LSPKNR8~P��5`M1ALWP5�9NOP5�9NOP5BKXMZAL;�?B=67I7P5B?h9EDG=L7PR
;�An\L5BK�]l\1;�An\658KBi!��OP5�WPD �^?8SP;>9NDG5BR�?nACM15�HJKN=6M�9EOI5"�65BALKNR ��=67Z9NOP5�� =*��58Kq]�58DG7P[UDG7�A�;GD>7P5Li
��OP5bRX?BKX58��RqM�SIRX9q]�5�OI5B;GW^��D>9NOwAT;>=67P[ # ;G;>5B7^��KN5B7I?�O.AC9m9NOP5�QIKN=6Q�5BK�AL7P[6;>5�9N=T?B=L7P7P5B?h9
9EOI5`WP589N5B?89N=6K�RX9EAL[65`=LH,9NOP5s��=*�m5BK�9E=�9NOP5`WPDG;>SI9ED>=67ZKX58HJKXDG[658KEAC9N=6K�M^D��@DG7I[�?�O_ALM�]�5BK�Ra9�AL[L5
��D>9NO�5h��9EKX5BM^5j?nALKX5Li # H 9N5BK��m=6KN�:D>7P[�SP7PWP58K`WPD �^?8SP;>9�?B=67PWID>9ED>=67PRbD>7�Aw��\�3L5B��RXSPD>9sAC7PW
A<;G=67P[<Ra9EKNSI[6[6;G5b��D�9EO.9EOP5s� =*��58KB~�MZAL�:D>7P[j9EOP5sDG7IWPDGSPM RN5BAL; HJ=6K�9EOP5sd ��o�3CAL?8SPSPM ��ALR
=67P5s=LH�MT\wHxAn3L=6KND�9E5`KN5h�qACKNWPR8i
dk7PWPD�3@D>WPS_AL;�9ESP7P[LRX9E587@¢kRNALM^QP;G5sRNSIQ�58KN?B=L7PWPSP?h9EDG7I[^9NKEAL7PRXD>9NDG=67w9N5BM^Q�58KEAC9NSPKN5sM^5nALRXSPKN5�¢

M^5B7l9ER�RN58KX3658WFALRbAC7VDG7IWP5BQ�5B7PWI5B7l9bWPDGAL[67P=LRX9ED>?bHJ=6K�9EOP5s9EKNAL7PRND�9ED>=67�9N5BM^Q�58KEAC9NSPKN5sQPKX= �_;>5
M1ALQPQPD>7P[�=67w9NOP5bRNSIKXHxAL?85`=LH,9EOP5�oqpsr#t�cedgf�WP589N5B?h9E=6KXRBi���=j?BALKNKa\w=6S@9q9EOP58RN5b9N5BRX9NRB~P�m5
QPSI9�9k�m5B7l9k\�9ESI7P[6RX9N5B7�REALM^QP;>5BR�=67�Aj?B=6QIQ�58K�OI=6;GWP58KB~PSIRNDG7I[1AjQPD>5B?85`=LH ?8DG[lACKN589X9E5`Q_ACQ�58K
9E=�5B;G58?89NKNDG?BAL;G;�\`RN58Q_ALKNAC9E5�9NOP5qRNALM1QI;G5BR HJKN=6Mu9NOP5q?B=LQPQ�58KBi �©=LK [6=�=@W�9EOP58KNM1AL;�?B=67l9�AC?89n~L7P=
ALD>K�]PSP]I]P;G58R��m5BKX5�AL;G;>=¯�m5BW�]�589k�m5B587�9NOP5`?B=LQPQ�58K�AL7PWw9EOI5`?BDG[6ALKN5h9N9E5`QPALQ�58KB~P=LKq]�5h9k��585B7
9EOI5wREALM^QP;>5ZAL7IWz9EOP5Z?BDG[6ALKN5h9N9E5^Q_ALQ�5BK8i # H 9N5BK�9EOPD>RB~4d`WPD>WY5B7¯�X=¯\�9EOI5�AL;GSIM1D>7�SIM���DGKX5
]�=67PWPD>7P[U��D�9EO19NOP5 � ��t^M^=�WP5B; � ­ { 
s��5BWP[L5 ��=67PWI5BKm9N=TM1AL�L5�5B;>5B?h9EKND>?nAL;©?8=67P7P58?89ED>=67PR8i
d���=6SI;GW�;GD>�L5�9N=jREAn\Z9NOPDGR�RNSPQ�5BKXRN=67PD>?b��DGKX5b]�=LSP7PWPD>7P[jMZAC?�OPDG7P5�DGR�9NOP5��_7P58RX9�M1AL?�OPDG7I5`A
O:SPM1AL7FO_ALR`583L5BKsDG7l3L5B7l9E58W�ijd 9`�qACR`7P5B?8?B5BRNALKX\FHJ=6K�M15T9N=�ALW£�XSPRa9`9EOP5<AL;>SPM^DG7:SPM ��DGKX5
9�ACDG; ~ AL7PW¬RN5h9�9EOI5�]�=67IWPDG7P[VQ�=*�m5BK<AL7PW�9NDGM^51D>7:9N5BKa3LAC;m3658KX\�?BALKN5hHJSP;G;�\F9E=�[65h9jKN58;GD�AC]P;G5
KN58RNSP;�9ER8i

� SPKT9E58RX9�HxAC?BDG;>D>9k\FA£9<om� � ����ALR�?8=6M1QI;G589N5B;�\FDG7PRa9EKNSIM1587:9N5BWYHJ=6KU=6Q�5BKEA£9EDG7I[���D>9NO

{�
 




oqpsr#tbQ�=¯�m5BK,RXSPQPQP;�\6~*HJKN=67l9,587PWs]�=lACKNW1v �42 ��}�~ ��5B?85BD>3L5BK �C��KXDG[6[L5BK � � DG;�9E5BK4v � � �4}�]�=6ALKNW�~
9EOI5ZWP5h9E5B?h9E=6KUOP=6;>WP5BKs� =¯�m5BK8~49EOP5wt � ��2!��?nACKNWPR8~��42!��?nACKNWPR8~!AL7PW�9EOPKX5B5ZRa9EKXDGQ�5B;GD>7P5BR
?B=L7P7P5B?h9ED>7P[`9EOP5 �42!� ?nALKXW1A£949EOP5�?8=6;GWjRa9�AL[65�D>7PRND>WP5�9NOP5�WPDG;>SI9ED>=67TKX58HJKND>[65BKNAC9E=LK 9E=b��ALKNM
5B;>5B?h9EKN=L7PDG?8R �42 ��i���OP5�M1=LRX9�5��@?BD>9NDG7P[VM1=6M^5B7l9��qACR���OP5B7Y�m5 �_KNRa9j[6=L9U9EOP5�t � ��dgp
M^=@WPSI;�AC9NDG=67F?BSIKX365�SI7PWP5BKT?BSPKXKN5B7l9<]PDGALR�DG7¬{ � � � i # H 9E58KT9EOIDGRB~���5wOPA*3L5�?B=67l9NDG7:SP=6SPRX;>\
?B=L7:9NKND>]PSI9E58W�9N='oqpsrVt%cedgf�WP5h9E58?89E=LK�9N5BRX9NRBi ��OP5BRX5�9E58RX9NR�D>7�9NOP5FWP589N5B?h9E=6K�?�O_ALKX[65
?�O_AL7I7P5B;>RB~���2�t�9EKEAC7PRND�9EDG=L7Y9E5BM^Q�5BKEA£9ESPKX5.AL7PW�?BKND�9ED>?nAL;m?BSPKXKN5B7l9ZALKN5�9NOP5.?BKNSI?BD�AC;�9E=�=6;GR
HJ=6K�SI7PWP5BKXRX9EAL7PWPD>7P[#9EOP5�D>7PWPD�3@D>WPS_AL;�cedgf WP589N5B?89N=6K<AL7PW�HJ=6KUMZAC��D>7P[V9NOP5�QPOP=67I=67�RN587@¢
RN=LK�9NKEAL7IRND>9NDG=67�9N5BM^Q�58KEAC9NSPKN5�ALW£�XSIRX9EM^5B7l9���D>9NO�D>KN=67.D>M1QP;GAL7l9�AC9NDG=67ei �z5`9N5BRX9N5BWVHJ=LSPK�=LH
9EOI5^RXD���cedgf WI589E58?89N=6KNR�DG7F� =¯�m5BKUdbAC9Uom� ��� ]�58HJ=6KX5j9EOP5h\���58KN5ZSIRN5BW�HJ=6K�oqpsr#tFdNd
AC9b9NOP5<t�9EAL7IHJ=6KXW ��7PWI5BKN[LKN=6SP7IW ��AC?BDG;>D>9k\.Ra9�ALKa9EDG7I[wDG7F{ � �I­ ib��5�=6Q_ACKEAC9N5BW#9EOI5BRN5jRNALM^5
WP5h9E5B?h9E=6KXR�A£9�t@=6SPW_AC7�HJ=6K�MU\w9EOP58RND>R�WPAC9�AIi
��OP5BRX5bWP5h9E5B?h9E=6K�9E58RX9ERm��58KN5`AL;>RN=UAU[6=�=�W1=6QIQ�=6Ka9ESP7ID>9k\j9E=USP7PWP58KNRa9�AL7PW�cedgfYWI589E58?89N=6K

QPOl\�RND>?BRBi � 7P5<An365B7:SP5j�m5<QPSPKNRXSP5BW���ALRs=6Q�5BKEA£9EDG7I[�A.oqpsr#tVRND>;GD>?B=67Fcedgf�WP5h9E5B?h9E=6KsA£9
AL;>583CAC9E58WU]ID�ALR,36=6;�9�AL[L5�9N=�O_An3L5qAL7TAL;>9NKEA£¢ ;G=*�z587P5BKX[L\s9EOPKX5BRXOP=6;GW�HJ=6K A�7P58SI9EKXDG7P=�M1AL[67P5h9EDG?
M^=6M1587l9�M15BALRNSPKX5BM^5B7l9ni��z5�WP58M1=67IRX9EKNAC9E58W1Ra9�AL]I;G5�=6Q�5BKNAC9ED>=67<AC9�{ � � 36=L;>9ER!]ID�ALR�AL?8KN=6RXR
9EOI5!RNDG;>DG?8=67bWP5h9E5B?h9E=6K8~LAC7PWsM15BALRNSPKX5BW`9EOI5!5h�@Q�58?89N5BWT;>583L5B;l=LH:9EOI5BKNM1AL;LALM1QI;GD �P?nAC9NDG=67�i � SIK
?B=L7P?B;>SPRND>=67ZD>R�9NO_AC9�A�oqpsr#t1RXDG;>DG?B=L7Zcedgf�WP5h9E58?89E=LKm��D>9NOwAT{ � 5�� 5B7I5BKN[C\^9NOPKN58RNOP=L;GW1HJ=LK
7P58SI9EKXDG7P=C¢ 5B;>5B?89NKN=67.RX?nAC9X9E5BKXDG7P[<D>RqHJ5nALRXDG]P;>5Li
# 7P=C9EOP58Km5��PACM1QP;>5�=LHe�m=6KX����D>9EOj9NOP5�om� � ��9N5BRa9mHxAL?8DG;>D>9k\UO_ALR�]�585B7^9EOP5���2�t<9NOP5BKg¢

M1AL;!Q_ALKNALM15h9E58KUM^5nALRXSPKN58M1587l9ER.vJQ_ALKX9U=LH�o�OPALQI9E58K ® DG7�9NOPDGRs9EOI5BRND>R�}�i�dk7�9EOP51KN=6SI9NDG7P5
WPDGAL[67P=6Ra9ED>?T9E58RX9ER8~ 9NOP5<RNSPQ�5BKX?B=67IWPSP?89NDG7P[.9EKNAL7PRXD>9ED>=67#9E58M1Q�5BKNAC9ESIKN5<KEAL7I[65jO_ALRs]�5B5B7�ALRg¢
RNSIM158WF9N=�]�5T7_ALKNKX=*� vJ]PSI9`9EOI5jAL?89NS_AL; 3CAL;>SP5�?8=6SP;GW�]�5THJKX=6M ® 9N= ­¯® M�� WP58Q�587PWPD>7P[
=67^9EOP5�SP7PD>HJ=LKNM^D>9k\�=CH DG7PWID>3�DGWPSPAL;_QPOP=67I=67ZRX5B7PRX=6KNRE}hi���OP5�W@\@7PALM1D>?BR�=LH�9NOP5���2�t1D>719EOI5
9EKNAL7PRXD>9ED>=67�KEAC7P[65jO_ALWF7P=C9`\6589�]�5B587�HJSP;>;>\�RX9NSPWPDG58W�i ��SI9�AC;G; 9NOP5jQPOl\�RNDG?8RUD>7#9EOP5<��2�t
QPOP=L7P=67#RX5B7PRX=6K`DGR�DG7V9NOPDGR�9EKNAL7PRND�9ED>=67�KNAL7P[65Ci �`7P=*��;G58WP[65�=CH!��2�t�W@\@7PALM1D>?BR�?nAL7#9NO:SPR

{�
��



]�5�SPRX5BWZHJ=6K�WP5h9E5B?h9E=6KmDGM^QPKN=*3L5BM^5B7l9ER8i!��OP5�SP;�9ED>MZAC9N5�[6=lAL;_D>RmOPA*3�D>7P[�A�;G=*��58Km9NOPKN58RNOP=6;>W
5B7I5BKN[C\YAL7IW�]�5h9N9E58K�QPOP=L7P=67Y587P5BKX[L\YKX5BRN=L;GSI9NDG=67�WP589N5B?89N=6KB~�ACRT��58;G;�ALRT=6Q@9EDGM^DG�8DG7P[.9EOI5
��2�t�]PDGALRBi�d`D>7PD>9ND�AC9N5BW�A���2�t�WI\�7_ACM1D>?BR�RX9ESIWI\���D�9EO�RN;G=*�q¢ M1=�WP5<��2�t�]PD�ACRU?8SPKNKX5B7l9
3658KNRXSPR`KN58RNDGRa9�AL7I?B5jAL7IW#��2�t�9E5BM^Q�5BKEA£9ESPKX5�3L5BKNRXSPR`KN58RND>RX9�AC7P?B5�KX5B;GAC9ED>=67�M^5nACRNSPKX5BM^5B7l9ER8i
�_KN=6M 9NOP5BRX5�M^5nALRXSPKN58M1587l9ERB~Ld 5h��9EKNAL?89N5BW�SPRX58HJSP;@��2�t�9EOP58KNM1AL;:Q_ALKNALM15h9E58KNRB~CRNSP?�O<ACR�9EOI5
��2�tVOP5nA£9b?nACQ_AL?BD�9k\�AL7PWV9NOP5U9NOP5BKXMZAL;,?8=6SPQP;>DG7P[1?B=67PRa9�AL7l9`]�589k�m5B587�9EOP5U��2mt#AC7PWV9EOI5
WP5h9E5B?h9E=6K�RXSP]PRX9NKEAC9N5Li�d�HJ=LSP7PW.SPRN5hHJSP; DG7IRNDG[LO:9NR�DG7l9E=j��2�t�WI\�7_ALM^DG?8R�AL7PW.OP=6Q�5sRN=6M^5B=67I5
5B;>RN5`��DG;>;eWP=<HJSPKa9EOP58K�RX9ESIWPDG58R�=LH���2�t.W@\@7PALM1D>?BR�DG7�9NOP5Uoqpsr#t.?8=6;G;GAL]�=6KEAC9NDG=67ei
d 3658KX\^M�SP?�O15B7£�X=*\L5BW�ALQIQP;>\�DG7I[ ��\�WP]�5BKN[UM1=�WP58;_DG7<RN58M1D>?B=67PWISP?89N=6Km?8KX\�RX9EAL;GR!9N=U9EOI5

oqpsr#t:¢ WP589N5B?h9E=6K�?�O_ALKX[65h¢ 9EKEACQPQPDG7I[1QPOl\�RND>?BR8i���OP5UWI589�ACDG;GR�ALKX5s[6D>3L5B7VD>7�?�OPALQI9E58K ® i�db� W
;GD>�L5�9N=<Q�=6D>7l9�=6SI9�9EOPAC9�9EOP5`Ra9ESPW@\.=LH ?�O_ALKN[L5s9NKEALQIQPDG7P[���D�9EO ��\@WI]�58KN[^RN5BKXDG58R�D>Rq7P=L9�HJ=LK
DG7I?BKN5BALRND>7P[.9EOP515h��9E58KN7_AL;�]PDGALR`36=6;�9�AL[65^=LHm9EOP5woqpsr#t�WP5h9E58?89E=LKNRB~ ]PSI9�HJ=6K �P7PWPDG7I[�9EOI5
=6QI9NDGM^DG�85BW�5h��9E58KN7_AL;�]PD�ALRs36=L;>9�AC[65L~4]�5B?BALSPRX5w9E=�=VM1A*\ 	�AL[65B7I=¯3l¢��,SI�L5�QPOP=L7P=67PR�;>=*��58K
9EOI5�RX5B7PRXD>9ND>3�D>9k\Z=LH 9NOP5sKN5B?8=6DG;e5B7P58KN[L\�M^5nACRNSPKX5BM^5B7l9ni
r�\�?8=67l9EKXDG]PSI9NDG=67IR 9N=�9EOP5�oqpsr#tTdNd 5��IQ�5BKXDGM^5B7l94�m=6KN�UAC9!t@=6SPW_AC7jO_An365�]�5B5B7jD>7T9EOI5

5h�@Q�5BKXDGM^5B7l9�?B=67IRX9EKXSP?89NDG=67e~P5h�@Q�5BKND>M1587l9�=6Q�58KEAC9NDG=67e~PAL7PWw��dar�f4¢ RN5BALKN?�O�W_AC9�A<AL7PAL;>\�RND>RBi
�_KN=6M 9EOP5T]�58[6DG7P7IDG7P[w=CHq{ � � {^9N=w9EOP5�587PWF=LHm{ � � 
I~�d�SPRNSPAL;G;�\�9NKEAn3658;G58WF9N=�t@=6SPWPAL7

9k��DG?85bDG719EOPKX5B5`M^=67l9EOPR8~I5nAC?�O.9NKND>Qw;�ALRa9ED>7P[UHJKX=6M ­�� W_An\�Rq9E=�9k�m=���585B�:RB~©WP58Q�587PWPDG7I[j=67
9EOI5�RX?�OP5BWISP;G5Ci
��OP5BKX5��qACR`A1;>=L9�=CH�5h�@Q�58KND>5B7P?85�DG7�WPDG;>SI9ED>=67�KX58HJKXDG[658KEAC9N=6K�DG7PRa9�AL;>;�AC9NDG=67�AL7PWVDG?B5U]�=n�

]PSPD>;GWPD>7P[wD>7F9NOP5^oqpsr#t�?B=6;>;�AL]�=6KNAC9ED>=67V]�58HJ=6KX5^oqpsr#t�dNd�RX9�ACKX9E58WzA£9Ut@=6SPW_AC7�i ��SPD>;GW@¢
DG7I[�A�;�ALKX[65j?BKa\6=6[L5B7PD>?15��IQ�5BKXDGM^5B7l9n~ RNSI?�O�ALR`9EOP5Zoqpsr#tF5h�@Q�58KND>M1587:9B~�D>Rs7P=L9�RND>M1QP;>5Li
� =�?B=�=6;mWI=¯��7�9NOP5wDG7I7P5BK�36=6;>SPM151=LH�9EOI5.oqpsr#tz5h�@Q�5BKXDGM^5B7l9n~!;>5nAL�:R�D>7z9EOP513LAC?BSPSPM
9EOI5BKNM1AL;�DG7PRXSP;�AC9NDG=67�;�An\658KNR<v � ��o AL7PW�d ��o�}`AL7PW�D>7V9EOI5jM1D �@9NSPKN5U?BD>KN?BSI;�AC9NDG=67�;G=�=6QVD>R
7P=L9bAL;G;>=*��58W�i ��S@9b9EOP5T;G5nAC��D>7P[19N5B7PWIRbO_ALQPQ�5B7�D>7V9EOI5BRN5TRX\�RX9N5BM^RBi ��7IHJ=LKX9ESI7_AC9E58;>\L~�9EOI5
oqpsr#t�5h�@Q�5BKXDGM^5B7l9!O_ALW^Ab?8=6;G;GALQPRN58W�;GD �:SPDGW@¢ OP5B;>DGSPM%]_AC9EOj��AL;G;@DG7T9NOP5�RNSIM1M^5BK4=CH�{ � �I­ i

{�� �



# H 9N5BK�9EO_A£9n~l��5�HxALDG;>5BW<DG71RN5h365BKNAL;�AC9N9N5BM^QI9ERmAC9�?B=�=6;GD>7P[sWP=*��7Z9EOI5�WPD>;GSI9NDG=67jKX58HJKXDG[658KEAC9N=6KB~
]�5B?nACSPRN5�9NOP5�;G5nAC��D>7P[UAC9m9NOP5�]�=L9X9E=6M �©AC7P[65�HJKN=6M 9NOP5�;>D �:SPDGW^OP58;GDGSIM ]_AC9NO19E=�9EOP5 � ��o
?nACSPRN58W.ATOPDG[LOwKEAC9N5�=LH�;GD �:SPD>WZOP58;GD>SPM�?B=67IRNSPM^QI9ED>=67�~@AL7PWw=C9EOP58Kq;G5BAL�:R�DG7^9EOP5�d ��o�[6A*3L5
9EOI5�WIDG;GS@9EDG=L7wSP7PD�9�Aj]PDG[j9EOI5BKNM1AL;�;G=lALWei!��OP5Uoqpsr#t.?8KX\L=6[65B7IDG?s?BKX58� ;>5BW.]l\.f!KN=LHJ58RNRX=6K
��;GALR�oqAL]PKX5BKNAbQPSI9�M^=6RX9 =LH©9EOP58DGK�9NDGM^5�D>7�9EOP5qWIDG;GS@9EDG=L7TKN5hHJKND>[65BKNAC9E=6K�WP5B]ISP[6[6D>7P[bDG7^{ � � {@i
d �qACR!=67P5q=LH_9NOP5q?8KX\6=L[65B7PD>?q?BKX58� M158M�]�5BKNR8i!t@5h3658KEAL;PQIKEAL?h9EDG?BAL;IRa9E58QPR4��58KN5q9EAL�L587^D>7T9EOI5
WPD>;GSI9NDG=67�KN58HJKXDG[658KEAC9N=6K�WI5B]PSP[L[6DG7P[IiU��OP5jD>7PWPD>SPM RN5nAC;4�qALR`KX5BWP=L7P5�9E=�M1AL�L5jRXSPKN5�9NOP5BKX5
��ALR�7P=`;G5BAL�:DG7P[bHJKX=6M	9NOP5�M^D���9ESPKX5q?BD>KN?8SP;�AC9NDG=67T;G=�=6QT9E=b9NOP5�d ��o"�L9EOI5�WIDG;GS@9EDG=L7TSP7PD�94��ALR
9E58RX9N5BW#RX5BQ_ALKNAC9E58;>\.D>7�;>D �:SPDGW�OI5B;GD>SPM WP5h�qACKB~�KN5nAC?�OPDG7P[1A1]PALRN5s9E58M1Q�5BKNAC9ESPKX5U=CH�{ � M ���
9EOI5`?B=6;>;�ALQPRX5BWw;>D �:SPD>WwOP5B;>DGSPM¦]_A£9EO��qAC;G;���ALR�5h365B7l9NS_AL;G;�\w5��@9NKEAL?h9E58W�~_RX9NKEALD>[6Ol9E5B7I5BW�~_AC7PW
;G5BAL�Z?�OI5B?��L58W ��AL7PW�A��6� �<]�58;G;G=*��DG7�9NOP5`WPDG;>SI9ED>=67wKX58HJKND>[65BKNAC9E=LK�t�9NDG;G;�;GD>7P5���ALR�DG7PRa9�AL;>;G5BW
HJ=6KUKN5B;>5nALRXDG7P[�9EOP5ZRX9EKNALDG7�=67z9NOP5w;GD �:SPDGW�OP5B;>DGSPM ]_A£9EOz��AL;G; i�dk7Y9NOP51HxAC;G;�=LH�{ � � {@~ 9EOI5
WPD>;GSI9NDG=67YKX58HJKXDG[658KEAC9N=6KT��ALR �_7_AL;>;>\�QPSI9<]_AL?��Y9N=6[65h9EOP58K<AL[lALD>7�~�AL7PW��qACR^?8=@=L;G5BW�9N=�{ �
M��<i_��OI5TWPD>;GSI9NDG=67�KX58HJKND>[65BKNAC9E=LK�AC7PW�9NOP5UD>?B5�]�=n�.9N=6[6589NOP5BK��m5BKN5U9E5BRa9E58W�AC9�9EOP5U5B7PW�=LH
{ � � {@i`��OP5j]_ALRX5�9E58M1Q�5BKNAC9ESPKX5U�m5B7l9�WP=*��7�9E=�
 � M^�©~ AL7PW#��ALRsAZ[LKN5nA£9`M1D>;G58RX9E=L7P5TD>7
9EOI5ToqpsrVt.?8=6;G;GAL]�=LKEAC9NDG=67�i
d ��ALR�AL;>RN=bD>7l36=6;�365BW<D>7�9EOP5�?8=6M1M^DGRXRND>=67PDG7I[�=LH©9NOP5qWP5h9E5B?h9E=6K!D>7PRX9EAL;G;GAC9ED>=67�DG7�9EOI5 �_KNRa9

O_AL;�HP=LH©{ � � 
I~CAL7PWUDG7�9EOP5�5h�@Q�5BKND>M1587l94=6Q�5BKNAC9ED>=67sDG7U9NOP5�RX5B?8=67PW�O_AC;>HP=CH�{ � � 
@i �qAC;�AL7P?8DG7P[
��2�t�]PDGALRN58R�HJ=LK�� =*��58KUd�WP589N5B?89N=6KNR��qACRU=67I5^5��IALM1QI;G5<=LHqMU\�RNQ�5B?8D �_?^?B=67l9NKNDG]ISI9ED>=67PRBi
# 7I=L9EOP58Kj5h�IALM^QP;G5Zds�m=6SP;>W�;GD>�L5Z9N=�M1587:9NDG=67zOP5BKX5.��ALR�9NOP5�RND�9ES_AC9NDG=67�9EO_A£9^o�;�ALKX5B7P?85
o�O_AL7I[zAL7IW dU5B7P?8=6SP7l9E58KN5BW¡DG7�9EOP5�t@=LSPW_AL7�M1D>7P5Li # ��OI=6;G5.]_AC9NO =CH�;>D �:SPDGW�OI5B;GD>SPM
583CALQ�=6KNAC9E58WwDG7��XSIRX9�AUHJ5h��M1D>7�S@9E5BR��@�m5`REAn��9EOP5�;GD �:SPD>WZOP58;GD>SPM�;G5h365B;�WPKN=LQ�WP=*��7.AUHJ58�
Q�5BKN?85B7l9�AC9�5nAL?�O1RX9N5BQ�i!d 9���ALR!9EOP5�;G5BAL�:DG7P[`OP58;GD>SPM�[lACR�D>7j9EOP5 � ��o�9EO_A£9mKX5B;>5nALRX5BW<HJKN=6M
9EOI5�;GD �:SPD>WzOP58;GD>SPM ]_AC9EOY��AL;>; i���OP5.]PD>[V9EOP58KNM1AL;�;G=lALW��qALRjHJKX=6M � � � RX9�AC[65wWPSP5w9N=
9EOI5`KN5B;>5nALRX5BW�OP5B;>DGSPM [lALR8i!��OP5`9ESPKX]�=<QPSIM1Q.583L5B7l9ESPAL;G;�\wQPSPM^QPR�An��A*\Z9EOP5sOP58;GDGSIM [lACR
AL7PW�KN58RX9E=LKN519NOP5ZD>7PRNSI;�AC9NDG7P[�3CAL?BSISPM�i�dk7�9EOPD>R�RXD>9NS_AC9ED>=67�~,9EOP58KN5ZALKN5<9EOPKX5B51DGM^Q�=6Ka9�AL7l9

{�� ­



RX9N5BQPR�9E=ZHJ=6;>;G=*� � M1AL�L5URNSPKX5T9EOI5BKN5TDGR�5B7P=6SI[6O � ��o%3CAL?BSISPM QISPM1QIDG7P[1RNQ�5B5BW���WP=w7P=C9
AL;>;G=*�¬9EOP5�;GD �:SPDGWjOP58;GD>SPM�]_A£9EOj9E=�KNSP7<WPKa\ �IAL7IW^��AC9E?�O^9EOP5�M^D���9ESIKN5�?BD>KN?8SP;�AC9NDG=67TDG7<?nALRX5
9EOI5UWPD>;GSI9NDG=67�SI7PD>9���ALKNM^R�SPQ�9N=@= �:SPDG?��©i���;>9NDGM1AC9E58;>\^��5s�m5BKN5TAL]P;>5b9E=^=6]I9�ACDG7�5B7P=6SI[6O
RX9EAL]P;>5`=6Q�58KEAC9NDG=67�HJ=6K�5���9E5B7IRND>3L5UWPAC9�A�9�AC��D>7P[Pi
d,KN5B[6ALKNW�MU\UM^=6Ra94DGM^Q�=6KX9EAL7l9 �m=6KX�UD>7U9EOI5�oqpsr#tT?B=L;G;�AC]�=6KNAC9ED>=67b9E=�]�5mW_AC9�A�AL7_AL;�\:¢

RND>RB~:��OPDG?�O1DG7P?8;GSPWI5BR�9EOP5�?BKN=LRNRa¢ 9�AL;>�<AL7_AL;�\�RNDGR�=LH,t�9�AL7@HJ=6KNW ��7PWP58KN[6KX=6SP7PW �©AL?BD>;GD>9k\TKNSP7_{ ­
W_AC9EAI~m9NOP5V5��@QP;G=6KNAC9ED>=67¬=LHbQ@9EKX9N? � vJQPOP=67P=L7¡KND>RN5.9ED>M15�QP;>SPR<9EOP5.9ED>M15.WPD��e58KN5B7I?B5�]�5�¢
9k�m5B5B7.QPOI=67P=67w9NKNDG[�9ED>M15�AL7PWZ9NOP5b?�O_ALKX[65b?�O_AC7P7P5B;�9EDGM^5*}�ALR�AUQ�=L9N5B7l9EDGAL;�DGM^QPKN=*3658M1587l9
9E=�RNSIKXHxAL?85Z583L5B7l9�KX5g�X58?89ED>=67�~,9EOP51QPOP=67I=67YAL7IW�?�O_ACKN[651RX9�ACKX9s9ED>M158RsHJ=LK�5h36587:9a¢kQ�=6RND�9ED>=67
KN58?B=67IRX9EKXSP?89NDG=67e~e589N?Li�dk7#Q_ALKa9EDG?8SP;�ACK�d�58M1QIO_ALRND>�B58WV9EOP5U583L5B7l9X¢ Q�=6RXD>9NDG=67�KN5B?8=67PRa9EKNSI?89ED>=67
DG7j9NOP5�cedgfzWP589N5B?h9E=6KmAL7PW^D>9NR�ALQPQP;>DG?nA£9EDG=L7�DG7<RNSIKXHxAL?85�5h365B7l9mKN5k�X5B?89NDG=67e~:��OIDG?�O^O_An365�]�585B7
ALWPWIKN5BRXRN58WVDG7.?�O_ACQI9E58KNR ® AL7IW ��i
��=1RNSPM^M1ALKND>�B5L~IMT\�[6KNALWPS_AC9N5sRX9ESIWI\�AC9�oqALRN5s��5BRX9N5BKX7 ��58RN58KX365 ��7PD�3658KNRND�9k\6~©dm��D>;G;

REAn\�9EO_A£9�9EOI5T�:7P=*��;G58WP[65�=LH�?8=6RNM^=6;>=6[L\�AL7PWVQ_ALKX9NDG?8;G5�QPOl\@RXDG?8RB~ AL7IWV9EOP5URN?8DG5B7l9ND �_?jAC7PW
9E58?�OP7PD>?nAL;,9EKNALDG7PD>7P[<DG7Vo�KX\L=6[65B7IDG?�p`ACKN��rVAC9X9E58Kbt@5BALKN?�OV?B=6;>;�AL]�=6KEA£9EDG=L7�O_An365T]�5B587#KND>?�O
AL7PW�5B7¯�X=¯\6AL]P;>5Li

{��l{



� � � � � � � � �

� � $ � ��� � �

� �*) �,+�� � �.-�/��
�!0 �^+

# 9 9NOP5q]�5B[6D>7P7PD>7P[�=LHPKNSP7©{ ­ AC9 9NOP5�t�9EAL7IHJ=6KXW ��7IWP5BKX[6KN=6SI7PW �©AL?BD>;GD>9k\<v t�� �!}h~¯9EOP58KN5��m5BKX5
?�O_ALKX[65b?8=6;G;>5B?89NDG=67^WP5 �_?BD>5B7P?h\wQPKX=6]P;G58M1RmDG7Z9NOP5�9k�m=jRND>;GDG?8=67^WP589N5B?89N=6KNR�c ��AL7PW.c�yIi�p`AC7
# �C5BKXDG]VRXSP[6[658RX9N5BWV9NO_AC9�d�WP= � 2�p 9E5BRa9ER�DG7.9EOP5Tom� � �u9E5BRa9�HxAC?BDG;>D>9k\L~_AL7PW�DG7l3658RX9ED>[lAC9N5
9EOI5b7P5BS@9EKEAC;GDG�BAC9ED>=67ZQIO:\�RXDG?BR�=CH 9NOP5bWP5h9E58?89E=LKNRBi�d 9�;>5BWZ9N=�9EOP5���=6KX�19NO_AC9�D>R�RNSIM1M1ALKND>�B58W
OP58KN5Li
��OP5�QPSPKXQ�=6RX5�=LH �,2�p �©ACRNOPD>7P[`DG7T9NOP5�pbd �YDGR�9E=`7P58SI9EKNAL;GD>�B5�9NOP5q9EKNALQPQ�5BWj?�O_ALKX[65BR�D>7

RND>;GD>?B=67#WI589E58?89N=6KNR�AL7PWFD>7�[65BKXMZAL7IDGSPM WP5h9E5B?h9E=6KXRBi<t�=.�m5<Q�58KXHJ=6KXM158W#9k��=.QPKX=@?85BWPSIKN5BR �
�m5�?�OI5B?��L58W'9EOP5 �,2�p�� R<HJSI7P?89NDG=67�~�AL7IW¬9N5BRa9E5BW�OP=*��9NOP5.WP589N5B?h9E=6KXR^KX5BRXQ�=67IW�9N= �,2�p
�©ALRXOPDG7I[Pi
��OP5 �,2�pbRjDG7z9NOP5�pbd ��ALKX5�f�pbd ¢g2 � � � tIr OPDG[6OzQ�=*�m5BK
�sA # R�D>7IHJKEACKN5BW�58M1D�9N9N5BKNR

HJKN=LM f!OP=L9N=67PDG?bpb589E58?89N=6KNR�dk7P?Ci>~_O_An3�DG7I[<A<Q�5nAC�Z�qAn3L5B;G587P[L9NO�=LH � � � 7IM AC9�KX=@=6M¦9E58M<¢
Q�5BKEA£9ESPKX5Li
# RwHJ=6K^9EOP5�7I5BSI9NKEAL;>DG�nA£9EDG=L7 QPOl\�RND>?BR.DG7 9EOP5#WI589E58?89N=6KB~�9EOP58KN5�ALKX5VHJ=6SPKZDGM^Q�=6Ka9�AL7l9

QPOl\�RND>?BR�QPKN=�?B58RNRX5BR�9E=j]�5`?B=67PRXDGWP58KN58W�i���OP5 �_KNRa9�DGR�9NOP5sQPOP=L9N=67�5B7P58KN[L\wRNQ�5B?89NKNSPM HJKN=6M
9EOI5 �sA # R �,2�p�i4��OP5�RN58?B=67IW¡DGR�9NOP5.5B;>5B?89NKN=67�OP=6;>5�5h�@?BD�9�AC9NDG=67Y9NOPKN58RNOP=L;GW�5B7P58KN[L\¬D>7
RND>;GD>?B=67¬=6K^[65BKXMZAC7PDGSPM�i¡��OI5V9EOPD>KNW�DGR<9EOP5�QPOP=C9E=67'Q�5B7I589EKNAC9ED>=67�WP5BQI9NO vx=LQI9ED>?nAL;�AL]@¢

{�� 




RN=LKNQI9NDG=67�?8=@5 �1?8DG587:9�}bDG7#9EOI5jWP589N5B?89N=6KB~ AL7IWF9NOP5j;�ACRX9`D>Rb9EOP5j58;G5B?h9EKX=67FWPD>��SPRND>=67#;>5B7P[L9NO
DG7�9EOP5TWP589N5B?89N=6KBi�dk7:3L5BRa9EDG[6AC9ED>7P[Z9EOI5BRN5jWI589E58?89N=6KbQ_ALKNALM^589E58KNR���DG;G;,D>M1QPKX=*365T=LSPK�SP7IWP5BKg¢
RX9EAL7PWPD>7P[�=LH,WI589E58?89N=6K�7P5BS@9EKEAC;GDG�BAC9ED>=67^QPOl\@RXDG?8RB~©AL7PW.AC;G;G=*��SIR�9E=�=LQI9ED>M1D>�B5�9EOP5bWI589E58?89N=6K
7P58SI9EKNAL;GD>�nAC9NDG=67wQIKN=�?B5BWISPKN5Ci
t@5B?h9ED>=67 # i {�D>R1WP5h36=L9N5BW'9N=
�,2�p d ¢ � ?8SPKX3L5#M^5nALRXSPKN58M1587:9B~�RN58?89ED>=67 # i 
�9N=z9EOI5

?�O_ALKX[6DG7I[T9ED>M15�M15BALRNSPKX5BM^5B7l9�=LH 9NOP5 �,2�p�~PAL7IW�RN5B?h9ED>=67 # i ��9E=�587P5BKX[L\wQ�=*��58K�5BRa9EDGM1A£¢
9ED>=67PR�=LH�9NOP5��,2�p�i:dk7wRN58?89ED>=67 # i ® ~@WP5h9E58?89E=LK�7P58SI9EKNAL;GD>�nAC9NDG=67<QPOl\�RND>?BRqD>RmWPD>RN?8SPRNRX5BWw��D>9NO
WP5h9E5B?h9E=6K�QPOP=L9N=67V?8=67PWPSP?h9�AL7I?B5jM^5nALRXSPKN58M1587:9NRbAL7IWV9EOP5�HJSP7PW_ACM1587:9EAL; RN5BM^DG?8=67PWPSI?89E=LK
QPOl\�RND>?BR�AL7_AL;�\@RXDGR�D>7.9NOP5sWP589N5B?h9E=6K8i

� ��� � � � ��	�� � ��� !4/"� � � �b+ �

��OP5 �,2�p�d ¢ � M15BALRNSPKX5BM^5B7l9<DGR �:SPD�9E5�Ra9EKEACDG[6Ol9NHJ=LKX��ALKNW�i # ­ ��KX5BRXDGRX9N=6KjDGRjD>7�RN58KNDG58R
��D>9NOj9EOP5 �,2�p�~lAL7PW^5h��9N5BKN7PAL;P36=6;�9�AL[L5qDGR�ALQIQP;GD>5BW<AL?8KN=6RXR�9NOP5BM�i�v t@5B5 � D>[6SPKX5 # i ­ i }T��OP5
ALQPQI;GDG58W�3L=6;>9EAL[65 # ( AL7IWY9EOP5w?8SPKNKX5B7l9��_=*�¦9EOIKN=6SP[LOz9EOP5 � 2�p��m5BKX5�M15BALRNSPKX5BW�iV��OP5
AL?h9ES_AL;�3L=6;>9EAL[65sAL?8KN=6RXR�9EOP5 �,2�p	D>R # � # ( ! � �¯¤�i

1K LED

� DG[6SIKN5 # i ­�� �,2�p	d ¢ � M15BALRNSIKN5BM^5B7l9�?BD>KN?8SPD>9Bi

��OP5BKX5�ALKX5�9k�m=`?�O_ALKNAL?89N5BKND>RX9NDG?BR DG7��,2�p d ¢ � ?BSPKa365BR8~�ALR�RXOP=*��7jDG7�� DG[6SIKN5 # i {@i���DGKNRa9n~
9EOI5BKN5�DGR4A�?B;>5nALK 9ESPKX7@¢k=67U36=6;�9�AL[65 �6]�5B;G=*��9NOPDGR 36=6;�9�AL[65C~C9NOP5q?BSIKNKN587l949EOPKX=6SP[6OU9EOP5 �,2�p¡D>R

{�� �



1 2 3 4 5 6 7 8 9
0

200

400

600

800

1000

1200

1400

1600

1800

2000

LED Bias Voltage in volts

LE
D

 C
ur

re
nt

 in
 µ

A

� D>[6SPKN5 # i { � �,2�p�d ¢ ��KN5B;GAC9ED>=67jAC9�WID>��5BKN587l9�9N5BM^Q�58KEAC9NSPKN58RBi�t ��SPALKN58R�ALKX5 �,2�p�AC9 � � �j~
?BKX=6RNRX5BR�ALKN5 �,2�p&A£9 �Ii|{ �j~P?8DGKX?B;G58R�ALKN5 �,2�p�A£9 
 � � M��ji
RNM1AL;>; i # H 9E5BK�9NOP5`9ESPKX7@¢k=67�3L=6;>9EAL[65L~P9NOP5s?BSPKXKN587:9�9EOIKN=6SP[LO.9NOP5 � 2�p DG7P?8KN5BALRN58R�RXO_ALKNQI;>\6i
t@58?B=67PWe~�9EOP58KN5jDGR�d ¢ ��?8SPKX3L5<HJ=L;GWP]_AC?��#AC9`OIDG[6O"�,2�p�]PD�ACR`AC9`;>=¯� 9N5BM^Q�58KEAC9NSPKN58RBi���OP5
�,2�p D>R`Aw?BSPKXKN587:9�WPKXD>3�DG7I[�]PDGQ�=6;�ACK�WP5h3�DG?B5Cijd 9ER��©ACRNOPD>7P[�;GD>[6Ol9`Q�=*�m5BK`D>R`QPKN=6Q�=6Ka9EDG=L7_AL;
9E=U9EOP5�]PD�ALRm?BSPKXKN587:9Bi���OP5bDG7¯�X5B?89N5BWw58;G58?89EKX=67�AL7IWwOP=6;>5bAL7P7IDGOPD>;�AC9NDG=67j[6D�3658Rq=L��QPOP=L9N=67PR8~
]PSI9j9NOP5BKX5.ALKN5�D>7£�X5B?h9E58W�58;G58?89EKX=67�AL7PW�OP=L;G5wRX?nAC9X9E5BKXDG7P[F]�58HJ=6KX5w9EOP5h\�ALKX5.AL7P7PD>OPDG;GAC9E58W�~
AL7PW<9EOI5��:DG7I589ED>?�5B7P58KN[L\<=CHe9EOI5�RX?nAC9X9E58KNDG7I[U58;G5B?h9EKX=67ZAC7PW1OI=6;G5�[6=`9E=s9EOI5�;GAC9N9NDG?85�RX\�RX9N5BM�~
RN=<9EOI5BKN5�DGR�D>7:9N5BKX7_AL;�RX5B;>H�¢ OP5nA£9EDG7I[1A£H 9E5BK�9NOP5 � 2�p	DGRq9ESIKN7P58WV=67�i ��58?nALSPRX5TD�9�DGR�SPRX5BW#A£9
5h��9NKN5BM^5B;�\T;>=*��9E5BM^Q�5BKEA£9ESPKX5BRB~69NOP5qRX5B;>H�¢ OP5nA£9EDG7I[�58��5B?h9�O_ALR!AbO:SP[L5q58��5B?h9n~:AL7PWjD�94[6D�3658R!A
RNQ�5B?8D�AL;@d ¢ �¡KN5B;GAC9ED>=67�i�f ALSI; ��KXDG7P�UAC9�t:9�AL7IHJ=LKNW ��7ID>3658KNRXD>9k\UO_ALR!AbM1AC9E;GAL]TQIKN=6[6KNALMu9EO_A£9
RNOI=¯��R!9NO_AC949NOP5BKX5�DGR4AC7 �,2�p�d ¢ ��?8SPKX3L5qHJ=6;GWI]_AL?��s��OP5B7<9EOP5 � 2�p�DG7l9N5BKN7PAL;IRX5B;>H�¢ OP5nA£9EDG7I[
58��5B?h9�DGR�?B=67IRNDGWI5BKN58W�i
t@5BM^DG?8=67PWPSI?89E=LKTWP5h3@D>?B5wQIO:\�RXDG?BR�v HJ=6KT5��IALM1QI;G5L~ 9EOI5Z]�=@=6�F]l\Yt@�B5 � ­ 
�� � }s=LH�WPDG=�WP58R

{�� ®



1 2 3 4 5 6 7 8 9
0

200

400

600

800

1000

1200

1400

1600

LED Bias Voltage in volts

LE
D

 C
ur

re
nt

 in
 µ

A

� D>[6SPKN5 # i 
 � � 2�p	d ¢ � KN58;�AC9NDG=67.A£9�WPD>��5BKX5B7l9�9E5BM^Q�5BKEA£9ESPKX5BRBi���OP5 �b58R�ALKN5`HJ=6K �,2�p&A£9
� 
Ii ­ �j~�R ��SPALKN58R�ALKX5<HJ=LK � 2�p AC9T{LyIi ­ �j~�?BKX=6RNRX5BR�ACKN5jHJ=6K �,2�p�AC9 ­ 
Ii ® �j~ AL7IW�?8DGKN?8;G58R
ALKX5sHJ=LK � 2�p	AC9 �@i �
�ji
[6D�365BR�9NOP5s5h�@QP;GD>?BD�9�d ¢ � KX5B;�A£9EDG=L7�=LH4A<WPD>=@WP5

��� � #���� §
� � � #� ��� ! ­ � v # i ­ }

� # � � # ��� � � §
� � ! ���� � � v # i|{L}
��OP58KN5 � DGR�58;G5B?h9EKX=67�?�OPALKN[65C~ # DGR�]PDGALRq36=6;GAC9E[L5L~ ��DGRq9NOP5 ��=6;>9N�BM1AL7P7�?8=67PRX9EAL7l9n~©AL7IW �
WP58RN?BKXDG]�5BR�OP=*��9EOP5�KNAC9ED>=b=LH©9EOP5�WID>��SPRND>=67j?B=�5��^?BD>5B7l9�AL7PW<;>D>HJ5m9NDGM^5�=LH�58;G5B?h9EKX=67<?�O_AL7P[658R
��D>9NO�9E5BM^Q�5BKEA£9ESPKX5L~ 	 � � ����i

��5BRXDGWP58Rw9EOP5V5BM^DGRNRXDG=67 =LH�5 � 587P5BKX[L\ QPOP=L9N=67PRB~�9EOI5BKN5VDGRZd ��KEALWID�AC9NDG=67¬HJKN=6M 9EOI5
�,2�p�i�t@=Y�m5F7P5B58W�9N=��:7P=*� 9NOP5 �,2�p 9N5BM^Q�58KEAC9NSPKN5V��OIDG;G5 �©ALRNOIDG7P[Piu��5�WPDGW 9EOPD>R
M^5nALRXSPKN58M1587:9�A£9!9EOP5�587PW1=CH om� � ��KXSP7 ­ ��HJ=6K�t � �,2�ps{@~:AL7IW<9NOP5�KN58RNSP;�9ER�ALKX5�QP;G=L9X9E58W
DG7�� D>[6SPKX5 # i 
Ii��z5.58RX9ED>MZA£9E5BW�9NO_AC9 �,2�p d ¢ � ?8SPKX3L5BR1RX9E=LQ�HJ=6;>WPDG7I[#]_AL?��¬AC9^AC]�=6S@9

{��6y




 � �ji���OI51?8=6KNKX5BRNQ�=67PWIDG7P[�9EOI5BKNM1AL;4KNALWPDGAC9ED>=67�5B7P58KN[L\#RNQ�5B?89NKNSPM Q�5nAC��RUAC9 ­ {�i ® M^5 ��~
AL?8?B=6KXWPDG7P[F9E=���D>5B7�� R1WIDGRNQI;�AL?85BM^5B7l9<;�An�si�d 91RXOP=6SP;>W 7I=L9^]�5�A�QPKN=6]I;G5BM HJ=6K<RNDG;>DG?8=67�~
]�5B?nACSPRN5�D>9NR�RNO_AL;>;G=*��DGM^QPSPKND�9k\ZD>=67PD>�nAC9NDG=6715B7P58KN[L\.D>R�AL]�=LSI9 ® � M15���i

� ��� � � � � �^0n+ � ��0�� � � �^+"!����T+��

��58?nALSPRX5#AF;G=67I[�Ra9EKND>QP;GD>7P5�DGR<SPRX5BW�~m9EOP5��,2�p ?�O_ALKN[LDG7P[F9ED>M15�D>R^;>=67P[�HJ=6K<RNM1AL;>;q]PD�ACR
?BSIKNKN587l9ERBi4��OI5B7^?BSPKXKN5B7l9�QPSP;>RN58RmACKN5�ALQIQP;GD>5BW�9E=`9NOP5 �,2�p�~C9EOP5�AL?h9ES_AC;P?BSPKXKN587:9�9NOPKN=6SI[6O
9EOI5 � 2�puDGR�KN5nAC;G;>\j9NDG7l\w]�58HJ=LKN5�9NOP5`RX9NKNDGQI;GDG7I5�D>R�HJSP;G;�\^?�O_ALKN[L5BW�i!��5`7P5B58W.9N=j�:7P=*�%OP=*�
]PD>[¬9NOP5�QPSP;GRX5���DGWI9NO�RXOP=6SP;>W�]�5�D>7�=6KNWP58K�9N= �C5B58Q�9EOI5�HJKXDGWP[65FA£9�9NOP5�ALQPQPKX=6QPKNDGAC9E5
9E58M1Q�5BKNAC9ESIKN5L~@DG7w?BALRN5b9NOP5bRX5B;>H�¢ OP5nA£9EDG7I[T58��5B?h9�=LH 9EOI5 �,2�puWPKXD>3L5BRqD�9ERm9N5BM^Q�58KEAC9NSPKN5�9E=�=
OPD>[6O�i
��OP5<WPDG=�WP5��XSP7I?89ED>=67F?nALQPAL?BD�9k\#DGRsAC]�=6S@9U{ ® Q �¡HJKX=6M 9NOP5 � 2�p¦RNQ�5B?8D �_?BAC9ED>=67�i ��S@9

9EOI5�Ra9EKXDGQP;>DG7P5b?BALQ_AL?8D>9EAL7P?B5sD>R�AL]�=LSI9 ­ 7 ��DG7.Q_ACKEAL;>;G5B;���D>9NO.9NOP5 �,2�p�i
��D>9NO �Ii ® ��¢kQIQ�5h��9E58KN7_AL;m36=6;�9�AL[65ZQPSP;GRX5BR<ALQIQP;GD>5BWYD>7Y9EOP5��,2�p d ¢ � M^5nALRXSPKN58M1587l9

?BD>KN?8SPD>9B~ 9NOP5Z?�O_ACKN[6D>7P[�9NDGM^5^?8=67PRa9�AL7l9�D>RUM^5nACRNSPKX5BWz��D�9EO � � � �s2ufmr�
 
�� � �&=6RN?8DG;G;>=C¢
RN?8=6Q�5�]l\#M^=67PD>9N=6KND>7P[j9EOP5U36=6;�9�AL[65TAL?BKX=6RNRb9NOP5 �,2�p�i���OI5j?�O_ALKN[LDG7P[^9EDGM^5TD>R`{@i ® ��� HJ=LK
t � �,2�p ­ ~©AL7PW 
Ii � ��� HJ=6K�t � � 2�ps{@~@��D>9EO�A ­ ��KX5BRXDGRX9N=6K�DG7.RX5BKND>5BR���D>9NO�9EOP5 �,2�p�i
dk7�9EOP5�oqpsr#t'5��IQ�5BKXDGM^5B7l9ER8~�9NOP5 �,2�p D>Rw]PD�ACRN5BW'��D�9EO�?8SPKNKX5B7l9n~`AC7PW'9EOP5 �,2�p

?�O_ALKX[6DG7I[<9NDGM^5bWP58Q�587PWPR�RX9EKX=67P[6;�\w=67�]PDGALR�?BSPKXKN587:9Bim��OI5sHJKX=67l9E587PW�]�=lALKXW��qALR�SPRX5BW#ACR
9EOI5�?8SPKNKX5B7l9�RN=6SIKN?B5Cim��OI5�?8SPKNKX5B7l9�QPSP;>RN5`��DGWI9NO.=LH�9NOP5 �,2�p �©ALRXOPDG7I[^?BAL7�]�5sALW¯�XSPRX9N5BW
DG7�A^{ ® yjM^Rq9ED>M15���D>7PWP=*�s~_D i 5Li�~PHJKN=LM ­ � ��� 9E=Z{ ® y�M^RBi
��OP5`?�O_ALKNAL?89N5BKXDGRX9NDG?�HJ=6;GWP]PAL?��1d ¢ � KX5B;�A£9EDG=L7Z=LH 9NOP5 �,2�p ?BAL7w9E58;G;�SPR���OP587�9EOP5 �,2�p

DGR�9ESPKX7P5BWF=67�is��5jWPDGW#9NOPDGRbRa9ESPW@\�]l\#SPRXDG7P[�{ � � � � ?BSIKNKN587l9n~,]PSI9b9NOP5j?BSIKNKN587l9UQISP;GRX5
��DGW@9EO�DGR�9ESP7PAL]P;G5Ci � DG[6SIKN5 # i ��RNOP=*��R`9EOP5T?nALRX5BRs=LH ­ y � ��� ��D>WI9EO�?8SPKNKX5B7l9sQPSP;>RN5jAC7PW
=LH 
6{ � � � ��DGWI9NO1?8SPKNKX5B7l9�QPSP;>RN5Ci4dk7Z9EOI5 �_KXRX9�?nALRX5L~�7P=TRXDG[671=LH�9EOI5 �,2�p%DGR�HJSP;>;>\T9NSPKN7I5BW

{�� �



160 µs

10.2V
 200 µA

160 µs pulses

  200µA
320 µs pulses

 192 µs

10.8V
9.5V

� D>[6SPKN5 # i � � � 2�pu9ESPKX7@¢k=L7.9NDGM^5Li

=67�i �mSI9�D>7�9NOP5TRX5B?8=67PW#?BALRN5C~��m5T?BAL7#?B;>5nALKX;>\�RX5B5�9EOP5�RND>[67_AC9NSPKN5�=LH49NOP5U?�OPALKEAL?h9E58KNDGRa9ED>?
HJ=6;>WP]_AL?���=LHm9NOP5<d ¢ �¦KX5B;�A£9EDG=L7�~�ALR`9NOP5j36=6;�9�AL[65�AL?BKX=6RNR`9EOI5 �,2�p¦RX9�ACKX9ER`9N=�WIKN=6QFWP=*��7
AC9 ­ �6{ � � i
�z5�DG7l3L5BRX9NDG[lA£9E5BW �P3L5��,2�pbR�D>7^9NOPDGR4��An\6i ��58?nALSIRN5�=CHe9EOI5 �,2�p�;>=67P[`9ESIKN7@¢ =67^9NDGM^5L~

�m5�KN5BAL;GD>�B5BW�9EO_A£9b?BSIKNKN587l9b9ED>M158R�?8SPKNKX5B7l9`QPSP;>RN5���DGWI9NO#RNOP=LSP;GW#]�5T[LKN5nA£9E5BK�9EO_AC7 � � � � �
� � � ��� 9E=<[6S_ACKEAL7l9E585`9EO_AC9�9NOP5 � 2�p DGR�=67ei
��OP5BKX5�ACKN5�ALWI3CAL7l9EAL[65BR!9N=�]ID�ALR �,2�p���D�9EO<?BSIKNKN587l9 �:HJ=6K!5h�IALM^QP;G5C~69EOP5 �,2�p�� R�Q�=*��58K

DGR�RX9EAL]P;>5�=67P?85�9EOI5��,2�p DGR�9ESPKX7P5BW�=67e~PAL7PWwAL?B?8DGWP587:9EAL; � 2�p ]PSIKN7PD>7P[T?BAL7w]�5bAn36=6D>WP5BWei
��SI9j9NOP5 �,2�p 9NSPKN7¬=67�9ED>M15ZDGRT9N=@=�;>=67P[Pizt@OP=6Ka9E58K �,2�p QPSP;>RN5w9ED>M15ZM15BAL7PRj;G=L7P[65BK
?B=�=6;>DG7P[�WP=*��7�9NDGM^5L~�AL7PW¬;>=67P[658K�?B=�=6;GD>7P[�9NDGM^5w[6S_ACKEAL7l9E585BRjRXMZAL;>;G58KUHJKND>WP[65Z9N5BM^Q�58KEA£¢
9ESIKN5#Q�5BKa9ESPKX]_AC9ED>=67�AL7PW �:SPD>?��¡W_A£9�AY?B=L;G;G58?89NDG=67 KN5B?8=*365BKa\'HJKN=LM RXOP=6KX9Z9EDGM^5VWI589E58?89N=6K
7P58SI9EKNAL;GD>�nAC9NDG=67wD>7�9EOP5sM^DGWPWP;>5b=LH�W_AC9EAj9EAL�:DG7P[Ii

� SPK�5��@Q�58KNDG587P?B5UO_ALR�]�585B7�9NO_AC9�9EOP5 �,2�p�DGR�5nALRXDG;�\�]PSPKX7P5BW#=C����OP5B7#D�9�DGR�36=6;�9�AL[65

{�� 




]PDGALRN58W�i'��OP5�QPKN=6]PAL]P;G5.KX5nALRX=67 HJ=6Kj9NOPDGR^DGRj9EOPAC91�m5�;�AL?��C5BW¡9NOP5��:7P=*��;>5BWP[65�=LH �,2�p
d ¢ � KN5B;GAC9ED>=67PRUAC9j]_ACRN5w9E58M1Q�5BKNAC9ESIKN5LiFd H�9EOI5��,2�p d ¢ � ?BSPKa365.DGRUM15BALRNSIKN5BW¬]�58HJ=6KX5wD>9
DGR<36=L;>9�AC[65�]ID�ALRX5BW�~q9NOP5�]ID�ALR<36=6;�9�AL[L5�?BAL7']�5V?�OP=6RX5B7�5��PAC?89E;�\6i%t@OP=6Ka9 �,2�p �©ACRNOPD>7P[
QPSP;>RN58R*vJHJ=LK�5��IALM1QI;G5 ­ � � � }�?nAL7�]�5sSPRX5BW�REACHJ58;>\wSI7PWP5BK�36=L;>9�AC[65`]PD�ACRBi

� ��� �������!0n+ � � � � � � � !��!0�� ���!0 �^+

��OP5s9k\�QPDG?BAL; ]PD�ACR�3L=6;>9EAL[65sAL?8KN=6RXRbt � �,2�ps{<SI7PWP5BK�?BSIKNKN587l9�]PDGALRq��D>9NO � 2 ��i 3�D,DG7�9ED>M15
WP=6M1ALD>7�O_ALR�9EOP5sRXO_ALQ�5�RXOP=*��7VD>7���DG[6SPKX5 # i ® i

��58HJ=LKN5��,2�p [6589NR�D>9NRUHJSP;>;m]PDGALRT?8SPKNKX5B7l9�v � ( }h~49NOP5w?8SPKNKX5B7l9j9EOPKX=6SP[6OY9NOP5��,2�p DG7@¢
?BKX5nALRX5BR15h�@Q�=L7P5B7l9EDGAL;G;�\z��D�9EO¬9EOP5�AL?89NS_AL;�]PDGALRj36=6;�9�AL[L5�AC?BKN=LRNR<9EOP5 �,2�p�i!��OPDGR^DGRj9EOI5
�,2�p&d ¢ � KX5B;GAC9ED>=67�i ��5hHJ=6KN5 � ­ ~P9EOP5s?8SPKNKX5B7l9�9NOPKN=LSP[6O.9EOP5 �,2�p&DGR�KX5nAL;>;>\1RNM1AL;G; ~IRX=^�m5
?nAC7�9�AL�C5�Ab?BSPKXKN5B7l9�?8SI9�AC9 � ­ i ��OP5�?8SPKNKX5B7l9�DGR d � � D�HP36=L;>9�AC[65�AL?8KN=6RXR49EOP5 �,2�p�DGR4;>=*��58K
9EOPAL7�� ­ i # QPQIKN=n�@DGM1AC9E58;>\6~:9EOI5�?BSIKNKN587l9�d!DG7P?8KN5BALRN58Rq;GD>7P5nALKX;>\���D�9EO���¢ � ­ i4��OP5`An3L5BKEAC[65
Q�=¯�m5BK�D>R�ALQPQPKX=*�@D>MZAC9N5B;�\ 
 ¨¨ � ( v �X{ ! � ­ }mHJKN=LM 9EOI5 �,2�p O_An3@D>7P[<RND>[67PD �P?nAL7l9�?BSIKNKN587l9�A£9
9ED>M15�9 ­ 9E=<9EOP5 �,2�p�~PKN5BAL?�OPD>7P[1D�9ER�M1A£�@DGM�SIM 3L=6;>9EAL[65sAC9�9�{@i
��D>9NOjA 
l{ � ��� ?8SPKNKX5B7l9!QPSP;>RN5���DGWI9NO�~lAL7PWTQ�5BAL�`9E=�Q�5nAC��{ � � � ��?BSPKXKN5B7l9 ]PD�ALR HJ=6K t �

�,2�ps{@~�� ­ � 
@i ® � �h�XSPRa9!]�5hHJ=6KN5 �,2�p'9ESPKX7@¢k=L7�~ � ­ � ­ y � � � � �`{�� ­ � i 
���AC9 �X{ � ­ �l{ � � i
��OP5�KN5B;GA£�IAC9ED>=67�DGRjHJKX=6M 9NOP5.RN5B;�H�¢kOP5BAC9ED>7P[F58��5B?h91=CH�9EOI5��,2�p�i�2!M1QIDGKND>?nAL;>;>\L~ � �

{ � � ��� i!��OP587
#�
 � # ­ ª v #�{ ! # ­ } ��� §
� � ! � 
 ! �X{� � v # i 
6}

9 
�� �,2�p	]ID�ALR�=67.9ED>M15 �_� � �,2�p ]PD�ALR�=C��9EDGM^5
# H 9N5BK<9EOP5��,2�p�[6589NR1D�9ERjHJSP;>;q]PD�ACR^?8SPKNKX5B7l9n~q9NOP5�36=6;�9�AL[L5�AC?BKN=LRNR<9EOP5��,2�p�WPKN=LQPR

5h�@Q�=67P587:9ND�AL;>;>\<9E= ��
I~IWISP5b9E=jD�9ERqRX5B;>H�¢ OP5nA£9EDG7I[T58��5B?h9ni���OP5sAn3658KEAL[L5`Q�=*�m5BK�DGRqA�KN5B?h9�AL7�¢
[6SP;GALK`ALKX5nA�QP;>SPRsAw9EKNDGAL7P[6SI;�ALK�ALKN5BAIi���OPD>R�D>R`]�58?nALSIRN5j9EOP5<?8SPKNKX5B7l9s9EOPKX=6SP[6O�9EOI5 �,2�p
DGRU?B=67IRX9�AC7:9�=67P?B5ZD>9UDGRU9NSPKN7I5BW�=67�i���D>9NOz9EOP5 � 2�p �©ACRNOPD>7P[V?8SPKNKX5B7l9 � ( ~�� 2�p�9N=L9�AL;

{����



t1

t2

t3

V1
V2

V3

� DG[LSPKN5 # i ® � �,2�pu9ESPKX7@¢k=67�9NDGM^5`AL7PW�OP5nA£9EDG7I[^Q�=*��58K�5BRX9NDGM1AC9ED>=67�i

WPD>RNRND>Q_AC9NDG7P[jQ�=*��58K�D>R

� � � ­� ª � 
 � � � ( � #U{{ � v �X{ ! � ­ } ª � ( � #T{ ª #�

{ � v � 
 ! �X{6}�� v # i �l}

��OP5�5h�@?8D>9E58W<5B;G58?89NKN=67���D>;G;:583L5B7l9ES_AC;G;>\U?B=LM15q]PAL?��U9N=bD>9NR4[6KN=LSP7PWjRX9EAC9E5�DG7T9NOP5qWP5h9E5B?�¢
9E=LKB~IRX=P~P5��I?85BQI9�HJ=LKm9EOI5`5BRN?BALQ�5BW.;GD>[6Ol9n~@AL;GM^=6RX9�AL;>;�9NOP5 �,2�p WIDGRNRXDGQ_A£9EDG=L7ZQ�=¯�m5BK�RXOP=6SP;>W
]�5s9NKEAL7IRXHJ=6KXM158W.9N=<OP5nAC9Bi
��OP5 �,2�p �©ALRNOIDG7P[Y]ID�ALR^?BSPKXKN587:9�AC7PW'WPSI9k\�9ED>M15�?nAC7�]�5�WP589N5BKNM^DG7I5BW'��D>9NO¡9EOI5

KN5hHJ5BKX5B7P?85BR�=CH 9EOI5�HJKXDGWP[65C� R�Q�5BKaHJ=6KNM1AL7P?85�AL7PW.9EOP5s9E58M1Q�5BKNAC9ESPKX5�AC9���OPDG?�O�D>9�RNOI=6SP;GW�]�5
=6Q�5BKNAC9E58W�i
# ?h9ES_AL;>;>\L~m9EOI5VQPKX5B?BD>RND>=67 =CH`?nAL;>?BSP;GAC9ED>=67�RX9NKN=67I[6;>\¬WP58Q�587PWPRw=L7 9EOI5�?�OP=LDG?B5�=LH � ­

��OP587�RNOP=6Ka9T?8SPKNKX5B7l9jQPSI;GRN58R�ALKX5wALQIQP;GD>5BW�i�d H � ­ ?nAC7z]�5Z?�OP=6RX5B7¬ALQIQPKN=6QIKND�A£9E5B;�\6~,9EO_A£9
HJ=6KXM�SP;�A�[LD>3658R�A<[L=@=�W�Q�=*�m5BK�WPDGRXRND>Q_AC9ED>=67�5BRa9ED>MZAC9N5Li


 � �



� ��( � � � � � � � �
� � � � ���`/ ��� � �n0�� � �40 �^+

��5q��DG;G;�9EKa\T9E=`SI7PWP5BKXRX9EAL7PWZWI589E58?89N=6K!7P5BS@9EKEAC;GDG�BAC9ED>=67T��D�9EO�9EOI5qHJ=6;G;>=¯��D>7P[bM^5nALRXSPKN58M1587l9
AL7PW�AL7_AC;>\�RND>RBi

��������� �
	�� 
�����������	����������! #"$�&%'�(�*),+

��OP5#?�OPALKEAL?h9E58KNDGRa9ED>?V5B7I5BKN[C\¡=LHsD>7IHJKEACKN5BW QPOP=L9N=67PRZHJKX=6M 9EOP5 �,2�p v ��A # RB~�AC9ZKN=�=6M
9E58M1Q�5BKNAC9ESIKN5L~�;�ALM^W_A�� � � � 7PM }�DGR�AL]�=LSI9 ­ i 
l{^5 ��i���OP5 �sA # RB� Rb5B7P58KN[L\�[lALQV?�O_AL7P[658R
��D>9NO�9E5BM^Q�5BKEA£9ESPKX5�� ­ � � ���

���
� ­ � ®@­ � ! ® � � �l® � ­�� � � � ¨� ª { � � � # v # i ® }
��OP5<5B7P58KN[L\#[lALQF?�O_AL7P[L5jDGR(- ��� � � � � �6y ® 5���HJKN=6M�KN=�=6M�9E5BM^Q�5BKEA£9ESPKX5jWP=*��7F9N=

]_ALRX5T9E58M1Q�5BKNAC9ESIKN5Li�d H!=L9NOP5BK�HxAL?89N=6KNR�ALKN5UDG[67I=6KN58W���D>9NO�9NOP5U9N5BM^Q�58KEAC9NSPKN5U?�O_AL7P[65C~e9EOI5
QPOP=C9E=6715B7P58KN[L\^RNQ�5B?h9EKXSPM�HJKN=6M�9NOP5 � 2�p%RXOPD>H 9NRmSIQ � i � �6y ® 5���~�Q�5BAL�:DG7P[UALKN=LSP7PW ­ i � ­ �
5 �Ti6��OP5�KN5BALRN=L7<�m5�?nAL7<M1AL�L5q9NOPDGR DG7IHJ58KN5B7I?B5�DGR49NO_AC9 �sA # R!DGR!AbWPD>KN58?89�RN58M1D>?B=67IWPSP?89N=6KB~
AL7PW�58;G58?89EKX=67�OP=6;>5TQ_ACDGKNR�?nAL7�]�5�5��I?8D>9N5BW�=6K`AC7P7PDGOIDG;�A£9E5BW.��D>9NO�;GD�9N9E;>5sDG7l9E58KEAL?h9EDG=L7���D>9NO
9EOI5q;�AC9X9ED>?B5Li,��OPD>R4DGR�?B=67IRNDGRa9E587:9 ��D>9EOU9EOP5qWPAC9�A�HJKX=6M ;GD�9E5BKNAC9ESIKN5L~£HJ=6K 5��IALM1QI;G5L~6t@�B5 � ­ 
�� � i
# ACKN=67Fr�DG;G;>5BK�AL7PW�t@AL5U��=@= 	�ALM�AC9`t�9�AL7@HJ=6KNWV9N5BRa9E5BW#9NOP5�QPOI=L9E=67V5B7P58KN[L\VRNQ�5B?89NKNSPM
=LH ��o�¢ ��58KN�L58;G5h\#d � � 2�p vJd�SI7PWP5BKXRX9EAL7PW#9EOPAC9`D>9���ALR�9EOI5�REALM^5 �,2�p��m5<ALKN5USPRND>7P[:}hi
��OP5h\#HJ=6SP7PWF9EOPAC9b9EOI5^RXQ�58?89NKNSPM Q�5nAC��R�AC9 ­ i 
�5 �jv � ® � 7PMZ}hi # Q�=6RXRNDG]I;G5�5��IQI;�AL7_A£9EDG=L7
HJ=6K�9EOPD>R�DGR�9EO_A£9�9EOI5�5B7I5BKN[C\wRNQ�5B?h9EKXSPM =CH 9EOPD>R��:DG7PWZ=LH �,2�p WI=@58Rq7P=L9�Q�5BAL�ZA£9 ­ i 
l{U5��
v � � � 7PMZ}�AC9�KX=@=6M 9E58M1Q�5BKNAC9ESPKX5Li ��58KN5`�m5USPRX5`9EOP5sM^5nALRXSPKN58W�587P5BKX[L\.RNQ�5B?h9EKNSIM�i

��������- ./�0���*12��3�14%5	76#%�18��9:��12���<;=������3�����>2?@�BA� #1�>214%C�0�

��OP5�5B7P58KN[L\�[lALQ =LHbRXDG;>DG?B=L7�?�OPAL7P[658R1��D>9NO 9N5BM^Q�58KEAC9NSPKN5	� ­ � � � i���OP5V587P5BKX[L\�[lALQ�=LH
RND>;GD>?B=67.AC9�]PALRN5`9E58M1Q�5BKNAC9ESIKN5sDGR�AL]�=6SI9 ­ i ­ �£5 ��i

����� ­ � ­ � ! � � � 
 � ­ � � � � ¨� ª y 
6y � # v # i y6}


 �I­



� DG[6SIKN5 # i y � 2!7P58KN[L\�[6ALQ.RX9EKXSP?89NSPKN5�=LH�RND>;GDG?8=67�i ��DG[6SPKX5�HJKN=LM � ­ � � � i

t@DG;>DG?8=67VD>R`AL7�DG7IWPDGKX5B?89bRN5BM^DG?8=67PWPSI?89E=LKB~ ALR�RNOP=*��7�DG7"� D>[6SPKX5 # i yIi���OP5j5h�@?8D>9�A£9EDG=L7
5B7I5BKN[C\wHJ=6KqD>7:9NKND>7PRND>?b5B;>5B?89NKN=67�OI=6;G5`Q_ACDGK�QIKN=�WPSP?89NDG=67.RXOP=6SP;>W�]�5sAL]�=*365`9EOI5`5B7P58KN[L\�[6ALQ
���¯i���OP5B7�AL7V5B;G58?89NKN=67#D>R�5��I?8D>9N5BW#HJKN=LM 9NOP5T3CAL;>5B7P?85�]_AL7PW�9E=Z9NOP5�?B=L7PWPSP?h9EDG=L7�]_AL7PW�~
9EOI5BKN5UDGR�A^��An365T3L5B?89N=6K�?�OPAL7P[65C~ - � � � � 
 ® � � � ~ � � � � ® � 
^7PM�~�vxRX5B5T9NOP5URXDG;>DG?B=L7�]_AC7PW
WPDGAL[6KEACM DG7 �_[6SPKX5 # i yl}�i���OI5BKN5hHJ=6KN5C~eRX=6M15�5h�@?8D>9�A£9EDG=L7V5B7I5BKN[C\�MTSPRX9�[6=^9N=Z9EOI5U;GAC9N9NDG?B5
RX\�Ra9E5BM�~�AL7PWjRX=6M15�5��@?BD>9EAC9ED>=67�587P5BKX[L\jM�SPRa9�[6=b9E=b9NOP5�5B;>5B?h9EKN=L7jRX\�RX9N5BM�i�f ALSP; ��KND>7P�TA£9
t�9EAL7IHJ=6KXW ��7ID>3658KNRXD>9k\�RNSP[6[L5BRX9N5BW#9NO_AC9�9EOP58KN5�ACKN5U9k�m=w=6Q@9EDG?BAL;,QPOP=67I=67#5h�@?8D>9�A£9EDG=L7PR�AC7PW
RN=LM15U;G=*�u5B7I5BKN[C\#AL?8=6SPRa9EDG?�QPOP=L7P=67PR���OI5B7V9NOP5BKX5�DGR�AL7#58;G5B?h9EKX=67VOP=L;G5�Q_ALDGK�5h�@?8D>9�A£9EDG=L7
DG7�RND>;GDG?8=67�imd H!��5U=67P;>\.?8=6SP7l9�9k�m=Z9k\�QPD>?nAL;,=6QI9NDG?BAL;,QPOP=67P=L7PR*vxy ® M^5 �&5nAL?�O_}h~�9NOP5T;>=*��58K
;GD>M1D�9�=LH�DG7l9NKNDG7IRNDG?�5B;>5B?h9EKN=L7#OP=6;>5T5h�@?8D>9�A£9EDG=L7V5B7I5BKN[C\VD>RbAL]�=6SI9 ­ i|{ �6yZ5 �Ti���OI5 � 2�p��m5


 � {



SPRX5BW#O_ACRbA1?8=67l9ED>7�SI=6SPR�QPOP=L9N=67V587P5BKX[L\VRXQ�58?89NKNSPM 9EOPAC9�Q�5nAC��R�AC9 ­ i 
6{<5���i���OP5BKX5�ALKX5
5B7I=6SP[6O�5B7P58KN[65h9ED>?�QIOP=L9E=L7PR�HJ=6K�5B;>5B?89NKN=67�¢kOP=6;>5bQ_ALD>K�?BKX5nAC9NDG=67.DG7.RXDG;GD>?B=67ei

��������� � � �(��%'���B��� 3�������? )�%'��9���%C��� 1������
	�� � >49�3��,12���

�
	���
�	���������������������	�� ����p �"!�#������h�$�&%'�(!)��%*�+����!�����	����,��-.�/�(!+0 �1����#����2!+�&�3!+��45%*�6��	7�
8 #�0>�9�+�$��	��:4��&���,�;�����8~+4��&
<�&��4�%*�7=>���?��	7�@
�	7�+�����e�1�,�A!"B+�,0*�&��=+��	�i �
	��&���@%*�C!D�3�"!���#���! 8 0*�

�	������C¢��,����47#��&��!+���,� 8 �;�k�E�&�,�F��	��>��#7���&�A�(	G!+��=��H�&��0*0'�,�;��%*�+�I�,0'�,�;�����.4��H!+��4I��	��9=�����#���4�~
!J
�	��+���C¢K�&����4�#��;�(!+�7�,� 8 �;�k�E�&�,�L��	��:%*�����&�M�(	G!+��=��@�&��0*0'�,�;��%*�+���,0*�&�&�����.4��:!+��4?��	��N=�����#���4�~
!+��4O!P
�	7�+������¢K�,�+��4�#��;�(!+���&� 8 �&�k�@�,�,�Q��	��L%'�����&�>�(	G!���=��R�,��0'0*�,�;��%'���F�,0*�&�&�����.4��L!���4O��	7�
��#7���,�J�(	G!+��=��?�,��0'0*�&�&��%'���S�&0*�,�;�����$4��Ci

0 100 200 300 400 500 600 700 800 900 1000

10
1

10
2

10
3

LED Current in µA

D
et

ec
to

r 
R

es
is

ta
nc

e 
in

 Ω

�T%'=�#���� # i � � p9�&���&�&�����J���,��%*�/�(!+���&�`�J%'��	 ����p �U!���	�%'��=��,#������,�V�Bi

�
	��W4��;���,�;�������B�M�&����4�#��;�(!+�7�,�W	��&0*
���#��>���X#���47�,���/�(!+�745��	��W�(	G!+��=��Y���&#7����!+0*%>�"!���%*���

�	V-.��%'�,�F
����.�,�&�����,�F%*�Z��	��64��&���,�;����� 8 -Z
7���[B.%*4�%'��=\!\4�%*���,�;�X�P�,!+��#7���,�3�,�V���J%]��	Z��	7�
0*%'=�	V�A�����+�^��	�� ����p�iG_K�`��	��R
7	��+���+���,��%*�/�(!+���&�h¢��C��p �U!+��	7%*��=��,#7�����&�V�9
�0'�+���8~G!+�D��	��*�J�


 � 




%*� �T%*=+#���� # i �@~$
7	��+���+���,��%*�/�(!+���&�94��&�,���,!+���&�J�h�$
<�+���,�V��%*!+0*0]-�#��V��%'0<%]�E%'�E��!)��#���!����&4Z�J%'��	X!
8 %*!+�
�,#������&� �H!+����#���4�{ � � � �Ti
_K�O
���%*���&%*
�0'�L~���	�������p 0'#��3%*���&���,�&�V�>%'�V���,�7��%'�K-F%'���,���"!+���,�>�P���7�+�����7��#���0]-Fv�0*%*�7�"!+�
%'�

!O=��.�.4\!+
�
����n�7%'�I!)��%*�+� #��74��,�W�3�$47�,��� 8 % !��L�,#7�����&�V����}T�J%]��	 ��	�������p 8 % !+�R�,#������,�V�Bi
�
	��&��� !���� 8 �+��	 %'�V����%'����%'�5�,0*�&�&������� 	���0*�5
G!�%*�F�h�$�,%]�(!���%*��� !+�74�%*�3
�#���%'�K- %'����%>�"!���%*���
%*� ��	��54��&���,�&�������J%'��	 ��	�� ����p �U!+��	�%*�7=Pi � 0*�,�;������� 	���0*�6
�!+%*�S���$�,%'��!���%'��� %*�w�J	G!)�
�@�I�h�$
 �,�;�L�����?����!+
�
 �,4 �(	�!+��=��P���,#$����!�0*%G�,!���%'����i3_K�P
7#���%]�K-5%*����%>�"!���%*���6%'� 8 !+4 �����?��	7�
4��;���,�;����� ���&#7����!+0*%>�"!���%*����ij�
	7�P���;� ���,#7����!+0'%G�,!���%'���6�8�<�,�;�L4��&
<�&��4��R�����J	7%*�(	 
7���.�,�,���
%*�
47���P%'�G!+�V�ni

Low-level absorption
spectrum of high
purity Si at various
temperatures.
Macfarlaneet al 1957

�T%'=�#���� # i 
 � f 	��+�����F! 8 ������
$��%*�+�S�,�.���3�,%'�,�V�q�J%]��	S
�	7�+�����X�&���,��=+-6i � %*=�#����>������� � ­ � ��� i

� �L#���4��&������!+��4S��	��H�&����4�#��;�(!+�7�,���3�"!+��#����&�P�&� �B~��@�9���&�,4S���L0*�.�6��!��:��	7�H%*�V����%*�7��%*�
! 8 ������
$��%*�+�W�,�.���3�,%'�,�V�N�+�<��%*0'%*�&����i,�
	��J%*�V����%*����%*�E! 8 ���+��
7��%*���W�&�$� �P�&%*�&� �:%'���,���"!+���,�4�J%'��	

�	��������`�,���&��=+-Li�v t$�&� � %*=�#���� # i 
Ii }j�
	7%*�J�P�,!+���
��	�!��
��	��?0'�¯�@�,�J
�	7�+�����`	G!+�D! 8 %'=�=��,�


 � �




 �,���;����!)��%*�+�347�,
7��	I%*�W��%*0'%*�,�+��i��
	7�>
 �,���;����!���%'����4��,
7��	P��� ­ i { ® � � 
�	����������N%'�N! 8 �+#7� 

�3��i�t$�I~���	�� 
�	��+�������
��	�!��D	G!"B�� �,���&��=+- 8 %'=�=��&�J��	G!+� ­ i { ® � � ������� ��	�� ����p �,���"!����
�,0'�,�;�����+�@¢K	��+0*�9
G!�%*���
%'�X��	��?��#7���2!+�&�R���,=�%'���F!+���E�&0*0�!+�J%'�S��	�� 8 #�0>�S�+�C��	��?4��;���&�&���+�Bi
� 	��,� ��	�� ����p �U!+��	7%*��=J�,#7�����&�V�T%'� 	�%*=+	 �&����#�=+	�~+!���4���	��N�h�$�&%'���&4R�&0*�&�&�������?4��,�7��%'�K-

%*�J=��;����%*��= 8 %*=I~���	�� � #�� 8 �,�H��� 	�%'=�	 �&���,��=+-`
�	��+�������J��	G!)�H�,!+�O���"!+�(	`��	�� 8 #�0G�I�+� ��	7�
4��;���,�;�����C%*�7�,���,!+���Ci �
	�%'� 	7�,0*
7�C���>%'���,���"!+���:��	��@47�&���&�&����� �7�,#7����!+0'%G�"!)��%*�+�����3�,%'�,���;-6i �E#$�
�@�W�"!+�5���+�9	G!"B��W��	�� �C��p 8 % !��H�,#7�����&�V� ���$�I	�%*=�	e~ 8 �&�"!+#7���W	�%'=�	 ����p 8 %*!+�9�&#������,�V�
�E!+���3�J#�
`��	��?4�%*0'#7��%'���S���&����%'=��,��!����+�Bi
�
	��H� #�� 8 �&�E�+�M
7	��+���+���:��	G!��@�"!+�I���"!��(	I��	�� 8 #�0>�W�+� ��	��H4��;���&�&���+�E4��&�,���,!+���H�h�$
<�£¢

���&� ��% !+0'0'- � ­ � ­ � i!�
	��,���L!������Y#��(	F�3�������&0*�&�&�������F	���0'�9
G!+%'���A�&���"!)���,4`���,!+�
��	�����#����2!+�&�
�+�U��	7�D47�&���&�&�����B~l�@�D��	���#�0'4�#����A��	��,���>�&0*�,�;�������W	���0'�

G!+%*���T����� 47�&���&�&�����N���,#7����!+0'%G�,!���%'����i

������� � 	�>4��%'�������@� 1�� )�3(12���<1�� ����� �=��� 3 �(9�>

_K����	��
%'4��"!+07�"!+����� �P�+���N%*�V����%*�7��%*�E���$�,%]�(!���%*���W�.�,�&#����:!�� ��	��J��#��/�2!+�,��� 8 �&�"!+#����D��	��J� #��<¢
8 �,�A�+���&���,��=��&��%*�>
�	��+�������A4��&�,���"!+���,�J���$
 �����,�V��% !+0'0'- � ­ � ­ � %*�I��	�� 8 #70	���+�M��	7�94��&���,�;������

�
	����&0*�,�;���������
!+�74X	���0*�&�E�,!+�X4�%>�<#����9%*�V���R��	�� 8 #�0	�3�+�M��	7��4��&���,�&�����E���W���,#7����!+0'%G�&�>��	7�
����!+
�
 �,4`�(	G!+��=��,��


� �6#7��4��,������!+��4 ��	7�S
�	V-.��%*�&� 8 �;�����,�
�4�@�S�/�(!+�/���J%'��	\� %*���/���,%'��� �L���&0 !���%*��� %*� ���,�3%�¢
�,�+��4�#��;�����J
�	V-.��%'�,�


 � � � �
� �
� � # 
 ���

� 	��&��� � %*�L�&0*�&�&������� �(	G!���=���� � %*� ��	�� �@��0'�N�,�P!+��� �&�����/�(!+�V���N!���4 � %*�?��	��S47�&���&�&�����
���&�P
 �,��!���#7����

# � ® � ����� ��	����3� 8 %'0*%'�K-F���E�&0*�,�;������� � ��� ­ � � � � ¨ � # � � � ��	7�347%��<#���%]B$%]�K- 
 ���

� � 
 � � ¨ � � ��!���46��	���0*%]���R��%*�3�Y�+�:�,0'�,�&������� � ����� � � � � 	�%'�(	5	G!+�?����0]-Q!SB��&��- � �"!��
4��&
<�&��4��,�7�,�D!�� ���,�3
<�&��!���#����&� 8 �&0*� � �
� %*�Y	7%*=�	Y
7#���%]�K-L��%*0*%'�,����� ­ � ­ � 
��$�9��	��A4�%�� #7��%*�+�


 �l®



0*�&��=+��	`��� ��	��?�,0*�&�&�������`%*�

� � ��� 
 � � � � � � � � � � � � # 
 
 �
# � ­ � � � ��� ® � ­�� � � � ¨ � # � � � ��	���4�%�� #7����B.%]�K- 
 ��� � 
 � � ¨ � � ��!+��45��	7�30'%'���

��%'�P�H�+� ��	��?�,0'�,�&��������� � � ­ � � � ­ � ­ � 
 �.�3��	��?4�%��<#���%'���X0*�&��=+��	`��� ��	��?�,0*�&�&�������`%*�
� � � � 
 � � � � ����� � � � � # 
 � �

_���%*�H�,0*�,!+�>��	G!��9�����,�Y�&0*�&�&�����������,!+�64�%��<#����Y%*�V���P��	�� 8 #70	�F�+�N��	��L4��&���,�&�������,�/-.���(!�0
�3�����P�"!+��%*0'- !)�Y	�%'=�	��,� ���&�P
 �,��!���#����,��� ��!"- !)� ­ � � 8 #7�L��	��S��%]��#G!)��%*�+� %*�R4�%��<�,���,�V�W!)�
��	7� 8 !+���9���,�3
<�&��!���#����H�+����	��947%*0*#$��%*�+�I���;����%'=��,��!�������
�� �9����������=+0'-P��#�=�=+�,���
��	G!��J!L� � �
�����,
\���&#7����!+0*%��"!���%*��� ������!����,=+- ��	��+#�0*4 8 �S#����,4 
 �
	��I%*��%]��% !�0 4��&���,�&�����Y���&#7����!+0*%��"!���%*���
����!+������!�� ­ � ��� #����W
7#��P
7%*��=O��	�� ­ � 
<��� � �+�,�&
 ��	�� ���	� 8 % !+�Y�+�\� B+�,����%*=�	V� ��
 �
	��
�G�G!�0M4��&���,�&�����J���,#$����!�0*%
�,!���%'���S%'� � 	��,�`��	��?4��;���,�;�������H!���� !��
��	7� 8 !+�������&�P
 �,��!���#7����

� ��� ���"� � ��� �


 _�� %*� 8 �&�����&�?���F�(	��$�+���3!+� �C�	� �U!+��	�%*��=`�,#7�����&�V�L! 8 �[B�� � � � � � � 
 �
	7%*�?�,����

�&0*#���%*���F%*� 8 !+���&4 ���F��	7� 47�&���&�&������� �>��#����2!��,�?�,���74�#��&��!+���&�R�3�"!+��#����&�P�&�V��



 �D��4��,�@�,#������&� � 8 % !��:�&����4�%]��%'�����
� ���	�9�E	G!"B+�9!R0'����=?��#����I���3��%'�P� � ���+�:� �7!+�P
70*���
!�� � � � # # 8 % !+� ���+� � � ����� � � ��	�� ���	� ��#����?���9��%*�3� %*�M! 8 ��#$� � � � ��� 
 �?�&���,��!+0*0]- �
� �Q�"!��Z=�#G!+��!+�V���&�O��	G!)�S�,#7�����&�V�S��%'�P�&�P�&#������,�V�X
�#�0'��� � %*47��	Z%*�P=����,!����&�P��	�!+�
� � � � � � � � ��� 



 ���



� � � � � � � � �

� � ��� " ��� � �!"�� ��� �!� � ��" �
� � � � �

� � ����� "�� "

�
	�%'��!+
�
 �,��4�% � 	�!+��!+0*0:��	��X
70*�+���R�����L��	��X���;����%*��=��W���>��#����2!��,�X�&B+�,�V�P��� � �&�&��%*���\�&#7�����
��	7�W
�0*�+���9�+�:��#7���2!+�&�W�&B��&�V�R47%*���&��%'�P%'�G!���%'���F�����H��	7��!+�V��% 
��,��%'���,%'4��,�V�H��%*�7=�0*�R���"!)�����&��%'��=
�&B+�,�V���L!+��4 !+�V��% 
��,��%'���,%'4��,�V���L#�0'��%*
�0'�Y���,!������,��%'��=`�&B��&�V���Y%'�5��	��3�.#7�,0*�,!+�?���&�,��%'0 8 !+��4 �
!+��4S��	���
�0'�+���@�+�����,#$�����+�`���,0'�,�&��%*���X� �3�,%*�&���&-S!+��4X��#����2!+�&���&B+�,�V�D��� � �&�&��%*���X� �P�&%*�&���&-�
�
	��F���7!+�;�3B�!+0'#��,�W���>��#����2!��,�F�&B+�,�V�I��� � �&�&��%'��� 
G!+��!+�P�;���&���W�"!�� 8 �S����#��74 %'� �T! 

8 0'�,� � 
��R!���4 � 
�� %*�X���,�;��%*�+� � 
	� 



�� �



4 5 6 7 8 9 10 11 12 13

0.6

0.7

0.8

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−30 keV

4 5 6 7 8 9 10 11 12 13

0.6

0.7

0.8

pdelc in µs

ph
on

on
 p

ar
tit

io
n

30−100 keV

�T%'=�#����
� 
�� ��� ��� 
�	7������� 
�!+����%'��%'���5�,#7�R����� �&B��&�V��� � %]��	 ��!+4�%'#������ ��� �F�,� 
 �E0*#7�
4��+���:!+���
���&#7�����������$=����,�&�P�&���������,�@!+���D� � �,�;�����+���

��
	��
����
P
70*�+� %'� ����� �&B+�,�V���:��	G!)�@	�![B+����&�,��%'0 �,�7�,��=�- ��
 � 
�� �+��� 
 �
	�� 8 �������+�^
�0'�+�J%*�A�����
�;B��&� ���>��	G!��D	G!"B�� ���&�,��%'0 �,���&��=+-
��
 � 
 � �+��� 
 �
	��I�;B��,�V���W! 8 � B+�P��	��I4G!���	��&4 ���&4 0*%'���3!+���P!+����#��3�,4 ��� 8 �I� #��&0*�"!��
���&�,��%'0*�
%]�C��	��&-F
�!+��� � � � !+��4 � � �L��%'�P%'��=Y�&#7����



�� 




2 4 6 8 10 12

0.6

0.7

0.8

pdelc in µs

ph
on

on
 p

ar
tit

io
n

4 5 6 7 8 9 10 11 12 13

0.6

0.7

0.8

pdelc in µs

ph
on

on
 p

ar
tit

io
n

�T%'=�#���� � 
 � � � � � �$��#74G!+� ��#�� ����
6!+�V��% 
K�&��%*���&%*4��&�V�W0*� � 8 !+� � =�����#���4 4G!���!Q%*� ��	7� � �
� #��,0'�"!+�3���&�,��%'0 8 !+��4 � %'��	 ��!+4�%'#�� � � ���	�5�&� 
 �E0*#7�`47�+���P!+���F��%*��=�0'�F���"!)�����&��%'��=��
�
=����,�,�6�&%*���,0*�&�9!+���Y�Y#�0]��%'
�0*�?���,!������,��%*��=���
 �
	��Y����
Q
�0'�+�H%'�>�����>�&B+�,�V������	�!���	G!"B��L���,�&��%*0
�,�7�,��=�- ��
 � 
�� �+��� 
 �
	�� 8 �+������� 
�0*����%*�M�����M�&B+�,�V��� ��	G!���	�![B+�E���,�,�+%*0��&���,��=+- ��
 � 
���+��� 
��>��� #��&0*�"!��D���,�&��%*0'�




�� �



10 20 30 40 50 60 70 80 90 100
2

4

6

8

10

12

14

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z1, R<=2.5 cm

10 20 30 40 50 60 70 80 90 100
2

4

6

8

10

12

14

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z1, R<=2.5 cm

�T%'=�#���� � 
 
���� �&� �9
�0*�+� � � ��� 
�	����7���64��,0*!"-Q�,#$�������H�;B��,�V��� � %]��	6��!�4�%*#�� � � ��� �I�&� 

�E0'#��F4��+���P!+���`�7�,#7�����������A=����,�,� �,���������,�S!����F� � �&�&����������
 �D�&4 ���.#�!+���&�S!+���`� � �,�;�����+�����	�!��>�2!�%*0 � � �L!+��4 � � � 
 �
	��R�&B+�,�V���?! 8 �[B��?��	��R4G!+��	��,4Q���,4 0*%*�7�R!����R!+����#��P�&4 ��� 8 �
� #��,0'�"!+�L���,�&��%*0'�R%]�A��	7�&- 
�!+��� � � �X!+��4 � � �F��%*�3%*�7=`�&#7����
 �D%'=�	V�Y
�0'�+� � � ��� �$��#�4�!+�
��#7� ����
Q!�� ��% 
��,��%'���,%'4��,�V�R0*� � 8 !+� � =�����#���4\4G!)�(!O%'� ��	�� � � � #��&0*�"!��Y���&�,��%'0 8 !���4 � %'��	
��!�4�%*#�� � � ���	�O�,� 
 �E0*#7�I4��+����!+���I��%*�7=�0*�P���"!)�����&��%'��=��
�N=����,�&�\�,%*���,0'�,�W!+���S�Y#�0]��%'
�0*�
���,!������,��%*��=���
 �>��� #��,0'�"!+�J���&�,��%'0*��


10 20 30 40 50 60 70 80 90 100

0.2

0.4

0.6

0.8

1

Recoil Energy Er in keV

E
ve

nt
 F

ra
ct

io
n

�T%'=�#���� � 
�� � � � 
 �
	�� 8 0'#��:0*%*�7���7�����&4L���D��	��:4G!���! � %]��	L�&������� 8 !+��� %*�C���,#7�������R���&0*�,�;��%'���
���3�&%*�,�7�&- %*� ��	��	� � ��
@�H�,!+0*% 8 ��!)��%*�+� 4G!���! 
 �
	��F4G!+��	��,4 =����,�,� 0*%'���S%'�W��#��/�2!+�,�F�&B+�,�V�
��� � �,�;��%*�+�S���3�,%'�,���;-I%'�P��	�� " # # �A! 4G!��(! � %'��	7��#7�
!��I%*�+��%
�,!���%'���3-.%'�,0*4P�,#7�

��
	��H����
S���&40*%'���D%*�E��#����2!��,���&B+�,�V�J��� � �,�;��%*�+�S���3�,%'�,���;-S%'�I��	�� " # # �A!L4G!���! � %'��	�%*�P��	�� � � � � 8 !+��4 



 � �



4 5 6 7 8 9 10 11 12 13

0.7

0.75

0.8

0.85

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−20 keV

4 5 6 7 8 9 10 11 12 13

0.7

0.75

0.8

0.85

pdelc in µs

ph
on

on
 p

ar
tit

io
n

20−100 keV

�T%'=�#����
� 
	� ��� � � 
�	7������� 
�!+����%'��%'���5�,#7�R����� �&B��&�V��� � %]��	 ��!+4�%'#������ ��� �F�,� 
 �E0*#7�
4��+���:!+���
���&#7�����������$=����,�&�P�&���������,�@!+���D� � �,�;�����+���

��
	��
����
P
70*�+� %'� ����� �&B+�,�V���:��	G!)�@	�![B+����&�,��%'0 �,�7�,��=�- ��
 � � � �+��� 
 �
	�� 8 �������+�^
�0'�+�J%*�A�����
�;B��&� ���>��	G!��D	G!"B�� ���&�,��%'0 �,���&��=+-
��
 � � � �+��� 
 �
	��I�;B��,�V���W! 8 � B+�P��	��I4G!���	��&4 ���&4 0*%'���3!+���P!+����#��3�,4 ��� 8 �I� #��&0*�"!��
���&�,��%'0*�
%]�C��	��&-F
�!+��� � � � !+��4 � � �L��%'�P%'��=Y�&#7����



 ���



4 5 6 7 8 9 10 11 12 13
0.6

0.65

0.7

0.75

0.8

0.85

0.9

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−20 keV

4 5 6 7 8 9 10 11 12 13
0.6

0.65

0.7

0.75

0.8

0.85

0.9

pdelc in µs

ph
on

on
 p

ar
tit

io
n

20−100 keV

�T%'=�#���� � 
 ��� � � � �$��#74G!+� ��#�� ����
6!+�V��% 
K�&��%*���&%*4��&�V�W0*� � 8 !+� � =�����#���4 4G!���!Q%*� ��	7� � �
� #��,0'�"!+�3���&�,��%'0 8 !+��4 � %'��	 ��!+4�%'#�� � � ��� �5�&� 
 �E0*#7�`47�+���P!+���F��%*��=�0'�F���"!)�����&��%'��=��
�
=����,�,�6�&%*���,0*�&�9!+���Y�Y#�0]��%'
�0*�?���,!������,��%*��=���
 �
	��Y����
Q
�0'�+�H%'�>�����>�&B+�,�V������	�!���	G!"B��L���,�&��%*0
�,�7�,��=�- ��
 � � � �+��� 
 �
	�� 8 �+������� 
�0*����%*�M�����M�&B+�,�V��� ��	G!���	�![B+�E���,�,�+%*0��&���,��=+- ��
 � � ��+��� �G��	7�,��� !+���?�����&B��&�V���

 �>��� #��,0'�"!+�J���,�,�+%*0*��



 � �



10 20 30 40 50 60 70 80 90 100
3

4

5

6

7

8

9

10

11

12

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z2, R<=2.7 cm

10 20 30 40 50 60 70 80 90 100
3

4

5

6

7

8

9

10

11

12

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z2, R<=2.7 cm

�T%'=�#���� � 
 � ��� �&� �9
�0*�+� � � � � 
�	����7���64��,0*!"-Q�,#$�������H�;B��,�V��� � %]��	6��!�4�%*#�� � � ��� �I�&� 

�E0'#��F4��+���P!+���`�7�,#7�����������A=����,�,� �,���������,�S!����F� � �&�&����������
 �D�&4 ���.#�!+���&�S!+���`� � �,�;�����+�����	�!��>�2!�%*0 � � �L!+��4 � � � 
 �
	��R�&B+�,�V���?! 8 �[B��?��	��R4G!+��	��,4Q���,4 0*%*�7�R!����R!+����#��P�&4 ��� 8 �
� #��,0'�"!+�L���,�&��%*0'�R%]�A��	7�&- 
�!+��� � � �X!+��4 � � �F��%*�3%*�7=`�&#7����
 �D%'=�	V�Y
�0'�+� � � � � �$��#�4�!+�
��#7� ����
Q!�� ��% 
��,��%'���,%'4��,�V�R0*� � 8 !+� � =�����#���4\4G!)�(!O%'� ��	�� � � � #��&0*�"!��Y���&�,��%'0 8 !���4 � %'��	
��!�4�%*#�� � � ��� �O�,� 
 �E0*#7�I4��+����!+���I��%*�7=�0*�P���"!)�����&��%'��=��
�N=����,�&�\�,%*���,0'�,�W!+���S�Y#�0]��%'
�0*�
���,!������,��%*��=���
 �>��� #��,0'�"!+�J���&�,��%'0*��


10 20 30 40 50 60 70 80 90 100
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

Recoil Energy Er in keV

E
ve

nt
 F

ra
ct

io
n

�T%'=�#���� � 
 
 � � � 
 �
	�� 8 0'#��:0*%*�7���7�����&4L���D��	��:4G!���! � %]��	L�&������� 8 !+��� %*�C���,#7�������R���&0*�,�;��%'���
���3�&%*�,�7�&- %*� ��	�� � � � 
@�H�,!+0*% 8 ��!)��%*�+� 4G!���! 
 �
	��F4G!+��	��,4 =����,�,� 0*%'���S%'�W��#��/�2!+�,�F�&B+�,�V�
��� � �,�;��%*�+�S���3�,%'�,���;-I%'�P��	�� " # # �A! 4G!��(! � %'��	7��#7�
!��I%*�+��%
�,!���%'���3-.%'�,0*4P�,#7�

��
	��H����
S���&40*%'���D%*�E��#����2!��,���&B+�,�V�J��� � �,�;��%*�+�S���3�,%'�,���;-S%'�I��	�� " # # �A!L4G!���! � %'��	�%*�P��	�� � � � � 8 !+��4 



 � 




4 5 6 7 8 9 10 11 12 13
0.7

0.72

0.74

0.76

0.78

0.8

0.82

0.84

0.86

0.88

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−20 keV

4 5 6 7 8 9 10 11 12 13
0.7

0.72

0.74

0.76

0.78

0.8

0.82

0.84

0.86

0.88

pdelc in µs

ph
on

on
 p

ar
tit

io
n

20−100 keV

�T%'=�#����
� 
�� ��� 
 � 
�	7������� 
�!+����%'��%'���5�,#7�R����� �&B��&�V��� � %]��	 ��!+4�%'#������ ��� �F�,� 
 �E0*#7�
4��+���:!+���
���&#7�����������$=����,�&�P�&���������,�@!+���D� � �,�;�����+���

��
	��
����
P
70*�+� %'� ����� �&B+�,�V���:��	G!)�@	�![B+����&�,��%'0 �,�7�,��=�- ��
 � � � �+��� 
 �
	�� 8 �������+�^
�0'�+�J%*�A�����
�;B��&� ���>��	G!��D	G!"B�� ���&�,��%'0 �,���&��=+-
��
 � � � �+��� 
 �
	��I�;B��,�V���W! 8 � B+�P��	��I4G!���	��&4 ���&4 0*%'���3!+���P!+����#��3�,4 ��� 8 �I� #��&0*�"!��
���&�,��%'0 %'�C��	7�&-X
G!���� � � �R!+��4 � � �L��%*�3%*�7=Y�,#7���




 � �



2 4 6 8 10 12
0.7

0.72

0.74

0.76

0.78

0.8

0.82

0.84

0.86

0.88

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−20 keV

2 3 4 5 6 7 8 9 10 11 12 13
0.7

0.72

0.74

0.76

0.78

0.8

0.82

0.84

0.86

0.88

pdelc in µs

ph
on

on
 p

ar
tit

io
n

20−100 keV

�T%'=�#���� � 
�� ��� � 
 � �$��#�4G!�� ��#�� ����
F!+�V��% 
K�&��%*�7�,%*47�,�V��0*� � 8 !+� � =����+#���4 4�!��(!X%*�6��	�� � �
� #��,0'�"!+� ���&�,��%'0 8 !���4 � %'��	L��!�4�%*#�� � � ��� �D�,� 
 �E0'#��E4������ !����E��%*��=+0*�:���"!)�����&��%'��=��
�+=����&�,�
�,%'���&0*�,�J!������Y#�0]��%'
�0*�D���,!������,��%'��=���
 �
	7�9����
F
�0'�+�
%*�A���+�A�&B+�,�V���J��	G!)�J	G!"B��?���&�,��%'0 �,���&��=+-
��
 � � � �+��� 
 �
	�� 8 �+������� 
�0*���@%'�@�����:�&B+�,�V���A��	G!��@	G!"B��9���,�&��%*0 �,���&��=+- �

 � � � ��� � 

�>��� #��&0*�"!��D���,�&��%*0'�




 � �



10 20 30 40 50 60 70 80 90 100
2

4

6

8

10

12

14

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z3, R<=2.7 cm

10 20 30 40 50 60 70 80 90 100
2

4

6

8

10

12

14

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z3, R<=2.7 cm

�T%'=�#���� � 
���� � � �&� �>
�0*��� � � 
 �U
�	����7���O4��&0 !"-X�&#7�H�����J�;B��,�V��� � %'��	 ��!+4�%*#7� � � ��� ���&� 

�E0'#��F4��+���P!+���`�7�,#7�����������A=����,�,� �,���������,�S!����F� � �&�&����������
 �D�&4 ���.#�!+���&�S!+���`� � �,�;�����+�����	�!��>�2!�%*0 � � �L!+��4 � � � 
 �
	��R�&B+�,�V���?! 8 �[B��?��	��R4G!+��	��,4Q���,4 0*%*�7�R!����R!+����#��P�&4 ��� 8 �
� #��,0'�"!+�L���,�&��%*0'�R%]�A��	7�&- 
�!+��� � � �X!+��4 � � �F��%*�3%*�7=`�&#7����
 �D%'=�	V�Y
�0'�+� � � 
 � �$��#�4�!+�
��#7� ����
Q!�� ��% 
��,��%'���,%'4��,�V�R0*� � 8 !+� � =�����#���4\4G!)�(!O%'� ��	�� � � � #��&0*�"!��Y���&�,��%'0 8 !���4 � %'��	
��!�4�%*#�� � � ��� �O�,� 
 �E0*#7�I4��+����!+���I��%*�7=�0*�P���"!)�����&��%'��=��
�N=����,�&�\�,%*���,0'�,�W!+���S�Y#�0]��%'
�0*�
���,!������,��%*��=���
 �>��� #��,0'�"!+�J���&�,��%'0*��


10 20 30 40 50 60 70 80 90 100
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

Recoil Energy Er in keV

E
ve

nt
 F

ra
ct

io
n

�T%'=�#���� � 
�� � � � 
 
 �
	7� 8 0*#��O0*%*�7� �������,4 ��� ��	��Q4�!��(! � %]��	 �,������� 8 !+���X%'�I���&#7�������
���&0*�&�&��%'���F���3�,%'�,���;-F%*�S��	�� � � � 
@�T�,!+0*% 8 ��!���%*���I4G!��(! 
��
	��?4G!+��	7�,4`=����&�,�`0*%*�7�9%*�
��#����2!+�&�
�&B+�,�V� ��� � �,�&��%*���6� �3�,%*�&���&-Q%*�O��	�� " # # �A!S4G!���! � %'��	���#7�?!��6%*����%��"!���%*���`-.%*�,0'4Q�,#$��
 �
	�����+
 ���,4 0'%*���L%*�?��#��/�2!+�,�3�&B+�,�V�Y��� � �&�&��%'��� ���3�,%'�,���;- %'�6��	�� " # # �A!F4G!��(! � %'��	�%*�6��	�� � �� � 8 !+��4 



 � �



4 5 6 7 8 9 10 11 12

0.7

0.75

0.8

0.85

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−30 keV

4 5 6 7 8 9 10 11 12

0.7

0.75

0.8

0.85

pdelc in µs

ph
on

on
 p

ar
tit

io
n

30−100 keV

�T%'=�#���� � 
�� 
�� � � � 
�	������+� 
�!+����%'��%'���Q�&#7�������9�;B��,�V��� � %]��	6��!�4�%*#�� � � � � �I�&� 
 �E0*#7�
4��+���:!+���
���&#7�����������$=����,�&�P�&���������,�@!+���D� � �,�;�����+���

��
	��
����
P
70*�+� %'� ����� �&B+�,�V���:��	G!)�@	�![B+����&�,��%'0 �,�7�,��=�- ��
 � 
�� �+��� 
 �
	�� 8 �������+�^
�0'�+�J%*�A�����
�;B��&� ���>��	G!��D	G!"B�� ���&�,��%'0 �,���&��=+-
��
 � 
 � �+��� 
 �
	��I�;B��,�V���W! 8 � B+�P��	��I4G!���	��&4 ���&4 0*%'���3!+���P!+����#��3�,4 ��� 8 �I� #��&0*�"!��
���&�,��%'0 %'�C��	7�&-X
G!���� � � �R!+��4 � � �L��%*�3%*�7=Y�,#7���




 � �



4 5 6 7 8 9 10 11 12

0.7

0.75

0.8

0.85

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−30 keV

4 5 6 7 8 9 10 11 12

0.7

0.75

0.8

0.85
30−100 keV

pdelc in µs

ph
on

on
 p

ar
tit

io
n

�T%'=�#���� � 
�� � � � � � �$��#�4G!�� ��#�� ����
F!+�V��% 
K�&��%*�7�,%*47�,�V��0*� � 8 !+� � =����+#���4 4�!��(!X%*�6��	�� � �
� #��,0'�"!+� ���&�,��%'0 8 !���4 � %'��	L��!�4�%*#�� � � ��� �D�,� 
 �E0'#��E4������ !����E��%*��=+0*�:���"!)�����&��%'��=��
�+=����&�,�
�,%'���&0*�,� !+���
�Y#70'��%'
�0*�@���,!������,��%'��=����V���,4����.#�!+���&�E!+���A�&B+�,�V���:��	G!)� �2!+%*0 � � �J!+��4
� � �9�&#7����
�
	������+
 
�0'�+�
%'�A�����
�&B+�,�V���D��	G!��D	G!"B+� ���,�&��%*0 �&���,��=+- ��
 � 
 � ��� � 
 �
	�� 8 �+������� 
�0*�+�
%*�?����� �&B+�,�V���Y��	G!��R	G!"B��S���,�,�+%*0N�,���&��=+- �

 � 
 � �+��� 
 �>�O��%*��=+0*�3���"!)�����&��%'��=O� #��&0*�"!��
���&�,��%'0*��



 ��




10 20 30 40 50 60 70 80 90 100
3

4

5

6

7

8

9

10

11

12

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z4, R<=2.5 cm

10 20 30 40 50 60 70 80 90 100
3

4

5

6

7

8

9

10

11

12

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z4, R<=2.5 cm

�T%'=�#���� � 
�� � � � �&� �>
�0*��� � � � �U
�	����7���O4��&0 !"-X�&#7�H�����J�;B��,�V��� � %'��	 ��!+4�%*#7� � � ���	���&� 

�E0'#��F4��+���P!+���`�7�,#7�����������A=����,�,� �,���������,�S!����F� � �&�&����������
 �D�&4 ���.#�!+���&�S!+���`� � �,�;�����+�����	�!��>�2!�%*0 � � �L!+��4 � � � 
 �
	��R�&B+�,�V���?! 8 �[B��?��	��R4G!+��	��,4Q���,4 0*%*�7�R!����R!+����#��P�&4 ��� 8 �
� #��,0'�"!+�L���,�&��%*0'�R%]�A��	7�&- 
�!+��� � � �X!+��4 � � �F��%*�3%*�7=`�&#7����
 �D%'=�	V�Y
�0'�+� � � � � �$��#�4�!+�
��#7� ����
Q!�� ��% 
��,��%'���,%'4��,�V�R0*� � 8 !+� � =�����#���4\4G!)�(!O%'� ��	�� � � � #��&0*�"!��Y���&�,��%'0 8 !���4 � %'��	
��!�4�%*#�� � � ���	�O�,� 
 �E0*#7�I4��+����!+���I��%*�7=�0*�P���"!)�����&��%'��=��
�N=����,�&�\�,%*���,0'�,�W!+���S�Y#�0]��%'
�0*�
���,!������,��%*��=����G���&4 ���.#�!+���&�H!+���?�&B��&�V���>��	G!��
�2!+%'0�� � �R!+��4 � � � 
 �D���.#7�,0*�,!+�J���&�,��%'0*�



10 20 30 40 50 60 70 80 90 100

0.2

0.4

0.6

0.8

1

Recoil Energy Er in keV

E
ve

nt
 F

ra
ct

io
n

�T%'=�#���� � 
�� ��� � � 
 �
	7� 8 0*#��O0*%*�7� �������,4 ��� ��	��Q4�!��(! � %]��	 �,������� 8 !+���X%'�I���&#7�������
���&0*�&�&��%'���F���3�,%'�,���;-F%*�S��	�� � � � 
@�T�,!+0*% 8 ��!���%*���I4G!��(! 
��
	��?4G!+��	7�,4`=����&�,�`0*%*�7�9%*�
��#����2!+�&�
�&B+�,�V� ��� � �,�&��%*���6� �3�,%*�&���&-Q%*�O��	�� " # # �A!S4G!���! � %'��	���#7�?!��6%*����%��"!���%*���`-.%*�,0'4Q�,#$��
 �
	�����+
 ���,4 0'%*���L%*�?��#��/�2!+�,�3�&B+�,�V�Y��� � �&�&��%'��� ���3�,%'�,���;- %'�6��	�� " # # �A!F4G!��(! � %'��	�%*�6��	�� � �� � 8 !+��4 



 � �



4 6 8 10 12 14

0.7

0.8

0.9

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−20 keV

4 6 8 10 12 14

0.7

0.8

0.9

pdelc in µs

ph
on

on
 p

ar
tit

io
n

20−100 keV

�T%'=�#���� � 
���� � � � � 
�	������+� 
�!+����%'��%'���Q�&#7�������9�;B��,�V��� � %]��	6��!�4�%*#�� � � � � �I�&� 
 �E0*#7�
4��+���:!+���
���&#7�����������$=����,�&�P�&���������,�@!+���D� � �,�;�����+���

��
	��
����
P
70*�+� %'� ����� �&B+�,�V���:��	G!)�@	�![B+����&�,��%'0 �,�7�,��=�- ��
 � � � �+��� 
 �
	�� 8 �������+�^
�0'�+�J%*�A�����
�;B��&� ���>��	G!��D	G!"B�� ���&�,��%'0 �,���&��=+-
��
 � � � �+��� 
 �
	��I�;B��,�V���W! 8 � B+�P��	��I4G!���	��&4 ���&4 0*%'���3!+���P!+����#��3�,4 ��� 8 �I� #��&0*�"!��
���&�,��%'0*�
%]�C��	��&-F
�!+��� � � � !+��4 � � �L��%'�P%'��=Y�&#7����



 � �



4 6 8 10 12 14

0.7

0.8

0.9

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−20 keV

2 4 6 8 10 12 14
0.5

0.6

0.7

0.8

0.9

pdelc in µs

ph
on

on
 p

ar
tit

io
n

20−100 keV

�T%'=�#���� � 
���
 � � � � �$��#�4G!�� ��#�� ����
F!+�V��% 
K�&��%*�7�,%*47�,�V��0*� � 8 !+� � =����+#���4 4�!��(!X%*�6��	�� � �
� #��,0'�"!+� ���&�,��%'0 8 !���4 � %'��	L��!�4�%*#�� � � ��� �D�,� 
 �E0'#��E4������ !����E��%*��=+0*�:���"!)�����&��%'��=��
�+=����&�,�
�,%'���&0*�,�J!������Y#�0]��%'
�0*�D���,!������,��%'��=���
 �
	7�9����
F
�0'�+�
%*�A���+�A�&B+�,�V���J��	G!)�J	G!"B��?���&�,��%'0 �,���&��=+-
��
 � � � ��� � 
 � ���H�Y#70'��%'
�0*�
�;B��&� �A%*�@! 8 �[B+�H��	��D��#7���2!+�&�9�&B+�,�V�
�,#$�A0*%'����
 �
	�� 8 �+�������

�0'�+�T%'� ����� �&B+�,�V��� ��	G!�� 	�![B+�
���&�,��%'0$�&���,��=+-��

 � � � �+� � 
 �D����%*�7=�0*�:���,!������,��%'��=9� #��&0*�"!��
���&�,��%'0*��



 � �



10 20 30 40 50 60 70 80 90 100
2

4

6

8

10

12

14

16

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z5, R<=2.7 cm

10 20 30 40 50 60 70 80 90 100
2

4

6

8

10

12

14

16

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z5, R<=2.7 cm

�T%'=�#���� � 
�� � � � �&� �>
�0*��� � � � �U
�	����7���O4��&0 !"-X�&#7�H�����J�;B��,�V��� � %'��	 ��!+4�%*#7� � � ��� ���&� 

�E0'#��F4��+���P!+���`�7�,#7�����������A=����,�,� �,���������,�S!����F� � �&�&����������
 �D�&4 ���.#�!+���&�S!+���`� � �,�;�����+�����	�!��W�2!+%*0 � � �`!+��4�� � � 
 �
	7�`�;B��&� ���S! 8 �[B��X��	7�`4�!+��	��&4 ���,4 0*%'���X!+���F!+����#��P�&4 ���
8 �L� #��,0'�"!+�D���&�,��%'0�%'� ��	��&-`
G!+��� � � �Y!+��4 � � �3��%'�P%'��=W�,#7���

 �D%'=�	V�>
70*�+� � � � � �$��#�4�!+�
��#7� ����
Q!�� ��% 
��,��%'���,%'4��,�V�R0*� � 8 !+� � =�����#���4\4G!)�(!O%'� ��	�� � � � #��&0*�"!��Y���&�,��%'0 8 !���4 � %'��	
��!�4�%*#�� � � ��� �O�,� 
 �E0*#7�I4��+����!+���I��%*�7=�0*�P���"!)�����&��%'��=��
�N=����,�&�\�,%*���,0'�,�W!+���S�Y#�0]��%'
�0*�
���,!������,��%*��=���
 �
	�� ���&4O� � #G!����L%'��4�%'�"!����,�
��	G!)�D��	�� �.#70'��%'
�0*�����"!������&��%*�7=P�;B��,�V�>�2!+%*0'� � � �
!+��4 � � �Y�,#$���

 �>��� #��&0*�"!��D���,�&��%*0'�



10 20 30 40 50 60 70 80 90 100
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

Recoil Energy Er in keV

E
ve

nt
 F

ra
ct

io
n

�T%'=�#���� � 
 � ��� � � 
 �
	7� 8 0*#��O0*%*�7� �������,4 ��� ��	��Q4�!��(! � %]��	 �,������� 8 !+���X%'�I���&#7�������
���&0*�&�&��%'���F���3�,%'�,���;-F%*�S��	�� � � � 
@�T�,!+0*% 8 ��!���%*���I4G!��(! 
��
	��?4G!+��	7�,4`=����&�,�`0*%*�7�9%*�
��#����2!+�&�
�&B+�,�V� ��� � �,�&��%*���6� �3�,%*�&���&-Q%*�O��	�� " # # �A!S4G!���! � %'��	���#7�?!��6%*����%��"!���%*���`-.%*�,0'4Q�,#$��
 �
	�����+
 ���,4 0'%*���L%*�?��#��/�2!+�,�3�&B+�,�V�Y��� � �&�&��%'��� ���3�,%'�,���;- %'�6��	�� " # # �A!F4G!��(! � %'��	�%*�6��	�� � �� � 8 !+��4 



 � �



4 5 6 7 8 9 10

0.7

0.75

0.8

0.85

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−30 keV

4 5 6 7 8 9 10

0.7

0.75

0.8

0.85

pdelc in µs

ph
on

on
 p

ar
tit

io
n

30−100 keV

�T%'=�#���� � 
 � � � � � � 
�	������+� 
�!+����%'��%'���Q�&#7�������9�;B��,�V��� � %]��	6��!�4�%*#�� � � � � �I�&� 
 �E0*#7�
4��+���:!+���
���&#7�����������$=����,�&�P�&���������,�@!+���D� � �,�;�����+���

��
	��
����
P
70*�+� %'� ����� �&B+�,�V���:��	G!)�@	�![B+����&�,��%'0 �,�7�,��=�- ��
 � 
�� �+��� 
 �
	�� 8 �������+�^
�0'�+�J%*�A�����
�;B��&� ���>��	G!��D	G!"B�� ���&�,��%'0 �,���&��=+-
��
 � 
 � �+��� 
 �
	��I�;B��,�V���W! 8 � B+�P��	��I4G!���	��&4 ���&4 0*%'���3!+���P!+����#��3�,4 ��� 8 �I� #��&0*�"!��
���&�,��%'0 %'�C��	7�&-X
G!���� � � �R!+��4 � � �L��%*�3%*�7=Y�,#7���




 � 




4 5 6 7 8 9 10

0.7

0.75

0.8

0.85

pdelc in µs

ph
on

on
 p

ar
tit

io
n

10−30 keV

4 5 6 7 8 9 10

0.7

0.75

0.8

0.85

pdelc in µs

ph
on

on
 p

ar
tit

io
n

30−100 keV

�T%'=�#���� � 
 � � � � � � �$��#�4G!�� ��#�� ����
F!+�V��% 
K�&��%*�7�,%*47�,�V��0*� � 8 !+� � =����+#���4 4�!��(!X%*�6��	�� � �
� #��,0'�"!+� ���&�,��%'0 8 !���4 � %'��	L��!�4�%*#�� � � ��� �D�,� 
 �E0'#��E4������ !����E��%*��=+0*�:���"!)�����&��%'��=��
�+=����&�,�
�,%'���&0*�,� !+���
�Y#70'��%'
�0*�@���,!������,��%'��=����V���,4����.#�!+���&�E!+���A�&B+�,�V���:��	G!)� �2!+%*0 � � �J!+��4
� � �9�&#7����
�
	������+
 
�0'�+�
%'�A�����
�&B+�,�V���D��	G!��D	G!"B+� ���,�&��%*0 �&���,��=+- ��
 � 
 � ��� � 
 �
	�� 8 �+������� 
�0*�+�
%*�?����� �&B+�,�V���Y��	G!��R	G!"B��S���,�,�+%*0N�,���&��=+- �

 � 
 � �+��� 
 �>�O��%*��=+0*�3���"!)�����&��%'��=O� #��&0*�"!��
���&�,��%'0*��



 � �



10 20 30 40 50 60 70 80 90 100
4

5

6

7

8

9

10

11

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z6, R<=2.5 cm

10 20 30 40 50 60 70 80 90 100
4

5

6

7

8

9

10

11

Recoil Energy in keV

pd
el

c 
in

 µ
s

Z6, R<=2.5 cm

�T%'=�#���� � 
 � 
�� � �&� �>
�0*��� � � � �U
�	����7���O4��&0 !"-X�&#7�H�����J�;B��,�V��� � %'��	 ��!+4�%*#7� � � ���	���&� 

�E0'#��A4��+���N!+���E���,#7�������7�
� =����&�,���,���������,�:!+���A� � �&�&����������
 �D�&4W� � #G!+���,�:!+���
� � �,�;�����+��� ��	G!)��2!+%'0 � � �
!+��4 � � � 
 �
	��
�;B��&� ���N! 8 � B+�E��	7�A4G!+��	��,4W���,4W0*%'���@!+���E!+����#��P�&4Y��� 8 �A� #��&0*�"!��
���&�,��%'0G%'� ��	��;-3
G!+��� � � �H!+��4�� � �?��%*�3%*��=9�&#7����
 �D%'=�	V�N
�0*�+� � � � � �.��#�4G!+�P��#�� ����
 !+�V��% 

�,�+%*���&%*4��&� �:0'� � 8 !+� � =�����#���4S4�!��(!?%*�W��	7� � � � #��,0'�"!+�:���&�,��%'0 8 !+��4 � %'��	P��!+4�%'#�� � � ���	�
�,� 
 �E0*#7�S4��+����!+���S��%*��=+0*�I���"!������&��%*�7=��
�N=����,�,� �&%*���&0*�&�W!+���I�Y#�0'��%*
�0'�P���"!������&��%*�7=��
�N���&4
� � #G!����,�O!+��� �&B+�,�V���`��	G!)� �2!+%'0 � � � !+��4 � � � �&#7����
 �>� ��%'��=�0'� ���"!������&��%*�7= � #��&0*�"!��
���&�,��%'0*��


10 20 30 40 50 60 70 80 90 100

0.2

0.4

0.6

0.8

1

Recoil Energy Er in keV

E
ve

nt
 F

ra
ct

io
n

�T%'=�#���� � 
 � � � � � 
 �
	7� 8 0*#��O0*%*�7� �������,4 ��� ��	��Q4�!��(! � %]��	 �,������� 8 !+���X%'�I���&#7�������
���&0*�&�&��%'���F���3�,%'�,���;-F%*�S��	�� � � � 
@�T�,!+0*% 8 ��!���%*���I4G!��(! 
��
	��?4G!+��	7�,4`=����&�,�`0*%*�7�9%*�
��#����2!+�&�
�&B+�,�V� ��� � �,�&��%*���6� �3�,%*�&���&-Q%*�O��	�� " # # �A!S4G!���! � %'��	���#7�?!��6%*����%��"!���%*���`-.%*�,0'4Q�,#$��
 �
	�����+
 ���,4 0'%*���L%*�?��#��/�2!+�,�3�&B+�,�V�Y��� � �&�&��%'��� ���3�,%'�,���;- %'�6��	�� " # # �A!F4G!��(! � %'��	�%*�6��	�� � �� � 8 !+��4 



 ���



� � � � � � � � �

� � � � � ��� ��� �
	

�
	�%'�>!�
�
<�&��4�% �X0*%'�����A��	��?� #��,0'�"!+�J���,�,�+%*0 ���,0*�&�&��%*���F���3�&%*�,�7�,%*�&�D���+�A��	�������0'0*� � %*��=R�,#7����

� 
 ��!���! � #G!+0*%]�K- � � 
E	�% � � � !+��4F���N�/��4 �
�,#$���
� 
 
E	G!���=��?%*�7���,�
�&0*�,�;�����$4�� � ��� �
	7�,� � �D�,#$�

 
 
E	G!���=��?�,�7�,��=�-S��	����,��	���0*4 � ��� �
	��,� � �J�&#7�
� 
 �$#7���2!+�&� �;B��&� �>��� � �,�;��%*�+� �&#7���
� 
 �D#��,0'�"!+�
���,�,�+%*0 8 !���4 �&#7�
�
	��H�;B��&� �A
����&���,0'�,�;��%*�+�S�,���74�%'��%*�����:!+���>47�,���&��% 8 �&4S%*�3��	��D�"!+
$��%*�+��� � %]��	3��	��D
�0*�����



�
	�� �&B+�,�V�H���,0'�,�&��%*���F���P�&%*�&���&-`!�� ���,�AB+�&���P�,#7�D%'�
�,��#��V���,4Q!�� � 
���� 

�
	��
�,#$� ���3�,%'�,���&%*�&�N!+���@�"!+0'�,#�0*!����&4Y%*�L��	��E����0'0*� � %*�7=>�&���,��=+- 8 %'����
 � 
 � � ����� � � � 
 � �

�+��� � � � 
 
�� �+��� � 
�� 
 � � ����� � � � 
 � � �+��� � � � 
 ��� ����� � ��� 
�� � �+��� �V!���4�� � 
 � ��� ����� 
������
!"B��&��!+=��
� #��&0*�,!+� ���&�,��%'07���&0*�&�&��%'���W���3�&%*�,�7�&-W�+�U�����A����#�� =+�,���P!+��%'#�� 4��&���,�&������� � � � � � � �
� 
 �G!���4 � ���E%*�
��#7�P�P!+��%��,�&4X%*�F���G!+
7���,��� 
�� 



 � �



0 20 40 60 80 100
0.5

0.6

0.7

0.8

0.9

1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100
0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100
0.5

0.6

0.7

0.8

0.9

1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100
0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100
0.5

0.6

0.7

0.8

0.9

1

E
ve

nt
 F

ra
ct

io
n

Recoil Energy in keV
0 20 40 60 80 100

0.5

0.6

0.7

0.8

0.9

1

Recoil Energy in keV

Z1 Z2 

Z3 Z4 

Z5 Z6 

�T%'=�#���� 
 
���
 � �3�,%��,���;-������
	��
	 ����	����������������

 � � ��� 	�� ���� ��!��"��#�%$���"&�'�(��"�� ���)�&	�*�*+	
� 	�"��,���-� ��� � � 
 � ����$!�.�
	/���0	� ��1���2���,�3�� (� ���1�����%����"��%�4�/	��������5	������!" 
768�%�3�! 2�.� ���1�
	��'	
�9�
	��������:�%���'���;� ���<�%$���"&�'�=	� ��<�2�����%�%����� � �>	�?�?�������"��#� ���<�%���'��
@��6(	��BAC���.D��� ���� �BA
� �E��" �FAG�/HJI �LK


 ���



0 20 40 60 80 100

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100

0.4

0.6

0.8

1

0 20 40 60 80 100

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100

0.4

0.6

0.8

1

0 20 40 60 80 100

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

Recoil Energy in keV
0 20 40 60 80 100

0.4

0.6

0.8

1

Recoil Energy in keV

Z1 Z2 

Z3 Z4 

Z5 Z6 

� ���!�� �� 
 K � 
 H ��������"�� �:���J���
	� ��!� ��"�"��% E�������%�� ������=�%���/K �)������ ��!"�� ��" ������� � "9���%���/	� 
 ��%���!��� � 	�"�� ��" � ��� ��� � 
 � �/	���� �  �	��'���!" 	� 2�4�����%� �3�! �����F�����%����"��%� �/	��������5	������!"�KB68� 

�3�! 2� � ���=���
	� 2�!� ��"�"��� )������� �' ������ �����

�
� ��� �%$���"&�'�1	� 2�=�2�����%�%����� � �:	�?�?�������"�� �����=�%���'��


���.��� �
H7$�� � � � ��A � �0I	�4A ���ED��� ��%�
�LK


�� �



0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

Recoil Energy in keV
0 20 40 60 80 100

0

0.2

0.4

0.6

0.8

1

Recoil Energy in keV

Z1 Z2 

Z3 Z4 

Z5 Z6 

� ���!�� �� 
 K 
 
 H �������%"��%� ��� ���
	� ��!�0��"��% ������ �� 2��� ���!���+������K �0��� �' ���"��(��"�� ��� � � "9���%���/	� 
 ��%���!��� � 	�"�� ��" ����� ��� � 
 �)�/	���� �  �	��'���!">�
	��
	 	� ��#���2��� �3�! @� ���F��� �%���%"��%� �/	���������	��'���!"�K
68� �3�! ��<� �������
	� 2�!�+�%"��� 2��� � �� 2��� ���!���>��� �

�
�������%$!�%"&�'�<	� 2���2�������%����� � �B	�?�?�������"��4� ���

��� �'��
J� 
 ��� � � � A ��� � �'�:A � �E��" �FA � � I �LK


�� �



0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

Recoil Energy Er in keV

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

Recoil Energy Er in keV

Z1 Z2 

Z3 Z4 

Z5 Z6 

� ���!�� �� 
 K � 
 H � �%���%"��%� ��� �2�� 2� 	��%���%$���"&�= 2� � �%�%�'���!" ��� �'��K=D������������@	� �� �������% �� � �%�B��"���%�%�����!" ��K � K �0��� �' ���"��E��",� ��� � � "9�������/	� 0 ����%�!��� � 	�"�� ��",����� ��� � 
 � �/	���� �  '	������!"4�
	��'	
	� 2� ���2���#�3�! J� ��� ����������"�� �+��	����%���5	������!" K 68� �3�! ��)� ��� ���� � 	����E� $!�%"9�( �� � �%�%�����!"#�%���'� � � ����%$���"&�'�0	� 2�E���%����� �'�%� � �F	�?�?�������"��=� ���.��������
J���.� ���
H7$�� � ��� �<A � � I �4A � �ED��� 2��� � A
� �E��" �LK


�
��



0 20 40 60 80 100
0

0.5

1

1.5

0 20 40 60 80 100
0

0.5

1

1.5

Y
ie

ld
, Q

/E
r

0 20 40 60 80 100
0

0.5

1

1.5

0 20 40 60 80 100
0

0.5

1

1.5

Y
ie

ld
, Q

/E
r

Recoil Energy Er in keV

0 20 40 60 80 100
0

0.5

1

1.5

Y
ie

ld
, Q

/E
r

0 20 40 60 80 100
0

0.5

1

1.5

Recoil Energy Er in keV

Z1 Z2 

Z3 Z4 

Z5 Z6 

� ���!�� �� 
 K � 
768� �3�! ��(�����("9�������/	�  2���%�!��� � 	�"����%��� � � ���(�%$���"&�'� 	� ��8��������� �'��� � ��	�?�?�������"��� ���=��� �'��
8���.� ���
H7$�� � ��� � A � �ED��� 2��� �:A � �E��" � A ���� � 	���� �%$���"&�. �� � ��� �'����" ��� �'�E	�����%���� 2� � ������" �2��� �'����" � K	� K D���� �%$���"&�'� � �
	�� ?
	��2������� ?� ��%��������� �'����" ��� �'�+��" ����� � �
"9�������/	� F 2���%�!��� � 	�"�� 	�"�� � ����� �

� ��� 
 � �%���%�%�' 2�!"  ��%���!��� � 	�"�� 	� �� 	��2����*���� �'� � �
"��%���' 2�!"���K


�
 �



0 20 40 60 80 100
0.7

0.8

0.9

1

1.1

0 20 40 60 80 100
0.7

0.8

0.9

1

1.1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100
0.7

0.8

0.9

1

1.1

0 20 40 60 80 100
0.7

0.8

0.9

1

1.1

E
ve

nt
 F

ra
ct

io
n

Recoil Energy Er in keV

0 20 40 60 80 100
0.7

0.8

0.9

1

1.1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100
0.7

0.8

0.9

1

1.1

Recoil Energy Er in keV

Z1 Z2 

Z3 Z4 

Z5 Z6 

� ���!�� �� 
 K � 
 H �������%"��%� ��� "9�������/	�  2��������� � 	�"��,�%��� �
��� � ��� � 
 �7��	���� �  '	��'����"#�
	��'	�K �
�! 

	��!��$���"4��"��� ���� � ��" � � ���1"9��* � �� ���-"��%���' 2�!"��)��"#����� � � "���������	�  ��%���!��� � 	�"�� ����$������%�
� ��� ��� "9��* � �� ���L"���� �' ���"�� ��"�� ��� � � "9�������/	� J ��%���!��� � 	�"�� 	�"�� � ����� �

� ��� 
 � �&	�*�*+	
� 	�"����3����� � ���!�� �� 
 K ���(���(� ���1"9�������/	� � 	�"��,�%���)����������"�� �!K


�
��



0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

E
ve

nt
 F

ra
ct

io
n

Recoil Energy in keV
0 20 40 60 80 100

0

0.2

0.4

0.6

0.8

1

Recoil Energy in keV

Z1 Z2 

Z3 Z4 

Z5 Z6 

� ���!�� �� 
 K�� 
�H ���%����"��%� ��� "���������	� = 2���%�!��� ���%����� �'���!"�K�� �=��"��%��������� �
	��
	 �9�
	��������>�%���'�
����
	� 2�!����"�"��� 0�����%�%�� ������ ��� �

�
���� 2� 	��%���%$!�%"&�1 ����2�%�%�����!" �%���'�

�
"���������	� E 2��������� � 	�"�� � 	�"��$!� �'��������KJD���� � $!�%"9�0���%���%�%�'���!"4����������"�� � 	�� �'�% $!�%��� �%���)��� � K � � K


�
�




� ��� � �����	��

� � 	

� ���@6(	� � 	� �	<I �����%"�K������������������� !�"�#�$�&%'�)(�*+�",-�/.�0�K21 �������2�!"43B���2��� � � ��565�7 K
� � �98�K�1 K � �/	������;: K9%'�)(�*+�",-�/.� !�/<�,>=@?A0)(� !�;( KCB(	�* �  2�������ED0"���$!�� 2������� �  ����2� �GF ��� ��K
� 7 �H3 K>I K>J  2���%��*+	�":	�"��#KBK �LK D �� �"��% �KLK,��	����� 2��"��+	�"��,��"����% ��2�'	�"�����"�� �����@��"��NM

$��� ��2��KPOLQ�R) !Q�S�(9�$TVUW���AQ����#=@?A0)(� !�;(
�
�6X 
 FZY6Y 7 � ��565�7 K

� Y �H3 K�IJK�J
 ����%��* 	�" �%� 	�� K#J ��"�	��  2���2�������=�3 ��!* ����� �9� ��� ���#��?�	����+�����������%�!? �[:�� �?� 2� �2��� � ���0*��/	��2�� ��J� ��� �9� ��� ��� ���!"�� �
	�"&��K]\^(������;_�?A0)(� !�/<�,A`��"�A���><�, � X6X 7 
 Y � � �a565 F K
� X"�E1 K �<K I ���%����� �+	�� K DJ��?L� �5	:�2��?L�% �"�� $�	 �����2��� $!�% ����%�+	��cb)d F �3 ��!* ����� �9� ��� ����2?
	���� �'�%���%������?L� 
 H7$������%"���� �3�! 4?
	�� � �����%�����% '	������!" 	�"�� �%�!"��2�� '	���"&�'� �!" ��	� /:

�%"��� 2���4�%$��!���������!" K 	��2�� ��aM ? �fe 5 Y 5�� X F � � ��5�5 Y K
�hg � �LK � �% ���*=�������� +� �F	�� KiK �/	��2�� ��%* �%"9���F���1�!*����&	B	�"�����	�* � �
	>�3 2�!* Y � �������jM

 2����� ����� �)����?L�% �"�� $�	���K'\^(������;_�?A0)(� !�/<�,k`��"�j���><�,
�
X F � 
lX g X �mF � ����K

� �"�E1 K �<K I ���%��� �%� 	�� Kon � �2�� 2$�	������!"�	��&�%$�������"��%� �3 2�!* �2��?L�% �"�� $�	��J�3�! 	�" 	����%������ '	��'��"��
��"���$!�% ��2�(	�"��=	)�%�!��*��!���!�!����	����%�!"�� �
	�"&�/Kp\^(������"�m�"*q !�/<�,o`��"�j���><�,

�AF6F g 
 F 565 � �AF ������K
� �a�9B KrI KL6 ��"�"�� ���'	�"��:�������� 2��KPJ �� �� �0���/	� 

�
���s:���"�����",*����% ��

�
	/$�� 	�"��������� ��!?&�4?� 2� � �

�
�
*+	�? ��� � ���% 2$�	��'���!"���
 �  ��%����*���"�	� 2�B*+	�?���	�"�� � 	������, 2���2��������Kt\^(��u�;�;_�?A0)(� !�/<�,

`��"�A���><�,kvf�)_o_>,-Q�*+Q����
�kFZY � 
 F � �a56567 K

� �a�@H KwK>K2I;�����'��� �%��	�� K#K,�/	����� 2��*���"&�<���)?L���5	� 2�-b/	��'����"
�
��� � �����#���%�! ��%�F	�"������5	� 

�2�/	����@��"&�'�� �3�� 2�!* � �'�% �KyxH<����A��Q
��Y ��5 
�� g 7 �]z �����%* � �� ��565 � K

� F 5 � z K|{@K ��?L�% ��!�%��� � 	�� K}J �� �� �;�!�/	� �
���-:9��"��2�!"@* ���� ��

�
	/$!� 	�"����2���' 2�!?&�.?� 2� � � � �

*+	�? �
� � ���� $�	��'���!"���
 z �%���� 2* ��"
	��'���!"1��� ������*��!���!�����/	��!?
	� �	�* � �'�% ���K]\V(��u���;_�?A0a !�/<�,A`��"�j��~�><�,kvf�)_o_>,-Q�*+Q����

�rFZY � 
 F �6X � ��56567 K 	��2�� ��aM ? �fe 5�765�� ��5 ��K
� F6F ����K�1=K�n.����$���K D 	����;�����%���� ��%� �!",��	� /:#* 	��2�'�� %K 	�� �' ��"M�? �fe 56765 F X 5 X � �a56567 K
� F � �9KBK
D-����*+	� �:+� �)	�� K@B8����*��!���!�����/	�� ?�	� '	�*��%���� 2�(�3 ��!*C�����2� 	�"��

�
* 	�?�KC=C?A0)(� !�/<�,

OPQ�R) !Q�S��
�
g � 
 F 567 X 5 � ��565 Y K

� F 7 � z K�DJ�9�'���� 1�%� 	�� K�I)� $���� �
��� � ��� � 	�"�� "9���%���%�!�2��"&� ���%����� 	�"�� ?� 2��*��! ����5	�� 	 � ��"AM�
	�"�����KP=@?A0)(� !�/<�vk���� �_>�

�
D �6X 
 F � � ��56565 K

767 Y



� FZY � z K,D �9�'���� � � 	�� K D���� ���������� �����* 	 � ��"��
	�"���� 	�� b � 5 K�� 5 F ���
�
	� 2���9���

F � F ��� Y � 5 ��K@\V(��u���"�m�"*q !�/<�,m`��"�j���><�, �kF�F � 
 g 7 �kF � ����K
� F X"�98�Kf1=K �-�/	��%� �;: �%� 	�� K'1 *��/	����� 2��*���"&� ��� � ���=������*��!���!�����/	�� ���%"�������� �3 2�!* �%�����$M

���� ���"��<��"F� ��� � ��� �!	��5	����+ ������������ �0�2�� 2$��%��KPxH<����A��Q
�fY]F 5 
 F g � � ��565 F K

� F g �98�K�1 K � ��	������;:��%� 	�� K ���'��� � ��"�� �5	� 2�!��M ����	����:� �' 2���%���� ��
�
����� � ��� � � �=�&	��5	����

 2����� ����� �)���� 2$!� �!K 	��2�� ��aM ? �fe 5 ��5 Y ��7 � � ��5�5�� K
� F �"�9KBK�D �%�!* 	� /:@	�"���K>K���	����
	� � 2�5	��!	�K � ��?�	� '	�����"��)� ���8�/	� 2���@��"���$!�� 2���(�3 2�!* � ���(��	��'�

��"���$!�% ��2� 
7�%�!��*��!�����!����	��!?
	� �	�*��%�'�% �%�2�'��*+	��'����" � �%�!��"�� � ��� � �5	��;: � �	� K>=C?A0)(� !�/<�,OPQ�R) !Q�S��
�
g�g 
 F 567 X 5 � � ��5�5�� K

� F �a� �LK}3 1 �����%" � � 	�� KGB8�!��*��!���!�!����	��
����"��2�� '	���"9��� �3 2�!* � ���
�}M� '	/���&	�� *+	����J�3 '	�� �'����"
��"  2����	�� ���4���%"�����"����������2���� �� � � ���� $!�%� �

�����F���
	�"��� �	�K�UW�"��� ?A, 0qx9�"�u !�;QE� �qOL�"0�<�,\^(������"�m�"*q0cvk�)�� !Q���0
�
767 Y 
�I F6F � ��565�� K

� F �a� �LK z K�KBKA3 �������E�%� 	�� K-D���� � 	� 2�!��" �%�!"&�'�%"9� ��� �!	��5	������������2���� 2��
J	 ���
	������%"��!�0���
�%�!��*��!�����!����	��L�� 2� ��� ���	���!K�xH<����A��Q

�
7 g6g 
 Y � � �rF ��� 7 K

� ��5 � z KfB8��� �
�1�%�)	�� K�3B�/	a:#���%"�����"���*+	����  ��%���!"��2�' 2���%�����!" ��� � ���@��"&�'�� �	��%����"����%����� �'�% 

F � 5 g X��)M X6X � 
 z �� ���� �)�%$������%"����@�3�! � ���@��� ��� �'�%"���� ��� �
	� �:F*+	����'�% �KP\^(��u�;�;_�?A0)()�/<�,`��"�A���><�,
�
g 5 Y 
�X g � � ��565 Y K

� � F ��I K �. ������ � � 	�� K �1	���	���� �%����� �'�� 1�&	��@* 	��2�E�3 '	�� �'����"��E�3 ��!* ����"&�!	��%$oM b%���
� ��� $������
��� �%�%�7*��/	����� 2��*���"&�'��
2B8�!"��2�' �	���"&��� �!"���� KA\^(��u�;�;_�?A0)(� !�/<�,}`f�"�A���><�,

�
X�X � 
 �

�jF 565�� K
� � � ����K ��K!68�%�!��* 	�"

�
1 K�� K!68 ����������

�
	�"���I1K�� K���	�"����% ��%K H����'�%"������  ����'	��'���!" �%�� 2$����

���J�2?��� �	��-�&	��5	���������
 �
	� /: �
	���� �%�E	�"��:* �������
���,����"
	�*������%K9U �"��� ?A, 0+x��"�� !�;Q;(��$T� ?�QHOP�"06<�,>\^(������"�m�"*q !�/<�,mvk�)�� !Q��u0
�
� Y � 
�X ��7 �rF ��� F K

� ��7 ��J8K�J8Kw{0	 $�	� 2 ���K D����4��"�"��� =����"��2����� �����2? ���)�%�!��� �
	� /: * 	��2�'�� �
	����!��KB	��2�� ��aM
? ��e 5 F6F 5 g � 5 � ��565 F K

� � Y �@I1K � K>nE������"�� 	�"��#KBK
I1KfK,�% � 2���
�%����K D �
� *��/	����� 2��� ���-� ���.� �
	�? �@��� �����1* ���-:&�

�
	/��� � ��	� /: ��	�����K7	��2�� ��aM ? �fe ��� 5 � 7 X 7

�rF � ����K
� � X"��I K 68�% ��!� �' 2�!* �%�-	�� K�n � ���� $�	 � ���������0�����&	�*�*+	  '	/��� �3 2�!* ��	� /:0*+	��2�'�% �"���� �' '	�����"��

	�"�"�� �����5	������!"�� ��"=� ��� *����s:&�
�
	/� �
	�����Kf\^(������;_p<����u !��,-Q�=@?A0|(� !�;(

�
� 
 F 7 � �]F ��� ��K ����?AM? ��e � � 5 Y 7 � Y K

� � g �98�Kr{ K 6(	 ����	���� �%�E	�� K D����=�&	��5	��%�'���1��? ���% ��!����KH\^(��u�;�;_�?A0)(� !�/<�,G`f�"�A���><�,
�
� g X 
�� 765

�F � � 7 K� � �"�@I1K�I@KjB(	���� �
�%��� 	�"�� 8�K � KjnE�2�� ��-:��� %K;D����0* 	��2� �����2�� �� � ���'���!" �

��� ����"��!�� �&	��5	�� � 

	�� �� 2���1����* ? �!"��%"9� *�������� K@\V(��u���;_�?A0|(� !�/<�,k`��"�A���><�,

�
� X F 
 g F �mF ��� F K

� � �a�9KBK �LK
D-�� 2"��� %K B8�!�2* ���1	�"�� ��� ��	�� * 	��2�0���%"��������4����� ��"9$������ � ������	�� ���!"��%K�=C?A0)(� !�/<�,OPR) !Q�S �
�
767 
 �����

�kF ��� g K

767 X



� � �a�@6 K ��	���������� �/K z ���%��? ���� ���"�� �����#"
	����� ��+���)�
	� /:>* 	������� �K OLQ�R) !Q�S�(4�$TcUW���AQ����
=@?A0)(� !�;(

�
� F 
 � � �mF ������K

� 765 ��� KjJ
�]:9����	 �%�(	�� K H7$ ������"����0�3�� ������������	��'���!"����;	��'*��!��? ���� ���� "������� ���"��!��K =C?A0)(� !�/<�,
OPQ�R) !Q�S��GQ��u�$Q���(

�
� F 
 F X g � �mF ��� ��K

� 7 F � � K I@KA1 ��* 	��#� � 	�� K z �� 2���%� �%$�������"��%� �3�! "������� ���"���� 	/$!�� �' �	�"�� �3�! �* 	��'���!"<�3 ��!*"��%���' �	��NM ���� 2 ��%"9�E��"&�'�% '	�� �'����"�� ��" � ���=����� � �� 2� "������� ���"���K9=@?A0)(� !�/<�,GOPQ�R) !Q�S�� Q��u~� Q���(
�
��� 
 F6F 765 F � ��565 � K

� 7�� ����K � 	����
�
	� '	.�%�8	�� K�I �%$����

�
����?�	� 2��������� ? �&�������%��K2=@?A0|(� !�/<�,]OPQ�R) !Q�S �

�
g6g 
 F 5�565 F �

��5�5�� K
� 767 � �-K �.�!"����!����K ��"9�� �������� �'����" �'�#"��!"jM � 	� 2���!"���� �
	� �:,* 	������� %KE	�� �' ��"M�? �fe 5 Y 56765 g Y �K 	� ���� �a565 Y K� 7 Y � z K){@K � ? �� ������&�%� 	�� K6J �� �� ��M ���/	� �

���-:9��"����!".*����% ��
�
	/$�� 	�"����2���' 2�!?&�.?� �� � � � �

*+	�? �
� � ���� $�	��'���!"���
 z � �'�% �*���"
	������!" ���F�%�!��*��!���!�!����	�� ?
	� '	�*��%���� ��%K \^(��u�;�;_�?A0)(� !�/<�,`��"�A���><�,kvf�)_o_>,-Q�*+Q����

�kFZY � 
 F �6X � ��565�7 K
� 7 X"�98�K I1KJ68�!"�� �%� 	�� K K 	��2����$!� "������� ���"��!� 	�"�� � ��� �5	� 2�!��M ����	����F� �' ����%�'�� �� ��� � ���

��"���$!�% ��2��K =C?A0)(� !�/<�,rOPQ�R) !Q�S��GQ���� Q���(
��Y X � � Y ��
 F ��� 5	�j7 �jz ���%��* � �� F ��� 5 K

� 7 g � �@K �.�!��� � �% ���K�B8�!"��2�' �	���"&� �!" � ��� ? ��������"�� * 	����<�3 ���* ���!�2* �����!����K =C?A0)(� !�/<�,
OPQ�R) !Q�S��GQ��u�$Q���(

�
X 5 
 FZY]F � �mF ��� 7 K

� 7 �"��I K}KBK}�. �	������%Km{)� �
���!"�� �' �	���"&�'�J�!" � ��"�� ��* 	����2��� �3 ��!* ���!�2* �����!����K�� K�����?L�% ��2��*qM

*��%�� ���� � ��"��!� ��KyxV����,-Q/<��V=@?A0|(� !�;(�
��w= <����u !��,-QH=@?A0|(� !�;(
�
6 � � � 
�X6X g

�rF ��� 7 K
� 7 �a�98�K I1K
H �������8� �)	�� K � ��? �� �� ��* *��%�� ����. 2��������� �3 ��!* � ��� � ��� � 	�"���Kyx^����,-Q/<��^=C?A0)(� !�;(



�
��7 � 
 Y X 7 �mF ��� Y K

� 7 �a� ��Ka8���"��!* 	�"cKBKa�1	�*����!"]:��
�
�/:9��	�"��q��K �1 2����� �/K � ��? �� 2�2��*�* � �' ����8�
	� /:1*+	����'�% �K

=@?A0)(� !�;(HOLQ _��"��� (
�
� g � 
 F �6X �kF ��� g K

� Y 5 �@6 K>3 KkI;���<	�"�� �LK>3 �%��" � �% ���K�B8����*��!���!�����/	��-��� �
�% � ����"�� �!" ���/	/$9�}M "���� �' ���"��

* 	����2���%K =@?A0)(� !�/<�,mOPQ�R) !Q�S��GQ���� Q���(
�
7 � 
 F g X �kF � ��� K

� Y]F �98�K�H ��� �2�=	�"�� � K �1��"����!����Km{)������ '	�����"��1 2������� ����"��2�����<��"�����������"��@�%�&	�"�"�� �����5	������!"��%K=@?A0)(� !�/<�,mOLQ�R) !Q�S �
�
X g 
 F � � � �mF � � � K

� Y � �98�K-H ��� �2��K \^( _�Q;��� ( �$T x�Q��A���� �m� � Q�� Q;���� !�"���$T x�Q��A����<�,  �m� �9<���
 U <���� Q�� K � � z�������2���
�
D)?�?���	��5	�D0"���$!�% ��������

�
J 	���� F ����� K ���%?jM�? ��e � � 5 Y 7 � Y K

� Y 7 �@I1K z K �-���%������	�"�� � K�I@K �E����"�"�KjB8? �%�!"����% 2$�	������!" ��"1� ��� ?� ��%���%"����(���
��"�� �
	�"&���!"���K=@?A0)(� !�/<�,mOLQ�R) !Q�S�� Q��u� Q��;(
�
7 � 
 F�Y6Y 5 �rF � ��� K

� Y6Y �98�K8H K'�.��* K 3B�/	a: ��"9���� �	��%�����!" ����"��!��� �#	�"�� �2�' 2�!"�� �%? ��"&$�	� ���	�"��%��K =C?A0)(� !�/<�,
OPQ�R) !Q�S��GQ��u�$Q���(

�fY 7 
 F 567 �rF � � � K
� Y X"�9KBKa1=K � �����3* 	�" �%�J	�� K�B(	�"��%�!" �
"���*���"&�J��"��2�� �� "�	��'�� �	����%?���"&$�	� ���	�"��%�8��� � �' ���"����"9���� �	��%�����!"���� xV����,-Q/<��V=@?A0|(� !�;(�


� F g6g 
 Y � 7 �rF ��� 5 K

767 g



� Y g �E1 K
I@K � ������"������/:&�!K2nE"F?L�!�2��� � ���E�2��?�?� 2���2������",��� �����.	�� ����" �
	��� 2�!"F��"&�'�% '	�� �'���!"���Kvk�"R) !Q��@`��"�j���><�,��$TVx^�f��,-Q/<��V=@?A0)(� !�;(
�
7 F 
 � g 5 �mF ��� 5 K

� Y �"� �LKr8�K�10�/b%�'	������0� � 	�� KC1 " ��*�?� �� $!�%�, �7��	 $������4���/	� ���� �3�! �
	�����	�� ���!"���K =C?A0)(� !�/<�,
OPQ�R) !Q�S��

�
g � 
 5 F6F6F 5 F � ��5�5 Y K

� Y �a��I K H K � � 	�"�� b�K D����@���/	��5	� "��%���' 2��"����0	�� �����1�������&�'��� � ����? �� 2�2��*�* � �' ����1?
	� 2�����%�����	�"��,�%�!��*��!�������!K'=@?A0)(� !�;( �GQ���� Q���

�kF 7 � 
 F g 5 �kF ��� Y K

� Y �a�1D.K>J 	��-: �%� 	�� K��0��	/$�� �2"������� ���"��!�0	��0��	� /:#* 	��2�'�� %KP=@?A0)(� !�;( � Q��u� Q�� 
 � 7�7 � 
 � Y � �
F � � Y K� X 5 � �LK � Kr1 ������",�%�1	�� KLI ��* ���'� �!" ���!��� �
	� �:,* 	��2�'�� )�/	�"�������	��'�%�0�3 ���* 	�" �����' '	����

�

� 	��;:��� ��!��"�� �!�% �* 	�"�����*C�2?L�%�%�' 2�!*��%�'�% �K�=@?A0|(� !�;( �GQ��u�$Q���

� F �oX 
 g 567 �rF ��� � K

� X F � �@K � 	��!�%���,	�"�� 8�K)I1K �  ���* 	��;: K ����?L�% �� � *�*��%�' �
�
�%�!��*��!������� 	�"�� "��

�
�'�%$

? �&���������%KP=@?A0)(� !�/<�,mOLQ�R) !Q�S�� Q��u� Q��;(
��Y � 
 � ��7 �mF ��� � K

� X � �@H K]3 Kf�.�!� � � �)	�� K23 ��* ?]b%�����5	��%K 	�� �' 2�aM�? ��e ��� F 5�7 g F �>F ����� K
� X 7 � ��K ���� 2$�	�"&�1	�"��:D.K K>K �-K D 	�����K ���)� ��� �������&�����2� :�	����pb/	"M :�������",?
	� 2�'�������=	 $���	 � ����
	� /:#* 	������� ��	�"������
	��'� � xV����,-Q/<��V=@?A0|(� !�;( 


�
g X 5 
 7 � F � ��56567 K

� X Y � �LK�I0	 � �:	�"�� �<K 6 K �-Km3B���2��K z � �'��� �'���!" ��� �&	���	��%����� �
	����F* 	��!"���"��!�)$��5	 �������� �%������ 2��"&�0��"&�'�% '	�� �'����"
�
��� � ����	 $9�4"9���%����� Ky=@?A0|(� !�;(��GQ��u�$Q���( 


�
�a5�� 
 Y � �kF � ����K

� X6X"� ��K �.����* ��"�� �%�4	�� Ki{)������ '	�����"�� �
	� /: * 	������� +�2�/	� 2�������%K xV����,-Q/<��&=@?A0|(� !�;( 

�7 F 7 
 g ��7 �kF � � F K

� X g �9KBK �� �����"����;:9� 	�"��>I1Km3 	���:9��"��%K�B8�����% ���"&� ���!��?�����"��!�E��� "��%���' �	�����"��!� ��� "9���%���%�
�3 2�!* � �9�
	� /:#*���� ��"���K'=@?A0|(� !�;( � Q��u� Q��;( 


�
� � X 
 FZY � �rF ����� K

� X��"�9KBK z  ��%��� 	�"��4KBK�KBKp{0� �2�� �� KG{0��� �' '	�����"��= ��%�����0���%"��������+��"#*���"���*+	���" � F ����? �� $M�! �	/$ �����!K�=@?A0|(� !�/<�,>OLQ�R) !Q�S �
�]Y � 
 7 � � �kF ��� 7 K

� X �a�9B KAK,��"��!��K z 	� �: * 	������� 7���%�'�%�%�����!"<��" ����� �������&�7���  2�����%"&�8� ��? �� 2��*���"&�
	��� ��%�������'�%K�����$Q����><��u !�"�><�,m`��"�j���><�,��$T^U ���AQ����#=C?A0)(� !�;( \
�
��56567 KJ	��2�� ��aM ? �fe 567�5 � 7 Y g K

� X �a� �@K 6(	��� 	�"�� KBK 68 �����s: K[{0��� �' '	�����"��,�
	� /: *+	����'�% 1��" *���"���* 	�� �2��?L�% ��! �	/$ ����� 

z �� ���� � ���%����� �'����" $���K
�%�!���������% (����	� ���������K =@?A0|(� !�/<�,mOPQ�R) !Q�S��

�
X � 
 5 F X 5�5 � �mF ������K

�hg 5 � �=K 1 K 68����"9�!	�:�� $ 	�"�� � K � KG�.��	�?L���! M �1������"��! ���� �
	�����KqD)?L�
	��'�<���8�����<���� 2��� �
��� �'�%�%�'���!" ��� ��	� /: *+	����'�% 	�"�� � ���  ��!��� ���7� ���="���������	� �2?���" K�=@?A0|(� !�/<�, OPQ�R) !Q�S�
�
g 7 
 5 �oX 565 X

�
��5�5 F K

�hg F � �-K { 	���� 	�"��>I1Km1  2"�� �
���2�/K � ��? �� �� ��* *��%�� ����=�
	� /:,*+	����'�% �K ���%?jM�? ��e � g F 5 Y g 5 �

F � � g K�hg � ��D@KfB �
	��2�'�!?
	�� �&�&	/�4�%�)	�� K 3 * 	�?F�%�!"��2�� '	���"&�'�
�
�2���2�#�
	� /: *+	����'�% 	�"��4��* ?�������	"M

�����!"��(�3�� (� ���1���� ���� �)���%�����%�����!"4��� ����� �!K�=@?A0|(� !�/<�,mOPQ�R) !Q�S��
�
g � 
 567 X 5�5 X

�
�a56567 K

767 �



�hg 7 �98�K z K�I;� �
��" 	�"�� � K�J8K ��* ��� ��K I �%$����

�
��� *+	�������* 	��������

�
"9��*��� 2����	�� � 	��%�'�� ��

�	�"��F���! 2 ���� �'���!"��8�3�! �
	� �:�* 	��2�'�� ��� ? �� ���* �%"&�'� � 	������4�!"+���5	��2�'��� "9���%���/	� 8 ��%���!��� K\^(������;_p<����u !��,-QH=C?A0)(� !�;(
�
g 
 � � � F�F � �mF ��� g K

�hg Y �9B K@8�K2B8�!?��8	�"�� I KwKBK��. '	����2��K 10"��!����	� =�2���!"
	��'�� 2���=�3�! �&	���	��%�������
	����
�
��*�?

�2�/	��2�'�� 2��"��@��"����� ���� � ���%�����%���! ���
 �  ��!�2?L�%�%���(	�"�� ���
	�������"��!���%K =@?A0|(� !�/<�,pOPQ�R) !Q�S �
�g 7 
 5 Y 7 X 5 � � ��565 F K

�hg X"� z K � K � "�� �
���%"jM � � �E� �.	�� KPI;�

�
?� ��%������ ���"��%�&	��'��$!�@���!",�� ���� �)���
	�* � �� )�3�! 0��	� /:* 	������� �2�/	� 2����KP=@?A0)(� !�/<�,rOPQ�R) !Q�S��

�
g F 
 F 5 F 765 F � ��565�5 K

�hg6g �@I1K 68�� 2"
	 � ��� K z 	� /: *+	��2�'�% ���/	� �����K 	�� �' ��"M�? �fe 56765 � Y 567 � �a56567 K
�hg �"��J8K � 	��2��" � �����B� � 	�� K B8�!��� �
	� �: * 	������� �������"&�'���
�/	��'����" 
 z ���� �"
	��8*�� �����5	������!" 2������	�*���"�����K�=@?A0|(� !�/<�,>OLQ�R) !Q�S �

�
X6X 
�� 7 X 5

�kF ����� K
�hg �a�98�Kk1 �� ��%"��.�%�.	�� K � ��	� ���� �3�! 0�����' �	��'�% � 2���2�� ���	��7? �!��"&�E�2�!�� 2�����1���J"������� ���"��!�

�
�����

	�* 	�"���	"M���� Kw=C?A0)(� !�/<�,mOPQ�R) !Q�S��GQ���� Q���(
�
� � � ����
 5 � F6F 5�� � J
� �  ��
	� 2� �a565 Y K

�hg �a� �=K �
K>I��&	�� �9�]: K 10"9�'	� ��%� M �����%? ��"����% �����	#"���� �' ���"��+� � ���% 2$�	��'�� 2� 
(�2�'	��'���  ��%?L�� 2�/K=@?A0)(� !�;(q�$TL\^�$�"*q !�Hx^����,-Q� 
�
g6g � 7 ��
�X 5 �

�
K 	� ���� ��565�7 K

� � 5 � �LK � �!�������
	:�%��	�� K �  ��!?�	��&	������!" ���0� ���' ��%* �%��� ������� ��"��% ���� ����?����!"�� ��" �/	� � � 

��* ?�������	��'���!"�� �3�� �������� ���%�����%�����!" � �F� ���@���%����� � �@"���� �' ���"��<�'�������2���!? ��KP=C?A0)(� !�/<�,OPQ�R) !Q�S��

�
g � � F X ��
 F 5676565 Y � K,	 � ��565 Y K

� � F � �LK z ���'	��7�%�@	�� K ���/	� 2���>�3�! �
	� /:,*+	����'�% 
�
��*�?��E������"�� ��?

�
	� 2�>���� ��!�����jM����!��"��

* ���!"�� ��"4����?L�% M :�	�*�����:�	�"�����K ����?jM ���]e 5 Y 5 Y 5�� X � ��565 Y K
� � � �E1 K B8���'	� ���"�� �%� 	�� K D������&	��5	��%�'��� ���%"&�'�� �	�� 	4��	� /::* 	��2�'�� �&	�*�*+	"M  '	/�,���!�� 2����K

\^(������;_p<����u !��,-QH=C?A0)(� !�;(
�
� F 
 � g � � ��565 Y KJ	��2�� ��aM ? �fe 5�765 X 5 ��X K

� � 7 � z K��0���!? �� 	�"�� 6 K z ��"��!����K ��*�?� �� $���"�� �����#	�"��!���5	� @ 2���2�!���������!">���8���! 2�%��	�"��"��
�
����*������ �!":�2��?L�% �� � *�*��%�' 2��� �
	� /:4* 	������� )"��/	� 0� ��� �&	���	��%�����1���%"9���� %K.	��2�� ��aM

? ��e 5�� F � X 5 � � ��565�� K
� � Y ��I K!68	��������7�%�J	�� K�{)� �

����* ���'� �!"��
	� �:6M�* 	������� 
�
�/	a:���� ��"9���� �	��%����"��E?�	� 2�����������-�3 ��!*

����� ����������� � �% ��aM * �!�2��� �
��� ?L�% ���* �%"9��K�=C?A0)(� !�/<�,rOPQ�R) !Q�S��

�
X � 
 5�� ��565 F � ��5�565 K

� �6X"�E1 K2K,�� '	������@�%��	�� K4{0�
�
���!"�� �' �	���"&�'� �!"

�
��* ?��1�3 ���* � ��� �/	�"��3 �	�"�� ���!� � ��	� /:

* 	������� �2�/	� 2����KP=@?A0)(� !�;(��GQ���� Q�� 

�]Y ��� 
 � g � � ��5�565 K

� � g �9B z K �4B8�!���5	 � �! '	��'����"�K2B8��* � �2�'	��'��� 	�"��  2�&	���* 	�?�K�1 ?� 2��� ��5�5 X K
� ���"�@H  ����E8�Kj3B����" � �% ��<	�"�� z K I K]{)�! ���� �' 2�!* �

�������'�� ���K@=�<����u !��,-Q;(�<��>���@ !Q�,N�"( KA1 *��� M
���/	�" � �&� �2����	�� � � �%��� ���

� F ��� 7 K
� � �a�E1 Kl8�K��
	 � ����$�	�Kf� Q�R�Q�,-�;_>*+Q������$TP<�� �"S 
 <A� 
�.����"�j�>���'��R) �;�"��*+Q����aTZ�"� � ?�QH%2��0o�"~

.AQ��� !�P�9<���
EU <��u� Q��^vkQ/<����;?�K � � z � ���������
�
D����VD)"���$��� ��2��������� 6  �������� �[B8�!����* � ��	 �10?� ���� F ��� ��K

767 �



� � �a� � ��"���� I1K �.�!�
�
	��5	 K ���j��, �o(� !�"� �� *q � ( �"� � ?�Q����;U4='~!xV����,-Q;�"� �y,N<"(��u !��~

vk�/<��u�$Q��� �A.i%2���)(;( vkQ;���u !�"� T����"* � ?�Q�%2��0o�/.AQ��� !� �9<���
 U <��u� Q��WvkQ/<����;?�K � � z�������2���
�
D���� D)"���$��� ��2�����F���wB(	������3�! 2"��5	=	��)68�� �:��%���%�

�
J 	���� �a56565 K

� � 5 �1D.K}1=K �-�� 2�� '	 K��k?�Q �� *q �� �A. 
L<A� 
�.��;�"�A�>�9 �4<9�9<���
VU <���� Q�� vkQ/<����;?+<��Gv]?p<�, ,-�"S
� Q _>� ?�K � � z �������2���

�
B(	����H3B���2���� 2":I �����% 2$�� D0"���$!�% ��2�����

�
8!	�"���	� 2� �a565�� K

� � F �1D.K ��	!	 � K>vkQ/<����;?CTZ�"���#Q/< 
", 0L����� Q���<A���� �A. U <"(;(� R�Q'=�<����� !��,-Q;(ySw � ? � ?�QH%2��0o�/.AQ��� !��9<���
[U <��u�$Q��qvkQ/<����;? ��� _�Q��� *+Q���� K � � z � ���������
�
���
	�"��3�! �� D)"���$��� ��2�����

�
10���!��� �

��5�5�� K
� � � � z K �LKG1^:��� �� � � � 	�� K+{)� �

 2���2�������@�3 2�!* � ������ �!�!����"���� �
	� /: * 	������� 1����	� ���� � �}M
? �� 2��*���"&�/Ky=@?A0)(� !�/<�,rOPQ�R) !Q�S �

�
g �

�
n.� �'� � �� ��5�5�� K

� � 7 � �LKj�1	�* 	��/Km{0��� �' ���"�� 	�� �������
	�"�K�B z K �� ���" F�F � � � ���6:�� g Y � {0� $!�%* � �� �a56567 K
� � Y �@I1K]1 ����� �%�)	�� K � ��	������� 2��"�� � �#���!"��sb/	������!"+	�"��4? ���!"��!"F��*����2������"F��"#�2��*�������"�������M���! ��%K =@?A0)(� !�/<�,rOPQ�R) !Q�S�


�
� � 
lX�X g X

�kF ��� 5 K
� �oX"�H3 K�H K z  ���*�* ��"��#	�"��48�K]I K�K,����� K��)���(��	� � 2���� 2�(��"+���;	�"��F�!�E '	����5	������!"���� �'����M���! ��%KP`��"�A���><�,��$TL\�_o_>,  !Q/�q=C?A0)(� !�;(

��Y � 
�X6X6X g �mF ��� F K
� � g � z K>1 �  �	�*��E�%�E	�� K H � �%�����2���!" ����*����'� ��":� ��� �

��* ?AM�"9���������!",�� 2�!���.�2���%�����!",�3 ��!*
�����1�� 2���!�!�%"����1�
	� �:#* 	������� ����	� ���� KP=@?A0)(� !�/<�,rOPQ�R) !Q�S��

�
g6g

�
��565�� K

� � �"�@6 Kf{)���&	�"�� $4	�"�� � K
D- �����* � $ K
	�� 
"��0"�� u< �����"��
���Q��$Q��� 0�<
�kFZY g 
 � F X �mF � �oX K

� ���a� �-Kf{ KfI;�]:���KL`��"�A���><�,��$T \�_o_>,  !Q/�q=C?A0)(� !�;(
�
g Y 
 g �6X � �kF � ����K

� ���a� z K �E$��!"�� �F	�� KtI;�
�
"��!���2� $��!���'	��!�,	�"������
	� ��!� 	�* ?��������� �� �3�� ? ���!"��!" 	�"��

���!"��-b�	��'���!"+���%�'�%�%���! ��0	��($��� 2�4���
�
����*�?L�% '	����� ���K'x^�f��,-Q/<�� ���p(��u���j*+Q����!<��u !�"� <��>�U Q�� ?����"(^\

�
7 g � 
 ��� �

�mF � � g K
� � 5 �4%�?p<���.AQ#�;�", ,-Q;���u !�"� <��>� Q�,-Q;���u�����AQ+(��u�������u�j��Q;(  �� !�"�� ��)<��� !�"� <��>� _�?��"�m�"��
;<"()Q/�

�o<���
^*�<���� Q��P�AQ�� Q;���$�"��(
�
$��!����* � g 5 X K)10* �% ����/	�" ��"��2�����'� �'�8��� � �9���2�����

�
8������ �a565 F K

� � F � ��Ky3 	�"���K D-� ��"����% �� �
	�"�� ���
	� 2�!� �' '	�?�?���"���K B z K �� 2��" F6F � � � ���6: � � FZY �{)� $���* � �� ��565�7 K
� � � �9KBKrI 	��LKPB(	��2�/	���� �/	�? �'�� 2�=��� �����%�%�� ��!"��0��" ���!�������%KL=@?A0)(� !�/<�, OPQ�R) !Q�S

� F6F � 
 F X 5�� �
F � g 5 K� � 7 � �=Kj{@K}1 � 	�:9��*�� $��%�8	�� KkB(	�?��'�� �� �����/	� � ����� 2� � ��	��2�' '	��%�'��$!�)���%"9���� 2�(��"����%* �����!"jM�����%�'�� ���KPvk�"R) !Q��2=@?A0|(� !�;( �$THvkQ�*q !�;�"�>������� �"�;(

�rF � 
 F �kF ��� ��K
� � Y �@6 K>B(	 �  ��% '	�K H ���%�%�' 2�!"4? ���!"��!",�2�/	��2�'�% ���"�� � "�������� 7 KCB z K �4"����'�

�
K,	� ���� ��56567 K

� �oX"�9KBKr8�K � �%"�":� �E	�� K�B ��	� ��!�@���������%�%�����!"4	�"��,�' �	�?�?���"���� �L���%�0��" �� �!�!����"���� �2���������!"
��� �'�%�%�'�� ���K x^�f��,-Q/<�� ���p(��u���j*+Q����!<��u !�"� <��>��UWQ�� ?����"( \

�
7 � 5 
 � F X �kF ��� g K

� � g �@H K � �!?�K � ��?  ��%���/	� ���� � ?�	��!��K �&����? 
le�e
� � �

K � �
	�" �3�! ���K �����fe ��? �!?fe� 2���2�/	� 2����K �&��* �
�K 	/� ��5�5�� K

767 �



� � �"� �LK D 	�* �� �	��%� 	�� KCI 	��������%�.����"
	�*������)	�"�� ����	��2�����.? ���!"��!" ����	������� ���"�����" ���������%�!"�K
=@?A0)(� !�/<�,mOLQ�R) !Q�S�


�]Y6Y 
 76565 F �mF � � F K
� ���a� �-K>K,����"����� %K �.��	���� M�?
	� �'�������%��K@B z K �4��"9���� 2"
	���"����'��� 5��a5���565��

�
8������ ��565�� K

� ���a�1D.K���	!	 � �%�8	�� K z �������!"���� �9�%� ? ���!"��!"#���%"����� �� �3�� �����0�%��*��8��� �'�%�����! 2��K2x^�f��,-Q/<�����p(������A*+Q���� <��u !�"� <��>�cU Q�� ?����"(^\
��Y6Y6Y 
 76565 � ��565�5 K

� F 565 ����K z K �� �
��"�K =@?��"�m�"��~!U Q/�� u<��$Q/� =�<����u !��,-Q � Q�� Q;���� !�"��� (� �A.Wvf�)_�Q����;�"�>���f���u �A.

�p�j�A."(�� Q�� �]��<��p(� �� !�"��~ ���).AQLvkQ��p()�"��( K � � z �������2���
�
���
	�"��3�! ��+D0"���$!�% ��������

�
J � �  ��AM	� � F ���6X K

� F 5 F � ��	��P3B���9{0	�* KG� Q�R�Q�,-�;_>*+Q����2�$T�=@?��"�m�"��~!U Q/�� u<��$Q/�+%2��0o�/.AQ��� !��=�<����� !��,-QP� Q�� Q;��~
� �"��(VSw � ? �',-Q;���u���"�#<��>�9x^�f��,-Q/<��POPQ;�;�" ,f�E -()���� *q �><��u !�"�
K � � z �������2���

�
���'	�"��3�! 2�D)"���$��� ��2�����

�rz �%���%* � �% F ����� K
� F 5�� � z K z K z  2���2���!��� K � Q�R�Q�,-�;_>*+Q����w<��>�^_�Q�� TZ�"��*�<��m�;QE�$TV�AQ��$Q;��� �"��(2TZ�"�^� ?�Q ����0o�/.AQ��� !��o<���
9*�<���� Q���()Q/<����;? Q�� _�Q��� *+Q���� Sw � ? <��  �m����Q/<"()Q/�E()Q��p(� �u R) �u0�
;<"()Q/���"�4< *�< �6~ *q�A* ,  
oQ�,  -?��)��� <��><�, 0)(� -(c�$T�
�Q��!< �;�"���!<�*q �><��u !�"�
K � � z �������2���

�
B(	���� 3B��� �'�% �"

I ���2�� 2$�� D)"���$��� ��2�����
�
K 	/� ��565 Y K

� F 567 � z K �LK�1 :��% �� � ��� ���% ���K z ��*��!"��2�� '	������!">��� �3��	���� � ���!����� ��� �!? �� �	��'��"�� �2���������!" b���?��� �'�%�%�'�� 
�
����� ��5 �%$ ���� ��%�����!����K x^�f��,-Q/<��+���p(��u���j*+Q����!<��u !�"� <��>� UWQ�� ?����"(+\

�X �a5 
 F g 7 � ��5�5 Y K
� F 5 Y � ��Kj3 	�"���K � ��? �� 2���!"������%����"�� �� '	�"��2�������!"#�%���!�E�2��"��2�! ����"
	�*����%��K�B'3 I�D  ���" ��5

� � ���6: � � ��*�*+	� 2�#��� � F�F � K 	� 2��� ��5�567 K
� F 5 X"�9KBK H K2K,��	���� 	�"���8�K �-K 3B�!���3��K � ���!"��!" ?� 2� �����%�����!"B��"

�
�/	a:���� ? �����'����� �%���'�%�

�2��*�������"������ �'�! 2��
 ����	����������L�������!" ��" �.�
�
�1	�10�

�
	�"�� � � K	=C?A0)(� !�/<�, OPQ�R) !Q�S 


�X g 
��oX�X��
�kF � � � K

� F 5 g ��� K 60K'I;� $ ��"�����"�K =@?��"�m�"�W_>���;_p<).o<��� !�"� Sw � ? T���Q�����Q��m��0 �A�"Sw��~/�;�"��R�Q���(� !�"� �� �
x��"�mQ����]<� , ,  
��� �A* =@?��"�m�"�p(q �Wx��"��*+Q��!<�, ,  !� %2��0|(��!<�,�( K�H ���2�%$����% � ������"��%� � � � M���������� 

�mF ��� g K
� F 5 �"�9B Kf�.���2�'�%� K@������������������ !�"���>�qvk�",  u��vf�!<��$QH=@?A0)(� !�;( KC8�����" 3 �����%�FA ���!"��

�GF � � g K
� F 5 �a�@6 Ky��K8I �������%��K����p<����u�j* _>���)�;Q;(;()Q;(4 �t()Q�*q !�;�"�>������� �"�;( K n ���3�! ��tD)"���$��� 2�������

�  ��%���
��F � � 7 K

� F 5 �a�1D.K61 K�� �9���2�/Kr\ �o<���
E*�<���� Q��L�AQ�� Q;���$�"� 
;<"()Q/� �"�+� ?�Q�(� *q�j, �!<��mQ;�"�o(P*+Q/<"(��j��Q�*+Q����
�$TP_�?��"�m�"�p( <��>�  !�"�� ��)<��u !�"� <����	�+*�
@K�� � z � ���%�����

�
D)"���$��� 2�������,���CB(	������3�� �"���	

�68�% /:������ �
�
K 	/� F ��� 7 K

� F6F 5 �98�Kf1=K � ����������� �%� 	�� K��  2�!?
	��&	��'����" ��� �!?������/	������ �!�%"��� �	��'�%� 	��������2�����@? ���!"���"�� ��"�2� Ky=@?A0|(� !�/<�,mOPQ�R) !Q�S�

�]Y � 
 F � X F 5 �mF � � 7 K

� F6F6F �@I1K|8�K �1	������/:��������%�-	�� K�D����J� �
	������2�����%�;��� � 	��;:9�! �����"��= 2���2�%�%�'���!"1��".���� ��%�%� ��� �'��� �'���!"� ��? �� 2���%* �%"9��� �3�� �
	� /:=*+	����%�� �KkxV����,-Q/<�� =C?A0)(� !�;( 
 � ='���)�;Q;Q/�� �A."( vf�)_o_>,-Q�*+Q���� (
�X F 
 � � � �kF ��� g K

7 Y 5



� F6F � � ��Kp3 	�"���KJD-��� � �5	���KCB z K �F ���" F6F ��� � � ��: � � g
�
nE�%��� � �� ��56567 K

� F6F 7 �H3 KfnE� � �� �"�KCB8�� � ��%�%����"��<	�"�� ��	���� �  '	��'��"�� �9� � �9��KwB z K �# ���" F�F ��� � � �6: � F6FZY �J
� �  ��
	� � ��565 Y K
� F6FZY ��I K 6(	��������%K 68	 
 ��� �

�� F �
	��
	 $���* ��K B z K �  2��" F6F �:� � � �6: � FZY � � K 	� ����
��5�5 Y K� F6F X"� �=K]K 	�"�������K B �
	� 2�!�0���� ��%�����!���#��� �/K�B z K �  2��" F6F �@� � � ��: � F 7 F � K 	� ���� �a565 Y K

� F6F g � ��K63 	�"�� 	�"�� �LK}�1	�* 	��/KmD0? �
	����0�!" �9��"�"��� ������KGB z K �  2��" F6F �1� � ���6: � F � X �K 	� ���� �a565 Y K� F6F �"� �LK��1	�*+	��/K H � �%���%"��%� � �
	��'	:	�"�� * � � M ���
�9�
	�"&�'���'���%��K B z K �B ���" F6F � � � ���6:� F � 7 � 1 ?� 2��� �a565 Y K
� F6F �a� �=K>K 	�"�������K ���'	 � ��������� ���2�����%��K'B z K �F ���" F6F �<� � � �6: � � F � {0� $���* � �� ��565�7 K
� F6F �a�98�K ��	�"����� �K z ���
"���"�� 	 "�� �

�%?��2��� ������K#B z K �> ���" F6F � � � � �6: � F 5 F � K 	� ����
��5�5 Y K� F ��5 �@I1KAK 	 �
	�?
	��' �	�Kf1 �������;: ��� �6:=	��J���
	� 2�!� ������� � �����%����"��%�!K B z K �< 2��" F6F �1� � ���6:� F6F 5 � K 	� ���� ��565 Y K

� F � F �E1 K � K � �!"�"���"��2��������"�K+\
()Q/<����;?qTZ�"�qSyQ/< 
", 0  ��� Q���<A���� �A. �o<���
 *�<��u� Q��H_p<����u !��,-Q;(
Sw � ? ,-�"S � Q�*^_�Q���<����A��Qc�AQ�� Q;���$�"��(��/<�_p< 
�,-Qq�$T�(� *q�A, �!<��mQ;�"�}(�, 0 *+Q/<"(��j�� �A.[ !�"�� ��)<�~�u !�"� <��>� ?�Q/<�� K � � z � ���������

�
D0"���$!�% �������� ���VB(	������3�! �"��5	

�
��	�"&�
	 6(	� � 	� �	 � 8������F � ����K� F � � � �=K>K 	�"�������KCB(	���������	��'��"�� � 	�"�����K'B z K �F ���" F6F ��� � � ��: � F 7�� � K,	� ���� ��565 Y K

� F ��7 �1D.K � �9����� �%�7	�� KjK,��	����� 2��*���"&� �������!"��sb/	������!"1	�"�� ? ����"��!" ?� 2� �����%�����!" � �="9���%���/	�  2����������� ��" 	 g 5 �:�% 2���2�'	��8��� �!�� 2*+	�"�����* 	�� � X,*�: K =@?A0|(� !�/<�,2OPQ�R) !Q�S �GQ���� Q���(
�g � 
 7 Y � X �kF � � � K

� F � Y � z K �LK21^:��� 2� � �%��	�� K �  ��%����*���"�	� 2� ����*������ �!" �����
�
��* ?jM "9���������!" �% ��!�2������� �'���!"

�3 2�!* � ���>�% 2���!�!��"����>�
	� /: *+	��2�'�% F���/	� �����K xV����,-Q/<��#=@?A0|(� !�;( 
 � ='���)�;Q;Q/�� �A."(vf�)_o_>,-Q�*+Q���� (
�
� 5 
 g Y �kF � ����K

� F � X"�@I1KfB8�5	� /:��.� � 	�� K7H " �
	�"������ � 	��������2�'���0? ���!"��!"4?� 2� �����%�����!"+�3�� (���� � 	����1� $!��"&���0��"�% 2�!���!��"����1���������%�!"F���%����� �'�! %Ky\y_o_>,  !Q/��=@?A0|(� !�;( � Q��u� Q��;(
�
� g 
 � �oX �

�
�a56565 K

� F � g � z K �LKm1 :��% �� � 	�"�� �<Kf3 	�"���K z � �
"���"�� �
�'��* �@?
	� �	�* � �'�% 

�
�����:"��%���' 2�!" �/	����NM

�  �	��'���!"4�
	��'	�KCB z K � �pD^J  ���" � F � � � �6: � 76565 � K,	� ���� ��56567 K
� F � �"� ��K 3 	�"���K+���
	� ��!�����!�����%�%�'���!" �'��* ��K[B z K � �pD^J  ���" � F � � ���6: � 765�� � K 	� ����

��5�567 K
� F � �a� ��K�3 	�"���K � �!�2�������!" ��"��3�� �* 	��'���!"F���2b%��?,���%�����%���! �K B z K �4 ���" F6F � � � ���6: � � � �8!	�"9�
	� 2� ��565 Y K
� F � �a� �=KoK 	�"�������K �>M�? �!�����'����" ��"��3�! �* 	������!"@��" ? ���!"��!"������5	/��K>B z K � � 7 F � � � ��: � Y 5 �10���!��� � ��5�567 K

7 Y]F



� F 765 � �=K@K 	�"�������K�B(	����%���5	�����"��  ����2�%����*��+��� �'� M@�/	��2�4���Lb 7 K B z K �  2��" F6F � � � ���6:� F 767 � K 	� ���� ��565 Y K
� F 7 F � ��KC3 	�"���K � �� '	��3�%� �%$���"&�4 �� �2��� �'����"

�
����� �'��* ��"��>	�"���? �!�2���'���!" ��"��3�! 2*+	��'����"�K

B z K �F ���" F6F �<� � � ��: � ��567
�
1 ?� 2��� ��5�5 Y K

� F 7�� � ��Kp3 	�"���K�� g ?� �� � ���%*,K@B z K �4 2��" F6F ��� � ���6: � F �6X � 1 ?� 2��� �a565 Y K
� F 767 � �=K K 	�"�������K � F M g  ������%����*�� �%���.���2��"�� � �

�4?
	� �	�*��%�'�% ��%KEB z K �  ���" F6F �+� � ���6:� F 7 � � K 	� ���� ��565 Y K
� F 7 Y � �=KPK 	�"�������K � �� 2� 	��%� �%$!�%"&�'�4 �� �2���%�����!" 	�"�� ���/	a:�	��!��K B z K �� 2��" F6F � � � ���6:

� FZY6Y�� K 	� ���� ��565 Y K
� F 7 X"� z K �LK 1 :��% �� � �%�,	�� K {0�

�
 ��%�������'�F�3 ���* � ���>�% 2���!�!��"����>�
	� /: *+	��2�'�% F���/	� ����

� ��? �� 2��*���"&�/K�=@?A0)(� !�/<�,rOPQ�R) !Q�S��
�
g � 
 5 � �a565��

�
��56567 K

� F 7 g �@I1K�6 �� �"�	 � �%� � � 	�� K z 	� /:<*+	����'�% �2�/	� 2��� �
��� � � ���0�
	�* 	=��� ? �� ���* �%"&�'��Kwx^�f��,-Q/<��

=@?A0)(� !�;( 
 �2='���)�;Q;Q/�� �A."(Hvf�|_o_>,-Q�*+Q���� (
�
��� 
 g �

�
��565�5 K

� F 7 �"�@6 K 6 ��"��!��� �%� 	�� K ��*�?� 2� $���� ��� �����������!" ����*������ �3 2�!* � ���@�%�����
�
�%���2�

�
��* ?4����	� ���� K

=@?A0)(� !�;( � Q��u� Q��;( 

�
X Y X 
 Y 7 � ��565�� K

� F 7 �a�@H K>1=KL6(	����/b@	�"�� �-K �.�!"����!����K ��* ?� 2� $!��� �%�!"�� �' '	���"&� ��" ����?L�% ��2��*�* � �' 2���=��	� /:* 	������� (�3 2�!* * ���!",�"M � K'=@?A0)(� !�/<�,rOPQ�R) !Q�S �
�
g � 
 5 g 7 X 567

�
��56567 K

� F 7 �a� �LK�KBK �jb%��K#vkQ�*q !�;�"�>������� �"���AQ�R) !�;Q;( �C_�?A0)(� !�;( <��>�#� Q;�;?A�m�",-�/.�0�K[8�����" 3 �����%� A
�2�!"��

�GF � �oX K
� FZY 5 �9KBKJ68	��-:�	�"���:9� K 	�_>�� !�/<�,G_>�;�;_�Q����u !Q;(&�$T ()Q�*q !�;�"�>���f��� �"��( K {)�! 2���jM �)�!����	�"�� � � � KB8��K

� F ��� Y K
� FZY]F ����K ���������� �K�vkQ�*q !�;�"�>������� �"�C_�?A0)(� !�;(��H<��# ���u�������f���u !�"�
K ��?� ���"��!�� $M �J�% ��5	�� �rF ��� F K

7 Y �


