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*QMi2Mib

�#bi`�+i Ry

.2+H�`�iBQM RR

*QTv`B;?i ai�i2K2Mi Rk

�+FMQrH2/;2K2Mib Rj

R AMi`Q/m+iBQM R9

k L2mi`BMQ S?vbB+b Rd

kXR L2mi`BMQb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rd

kXRXR L2mi`BMQ BMi2`�+iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rd

kXk L2mi`BMQ Qb+BHH�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R3

kXj ai2`BH2 M2mi`BMQ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kR

j a?Q`i@"�b2HBM2 L2mi`BMQ S`Q;`�K kj

jXR AMi`Q/m+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kj

jXk a2MbBiBpBiv iQ bi2`BH2 M2mi`BMQb X X X X X X X X X X X X X X X X X X X X X X X X X X X k8

jXj a?Q`i "�b2HBM2 L2�` .2i2+iQ` Ua"L.V X X X X X X X X X X X X X X X X X X X X X X k8

9 GB[mB/ �`;QM hBK2 S`QD2+iBQM *?�K#2`b k3

9XR AMi`Q/m+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k3

9Xk S`BM+BTH2 Q7 QT2`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k3

9XkXR *?�`;2 bB;M�H +QHH2+iBQM �M/ `2+QMbi`m+iBQM X X X X X X X X X X X X X X X k3

9XkXk a+BMiBHH�iBQM HB;?i X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jy

9Xj 1M2`;v `2+QMbi`m+iBQM �M/ T�`iB+H2 B/2MiB}+�iBQM X X X X X X X X X X X X X X X X jR

8 h?2 a"L. �M/ G�`A�h .2i2+iQ`b jj

8XR h?2 a?Q`i "�b2HBM2 L2�` .2i2+iQ` Ua"L.V X X X X X X X X X X X X X X X X X X X jj

k



8XRXR GB;?i +QHH2+iBQM bvbi2K X X X X X X X X X X X X X X X X X X X X X X X X X X X jd

8Xk GB[mB/ �`;QM BM � h2bi "2�K UG�`A�hV X X X X X X X X X X X X X X X X X X X X X jd

8XkXR "2�K HBM2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j3

8XkXk .2i2+iQ` X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j3

8XkXj GB;?i +QHH2+iBQM bvbi2K X X X X X X X X X X X X X X X X X X X X X X X X X X X 9y

e S`BM+BTH2b Q7 �M 1H2+i`B+�H qB`2 h2MbBQMBM; J2�bm`2K2Mi 7Q` G�`hS*b 9k

eXR AMi`Q/m+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9k

eXk :2M2`B+ T`BM+BTH2 Q7 i2MbBQM K2�bm`2K2Mib X X X X X X X X X X X X X X X X X X X X 9j

eXj G�b2` i2+?MB[m2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 98

eX9 1H2+i`B+ i2+?MB[m2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9e

eX8 6Bi KQ/2H �M/ 7`2[m2M+v 2ti`�TQH�iBQM X X X X X X X X X X X X X X X X X X X X X X 93

d .2p2HQTBM; i?2 h2MbBQM J2�bm`2K2Mi J2i?Q/ 7Q` a"L. 8y

dXR 1H2+i`QMB+ +B`+mBib �M/ rB`2 7`�K2 b2i@mTb X X X X X X X X X X X X X X X X X X X X 8y

dXRXR qB`2@7`�K2 b2i@mTb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8y

dXRXk qB`2 bQH/2`BM; �M/ i2MbBQM T`2T�`�iBQM X X X X X X X X X X X X X X X X X 8k

dXRXj a"L. #Q�`/b �M/ HBKBi�iBQMb X X X X X X X X X X X X X X X X X X X X X X X 89

dXRX9 1H2+i`QMB+ +B`+mBib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 89

dXRX8 .�Z X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8e

dXk 1pQHmiBQM Q7 i?2 +B`+mBi �M/ K2i?Q/ X X X X X X X X X X X X X X X X X X X X X X X 83

dXkXR 1�`Hv K2�bm`2K2Mib �M/ MQBb2 `2/m+iBQM X X X X X X X X X X X X X X X X X 83

dXkXk lT;`�/2 Q7 i?2 +B`+mBi iQ mb2 i?`22 rB`2b X X X X X X X X X X X X X X X X X ey

dXkXj _2bQHmiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e8

dXj *�HB#`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e8

dXjXR G�b2` b2i@mT X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ee

dXjXk 1H2+i`B+ K2i?Q/ +�HB#`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X eN

dX9 h2bi �i +`vQ;2MB+ i2KT2`�im`2b X X X X X X X X X X X X X X X X X X X X X X X X X X dR

dX9XR 1tT2`BK2Mi�H b2i@mT X X X X X X X X X X X X X X X X X X X X X X X X X X X X dR

dX9Xk J2�bm`2K2Mi T`Q+2/m`2 X X X X X X X X X X X X X X X X X X X X X X X X X X dk

dX9Xj 1tT2+i�iBQMb �M/ �M�HvbBb X X X X X X X X X X X X X X X X X X X X X X X X X dj

dX8 a"L. /2/B+�i2/ /2p2HQTK2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X de

dX8XR *QKT�`BM; ;Hm2fbQH/2` K2i?Q/b X X X X X X X X X X X X X X X X X X X X X de

dX8Xk J2�bm`2K2Mib rBi? +QK#b X X X X X X X X X X X X X X X X X X X X X X X X X dN

dX8Xj h2bi Q7 jk@+?�MM2H `2�/Qmi rBi? i2bi 7`�K2 X X X X X X X X X X X X X X X dN

j



dXe *QM+HmbBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3j

3 .2p2HQTBM; q�p2H2M;i?@a?B7i2` *Qp2`2/ _2~2+iQ` 6QBHb 7Q` G�`hS*b 39

3XR AMi`Q/m+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 39

3Xk h2biBM; bm#bi`�i2 7QBHb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 38

3XkXR J�i2`B�H h2bi ai�M/ i2bib X X X X X X X X X X X X X X X X X X X X X X X X X 3e

3XkXk h2biBM; 7QBH #2?�pBQm` �i G�` i2KT2`�im`2b X X X X X X X X X X X X X X X 3e

3XkXj amKK�`v Q7 7QBH i2bib X X X X X X X X X X X X X X X X X X X X X X X X X X X Nk

3Xj GQr h2KT2`�im`2 1p�TQ`�iBQM UGh1V X X X X X X X X X X X X X X X X X X X X X X Nk

3X9 a2iiBM; mT i?2 H�`;2@b+�H2 2p�TQ`�iQ` X X X X X X X X X X X X X X X X X X X X X X X Nj

3X9XR AMbi�HH�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nj

3X9Xk 1p�TQ`�iBQM T`Q+2/m`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X N8

3X9Xj 6B`bi 2p�TQ`�iBQM �M/ /mMFBM; i2bi X X X X X X X X X X X X X X X X X X X X Nd

3X9X9 1p�TQ`�iQ` +�HB#`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X N3

3X8 6QBHb �M/ K2b? +�i?Q/2 BM G�`A�h X X X X X X X X X X X X X X X X X X X X X X X X Ryy

3X8XR J2b? +�i?Q/2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryy

3X8Xk G�`A�h `mM rBi? 2p�TQ`�i2/ `2~2+iQ` 7QBHb X X X X X X X X X X X X X X X RyR

3Xe *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryk

N "2�K a?�T2 aim/B2b 7Q` .2H�v2/ AQM JQ/2HHBM; Ryj

NXR AMi`Q/m+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryj

NXk G�`A�h /�i� `mMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry9

NXj aBKmH�iBQM T`Q+2/m`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry8

NXjXR "2�K bBKmH�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry8

NXjXk *QbKB+ `�v bBKmH�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X Rye

NXjXj *QKT�`BbQM rBi? /�i� X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryd

NX9 *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry3

Ry *QM+HmbBQMb RyN

"B#HBQ;`�T?v RRR

qQ`/ +QmMi ky-8Nd

9



GBbi Q7 h�#H2b

kXR 62vMK�M /B�;`�Kb Q7 M2mi`BMQ BMi2`�+iBQM p2`iB+2bX X X X X X X X X X X X X X X X R3

kXk Pb+BHH�iBQM T�`�K2i2`bX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ky

8XR a"L. hS* F2v /2bB;M T�`�K2i2`bX X X X X X X X X X X X X X X X X X X X X X X X X j9

dXR *ao bi`m+im`2X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 83

dXk G2M;i?b �M/ +Q``2bTQM/BM; MQKBM�H 7`2[m2M+v 7Q` i?2 rB`2b K2�bm`2/X X X X X e3

3XR S`QT2`iB2b Q7 G�` �M/ GLkX X X X X X X X X X X X X X X X X X X X X X X X X X X X X 33

3Xk amKK�`v Q7 7QBH i2bib BM HB[mB/ MBi`Q;2MX X X X X X X X X X X X X X X X X X X X X X Nk

8



GBbi Q7 6B;m`2b

kXR 6H�pQm` +QKTQbBiBQM Q7 K�bb 2B;2Mbi�i2b 7Q` MQ`K�H �M/ BMp2`i2/ ?B2`�`+?vX X ky

kXk 1H2+i`QM@M2mi`BMQ 2t+2bb Q#b2`p2/ #v i?2 JBMB"QQL1 2tT2`BK2MiX X X X X X X kR

kXj �HHQr2/ U�m2
41- �m2

51V `2;BQMb 7Q` }ib iQ UjYkV KQ/2HbX X X X X X X X X X X X X kk

jXR a+?2K2 Q7 i?2 /2i2+iQ` TQbBiBQMb BM i?2 b?Q`i #�b2HBM2 �i 62`KBH�#X X X X X X X k9

jXk Pb+BHH�iBQM T`Q#�#BHBiv #2?�pBQm` rBi? /Bbi�M+2 i`�p2HH2/ 7Q` /Bz2`2Mi p�Hm2b

Q7 �m2 �i }t2/ 2M2`;v E⌫ = 700 MeV �M/ sin
2
2✓ = 0.1X X X X X X X X X X X X X k9

jXj a"L b2MbBiBpBiv iQ ⌫µ ! ⌫eX X X X X X X X X X X X X X X X X X X X X X X X X X X X X ke

jX9 a"L b2MbBiBpBiv iQ ⌫µ ! ⌫xX X X X X X X X X X X X X X X X X X X X X X X X X X X X X ke

9XR S`BM+BTH2 Q7 QT2`�iBQM Q7 G�`hS*bX X X X X X X X X X X X X X X X X X X X X X X X X kN

9Xk L2mi`BMQ BMi2`�+iBQM BM i?2 �`;QL2mh /2i2+iQ`X X X X X X X X X X X X X X X X X X jy

9Xj 1t+Bi�iBQM �M/ HB;?i 2KBbbBQM BM HB[mB/ �`;QMX X X X X X X X X X X X X X X X X X X jy

9X9 _2H�iBp2 HB;?i BMi2MbBiv �M/ +QHH2+i2/ +?�`;2 �b � 7mM+iBQM Q7 i?2 2H2+i`B+ }2H/

BM i?2 hS*X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jR

9X8 EBM2iB+ 2M2`;v HQbb �b � 7mM+iBQM Q7 i?2 iQi�H `�M;2 7Q` /Bz2`2Mi BQMBbBM; T�`iB+H2bX jk

8XR >QmbBM; Q7 i?2 hS* BM i?2 +`vQbi�i �M/ hS* rBi? �S�b �M/ *S�bX X X X X X jj

8Xk S?QiQ Q7 i?2 a"L. #mBH/BM;X X X X X X X X X X X X X X X X X X X X X X X X X X X X j9

8Xj *Q`M2` Q7 QM2 �S�X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j8

8X9 _2M/2`BM; Q7 i?2 l- o �M/ u TH�M2b rBi? +`Qbb#�`b �M/ +QK#bX X X X X X X X X je

8X8 S?QiQ Q7 `2;BQM Q7 i?2 BMbB/2 Q7 i?2 }2H/ +�;2X X X X X X X X X X X X X X X X X X X je

8Xe a+?2K�iB+ Q7 i?2 G�`A�h #2�K HBM2 /2i2+iQ`bX X X X X X X X X X X X X X X X X X X j3

8Xd a+?2K�iB+ Q7 i?2 G�`A�h /2i2+iQ`bX X X X X X X X X X X X X X X X X X X X X X X X jN

8X3 S?QiQ Q7 i?2 G�`A�h +`vQbi�iX X X X X X X X X X X X X X X X X X X X X X X X X X X jN

8XN aBM;H2 T?QiQ2H2+i`QM `2bTQMb2 BM G�`A�hX X X X X X X X X X X X X X X X X X X X X 9R

eXR 6`2[m2M+v �b � 7mM+iBQM Q7 i?2 rB`2 H2M;i?X X X X X X X X X X X X X X X X X X X X 99

e



eXk .Bbi`B#miBQM Q7 rB`2 H2M;i?b BM i?2 a"L. /2i2+iQ` �7i2` �++QmMiBM; 7Q` +QK#b

QM +`Qbb#�`bX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 99

eXj .2/B+�i2/ H�b2` i2MbBQMBM; /2pB+2X X X X X X X X X X X X X X X X X X X X X X X X X X 98

eX9 "�bB+ +B`+mBi b+?2K2 7Q` � rB`2 i2MbBQM K2�bm`2K2Mi mbBM; �M 2H2+i`B+ +B`+mBiX 9e

eX8 1tT2+i2/ bB;M�H rBi? irQ `2bQM�Mi T2�Fb Q7 i?2 2H2+i`B+ rB`2 i2MbBQM K2�bm`2@

K2MiX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9d

eXe 1t�KTH2 Q7 i?2 bB;M�H Q7 irQ rB`2b �i /Bz2`2Mi i2MbBQMb rBi? i?2 }iX X X X X X 9N

dXR 4 m HQM; 7`�K2 rBi? bQH/2`2/ rB`2bX X X X X X X X X X X X X X X X X X X X X X X X X 8R

dXk JQp�#H2 +QK#b b2i@mTX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8R

dXj S?QiQ Q7 i?2 b?Q`i@7`�K2X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8k

dX9 h2bi 7`�K2 �i .�`2b#m`v G�#Q`�iQ`vX X X X X X X X X X X X X X X X X X X X X X X X 8j

dX8 q2B;?i mb2/ BM i?2 rB`2 i2MbBQMBM; T`Q+2/m`2X X X X X X X X X X X X X X X X X X X 8j

dXe .`�rBM; Q7 � l@hPS ;2QK2i`v #Q�`/ +B`+mBiX X X X X X X X X X X X X X X X X X X 89

dXd *QTT2`@#2`vHHBmK rB`2b �M/ `2�/Qmi +�#H2b bQH/2`2/ QM i?2 ?QH/BM;@bB;M�H

S*" #Q�`/X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 88

dX3 "Q�`/ +QMM2+iQ`X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8e

dXN � b+`22M@b?Qi Q7 i?2 G�#oA1q �+[mBbBiBQM b+`BTiX X X X X X X X X X X X X X X X X 8d

dXRy aB;M�H 7Q` rB`2b bQH/2`2/ �i irQ /Bz2`2Mi i2MbBQMb rBi? +QMbi�Mi #B�b Q7 1 kVX 8N

dXRR GBM2�` #�b2HBM2X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8N

dXRk AMbi`mK2Mi�iBQM �KTHB}2`X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ey

dXRj LQBb2 #27Q`2 �M/ �7i2` i?2 �//BiBQM Q7 i?2 BMbi`mK2Mi�iBQM �KTHB}2`X X X X X X ey

dXR9 aB;M�H 7Q` rB`2b bQH/2`2/ �i 300 g �M/ 500 g rBi? � +QMbi�Mi #B�b Q7 500 VX X X eR

dXR8 *�`iQQM 2tTH�BMBM; i?2 K2i?Q/ Q7 QT2`�iBQM Q7 i?2 V 2 p2`bBQM Q7 i?2 +B`+mBi X ek

dXRe 1H2+i`B+ b+?2K2 Q7 i?2 V 2 +B`+mBiX X X X X X X X X X X X X X X X X X X X X X X X X X ek

dXRd *QKT�`BbQM #2ir22M #2vQM/ �M/ #2HQr i?2 a"L. pQHi�;2 HBKBi 7Q` 1.5 m HQM;

b2;K2MibX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ej

dXR3 *QKT�`BbQM #2ir22M #2vQM/ �M/ #2HQr i?2 a"L. pQHi�;2 HBKBi 7Q` 1.0 m HQM;

b2;K2MibX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e9

dXRN *QKT�`BbQM #2ir22M #2vQM/ �M/ #2HQr i?2 a"L. pQHi�;2 HBKBi 7Q` 0.75 m

HQM; rB`2bX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e9

dXky _2bQHmiBQM Q7 i?2 K2i?Q/ 7Q` `2T2�i2/ K2�bm`2K2MibX X X X X X X X X X X X X X ee

dXkR G�b2` b2i@mT mb2/ iQ +�HB#`�i2 i?2 rB`2 i2MbBQMBM; K2�bm`2K2MiX X X X X X X X X ee

dXkk G�b2` HB;?i `2~2+i2/ QM bBM;H2 rB`2X X X X X X X X X X X X X X X X X X X X X X X X X ed

dXkj .�Z b+`BTi 7Q` H�b2` i2MbBQMBM; b2i@mTX X X X X X X X X X X X X X X X X X X X X X X ed

d



dXk9 *�HB#`�iBQM Q7 H�b2` K2�bm`2K2MibX X X X X X X X X X X X X X X X X X X X X X X X X e3

dXk8 "B�b Q7 H�b2` K2�bm`2K2Mib �b � 7mM+iBQM Q7 rB`2 H2M;i?X X X X X X X X X X X X X eN

dXke *�HB#`�iBQM Q7 2H2+i`B+ K2�bm`2K2Mib rBi? `2bT2+i iQ H�b2` K2�bm`2K2MiX X X X dy

dXkd h2MbBQM #B�b #2ir22M i?2 2H2+i`B+ �M/ i?2 +Q``2+i2/ H�b2` K2�bm`2K2MibX X X X dR

dXk3 *QH/ i2bi b2i@mTX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dk

dXkN h2KT2`�im`2 pbX iBK2 THQi 7Q` i2MbBQM K2�bm`2K2Mi BM +QH/X X X X X X X X X X X dj

dXjy 6`2[m2M+v pbX i2KT2`�im`2 K2�bm`2/ /m`BM; i?2 +QH/ i2biX X X X X X X X X X X X d9

dXjR h2MbBQM pbX i2KT2`�im`2 K2�bm`2/ /m`BM; i?2 +QH/ i2biX X X X X X X X X X X X X d9

dXjk a+?2K�iB+ Q7 i?2 b?Q`i@7`�K2 �M/ `272`2M+2 bvbi2KX X X X X X X X X X X X X X X X d8

dXjj a2i@mT 7Q` #QM/BM; i2+?MB[m2 i2bibX X X X X X X X X X X X X X X X X X X X X X X X X dd

dXj9 aB;M�H 7Q` irQ 72 cm HQM; rB`2b rBi? bHB;?iHv /Bz2`2Mi `2bQM�Mi 7`2[m2M+B2bX X d3

dXj8 GQbb BM i2MbBQM �7i2` irQ r22FbX X X X X X X X X X X X X X X X X X X X X X X X X X X d3

dXje 1t�KTH2 Q7 K2�bm`2K2Mib rBi? +QK#bX X X X X X X X X X X X X X X X X X X X X X X dN

dXjd S?QiQb Q7 b2i@mT 7Q` jk +?�MM2H `2�/QmiX X X X X X X X X X X X X X X X X X X X X X 3y

dXj3 *QMM2+iBQMb iQ i?2 a"L. #Q�`/ 7Q` 2H2+i`B+ rB`2 i2MbBQM K2�bm`2K2MiX X X X 3y

dXjN .�i� Q7 i?2 }`bi 3 +?�MM2Hb Q7 i?2 jk +?�MM2H �+[mBbBiBQM T2`7Q`K2/ �i .�`2b@

#m`v G�#Q`�iQ`v rBi? i?2 a"L. i2bi 7`�K2X X X X X X X X X X X X X X X X X X X X 3R

dX9y .�i� Q7 +?�MM2H 3 iQ Re Q7 i?2 jk +?�MM2H �+[mBbBiBQM T2`7Q`K2/ �i .�`2b#m`v

G�#Q`�iQ`v rBi? i?2 a"L. KQ+F@mT 7`�K2X X X X X X X X X X X X X X X X X X X X 3k

3XR �p2`�;2ƘMmK#2` Q7 /2i2+i2/ T?QiQMb T2` J2o �HQM; i?2 +2Mi`2 Q7 i?2 hS* �b

� 7mM+iBQM Q7 i?2 /Bbi�M+2 7`QK i?2 T?QiQ+�i?Q/2 TH�M2 BM i?2 +QM};m`�iBQM

rBi? qGa@+Qp2`2/ `2~2+iQ` 7QBHb +Qp2`BM; i?2 +�i?Q/2X X X X X X X X X X X X X X 38

3Xk _2bmHi Q7 i?2 2H2+i`QM /`B7i iBK2 rBi? ;Hm2/ `2~2+iQ` 7QBHbX X X X X X X X X X X X 3d

3Xj _2bmHi Q7 i?2 2H2+i`QM /`B7i iBK2 rBi?Qmi ;Hm2/ `2~2+iQ` 7QBHbX X X X X X X X X X 3d

3X9 a2i@mT rBi? bK�HH 7`�K2- K2b? �M/ 7QBHbX X X X X X X X X X X X X X X X X X X X X X 33

3X8 hrQ .6kyyyJ� 7QBHb ;Hm2/ #�+F@iQ@#�+F b?QrM �7i2` i?2`K�H +v+HBM; i2biX X X Ny

3Xe aBM;H2 7QBH BM GL2X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ny

3Xd 6QH/b QM 7QBHb �7i2` +QH/@i2biX X X X X X X X X X X X X X X X X X X X X X X X X X X X X NR

3X3 S?QiQ Q7 i?2 2p�TQ`�iQ` BMbi�HH2/ BM i?2 +H2�M `QQKX X X X X X X X X X X X X X X Nj

3XN S?QiQ Q7 QM2 +`m+B#H2 bvbi2K BMbi�HH2/ QM i?2 #QiiQK Q7 i?2 2p�TQ`�iQ`X X X X N9

3XRy 6QBH BMbi�HH2/ QM `Qi�iBM; /BbF ?mM; QM i?2 2p�TQ`�iQ` HB/ #27Q`2 �M/ �7i2` i?2

2p�TQ`�iBQMX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X N9

3XRR AMbB/2 #QiiQK pB2r Q7 i?2 2p�TQ`�iQ`X X X X X X X X X X X X X X X X X X X X X X X N8

3XRk .�i� 7`QK i?2 2p�TQ`�iBQM b2MbQ`X X X X X X X X X X X X X X X X X X X X X X X X X Nd

3



3XRj h2bi Q7 i?2 2p�TQ`�i2/ 7QBHX X X X X X X X X X X X X X X X X X X X X X X X X X X X X N3

3XR9 1p�TQ`�i2/ 7QBH �7i2` i?2 /mMF i2bi BM HB[mB/ MBi`Q;2MX X X X X X X X X X X X X X N3

3XR8 hS" /2MbBiv �b � 7mM+iBQM Q7 i?2 /Bbi�M+2 7`QK +2Mi`2 Q7 i?2 `Qi�iBM; /BbFX X X NN

3XRe .2TQbBiBQM i?B+FM2bb pbX /Bbi�M+2 7`QK i?2 +2Mi`2X X X X X X X X X X X X X X X X X Ryy

3XRd .2bB;M Q7 i?2 a"L.@HBF2 +�i?Q/2 BMbi�HH2/ BM i?2 G�`A�h /2i2+iQ`X X X X X X X Ryy

3XR3 h?2 G�`A�h hS* rBi? i?2 K2b? +�i?Q/2 BMbi�HH2/X X X X X X X X X X X X X X X X RyR

3XRN h?2 G�`A�h +�i?Q/2 rBi? 7QBHb BMbi�HH2/ #2ir22M H�v2`b Q7 K2b?X X X X X X X X RyR

NXR G�`A�h #2�K bi`m+im`2X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry9

NXk .�i� Q7 bBM;H2 T?QiQ2H2+i`QM `�i2b i�F2M #v G�`A�h BM CmHv kyReX X X X X X X X Ry8

NXj .2TQbBi2/ 2M2`;v /Bbi`B#miBQM BM x- y- z �//BM; i?2 +QMi`B#miBQM Q7 i?2 i2M

bTBHHb bBKmH�i2/X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rye

NX9 .Bbi`B#miBQM Q7 BQM �``Bp�H iBK2 �i i?2 +�i?Q/2X X X X X X X X X X X X X X X X X X Ryd

N



�#bi`�+i

GB[mB/ �`;QM hBK2 S`QD2+iBQM *?�K#2`b UG�`hS*bV �`2 #2+QKBM; rB/2Hv mb2/ �b M2mi`BMQ

/2i2+iQ`b #2+�mb2 Q7 i?2B` BK�;2@HBF2 2p2Mi `2+QMbi`m+iBQM r?B+? 2M�#H2b T`2+BbBQM M2mi`BMQ

K2�bm`2K2MibX h?2v T`BK�`BHv mb2 BQMBb�iBQM +?�`;2 iQ `2+QMbi`m+i M2mi`BMQ 2p2MibX Ai ?�b

#22M b?QrM- ?Qr2p2`- i?�i i?2 b+BMiBHH�iBQM HB;?i 2KBii2/ #v HB[mB/ �`;QM +QmH/ #2 2tTHQBi2/

iQ BKT`Qp2 i?2B` T2`7Q`K�M+2X �b i?2 M2mi`BMQ K2�bm`2K2Mib TH�MM2/ BM i?2 M2�` 7mim`2 `2@

[mB`2 H�`;2@b+�H2 2tT2`BK2Mib- i?2B` +QMbi`m+iBQM T`2b2Mib +?�HH2M;2b BM i2`Kb Q7 #Qi? +?�`;2

�M/ HB;?i +QHH2+iBQMX AM i?Bb /Bbb2`i�iBQM r2 T`2b2Mi bQHmiBQMb /2p2HQT2/ iQ BKT`Qp2 i?2 T2`@

7Q`K�M+2 BM #Qi? �bT2+ib Q7 i?2b2 /2i2+iQ`bX q2 T`2b2Mi � M2r rB`2 i2MbBQMBM; K2�bm`2K2Mi

K2i?Q/ i?�i �HHQrb � `2KQi2 K2�bm`2K2Mi Q7 i?2 i2MbBQM Q7 i?2 H�`;2 MmK#2` rB`2b i?�i +QM@

biBimi2 i?2 hS* �MQ/2X q2 �HbQ /Bb+mbb i?2 /2p2HQTK2Mi �M/ BMbi�HH�iBQM Q7 qGa@+QKTQmM/

+Qp2`2/ 7QBHb 7Q` i?2 a"L. M2mi`BMQ /2i2+iQ` �i 62`KBH�#- r?B+? Bb � i2+?MB[m2 T`QTQb2/ iQ

�m;K2Mi HB;?i +QHH2+iBQM BM G�`hS*bX h?Bb BM+Hm/2/ T`2T�`BM; � a"L.@HBF2 K2b? +�i?Q/2

�M/ i2biBM; Bi BM i?2 _mM AAA Q7 G�`A�h- � i2bi #2�K /2i2+iQ` �HbQ HQ+�i2/ �i 62`KBH�#X

6BM�HHv- r2 T`2b2Mi � bim/v �BK2/ �i mM/2`bi�M/BM; H�i2 b+BMiBHH�iBQM HB;?i 2KBii2/ #v `2@

+QK#BMBM; TQbBiBp2 �`;QM BQMb mbBM; G�`A�h /�i�- r?B+? +QmH/ �z2+i H�`;2 b+�H2 bm`7�+2

/2i2+iQ`bX

Ry



.2+H�`�iBQM

LQ TQ`iBQM Q7 i?2 rQ`F `272``2/ iQ BM i?2 /Bbb2`i�iBQM ?�b #22M

bm#KBii2/ BM bmTTQ`i Q7 �M �TTHB+�iBQM 7Q` �MQi?2` /2;`22 Q`

[m�HB}+�iBQM Q7 i?Bb Q` �Mv Qi?2` mMBp2`bBiv Q` Qi?2` BMbiBimi2

Q7 H2�`MBM;X

RR



*QTv`B;?i ai�i2K2Mi

BX h?2 �mi?Q` Q7 i?Bb /Bbb2`i�iBQM UBM+Hm/BM; �Mv �TT2M/B+2b �M/fQ` b+?2/mH2b iQ i?Bb /Bb@

b2`i�iBQMV QrMb +2`i�BM +QTv`B;?i Q` `2H�i2/ `B;?ib BM Bi Ui?2 ǳ*QTv`B;?iǴV �M/ bf?2 ?�b

;Bp2M h?2 lMBp2`bBiv Q7 J�M+?2bi2` +2`i�BM `B;?ib iQ mb2 bm+? *QTv`B;?i- BM+Hm/BM; 7Q`

�/KBMBbi`�iBp2 Tm`TQb2bX

BBX *QTB2b Q7 i?Bb /Bbb2`i�iBQM- 2Bi?2` BM 7mHH Q` BM 2ti`�+ib �M/ r?2i?2` BM ?�`/ Q` 2H2+i`QMB+

+QTv- K�v #2 K�/2 QMHv BM �++Q`/�M+2 rBi? i?2 *QTv`B;?i- .2bB;Mb �M/ S�i2Mib �+i RN33

U�b �K2M/2/V �M/ `2;mH�iBQMb Bbbm2/ mM/2` Bi Q`- r?2`2 �TT`QT`B�i2- BM �++Q`/�M+2 rBi?

HB+2MbBM; �;`22K2Mib r?B+? i?2 lMBp2`bBiv ?�b 7`QK iBK2 iQ iBK2X h?Bb T�;2 Kmbi 7Q`K

T�`i Q7 �Mv bm+? +QTB2b K�/2X

BBBX h?2 QrM2`b?BT Q7 +2`i�BM *QTv`B;?i- T�i2Mib- /2bB;Mb- i`�/2 K�`Fb �M/ Qi?2` BMi2HH2+im�H

T`QT2`iv Ui?2 ǳAMi2HH2+im�H S`QT2`ivǴV �M/ �Mv `2T`Q/m+iBQMb Q7 +QTv`B;?i rQ`Fb BM i?2

/Bbb2`i�iBQM- 7Q` 2t�KTH2 ;`�T?b �M/ i�#H2b Uǳ_2T`Q/m+iBQMbǴV- r?B+? K�v #2 /2b+`B#2/

BM i?Bb /Bbb2`i�iBQM- K�v MQi #2 QrM2/ #v i?2 �mi?Q` �M/ K�v #2 QrM2/ #v i?B`/ T�`iB2bX

am+? AMi2HH2+im�H S`QT2`iv �M/ _2T`Q/m+iBQMb +�MMQi �M/ Kmbi MQi #2 K�/2 �p�BH�#H2

7Q` mb2 rBi?Qmi i?2 T`BQ` r`Bii2M T2`KBbbBQM Q7 i?2 QrM2`UbV Q7 i?2 `2H2p�Mi AMi2HH2+im�H

S`QT2`iv �M/fQ` _2T`Q/m+iBQMbX

BpX 6m`i?2` BM7Q`K�iBQM QM i?2 +QM/BiBQMb mM/2` r?B+? /Bb+HQbm`2- Tm#HB+�iBQM �M/ +QKK2`@

+B�HBb�iBQM Q7 i?Bb /Bbb2`i�iBQM- i?2 *QTv`B;?i �M/ �Mv AMi2HH2+im�H S`QT2`iv �M/fQ` _2@

T`Q/m+iBQMb /2b+`B#2/ BM Bi K�v i�F2 TH�+2 Bb �p�BH�#H2 BM i?2 lMBp2`bBiv AS SQHB+v Ub22

?iiT,ff/Q+mK2MibXK�M+?2bi2`X�+XmFf.Q+mAM7QX�bTt\.Q+A.4k99kyV- BM �Mv `2H2p�Mi .Bb@

b2`i�iBQM `2bi`B+iBQM /2+H�`�iBQMb /2TQbBi2/ BM i?2 lMBp2`bBiv GB#`�`v- h?2 lMBp2`bBiv GB@

#`�`vǶb `2;mH�iBQMb Ub22 ?iiT,ffrrrXHB#`�`vXK�M+?2bi2`X�+XmFf�#Qmif`2;mH�iBQMbV �M/ BM

h?2 lMBp2`bBivǶb TQHB+v QM S`2b2Mi�iBQM Q7 .Bbb2`i�iBQMbX

Rk



�+FMQrH2/;2K2Mib

6B`bi Q7 �HH A rQmH/ HBF2 iQ 2tT`2bb Kv ;`�iBim/2 iQ Kv bmT2`pBbQ`- .`X �M/`x2D ax2H+- 7Q` i?2

bmTTQ`i 7`QK i?2 #2;BMMBM; iQ i?2 2M/ Q7 i?2 rQ`F T`2b2Mi2/ BM i?Bb /Bbb2`i�iBQM �M/ 7Q` i?2

T`2+BQmb �/pB+2 i?�i A `2+2Bp2/ 7`QK ?BK- r?B+? ;mB/2/ K2 BM i?2 T`Q+2bb Q7 #2+QKBM; H2bb Q7

� T?vbB+b bim/2Mi �M/ KQ`2 Q7 � T?vbB+BbiX A �HbQ r�Mi iQ b?Qr Kv �TT`2+B�iBQM iQ .`X .B2;Q

:�`+B�@:�K2x 7Q` i?2 2M/H2bb ?2HT �M/ bm;;2biBQMb QM 2p2`v �bT2+i Q7 Kv rQ`F i?`Qm;?Qmi

i?2 v2�`- BM+Hm/BM; i?Bb /Bbb2`i�iBQMX A 2ti2M/ Kv i?�MFb iQ �HH i?2 i2+?MB+�H bi�z BM i?2

a+?mbi2` #mBH/BM; �M/ 2bT2+B�HHv iQ JB+?�2H S2``v �M/ *H�B`2 6mxBT2; 7Q` �HH i?2B` �/pB+2 �M/

FMQrH2/;2 QM i2+?MB+�H 72�im`2b i?�i i?2v b?�`2/ rBi? K2X � T�`iB+mH�` `2+Q;MBiBQM Bb �HbQ

/m2 iQ S`Q7X ai27�M aƺH/M2`@_2K#QH/- .`X upQMM2 S2i2`b- .`X CmbiBM 1p�Mb �M/- �;�BM- .`X

�M/`x2D ax2H+ 7Q` i?2 p�Hm�#H2 /Bb+mbbBQMb �M/ �/pB+2 `2;�`/BM; i?2 7mim`2 Q7 Kv +�`22` BM

T?vbB+bX A �HbQ b�v i?�MF vQm iQ oBM+2Mi "�b[m2 �M/ "`ő�M ƥ 62�``�B;? 7Q` bm;;2biBQMb BM

i?2 r`BiBM; Q7 i?Bb /Bbb2`i�iBQMX

6BM�HHv- A �K ;`�i27mH iQ Kv KQi?2`- Kv 7�i?2` �M/ Kv bBbi2`X h?�MFb 7Q` i?2 iB`2H2bb

+QMbi�Mi bmTTQ`i i?`Qm;?Qmi i?Bb v2�` �M/ 7Q` K�FBM; i?Bb TQbbB#H2X

Rj



*?�Ti2` R

AMi`Q/m+iBQM

L2mi`BMQ T?vbB+b Bb QM2 Q7 i?2 [mB+F2bi /2p2HQTBM; �`2�b Q7 T�`iB+H2 T?vbB+b �M/ Bi Bb QM2 Q7

i?2 rBM/Qrb Q7 QTTQ`imMBiv iQ mM/2`bi�M/ �M/ K2�bm`2 M2r T?2MQK2M� #2vQM/ i?2 ai�M@

/�`/ JQ/2H Q7 S�`iB+H2 S?vbB+bX aBM+2 i?2 /Bb+Qp2`v Q7 M2mi`BMQ Qb+BHH�iBQMb- T`2/B+i2/ #v

"`mMQ SQMi2+Q`pQ BM RN8d- Bi ?�b #22M M2+2bb�`v iQ KQ/B7v i?2 ai�M/�`/ JQ/2H iQ �++QK@

KQ/�i2 i?2 MQM@x2`Q K�bb M2mi`BMQb �M/ i?2 pBQH�iBQM Q7 i?2 H2TiQM MmK#2` +QMb2`p�iBQMX

h?2 T�`�K2i2`b Q7 i?2b2 Qb+BHH�iBQMb ?�p2 MQr #22M K2�bm`2/ BM � MmK#2` Q7 2tT2`BK2MibX

*?�Ti2` k Q7 i?Bb /Bbb2`i�iBQM /Bb+mbb2b M2mi`BMQ T?vbB+b- M2mi`BMQ BMi2`�+iBQMb �M/ /2b+`B#2b

i?2 K2+?�MBbK Q7 M2mi`BMQ Qb+BHH�iBQMX Ai �HbQ bmKK�`Bb2b i?2 K�BM `2bmHib Q7 i?2 K2�bm`2@

K2Mib Q7 Qb+BHH�iBQM T�`�K2i2`b �M/ i?2 QT2M [m2biBQMb BM M2mi`BMQ T?vbB+bX 6Q+mbBM; QM i?2

/2b+`BTiBQM Q7 ǳ�MQK�HB2bǴ 7QmM/ BM Qb+BHH�iBQM 2tT2`BK2Mib- i?2 ?vTQi?2bBb Q7 i?2 2tBbi2M+2 Q7

� MQM@r2�FHv@BMi2`�+iBM; Uǳbi2`BH2ǴV M2mi`BMQ- i?�i +QmH/ �++QmMi 7Q` i?2 mM2tT2+i2/ `2bmHib-

Bb �HbQ T`2b2Mi2/X *?�Ti2` j /2b+`B#2b i?2 a?Q`i "�b2HBM2 L2mi`BMQ Ua"LV T`Q;`�K- � b2i

Q7 M2mi`BMQ 2tT2`BK2Mib bT2+B}+�HHv /2bB;M2/ iQ �//`2bb �M/ `2bQHp2 i?2 ?vTQi?2bBb Q7 i?2

ǳbi2`BH2Ǵ M2mi`BMQ- �M/ 7Q+mb2b QM i?2 K�BM T?vbB+b ;Q�Hb Q7 i?2 a?Q`i "�b2HBM2 L2�` .2i2+@

iQ` Ua"L.V- QM2 Q7 Bib /2i2+iQ`bX h?2 a"L T`Q;`�K Bb i?2 }`bi +QK#BM�iBQM Q7 2tT2`BK2Mib

2KTHQvBM; i?`22 /Bz2`2Mi GB[mB/ �`;QM hBK2 S`QD2+iBQM *?�K#2`b UG�`hS*bVX S`QTQb2/

#v *�`HQ _m##B� BM RNdd- i?2v �`2 � `2H�iBp2Hv M2r ivT2 Q7 /2i2+iQ` i?�i Bb #2+QKBM; 2ti2M@

bBp2Hv mb2/ BM M2mi`BMQ T?vbB+b i?�MFb iQ i?2B` 2t+2HH2Mi TQbBiBQM �M/ 2M2`;v `2bQHmiBQMX h?2

/2b+`BTiBQM Q7 G�`hS* /2i2+iQ`b Bb i?2 Q#D2+i Q7 *?�Ti2` 9X "2bB/2b p�HB/�iBM; i?2 bi2`BH2

M2mi`BMQ ?vTQi?2bBb- i?2 a"L T`Q;`�K Bb �HbQ � i2bi@#2/ 7Q` i?2 /2p2HQTK2Mi Q7 G�`hS*

/2i2+iQ`bX h?2 T`2b2Mi /Bbb2`i�iBQM Bb 7Q+mb2/ QM _&. 7Q` i?2 a"L. /2i2+iQ`- i?mb *?�T@

i2` 8 i2+?MB+�HHv /2b+`B#2b Bib K�BM 72�im`2bX aQK2 Q7 i?2 M2r 72�im`2b 7Q` a"L. ?�p2 #22M

i2bi2/ BM G�`A�h- � bK�HH hS* /2i2+iQ` mb2/ iQ i2bi i?2 #2?�pBQm` Q7 hS*b BM � i2bi #2�KX

h?2`27Q`2 i?Bb +?�Ti2` �HbQ QmiHBM2b i?2 K�BM +?�`�+i2`BbiB+b Q7 i?2 G�`A�h hS*X

R9



PM2 Q7 i?2 K�BM +QKTQM2Mi Q7 G�`hS*b �`2 H�v2`b Q7 i?Qmb�M/b Q7 rB`2b i?�i ?�p2 iQ #2

i2MbBQM2/ �i � T`2+Bb2 p�Hm2 /m`BM; /2i2+iQ` +QMbi`m+iBQMX *?�`;2/ T�`iB+H2b `2bmHiBM; 7`QK

i?2 BMi2`�+iBQMb Q7 M2mi`BMQb rBi? HB[mB/ �`;QM- BQMBb2 i?2 �`;QMX h?2 2H2+i`QMb `2bmHiBM; 7`QK

i?2 BQMBb�iBQM- /`B7i2/ rBi? � +QMbi�Mi 2ti2`M�H 2H2+i`B+ }2H/- BM/m+2 � bB;M�H QM i?2 rB`2bX

Ai Bb +`m+B�H 7Q` i?2 +Q``2+i 7mM+iBQMBM; Q7 i?2 /2i2+iQ` i?�i i?2 rB`2b K�BMi�BM i?2 MQKBM�H

i2MbBQMX *?�Ti2` e �M/ *?�Ti2` d �`2 /2/B+�i2/ iQ i?2 /2b+`BTiBQM Q7 � MQp2H i2+?MB[m2 i?�i

K2�bm`2b i?2 i2MbBQM Q7 rB`2b #v K2�Mb Q7 �M 2H2+i`B+ +B`+mBiX h?Bb i2+?MB[m2 T`QpB/2b �

[mB+F- T`2+Bb2 �M/ MQM@BMp�bBp2 K2i?Q/ iQ bBKmHi�M2QmbHv i2bi i?2 i2MbBQM Q7 � H�`;2 MmK#2`

Q7 rB`2b �M/ ?�b #22M /2p2HQT2/ bT2+B}+�HHv 7Q` i?2 M22/b Q7 i?2 a"L. 2tT2`BK2Mi �b � T�`i

Q7 i?2 rQ`F 7Q` i?Bb /Bbb2`i�iBQMX

AM HB[mB/ �`;QM- � 7`�+iBQM Q7 i?2 BQM@2H2+i`QM T�B`b +�M `2+QK#BM2 2KBiiBM; HB;?i i?�i

+�M #2 2tTHQBi2/ iQ BKT`Qp2 i?2 T2`7Q`K�M+2 Q7 G�`hS* /2i2+iQ`bX � bQHmiBQM T`QTQb2/ iQ

2M?�M+2 i?2 +QHH2+iBQM Q7 HB;?i BMbB/2 i?2 /2i2+iQ` Bb i?2 BMbi�HH�iBQM Q7 `2~2+iQ` 7QBHb +Q�i2/

rBi? � r�p2H2M;i?@b?B7iBM; +QKTQmM/X h?Bb ?�b #22M T`QTQb2/ 7Q` i?2 a"L. /2i2+iQ`X h?2

/2p2HQTK2Mi Q7 i?Bb T`QTQb�H- bT2+B}+�HHv i?2 +Q�iBM; T`Q+2/m`2- i?2 +?QB+2 Q7 i?2 bmBi�#H2

ivT2 Q7 7QBHb- i?2 BMbi�HH�iBQM /2i�BHb �M/ i?2 i2bi Q7 i?2 bvbi2K BM i?2 G�`A�h /2i2+iQ`- Bb

/Bb+mbb2/ BM *?�Ti2` 3X

aQK2 QT2`�iBM; G�`hS*b ?�p2 Q#b2`p2/ KQ`2 `�M/QK HB;?i bB;M�Hb i?�M 2tT2+i2/X h?Bb

2z2+i +QmH/ #2 �b+`B#2/ iQ TQbBiBp2 �`;QM BQMb `2bmHiBM; 7`QK BQMBb�iBQM i?�i `2+QK#BM2 rBi?

2H2+i`QMb r?BH2 /`B7iBM; BM i?2 2ti2`M�H 2H2+i`B+ }2H/X *?�Ti2` N b?Qrb � T`2HBKBM�`v bim/v

i?�i +QKT�`2b b+BMiBHH�iBQM HB;?i /�i� 7`QK i?2 G�`A�h /2i2+iQ` rBi? 2tT2+i�iBQMb 7`QK

JQMi2 *�`HQ bBKmH�iBQMb Q7 #2�K �M/ +QbKB+ `�v BMi2`�+iBQMb BM i?2 hS*X h?2 bim/v BM@

p2biB;�i2b r?2i?2` i?2 Q#b2`p2/ HB;?i +QmH/ #2 � +QMb2[m2M+2 Q7 i?2 /`B7iBM; TQbBiBp2 BQMb

`2+QK#BMBM; �i i?2 /2i2+iQ` +�i?Q/2X

6BM�HHv- *?�Ti2` Ry bmKK�`Bb2b i?2 K�BM `2bmHib /Bb+mbb2/ BM i?2 /Bbb2`i�iBQMX

Jv rQ`F BM i?Bb /Bbb2`i�iBQM +QMbBbi2/ Q7 #mBH/BM; i?2 /Bz2`2Mi rB`2 b2i@mTb- T2`7Q`KBM;

i?2 K2�bm`2K2Mib �M/ +�HB#`�iBQMb �M/ �M�HvbBM; i?2 /�i�X A /2p2HQT2/ i?2 }iiBM; T`Q+2/m`2

�M/ �M�HvbBb +Q/2 mb2/ 7Q` i?2 K2�bm`2K2MibX hQ /2p2HQT i?2 M2+2bb�`v ?�`/r�`2 �M/ �+[mB@

bBiBQM bQ7ir�`2- A rQ`F2/ rBi? i2+?MB+�H bi�z �M/ 2M;BM22`b �M/ /2#m;;2/ �Mv M2r p2`bBQMbX

�M BKTQ`i�Mi T�`i Q7 i?2 T`QD2+i r�b �bb2K#HBM; i?2 2p�TQ`�iQ` mb2/ iQ +Q�i i?2 `2~2+iQ`

7QBHb rBi? i?2 r�p2H2M;i?@b?B7i2` +QKTQmM/ �M/ }M�HBxBM; i?2 T`Q+2/m`2 Q7 2p�TQ`�iBQMX A

mb2/ i?2b2 T`Q+2/m`2b iQ 2p�TQ`�i2 i?2 7QBHb mb2/ BM � `mM Q7 i?2 G�`A�h /2i2+iQ`X A ?�p2

T2`7Q`K2/ Q`- BM i?2 +�b2 Q7 i?2 Jha i2bib- 7QHHQr2/ i?2 i2bib T2`7Q`K2/ iQ b2H2+i i?2 7QBH

bm#bi`�i2X A ?�p2 7QHHQr2/ i?2 /2bB;M �M/ +QMbi`m+iBQM Q7 i?2 G�`A�h +�i?Q/2X hQ T2`7Q`K
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i?2 T`2HBKBM�`v bim/v Q7 H�i2 b+BMiBHH�iBQM HB;?i BM G�`A�h- A mT/�i2/ � /2/B+�i2/ bBKmH�iBQM

KQ/mH2 +�HH2/ ǳG�`A�h6BH2:2MǴ iQ rQ`F rBi? i?2 :9#2�KHBM2 bBKmH�iBQM 7`�K2rQ`FX A r`Qi2

�M �M�HvbBb KQ/mH2 iQ `2+QMbi`m+i i?2 b?�T2 Q7 i?2 2M2`;v /Bbi`B#miBQM BM i?2 +?�K#2` 7`QK

i?2 #2�K HBM2 bBKmH�iBQM A `�M �M/ i?2 �p�BH�#H2 +QbKB+ `�v J* b�KTH2X 6BM�HHv- A bBKmH�i2/

i?2 2z2+ib Q7 BQM T`QT�;�iBQM QM b+BMiBHH�iBQM HB;?i rBi? � bK�HH /2/B+�i2/ bBKmH�iBQMX

Re



*?�Ti2` k

L2mi`BMQ S?vbB+b

kXR L2mi`BMQb

L2mi`BMQb �`2 �KQM; i?2 KQbi �#mM/�Mi T�`iB+H2b BM i?2 lMBp2`b2- v2i i?2v �`2 �KQM; i?2

H2�bi mM/2`biQQ/X h?2B` /2i2+iBQM Bb p2`v +?�HH2M;BM; #2+�mb2 i?2v �`2 r2�FHv BMi2`�+iBM;-

BX2X i?2 T`Q#�#BHBiv Q7 i?2 BMi2`�+iBQM iQ Q++m` Bb Km+? bK�HH2` +QKT�`2/ iQ i?�i Q7 bi`QM;

Q` 2H2+i`QK�;M2iB+ T`Q+2bb2bX h?Bb Bb � +QMb2[m2M+2 Q7 i?2 `2H�iBp2Hv ?B;? K�bb Q7 i?2 ai�M@

/�`/ JQ/2H W± U80 GeVV �M/ Z U91 GeVV #QbQMb- +�``B2`b Q7 i?2 r2�F BMi2`�+iBQM- i?�i

bmTT`2bb2b i?2 T`Q#�#BHBiv Q7 i?2B` 2t+?�M;2X qBi?BM i?2 ai�M/�`/ JQ/2H i?2`2 2tBbi i?`22

ivT2b U~�pQm`bV Q7 M2mi`BMQb- 2�+? Q7 i?2K Bb �bbQ+B�i2/ iQ i?2 +Q``2bTQM/BM; H2TiQM,
0

@e�

⌫e

1

A

0

@µ�

⌫µ

1

A

0

@⌧�

⌫⌧

1

A

q2 FMQr i?�i i?2`2 �`2 i?`22 r2�FHv BMi2`�+iBM; M2mi`BMQb #2+�mb2 Q7 i?2 K2�bm`2K2Mib Q7

i?2 /2+�v rB/i? Q7 i?2 Z #QbQM �i i?2 G1S +QHHB/2` (R) r?B+? K2�bm`2/ i?2 MmK#2` Q7 �+iBp2

M2mi`BMQb-

N⌫ = 2.9840± 0.0082,

+QMbBbi2Mi rBi? i?`22X

kXRXR L2mi`BMQ BMi2`�+iBQMb

L2mi`BMQ BMi2`�+iBQMb +�M QMHv #2 K2/B�i2/ #v i?2 W #QbQM U*?�`;2/ *m``2MiV Q` i?2 Z

#QbQM UL2mi`�H *m``2MiVX h�#H2 kXR b?Qrb 62vMK�M /B�;`�Kb 7Q` i?2 M2mi`BMQ BMi2`�+iBQM

p2`iB+2b �p�BH�#H2 BM i?2 ai�M/�`/ JQ/2HX

*?�`;2/ *m``2Mi U**V BMi2`�+iBQM +QMp2`ib � U�MiB@VM2mi`BMQ BMiQ i?2 +Q``2bTQM/BM;

+?�`;2/ U�MiB@VH2TiQM- r?BH2 BM L2mi`�H *m``2Mi UL*V BMi2`�+iBQMb � U�MiB@VM2mi`BMQ bBKTHv

Rd



h�#H2 kXR, 62vMK�M /B�;`�Kb Q7 M2mi`BMQ BMi2`�+iBQM p2`iB+2bX

L2mi`BMQb �MiB@M2mi`BMQb

**

W+

⌫l l�

W�

⌫̄l l+

L*

Z0

⌫l ⌫l

Z0

⌫̄l ⌫̄l

2t+?�M;2b � Z #QbQM rBi? � /Bz2`2Mi T�`iB+H2 �M/ `2K�BMb �M U�MiB@VM2mi`BMQX

kXk L2mi`BMQ Qb+BHH�iBQM

L2mi`BMQb �`2 +`2�i2/ �M/ /2i2+i2/ BM QM2 Q7 i?2 i?`22 ~�pQm` bi�i2b, ⌫e- ⌫µ- �M/ ⌫⌧ X Ai

?�b #22M 2tT2`BK2Mi�HHv 2bi�#HBb?2/ i?�i M2mi`BMQb +�M +?�M;2 i?2B` ~�pQm` r?2M i`�p2H@

HBM; i?`Qm;? p�+mmK Q` K�ii2`X h?Bb ?�b #22M �ii`B#mi2/ iQ M2mi`BMQ Qb+BHH�iBQM i?�MFb iQ

i?2 K2�bm`2K2Mib Q7 amT2`@E�KBQF�M/2 (k)- aLP (j) �M/ E�KG�L. (9) 2tT2`BK2MibX h?2

amT2`@E�KBQF�M/2 2tT2`BK2Mi- � r�i2` *?2`2MFQp /2i2+iQ`- b?Qr2/ /�i� +QMbBbi2Mi rBi?

�iKQbT?2`B+ ⌫µ Qb+BHH�iBQMb BMiQ ⌫⌧ �i 90% +QM}/2M+2 H2p2H (k)X h?2 am/#m`v L2mi`BMQ P#@

b2`p�iQ`v UaLPV- � ?2�pv r�i2` *?2`2MFQp /2i2+iQ`- T`QpB/2/ +QKT2HHBM; 2pB/2M+2 Q7 bQH�`

M2mi`BMQ Qb+BHH�iBQMb K2�bm`BM; � MQM@x2`Q MQM@2H2+i`QM +QKTQM2Mi BM M2mi`BMQb +QKBM; 7`QK

i?2 bmM (j)X 6BM�HHv- i?2 E�KG�L. 2tT2`BK2Mi /2i2+i2/ ⌫̄e 7`QK Mm+H2�` `2�+iQ`b i?`Qm;?

BMp2`b2 ��/2+�v- ⌫̄e + p ! e+ + n- �M/ r�b �#H2 iQ +QM}`K M2mi`BMQ Qb+BHH�iBQMb K2�bm`BM;

/Bb�TT2�`�M+2 Q7 ⌫̄e (9)X

AM i?2 Qb+BHH�iBQM KQ/2H- M2mi`BMQb ~�pQm` bi�i2b �`2 � HBM2�` +QK#BM�iBQM Q7 i?`22 2B;2M@

bi�i2b Q7 i?2 7`22 >�KBHiQMB�M U⌫1- ⌫2 �M/ ⌫3V rBi? +Q2{+B2Mib ;Bp2M #v i?2 SQMi2+Q`pQ@J�FB@

L�F�;�r�@a�F�i� USJLaV K�i`Bt (8),
0

BBB@

⌫e

⌫µ

⌫⌧

1

CCCA
= MSJLa

0

BBB@

⌫1

⌫2

⌫3

1

CCCA
=

0

BBB@

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

CCCA

0

BBB@

⌫1

⌫2

⌫3

1

CCCA
. UkXRV
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:Bp2M i?2 7�+i i?�i i?2 SJLa K�i`Bt Kmbi #2 mMBi�`v iQ T`2b2`p2 T`Q#�#BHBiv- QMHv � bBM;H2

T?�b2 � Bb �HHQr2/ r?B+? Bb `2H�i2/ iQ *S@pBQH�iBQM BM i?2 M2mi`BMQ b2+iQ`, 7Q` 2t�KTH2 i?2

T`Q#�#BHBiv Q7 ⌫µ ! ⌫e +QmH/ #2 /Bz2`2Mi 7`QK i?2 T`Q#�#BHBiv Q7 ⌫̄µ ! ⌫̄e- BM/B+�iBM; � pBQH�@

iBQM Q7 +?�`;2 +QMDm;�iBQM �M/ T�`Biv bvKK2i`B2bX h?2 SJLa K�i`Bt +�M #2 T�`�K2i`Bb2/

BM i?2 7QHHQrBM; r�v,

MSJLa ⌘

0

BBB@

c12c13 s12s13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

CCCA
, UkXkV

r?2`2 sij = sin ✓ij - cij = cos ✓ij �M/ ✓ij �`2 i?2 bQ@+�HH2/ KBtBM; �M;H2bX AM KQbi `2�H rQ`H/

bBim�iBQMb- i?2 T`Q#�#BHBiv Q7 Qb+BHH�iBQM +�M #2 bBKTHB}2/ iQ i?�i Q7 irQ ~�pQm`b- BM r?B+?

+�b2 Bi +�M #2 2tT`2bb2/ �b,

P (⌫↵ ! ⌫�) = sin
2
(2✓) sin2

 
1.27

�m2
ij [2o2

]L[FK]

E[:2o]

!
UkXjV

r?2`2

Ç ✓ Bb � KBtBM; �M;H2 /2}M2/ #v i?2 2[m�iBQM
0

@⌫↵

⌫�

1

A =

0

@ cos ✓ sin ✓

� sin ✓ cos ✓

1

A

0

@⌫1

⌫2

1

A ; UkX9V

Ç �m2
ij ⌘ m2

i � m2
j Bb i?2 /Bz2`2M+2 Q7 i?2 b[m�`2/ K�bb2b Q7 i?2 irQ M2mi`BMQ K�bb

bi�i2bc

Ç L Bb i?2 /Bbi�M+2 i`�p2HH2/c

Ç E Bb i?2 M2mi`BMQ 2M2`;vX

6`QK 1[m�iBQM kXj- Bi Bb TQbbB#H2 iQ b22 i?�i M2mi`BMQ Qb+BHH�iBQMb BKTHv i?�i M2mi`BMQb ?�p2

K�bbX h?2 T`Q#�#BHBiv Q7 Qb+BHH�iBQM rQmH/ #2 B/2MiB+�HHv x2`Q B7 �HH M2mi`BMQb ?�/ MmHH K�bb-

;Bp2M i?�i i?2 �m2 Bb `2H�i2/ rBi? i?2 7`2[m2M+v Q7 i?2 Qb+BHH�iBQMX 1[m�iBQM kXj �HbQ b?Qrb

i?�i M2mi`BMQ Qb+BHH�iBQM �`2 QMHv b2MbBiBp2 iQ /Bz2`2M+2b Q7 i?2 K�bb b[m�`2/ �M/ i?�i i?2

BKTQ`i�Mi T�`�K2i2` i?�i bi22`b i?2 Qb+BHH�iBQM b+�H2 Bb i?2 `�iBQ L/EX h?2 irQ@~�pQm`

�TT`QtBK�iBQM Bb 2tT2`BK2Mi�HHv p2`v mb27mH r?2M /2`BpBM; Qb+BHH�iBQM T�`�K2i2`b 7`QK /�i�-

bBM+2 Bi ;`2�iHv bBKTHB}2b i?2 K�i?2K�iB+�H 7Q`KmH�bX

J�Mv /Bz2`2Mi 2tT2`BK2Mib ?�p2 #22M 2bi�#HBb?2/ BM Q`/2` iQ K2�bm`2 i?2 T�`�K2i2`b Q7

M2mi`BMQ Qb+BHH�iBQM Ub22 7Q` 2t�KTH2 .�v� "�v (e)- JALPa (d) �M/ hkE (3)VX h?2 K2�bm`2/

p�Hm2b �`2 bmKK�`Bb2/ BM h�#H2 kXk i�F2M 7`QK (N)X

RN



h�#H2 kXk, Pb+BHH�iBQM T�`�K2i2`b Ui�F2M 7`QK (N)VX h?2 p�Hm2 Q7 i?2 #2bi }i �M/ i?2 `�M;2
rBi?BM j� �`2 b?QrMX h?2 p�Hm2b BM #`�+F2ib +Q``2bTQM/ iQ BMp2`i2/ ?B2`�`+?v Um3 I m1 I
m2VX �m2 Bb /2}M2/ �b �m2

= m2
3 � (m2

1 +m2
2)/2 bm+? i?�i �m2 > 0 U�m2 < 0V B7 m1 I

m2 I m3 Um3 I m1 I m2VX 6Q` i?2 � T�`�K2i2`- i?2 `�M;2 rBi?BM k� Bb ;Bp2MX h?2 bB;M Q7
�m2

21 Bb FMQrM 7`QK K�ii2` 2z2+i BM i?2 bmMX

S�`�K2i2` "2bi }i j�

�m2
21 (Ry�5 2o2) dXjd eXNj @ dXNd

�m2 (Ry�3 2o2) kX8 UkX9eV kXjd @ kXej UkXjj @ kXeyV
sin2 ✓12 yXkNd yXk8 @ yXj89
sin2 ✓13- �m2 > 0 yXykR9 yXyR38 @ yXyk9e
sin2 ✓13- �m2 < 0 yXykR3 yXyR3e @ yXyk93
sin2 ✓23- �m2 > 0 yX9jd yXjdN @ yXeRe
sin2 ✓23- �m2 < 0 yX8eN yXj3j @ yXejd
�CP f⇡ RXj8 URXjkV yXNk @ RXNN UyX3j @ RXNNV

PM2 i?BM; i?�i `2K�BMb mM`2bQHp2/ Bb i?2 Q`/2`BM; Q7 �#bQHmi2 M2mi`BMQ K�bb2bX q?BH2

r2 FMQr i?2 bB;M Q7 �m2
12 7`QK K�ii2` 2z2+ib Q7 2H2+i`QM M2mi`BMQ BMi2`�+iBQMb BM i?2 bmM-

i?2 bB;M Q7 �m2
32 Bb biBHH mMFMQrMX 6B;m`2 kXR (Ry) b?Qrb i?2 i?`22 K�bb M2mi`BMQ 2B;2Mbi�i2b

rBi? i?2 `2H�iBp2 ~�pQm` +QKTQbBiBQM BM i?2 +�b2 Q7 MQ`K�H Um1 < m2 < m3V �M/ BMp2`i2/

Um3 < m1 < m2V ?B2`�`+?v +QMbB/2`BM; �TT`QtBK�i2/ p�Hm2b Q7 i?2 Qb+BHH�iBQM T�`�K2i2`b

K2�bm`2/ 2tT2`BK2Mi�HHvX PM2 +�M �HbQ b22 r?v i?2 irQ@~�pQm` �TT`QtBK�iBQM Bb `2H�iBp2Hv

6B;m`2 kXR, 6H�pQm` +QKTQbBiBQM Q7 K�bb 2B;2Mbi�i2b 7Q` MQ`K�H �M/ BMp2`i2/ ?B2`�`+?v Ui�F2M
7`QK (Ry)VX AM i?Bb +�b2 �m2

bQH ⌘ �m2
12 �M/ �m2

�iK ⌘ �m2
23 7Q` i?2 MQ`K�H ?B2`�`+?v �M/

�m2
bQH ⌘ �m2

12 �M/ �m2
�iK ⌘ �m2

31 7Q` i?2 BMp2`i2/ ?B2`�`+?vX

T`2+Bb2X h?Bb Bb � `2bmHi Q7 i?2 K�bb bTHBiiBM;b �KQM; i?2 i?`22 K�bb 2B;2Mbi�i2b #2BM; p2`v

/Bz2`2Mi �M/ i?2 2H2+i`QM ~�pQm` ?�`/Hv +QMi`B#miBM; iQ i?2 i?B`/ K�bb bi�i2 �b b?QrM BM

6B;m`2 kXRX

EMQrBM; i?2 K�bb ?B2`�`+?v rBHH #2 Q7 BKTQ`i�M+2 BM /2i2`KBMBM; Qi?2` Qb+BHH�iBQM T�@

`�K2i2`b bm+? �b �- #2+�mb2 Q7 i?2 �K#B;mBiv BM /2+QmTHBM; K�ii2` 2z2+ib �M/ *S@pBQH�iBQMX

ky



6mim`2 2tT2`BK2Mib +�M 2tTHQBi K�ii2` 2z2+ib BM i?2 2�`i? QM 2H2+i`QM@M2mi`BMQ +QKTQM2Mi

Q7 #2�Kb iQ �//`2bb i?2 T`Q#H2K �M/ rBHH ?�p2 i?2 �#BHBiv iQ /2i2`KBM2 i?2 K�bb ?B2`�`+?v

�M/ *S@pBQH�iBQM T?�b2 rBi?Qmi �K#B;mBiv Ub22 7Q` 2t�KTH2 i?2 .lL1 (RR) �M/ >vT2`@E (Rk)

2tT2`BK2MibVX

kXj ai2`BH2 M2mi`BMQ

_2+2MiHv- 2tT2`BK2Mi�H ǳ�MQK�HB2bǴ BM b?Q`i #�b2HBM2 2tT2`BK2Mib ?�p2 #22M Q#b2`p2/X h?2b2

�MQK�HB2b +QmH/ #2 BMi2`T`2i2/ �b Qb+BHH�iBQM iQ � 7Qm`i? ǳbi2`BH2Ǵ M2mi`BMQX h?2`2 �`2 irQ

/Bz2`2Mi ;2M`2b Q7 �MQK�HB2b, QM2 Bb i?2 H�`;2`@i?�M@2tT2+i2/ /Bb�TT2�`�M+2 Q7 2H2+i`QM

�MiB@M2mi`BMQb 7`QK Mm+H2�` `2�+iQ`b (Rj) iQ;2i?2` rBi? i?2 ǳbQm`+2b �MQK�HvǴ Q#b2`p2/ #v

:�GG1s (R9) �M/ a�:1 (R8) �M/ i?2 b2+QM/ Bb i?2 2t+2bb Q7 2H2+i`QM M2mi`BMQb 7`QK KmQM

M2mi`BMQb 7`QK T�`iB+H2 �++2H2`�iQ` 2tT2`BK2Mib (Re- Rd- R3- RN) UǳGaL. �M/ JBMB"QQL1

�MQK�HB2bǴVX h?2 GaL. 2tT2`BK2Mi �BK2/ iQ b2�`+? 7Q` ⌫̄µ ! ⌫̄e Qb+BHH�iBQM �M/ 7QmM/ �M

mM2tT2+i2/ 2p2Mi 2t+2bb +QKT�iB#H2 rBi? �M Qb+BHH�iBQM iQ � ?2�pv M2mi`BMQ (Re)X h?2 JBMB@

"QQL1 2tT2`BK2Mi r�b /2bB;M2/ iQ �//`2bb i?2 GaL. 2t+2bb �M/ 7QmM/ Bib QrM �i � H2p2H

Q7 2.8� (RN)X 6B;m`2 kXk b?Qrb i?2 2t+2bb 2p2Mib 7QmM/ BM i?2 JBMB"QQL1 /�i�X

6B;m`2 kXk, 1H2+i`QM@M2mi`BMQ 2t+2bb Q#b2`p2/ #v i?2 JBMB"QQL1 2tT2`BK2Mi (RN) BM �MiB@
M2mi`BMQ UiQTV �M/ M2mi`BMQ U#QiiQKVX

h?2b2 `2bmHib +�M MQi #2 /2b+`B#2/ rBi? i?2 +m``2Mi TB+im`2 Q7 ai�M/�`/ JQ/2H M2mi`BMQb

#2+�mb2 i?2 K�bb bTHBiiBM; i?�i rQmH/ `2[mB`2- �m2
41 ⇡ [0.1� 10] eV

2- Bb Km+? H�`;2` i?�M

i?2 �H`2�/v K2�bm`2/ QM2bX � M2r M2mi`BMQ bi�i2 Bb M22/2/ iQ /QKBM�i2 i?2 Qb+BHH�iBQMb �i

bK�HH /Bbi�M+2bX h?Bb M2r T�`iB+H2 rQmH/ K�BMHv #2 +QKTQb2/ Q7 � ?2�pv M2mi`BMQ ⌫4 �M/-

kR



bBM+2 r2 ?�p2 MQi b22M Bi BM Z /2+�v- Bi +�M QMHv BMi2`�+i ;`�pBi�iBQM�HHv- ?2M+2 i?2 M�K2

ǳbi2`BH2ǴX AM+Hm/BM; i?2 bi2`BH2 M2mi`BMQ BM i?2 ai�M/�`/ JQ/2H rQmH/ H2�/ iQ Qb+BHH�iBQM

T`Q#�#BHBiB2b ;Bp2M #v

P 3+1
⌫↵!⌫� = �↵� � 4 |U↵4|

2
⇣
�↵� � |U↵4|

2
⌘
sin

2

✓
�m2

41L

4E⌫

◆
UkX8V

r?2`2 U Bb � M2r 4⇥ 4 K�i`Bt- +QMi�BMBM; i?2 SJLa K�i`BtX

h?2 2tBbi2M+2 Q7 � 7Qm`i? M2mi`BMQ bi�i2 b?QmH/ `2bmHi BM KmQM M2mi`BMQ /Bb�TT2�`�M+2X

1tT2`BK2Mib bm+? �b JALPa- A+2*m#2 �M/ Qi?2`b Ub22 7Q` 2t�KTH2 (ky)V ?�p2 MQi Q#b2`p2/

�Mv /2pB�iBQMb 7`QK T`2/B+iBQMb BM i?Bb +?�MM2H, i?Bb H2�/b iQ � +QKTHB+�i2/ �M/ p2`v BM@

i2`2biBM; 2tT2`BK2Mi�H bBim�iBQMX :HQ#�H }ib b?Qr BM+QKT�iB#BHBiB2b #2ir22M �TT2�`�M+2

�M/ /Bb�TT2�`�M+2 2tT2`BK2Mib �M/ �MiB@M2mi`BMQ �M/ M2mi`BMQ 2tT2`BK2MibX AM ;2M2`�H- Bi Bb

7QmM/ i?�i � UjYkV 2ti2MbBQM Q7 i?2 bi�M/�`/ KQ/2H +�M /2b+`B#2 b?Q`i #�b2HBM2 /�i� Ub22 (kR)

�M/ (kk)VX 6B;m`2 kXj b?Qrb i?2 �HHQr2/ U�m2
41- �m2

51V `2;BQMb 7Q` }ib iQ UjYkV KQ/2Hb (kR)X

JQ/2Hb i?�i i?2Q`Bb2 irQ �//BiBQM�H M2mi`BMQb `2bmHi BM H2bb i2MbBQM #2ir22M K2�bm`2K2Mib

i?�M UjYRV KQ/2Hb- #mi- �b i?2`2 Bb MQ bi`QM; i?2Q`2iB+�H KQiBp�iBQM iQ BMi`Q/m+2 � b2+QM/

bi2`BH2 bi�i2- i?2 UjYRV KQ/2H Bb Q7i2M mb2/ iQ +QKT�`2 #2ir22M 2tT2`BK2Mib �M/ r2 rBHH

7QHHQr i?Bb +QMp2MiBQMX

6B;m`2 kXj, �HHQr2/ U�m2
41- �m2

51V `2;BQMb 7Q` UjYkV Qb+BHH�iBQM KQ/2HbX G27i, *S +QMb2`pBM;
KQ/2H- `B;?i, *S pBQH�iBM; KQ/2HX .Bb�TT2�`�M+2 �M/ �TT2�`�M+2 b?Q`i@#�b2HBM2 /�i� Bb
BM+Hm/2/ iQ;2i?2` rBi? �iKQbT?2`B+ +QMbi`�BMib Ui�F2M 7`QK (kR)VX

L2r 2tT2`BK2Mib �`2 M22/2/ iQ }M�HHv `2bQHp2 i?2 �MQK�HB2b (kj)X h?2`2 Bb � H�`;2 2tT2`@

BK2Mi�H 2zQ`i mM/2`r�v iQ `2bQHp2 i?2 2tT2`BK2Mi�H bBim�iBQMc QM2 Q7 bm+? 2zQ`i rBi? QM2 Q7

i?2 H�`;2bi b2MbBiBpBiB2b rBHH #2 i?2 a?Q`i "�b2HBM2 L2mi`BMQ Ua"LV T`Q;`�K- /2b+`B#2/ BM i?2

M2ti +?�Ti2`X

kk



*?�Ti2` j

a?Q`i@"�b2HBM2 L2mi`BMQ S`Q;`�K

jXR AMi`Q/m+iBQM

h?2 a?Q`i@"�b2HBM2 L2mi`BMQ Ua"LV (k9) T`Q;`�K +QMbBbib Q7 i?`22 GB[mB/ �`;QM hBK2 S`Q@

D2+iBQM *?�K#2`b UG�`hS*b- b22 *?�Ti2` 9VX h?2 i?`22 hS*b rBHH #2 HQ+�i2/ QM@�tBb BM i?2

"QQbi2` L2mi`BMQ "2�K U"L"V (k9)X h?2 M2mi`BMQ #2�K Q`B;BM�i2b 7`QK T`QiQMb �i 8 GeV FB@

M2iB+ 2M2`;v ?BiiBM; � #2`vHHBmK U"2V i�`;2i (k9)X h?2 `2bmHiBM; b2+QM/�`v T�`iB+H2b UKQbiHv

+?�`;2/ TBQMbV �`2 7Q+mb2/ #v � 7Q+mbBM; ?Q`M i?�i �HbQ b2H2+ib i?2 +?�`;2X h?2 7Q+mb2/

K2bQMb T`QT�;�i2 BM i?2 #2�K HBM2 /2+�vBM; �M/ 2KBiiBM; M2mi`BMQbX h?2 `2bmHiBM; �p2`�;2

2M2`;v Q7 i?2 `2bmHiBM; M2mi`BMQ #2�K Bb 700 MeV (k8) H2�/BM; iQ � H2M;i?@Qp2`@2M2`;v b+�H2

Q7 i?2 Q`/2` Q7
hL⌫i

hE⌫i
⇠

600 m

700 MeV
⇠ O(1 km/GeV). UjXRV

h?2 /2i2+iQ` #�b2HBM2b �`2 /2bB;M2/ iQ K�tBKBb2 i?2 T`Q#�#BHBiv Q7 Q#b2`pBM; Qb+BHH�iBQMb

BMiQ bi2`BH2 M2mi`BMQb rBi? �m2
41 ⇡ [0.1� 10] eV

2, i?2 M2�` /2i2+iQ` Ua"L.V rBHH #2 HQ@

+�i2/ 110 m 7`QK i?2 #2�K i�`;2i- i?2 JB+`Q"QQL1 /2i2+iQ` Bb TQbBiBQM2/ �i 470 m �M/ i?2

A*�_la /2i2+iQ` Bb HQ+�i2/ �i 600 mX a22 6B;m`2 jXR 7Q` � b+?2K2 Q7 i?2 TH�+2K2Mib Q7 i?2

/2i2+iQ`b �HQM; i?2 #�b2HBM2X

h?2 T`Q#�#BHBiv Q7 Qb+BHH�iBQM �b � 7mM+iBQM Q7 i?2 /Bbi�M+2 i`�p2HH2/ #v i?2 M2mi`BMQ #2�K

Bb b?QrM BM 6B;m`2 jXk 7Q` 7Qm` /Bz2`2Mi p�Hm2b Q7 �m2 �i }t2/ 2M2`;v E⌫ = 700 MeVX

h?2 T`Q#�#BHBiv iQ Q#b2`p2 � bB;M�H Bb �Hr�vb p2`v bK�HH �i i?2 TQbBiBQM Q7 i?2 M2�` /2i2+iQ`

7Q` �m2
= 0.4 eV2 �M/ �m2

= 1.1 eV2X h?Bb K2�Mb i?�i i?2 M2�` /2i2+iQ` Bb � ;QQ/ T`Q#2

Q7 i?2 BMi`BMbB+ #2�K +QKTQbBiBQMX �i ?B;?2` �m2 p�Hm2b- i?2 Qb+BHH�iBQM r�p2H2M;i? Bb Km+?

b?Q`i2` i?�M i?2 #�b2HBM2 K2�MBM; i?�i Qb+BHH�iBQM bB;M�Hb rQmH/ #2 pBbB#H2 2p2M BM i?2 M2�`

/2i2+iQ`- H2�/BM; iQ � KQ`2 +QKTHB+�i2/ 2tT2`BK2Mi�H bBim�iBQMX

kj



6B;m`2 jXR, a+?2K2 Q7 i?2 /2i2+iQ` TQbBiBQMb BM i?2 b?Q`i #�b2HBM2 �i 62`KBH�# Ui�F2M
7`QK (k9)VX "2�K i`�p2Hb 7`QK `B;?i iQ H27i �HQM; i?2 `2/ /�b?2/ HBM2X
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Neutrino Energy:  700 MeV

U�V �m2 = 0.4 eV2X
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Neutrino Energy:  700 MeV

U#V �m2 = 1.1 eV2X
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Neutrino Energy:  700 MeV

U+V �m2 = 6 eV2X
Length of Neutrino Flight [m]
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Neutrino Energy:  700 MeV

U/V �m2 = 20 eV2X

6B;m`2 jXk, Pb+BHH�iBQM T`Q#�#BHBiv #2?�pBQm` rBi? /Bbi�M+2 i`�p2HH2/ 7Q` /Bz2`2Mi p�Hm2b Q7
�m2 �i }t2/ 2M2`;v E⌫ = 700 MeV �M/ sin

2
2✓ = 0.1 Ui�F2M 7`QK (k9)VX

k9



jXk a2MbBiBpBiv iQ bi2`BH2 M2mi`BMQb

h?2 K�BM Q#D2+iBp2 Q7 i?2 a"L T`Q;`�K Bb iQ T2`7Q`K p2`v b2MbBiBp2 K2�bm`2K2Mib Q7 i?2

JBMB"QQL1 2t+2bb iQ b2�`+? 7Q` ?B;?@�m2 M2mi`BMQ Qb+BHH�iBQMbX h?2 i?`22 G�`hS*b rBHH

�HHQr 7Q` � ?B;?Hv T`2+Bb2 K2�bm`2K2Mi Q7 ⌫µ ! ⌫e �TT2�`�M+2 �M/ ⌫µ ! ⌫x /Bb�TT2�`@

�M+2 (k9)X AM i?2 KBMBK�H 2ti2MbBQM Q7 i?2 aJ iQ BM+Hm/2 � 7Qm`i? bi2`BH2 M2mi`BMQ- i?2

`2H�iBp2 T`Q#�#BHBiB2b iQ i?2b2 T`Q+2bb2b �`2 ;Bp2M #v

P 3+1
⌫µ!⌫e = sin

2
2✓µe sin

2

✓
�m2L

4E⌫

◆
UjXkV

�M/

P 3+1
⌫µ!⌫µ = 1� sin

2
2✓µµ sin

2

✓
�m2L

4E⌫

◆
UjXjV

r?2`2 L Bb i?2 /Bbi�M+2 i`�p2HH2/ #v i?2 M2mi`BMQ �M/ E⌫ Bb Bib 2M2`;vX h?2 Qb+BHH�iBQM

�KTHBim/2b �`2 � +QK#BM�iBQM Q7 i?2 2H2K2Mib Q7 4⇥ 4 K�i`Bt U i?�i i�F2b BMiQ �++QmMi i?2

KBtBM; Q7 ⌫µ �M/fQ` ⌫e rBi? ⌫4, sin2 2✓µe ⌘ 4 |Uµ4Ue4|
2 �M/ sin

2
2✓µµ ⌘ 4 |Uµ4|

2
⇣
1� |Uµ4|

2
⌘

X

h?2 b2MbBiBpBiv Q7 i?2 a"L T`Q;`�K iQ ⌫µ ! ⌫e BM i?2 U�m2
14- sin

2
2✓µeV Bb b?QrM BM

6B;m`2 jXj (k9)X h?2 THQi T`2b2Mib i?2 +QK#BM�iBQM Q7 T�`�K2i2`b �HHQr2/ 7`QK i?2 GaL.

2tT2`BK2Mi rBi? 90% �M/ 99% *G �M/ i?2 2t+Hm/2/ `2;BQM #v i?2 a"L T`Q;`�K �i 90%- 3�

�M/ 5� *GX h?2 GaL. �HHQr2/ `2;BQM Bb �HKQbi +QKTH2i2Hv `mH2/ Qmi �i 5� *GX h?2 THQi BM

6B;m`2 jX9 (k9) b?Qrb i?2 a"L b2MbBiBpBiv T`2/B+iBQM 7Q` ⌫µ /Bb�TT2�`�M+2 �i 90%- 3� �M/

5� +QM}/2M+2 H2p2H- iQ;2i?2` rBi? i?2 90% *G Q7 i?2 +QK#BM2/ a+B"QQL1 �M/ JBMB"QQL1

�M�HvbBbX h?2 +QM+HmbBQM Bb i?�i a"L rBHH #2 �#H2 iQ 2ti2M/ i?2 b2MbBiBpBiv #v �M Q`/2` Q7

K�;MBim/2 #2vQM/ i?2 a+B"QQL1 �M/ JBMB"QQL1 HBKBib (k9)X _2+2Mi K2�bm`2K2Mib 7`QK

Qi?2` 2tT2`BK2Mib- bm+? �b JALPa (ke) �M/ A+2*m#2 (kd)- T`Q#2 � bBKBH�` T�`�K2i2` bT�+2X

h?2 M2�` /2i2+iQ`- a"L.- TH�vb �M BKTQ`i�Mi T�`i BM i?2 a"L T`Q;`�KK2 K2�bm`BM; i?2

BMi`BMbB+ ⌫e +QKTQM2Mi BM i?2 "QQbi2` L2mi`BMQ "2�K #27Q`2 �Mv Qb+BHH�iBQMc JB+`Q"QQL1

�M/ A*�_la rBHH HQQF 7Q` � ⌫e 2t+2bb mbBM; i?2 a"L. K2�bm`2K2Mi �b � `272`2M+2X aBKBH�`Hv-

a"L. rBHH /2i2`KBM2 i?2 mMQb+BHH�i2/ ⌫µ ~mt �M/ JB+`Q"QQL1 iQ;2i?2` rBi? A*�_la rBHH

b2�`+? 7Q` � /2}+Bi BM ⌫µ 2p2MibX >�pBM; 7�` �M/ M2�` /2i2+iQ`b i?�i mb2 i?2 b�K2 i2+?MQHQ;v

�HHQrb 7Q` `2/m+iBQM bvbi2K�iB+ mM+2`i�BMiB2b �M/ ?�b #22M bm++2bb7mHHv mb2/ BM Qb+BHH�iBQM

b2�`+?2bX

jXj a?Q`i "�b2HBM2 L2�` .2i2+iQ` Ua"L.V

h?2 a?Q`i "�b2HBM2 L2�` .2i2+iQ` Ua"L.V Bb � GB[mB/ �`;QM hBK2 S`QD2+iBQM *?�K#2`

UG�`hS*V /2bB;M2/ iQ #2 i?2 M2�` /2i2+iQ` BM i?2 a?Q`i "�b2HBM2 L2mi`BMQ Ua"LV T`Q;`�KX

k8



6B;m`2 jXj, a"L b2MbBiBpBiv iQ bi2`BH2 M2mi`BMQ Qb+BHH�iBQM i?`Qm;? i?2 ⌫µ ! ⌫e +?�MM2H (k9)X
GaL. T`272``2/ �`2� Bb �HbQ b?QrMX

6B;m`2 jX9, a"L b2MbBiBpBiv iQ bi2`BH2 M2mi`BMQ Qb+BHH�iBQM i?`Qm;? i?2 ⌫µ ! ⌫x +?�MM2H (k9)X
h?2 JBMB"QQL1 Y a+B"QQL1 2t+HmbBQM HBKBi Bb �HbQ b?QrMX

ke



Ai rBHH #2 HQ+�i2/ �i 110 m 7`QK i?2 "L" i�`;2i �M/- �b Bi Bb MQi b2MbBiBp2 iQ Qb+BHH�iBQMb 7Q`

� H�`;2 b2i Q7 �m2- Bi rBHH 2M�#H2 i?2 /2i2+iQ`b 7m`i?2` /QrM BM i?2 #�b2HBM2 iQ mM/2`bi�M/ B7

�M Q#b2`p2/ 2t+2bb Bb /m2 iQ Qb+BHH�iBQMb Q` #2�K 2t+2bbX

a"L.- #2BM; i?2 +HQb2bi /2i2+iQ` iQ i?2 #2�K bQm`+2- rBHH Q#b2`p2 i?2 H�`;2bi MmK#2`

Q7 2p2Mib, Bi rBHH `2+Q`/ RX8 KBHHBQM ⌫µ �M/ Rk-yyy ⌫e +?�`;2/ +m``2Mi 2p2Mib T2` v2�` (k9)X

h?Bb 2M�#H2b T`2+Bb2 K2�bm`2K2Mib Q7 M2mi`BMQ +`Qbb b2+iBQMb BM �`;QMX EMQrBM; i?2 +`Qbb

b2+iBQM Q7 M2mi`BMQb QM GB[mB/ �`;QM UG�`V Bb Q7 7mM/�K2Mi�H BKTQ`i�M+2 7Q` mM/2`bi�M/BM;

�M/ �M�HvbBM; Qb+BHH�iBQM /�i�X aQ 7�`- M2mi`BMQ +`Qbb b2+iBQMb �`2 � /QKBM�Mi bvbi2K�iB+ BM

Qb+BHH�iBQM 2tT2`BK2MibX h?2 a"L T`Q;`�K rBHH 2tTHQBi #Qi? i?2 QM@�tBb "QQbi2` L2mi`BMQ

"2�K �M/ i?2 Qz@�tBb L2mi`BMQb �i i?2 J�BM AMD2+iQ` ULmJAV #2�K@HBM2 BM i?2 72r ?mM/`2/

J2o iQ 72r :2o 2M2`;v `�M;2 iQ +QHH2+i ?m;2 /�i� b2ib Q7 ⌫@�` BMi2`�+iBQMb (k9)X h?Bb rBHH

#2 �HbQ mb27mH iQ i2bi H2TiQM mMBp2`b�HBiv bBM+2- B7 H2TiQM mMBp2`b�HBiv ?QH/b- i?2`2 b?QmH/ #2

MQ /Bz2`2M+2 #2ir22M ⌫e ** �M/ ⌫µ ** +`Qbb b2+iBQM (k9)X

h?2 MmK#2` Q7 M2mi`BMQb BM i?2 /2i2+iQ` �HHQrb T`2+BbBQM K2�bm`2K2Mib bm+? �b � K2�@

bm`2K2Mi Q7 sin
2 ✓W i?�i +�M #2 T2`7Q`K2/ 2tTHQBiBM; i?2 +?�MM2H ⌫µe ! ⌫µeX h?2 2p2Mi

bB;M�im`2 Bb �M Qmi;QBM; 2H2+i`QM BM i?2 M2mi`BMQ #2�K /B`2+iBQM Ucos ✓ > 0.99V rBi? �#b2M+2

Q7 `2+QBH Mm+H2QM (k9)X

6BM�HHv- i?2 a"L. /2i2+iQ` Bb �HbQ /2pBb2/ �b � TH�i7Q`K 7Q` i2biBM; M2r i2+?MQHQ;B2b 7Q`

M2mi`BMQ /2i2+iQ`b bm+? �b /Bb+mbb2/ H�i2` BM i?Bb /Bbb2`i�iBQMX

kd



*?�Ti2` 9

GB[mB/ �`;QM hBK2 S`QD2+iBQM
*?�K#2`b

9XR AMi`Q/m+iBQM

GB[mB/ �`;QM hBK2 S`QD2+iBQM *?�K#2`b UG�`hS*bV- T`QTQb2/ BM RNdd (k3)- �`2 �KQM; i?2

KQbi T`QKBbBM; /2i2+iQ`b 7Q` M2mi`BMQ T?vbB+bX G�`hS*b �HHQr 7Q` 2t+2HH2Mi T�`iB+H2 B/2MiB@

}+�iBQM- +�HQ`BK2i`B+ K2�bm`2K2Mib �M/ j. 2p2Mi `2+QMbi`m+iBQMX h?2v ?�p2 �TTHB+�iBQMb BM

#Qi? T�`iB+H2 �M/ �bi`QT�`iB+H2 T?vbB+bX h?2v ?�p2 #22M T`QTQb2/ 7Q`,

Ç bim/vBM; M2mi`BMQ Qb+BHH�iBQMb QM b?Q`i �M/ HQM; �++2H2`�iQ` #�b2HBM2bc

Ç /2i2+iBQM Q7 M2mi`BMQb +QKBM; 7`QK +Q`2@+QHH�Tb2 amT2`MQp� 2tTHQbBQMbc

Ç b2�`+?BM; 7Q` #�`vQM MmK#2` pBQH�iBM; T`Q+2bb2b- 2X;X T`QiQM /2+�vc

Ç bim/vBM; Q7 �iKQbT?2`B+ M2mi`BMQbX

9Xk S`BM+BTH2 Q7 QT2`�iBQM

9XkXR *?�`;2 bB;M�H +QHH2+iBQM �M/ `2+QMbi`m+iBQM

h?2 G�`hS* /2i2+ib bB;M�Hb mbBM; i?2 BQMBb�iBQM +?�`;2 7`QK +?�`;2/ T�`iB+H2 i`�+FbX 6B;@

m`2 9XR b?Qrb i?2 T`BM+BTH2 Q7 QT2`�iBQMX AQMBbBM; T�`iB+H2b BM i?2 �+iBp2 pQHmK2 `2bmHiBM;

7`QK M2mi`BMQ BMi2`�+iBQMb rBi? �`;QM Mm+H2B BMi2`�+i rBi? �`;QM +`2�iBM; 2H2+i`QM@BQM T�B`bX

� +QMbi�Mi mMB7Q`K 2H2+i`B+ }2H/ K�F2b i?2 2H2+i`QMb +`2�i2/ #v i?2 BQMBb�iBQM Q7 +?�`;2/

T�`iB+H2b /`B7i iQr�`/b i?2 �MQ/2 r?2`2 i?2v �`2 +QHH2+i2/X *�i?Q/2 �M/ �MQ/2 �`2 mbm�HHv

T�`�HH2H iQ i?2 /B`2+iBQM Q7 i?2 #2�K UwV bQ i?�i i?2 2H2+i`B+ }2H/ TQBMib BM i?2 i`�Mbp2`b2

k3



6B;m`2 9XR, S`BM+BTH2 Q7 QT2`�iBQM Q7 G�`hS*b �M/ /2}MBiBQM Q7 i?2 +QQ`/BM�i2 s- u �M/
w (kN)X

/B`2+iBQM UsVX h?2 u /B`2+iBQM Bb /2}M2/ iQ #2 T2`T2M/B+mH�` iQ #Qi? s �M/ wX h?2 �MQ/2

Bb K�/2 Q7 irQ Q` KQ`2 T�`�HH2H TH�M2b Q7 rB`2b- #B�b2/ �i /Bz2`2Mi TQi2MiB�HbX q?BH2 i?2

2H2+i`QMb �`2 /`B7iBM;- i?2v BM/m+2 �M 2H2+i`B+ bB;M�H QM i?2 rB`2b Q7 /Bz2`2Mi TH�M2b �M/ �`2

+QHH2+i2/ QM i?2 }M�H TH�M2X � k. `2+QMbi`m+iBQM UBM i?2 u@w TH�M2V Q7 i?2 2p2Mi Bb i?2M

TQbbB#H2 #v +QK#BMBM; i?2 +QQ`/BM�i2 Q7 i?2 rB`2b QM irQ /Bz2`2Mi TH�M2b- r?B+? �`2 �i �M

�M;H2 #2ir22M 2�+? Qi?2`X � 7mHH j. `2+QMbi`m+iBQM Bb �+?B2p2/ #v K2�bm`BM; i?2 /`B7i iBK2

Q7 i?2 +?�`;2b, FMQrBM; i?2 /`B7i p2HQ+Biv BM HB[mB/ �`;QM ;Bp2M i?2 2H2+i`B+ }2H/ �HHQrb iQ

`2+QMbi`m+i i?2 s +QQ`/BM�i2X G�`hS*b �HbQ ?�p2 2t+2HH2Mi +�HQ`BK2i`B+ T`QT2`iB2b- �HHQrBM;

7Q` T`2+Bb2 `2+QMbi`m+iBQM Q7 i?2 2M2`;B2b /2TQbBi2/ #v T�`iB+H2b #v K2�bm`BM; i?2 �KQmMi Q7

+QHH2+i2/ +?�`;2X

h?2 iBK2 T`QD2+iBQM +?�K#2` M22/b iQ #2 ?Qmb2/ BMbB/2 Q7 � +`vQbi�i BM Q`/2` iQ K�BMi�BM

i?2 i2KT2`�im`2 `2[mB`2/ iQ F22T �`;QM HB[mB/ U87 KVX Ai M22/b iQ #2 F2Ti bi�#H2 rBi?BM 1 K

iQ T`2p2Mi i?2 2H2+i`QM /`B7i p2HQ+Biv iQ +?�M;2 �M/ iQ �pQB/ 2t+2bbBp2 +QMp2+iBp2 KQiBQM BM

i?2 �+iBp2 pQHmK2 (jy)X

G�`hS* `2�/@Qmi bvbi2Kb QT2`�i2 �b KmHiB@+?�MM2H r�p27Q`K `2+Q`/2`b (jy) `2+Q`/BM; i?2

bB;M�H BM/m+2/ QM 2�+? rB`2X .�i� �+[mBbBiBQM Bb T2`7Q`K2/ #v K2�Mb Q7 �M �.* +QMp2`i2`X

6B;m`2 9Xk b?Qrb � ** ⌫µ 2p2Mi BM i?2 �`;QL2mh hS* (jR) �b b22M #v i?2 BM/m+iBQM �M/

+QHH2+iBQM rB`2 TH�M2b (jR)X h?2 ?Q`BxQMi�H �tBb `2T`2b2Mib i?2 rB`2 +QQ`/BM�i2 r?BH2 i?2

p2`iB+�H �tBb Bb i?2 /`B7i iBK2 BM iB+FbX h?2 +QHQm` Q7 i?2 i`�+Fb Bb T`QTQ`iBQM�H iQ i?2 2M2`;v

/2TQbBi2/ `2+QMbi`m+i2/ 7`QK i?2 �KTHBim/2 Q7 i?2 bB;M�H BM/m+2/ QM i?2 rB`2bX AM i?Bb

2t�KTH2- i?2 v2HHQr i`�+F Bb � JAS 2b+�TBM; T�`iB+H2 r?BH2 i?2 `2/ HBM2 Bb � KQ`2 ?B;?Hv

BQMBbBM; T�`iB+H2 U2X;X T`QiQMVX

kN



6B;m`2 9Xk, L2mi`BMQ BMi2`�+iBQM BM i?2 �`;QL2mh /2i2+iQ` (jR)X 1p2Mi Bb b?QrM �b b22M #v
i?2 BM/m+iBQM TH�M2 UiQTV �M/ +QHH2+iBQM TH�M2 U#QiiQKVX h?2 p2`iB+�H +QQ`/BM�i2 Bb i?2 /`B7i
iBK2 BM �.* iB+Fb r?BH2 i?2 ?Q`BxQMi�H �tBb Bb i?2 rB`2 +QQ`/BM�i2 QM i?2 `2bT2+iBp2 TH�M2X

9XkXk a+BMiBHH�iBQM HB;?i

�T�`i 7`QK BQMBb�iBQM +?�`;2- T�`iB+H2 BMi2`�+iBQMb �HbQ +�mb2 b+BMiBHH�iBQM HB;?i BM HB[mB/ �`@

;QMX 6B;m`2 9Xj b?Qrb i?2 irQ ivTB+�H +?�MM2Hb Q7 HB;?i 2KBbbBQM BM GB[mB/ �`;QMX GB;?i +�M

`2bmHi 7`QK #Qi? BQMBb�iBQM �M/ 2t+Bi�iBQMX AM i?2 H�ii2` +�b2- �M �`;QM Mm+H2mb Bb 2t+Bi2/-

7Q`Kb � KQH2+mH2 BM �M 2t+Bi2/ bi�i2 �M/ i?2M 2KBib HB;?i #`2�FBM; i?2 KQH2+mH�` #QM/X AM

i?2 7Q`K2` +�b2- i?2 �`;QM Mm+H2mb Bb BQMBb2/ �M/ #QM/b iQ 7Q`K �M BQMBb2/ KQH2+mH2X �M

2H2+i`QM +�M i?2M #2 +�Tim`2/ r?B+? `2bmHib BM �M 2t+Bi2/ KQH2+mH2 i?�i H�i2` /2@2t+Bi2b 2KBi@

iBM; HB;?iX h?2`2 �`2 irQ BMi`BMbB+ iBK2 b+�H2b Q7 HB;?i 2KBbbBQM, ns@b+�H2 Uǳ7�bi +QKTQM2MiǴV

�M/ µs@b+�H2 UǳbHQr +QKTQM2MiǴVX

6B;m`2 9Xj, 1t+Bi�iBQM �M/ HB;?i 2KBbbBQM BM HB[mB/ �`;QM (jk)X

jy



GB[mB/ �`;QM 2KBib 9yyyy T?QiQ@2H2+i`QMb T2` J2o �i x2`Q 2H2+i`B+ }2H/ (j8)X h?Bb +?�M;2b

�b � 7mM+iBQM Q7 i?2 2H2+i`B+ }2H/ /m2 iQ `2+QK#BM�iBQM, i?2 ?B;?2` i?2 2H2+i`B+ }2H/- i?2

H2bb HB;?i rBHH #2 2KBii2/ (k9)X h?Bb Bb #2+�mb2 i?2 2H2+i`B+ }2H/ K�F2b i?2 2H2+i`QMb �M/ i?2

BQMb /`B7i iQr�`/b �MQ/2 �M/ +�i?Q/2 `2bT2+iBp2Hv /2+`2�bBM; i?2 +?�M+2 7Q` i?2 `2+QK#B@

M�iBQMX � ?B;?2` }2H/ HQr2`b i?2 T`Q#�#BHBiv Q7 i?2 `2+QK#BM�iBQM Q7 i?2 2�@BQM T�B`bX �b

b?QrM BM 6B;m`2 9X9 (jj)- �i i?2 ivTB+�H }2H/ bi`2M;i? Q7 500 V/cm- i?2 2M2`;v /2TQbBiBQM

Q7 � +?�`;2/ T�`iB+H2 Bb /BpB/2/ �HKQbi 2[m�HHv #2ir22M BQMBb�iBQM 2H2+i`QMb �M/ b+BMiBHH�iBQM

HB;?i, 2.9⇥ 10
4
e
�
free /MeV �M/ 2.4⇥ 10

4 �/MeV (k9)X

6B;m`2 9X9, _2H�iBp2 HB;?i BMi2MbBiv UGV �M/ +QHH2+i2/ +?�`;2 UZV �b � 7mM+iBQM Q7 i?2 2H2+i`B+
}2H/ BM i?2 hS* (jj)X �i i?2 ivTB+�H 2H2+i`B+ }2H/ bi`2M;i?- 500 V/cm- i?2 2M2`;v /2TQbBi2/
Bb �HKQbi 2p2MHv /BpB/2/ BM BQMBb�iBQM 2H2+i`QMb �M/ b+BMiBHH�iBQM T?QiQMbX

� ivTB+�H HB;?i +QHH2+iBQM bvbi2K +QMbBbib Q7 �``�vb Q7 T?QiQ@KmHiBTHB2`b USJhbV TH�+2/

#2?BM/ i?2 �MQ/2 TH�M2b iQ b?B2H/ i?2K 7`QK i?2 2H2+i`B+ }2H/X GB[mB/ �`;QM 2KBib p�+mmK

mHi`� pBQH2i UoloV HB;?i U128 nmV i?�i Bb BMpBbB#H2 iQ i?2 SJhb /m2 iQ i?2 �#bQ`TiBQM BM

;H�bbX 6Q` i?Bb `2�bQM- SJhb �`2 Q7i2M +Q�i2/ rBi? � r�p2H2M;i?@b?B7i2` +QKTQmM/- 7Q`

2t�KTH2 i2i`�T?2MvH #mi�/B2M2 UhS"VX AM M2mi`BMQ 2tT2`BK2Mib HB[mB/ �`;QM HB;?i Bb ivTB+�HHv

2tTHQBi2/ �b i`B;;2` Q7 i?2 2p2Mi �M/ iQ /2i2`KBM2 i?2 2H2+i`QM /`B7i bi�`i iBK2- t0- �b i?2

T?QiQMb �`2 Km+? 7�bi2` i?2M i?2 /`B7iBM; +?�`;2 (jy)X a+BMiBHH�iBQM HB;?i T�ii2`Mb +�M #2

mb2/ iQ `2D2+i +QbKB+ #�+F;`QmM/- r?B+? Bb H�`;2 BM /2i2+iQ`b +QMbi`m+i2/ QM i?2 bm`7�+2 �b

i?2 a"L /2i2+iQ`b (j9)X

9Xj 1M2`;v `2+QMbi`m+iBQM �M/ T�`iB+H2 B/2MiB}+�iBQM

G�`hS*b ?�p2 2t+2HH2Mi +�HQ`BK2i`B+ +�T�#BHBiB2bX PM �p2`�;2- i?2 2M2`;v `2[mB`2/ iQ T`Q@

/m+2 �M 2H2+i`QM@BQM T�B` BM G�` Bb WBQM = 23.6 eV (jR)X *QmMiBM; i?2 2H2+i`QMb +QHH2+i2/

jR



#v i?2 �MQ/2- Bi Bb TQbbB#H2 iQ K2�bm`2 i?2 2M2`;v /2TQbBi2/ #v � +?�`;2/ T�`iB+H2X h?Bb

`2[mB`2b �++QmMiBM; 7Q` `2+QK#BM�iBQM 2z2+ib- r?B+? /2T2M/ QM i?2 2H2+i`B+ }2H/ �M/ BQMBb�@

iBQM /2MbBiv (je) �M/ +?�M;2 i?2 MmK#2` Q7 2H2+i`QMb 2b+�TBM; 7`QK i?2 BMi2`�+iBQM `2;BQMX

.m`BM; i?2 /`B7i- i?2b2 2H2+i`QMb +�M #2 �ii�+?2/ #v 2H2+i`QM2;�iBp2 BKTm`BiB2b UP2- >2PV

r?B+? +�M 7m`i?2` /2+`2�b2 i?2 +QHH2+i2/ +?�`;2X h?2 �KQmMi Q7 i?2b2 BKTm`BiB2b Bb K2�bm`2/

BM G�`hS*b mbBM; � [m�MiBiv +�HH2/ ǳ2H2+i`QM HB72iBK2Ǵ �M/ +�M #2 +Q``2+i2/ 7Q` iQ 2ti`�+i

i?2 Q`B;BM�H /2TQbBi2/ 2M2`;vX

q?2M +?�`;2/ T�`iB+H2b biQT BM i?2 �+iBp2 pQHmK2- 2M2`;v /2TQbBiBQM �M/ i`�+F H2M;i?

+�M #2 +QK#BM2/ iQ rQ`F Qmi i?2 biQTTBM; TQr2`X aiQTTBM; TQr2` Bb /Bz2`2Mi 7Q` +?�`;2/

T�`iB+H2b Q7 /Bz2`2Mi K�bb �M/ +?�`;2 �M/ Bb i?2`27Q`2 �M 2t+2HH2Mi K2i?Q/ 7Q` T�`iB+H2 B/2M@

iB}+�iBQM (jR- jd)X 6B;m`2 9X8 +QMp2vb i?2 /2TQbBi2/ FBM2iB+ 2M2`;v �b � 7mM+iBQM Q7 i?2 iQi�H

`�M;2 (jd)X

6B;m`2 9X8, EBM2iB+ 2M2`;v HQbb �b � 7mM+iBQM Q7 i?2 iQi�H `�M;2 7Q` /Bz2`2Mi BQMBbBM; T�`iB+H2b,
µ U;`22MV- ⇡ UpBQH2iV- k U+v�MV �M/ p U`2/V Ui�F2M 7`QK (jd)VX

jk



*?�Ti2` 8

h?2 a"L. �M/ G�`A�h .2i2+iQ`b

h?2 rQ`F T`2b2Mi2/ BM i?Bb /Bbb2`i�iBQM r�b T2`7Q`K2/ BM i?2 7`�K2rQ`F Q7 i?2 a"L. �M/

G�`A�h 2tT2`BK2MibX h?2 T`2b2Mi +?�Ti2` BHHmbi`�i2b i?2 K�BM +?�`�+i2`BbiB+b Q7 i?2b2 /2@

i2+iQ`bX

8XR h?2 a?Q`i "�b2HBM2 L2�` .2i2+iQ` Ua"L.V

a"L. rBHH +QMbBbi Q7 irQ iBK2 T`QD2+iBQM +?�K#2`b �M/ rBHH ?�p2 � }/m+B�H K�bb Q7 RRk i

BM �M �+iBp2 pQHmK2 Q7 5 m ⇥ 4 m ⇥ 4 mX h?2 /`B7i �`2�b rBHH #2 ?Qmb2/ BM � +`vQbi�i �M/

rBHH #2 +QKTQb2/ Q7 irQ +�i?Q/2 TH�M2 �bb2K#HB2b U*S�bV �M/ 7Qm` �MQ/2 TH�M2 �bb2K#HB2b

U�S�bVX JQ`2Qp2`- BM Q`/2` iQ ?�p2 � mMB7Q`K 2H2+i`B+ }2H/- � b?�TBM; }2H/ +�;2 rBHH #2

mb2/X 6B;m`2 8XR b?Qrb i?2 ?QmbBM; Q7 i?2 hS* BM i?2 +`vQbi�i �M/ � KQ/2H Q7 i?2 hS* �M/

h�#H2 8XR (k9) bmKK�`Bb2b i?2 F2v T�`�K2i2`b Q7 i?2 a"L. hS*X

CPAsAPAs

4m

4m

5m

a) b)

6B;m`2 8XR, >QmbBM; Q7 i?2 hS* BM i?2 +`vQbi�i UH27iV �M/ hS* rBi? �S�b �M/ *S�b
U`B;?iV (k9)X

h?2 +`vQbi�i Bb �M BM/mbi`B�H K2K#`�M2 +`vQbi�i i?�i Bb mbm�HHv mb2/ 7Q` HB[m2}2/ M�im`�H

jj



h�#H2 8XR, a"L. hS* F2v /2bB;M T�`�K2i2`b (k9)X

hS* S�`�K2i2` o�Hm2

hS* �+iBp2 pQHmK2 5 m UGV ⇥ 4 m U>V ⇥ 4 m UqV- RRk K2i`B+ iQM �+iBp2 G�` K�bb
LmK#2` Q7 hS* +2HHb k /`B7i pQHmK2b- 2 m /`B7i H2M;i? BM 2�+?
J�tBKmK /`B7i iBK2 1.28 ms
�MQ/2 SH�M2 �bb2K#Hv 2.5 m ⇥ 4 m �+iBp2 �`2�- rBi? +QH/ 2H2+i`QMB+b KQmMi2/ QM k bB/2b
qB`2 T`QT2`iB2b 150 µm- *m"2
qB`2 TH�M2b j TH�M2b QM 2�+? �S�- l � o �i ±60� iQ p2`iB+�H UuV
*�i?Q/2 #B�b �100 kV �i 500 V/cm /`B7i }2H/
LmK#2` Q7 qB`2b k3Re +?�MM2Hbf�S�- RRke9 rB`2b iQi�H BM hS*
qB`2 i2MbBQM 0.5 kg �i `QQK i2KT2`�im`2

;�b2b (k9)X h?2 +`vQbi�i Bb � `2+i�M;mH�` p2bb2H rBi? � M2+F �M/ irQ TH�M2b QM i?2 iQT r?B+?

+QMi�BM i?2 +QH/ T2M2i`�iBQMb (k9)X

h?2 +`vQbi�i �M/ i?2 hS* rBHH #2 �bb2K#H2/ BM � #mBH/BM; HQ+�i2/ 110 m 7`QK i?2 "QQbi2`

L2mi`BMQ "2�K i�`;2i Ub22 6B;m`2 8XkVX h?2 /2i2+iQ` rBHH #2 ?Qmb2/ BM i?2 HQr2` H2p2H r?BH2

i?2 ?B;?2` H2p2H rBHH #2 mb2/ 7Q` BMbi�HH�iBQM b2`pB+2b �M/ 7�+BHBiB2bX

6B;m`2 8Xk, S?QiQ Q7 i?2 a"L. #mBH/BM; Ui�F2M 7`QK (j3)V �i 62`KBH�#X

*�i?Q/2 TH�M2 �bb2K#Hv

h?2 /BK2MbBQMb Q7 2�+? +�i?Q/2 TH�M2 �bb2K#Hv �`2 2.5 m ⇥ 4 m (k9)X h?2 *S� Bb K�/2

Q7 � bi�BMH2bb@bi22H 7`�K2rQ`F r?BH2 i?2 QT2MBM;b Q7 i?2 7`�K2 +QmH/ #2 2Bi?2` +Qp2`2/ #v

bi�BMH2bb@bi22H b?22ib Q` #v � i`�MbT�`2Mi K2b? TH�M2 (jN)X h?2 }M�H +?QB+2 rBHH /2T2M/ QM

i?2 `2[mB`2K2Mib Q7 i?2 HB;?i +QHH2+iBQM bvbi2K Ub22 a2+iBQM 8XRXRVX

AM Q`/2` iQ T`QpB/2 � }2H/ Q7 500 V/cm rBi? � /`B7i H2M;i? Q7 2 m- i?2 +�i?Q/2 TH�M2b

M22/ iQ #2 #B�b2/ �i �100 kVX

j9



hQ BMi2;`�i2 i?2 *S�b rBi? i?2 }2H/ +�;2- :RyR +QMM2+iQ`b rBHH #2 mb2/ QM i?2 Qmi2`

2/;2bX

�MQ/2 TH�M2 �bb2K#Hv

h?2 �MQ/2 TH�M2 �bb2K#HB2b rBHH ?�p2 i?2 b�K2 bBx2 Q7 i?2 *S�b (jN) �M/ rBHH #2 +QMbi`m+i2/

QM � bi�BMH2bb@bi22H 7`�K2X 1�+? Q7 i?2K rBHH #2 +QKTQb2/ Q7 i?`22 TH�M2b Uu- l �M/ oV

Q`B2Mi2/ �i /Bz2`2Mi �M;H2bX 1�+? TH�M2 Bb K�/2 Q7 *QTT2`@"2`vHHBmK U*m"2V rB`2b Q7 150 µm

/B�K2i2`- T`2T�`2/ �i � MQKBM�H i2MbBQM Q7 0.5 kg �i `QQK i2KT2`�im`2X qB`2b �`2 2tT2+i2/

iQ ;2i �M �//BiBQM�H 0.7 kg Q7 i2MbBQM r?2M +QQH2/ /QrM iQ HB[mB/ �`;QM i2KT2`�im`2bX h?2

TBi+? #2ir22M #Qi? rB`2b �M/ TH�M2b Bb 3 mmX AM i?2 +�b2 Q7 i?2 +QHH2+iBQM TH�M2 UuV- i?2

rB`2b �`2 p2`iB+�H- r?BH2 i?2 irQ BM/m+iBQM TH�M2b- l �M/ o- ?�p2 rB`2b �i �M �M;H2 Q7 ±60
�

7`QK p2`iB+�H Ub22 6B;m`2 8XjVX .Bz2`2Mi TH�M2b �`2 #B�b2/ �i /Bz2`2Mi TQi2MiB�Hb BM Q`/2` iQ

;m�`�Mi22 iQi�H i`�MbT�`2M+v iQ i?2 2H2+i`QMb /`B7iBM; iQr�`/b i?2 Qmi2` TH�M2 U+QHH2+iBQM-

uVX h?2 #B�b2b 7Q` i?2 TH�M2b Ul-o- uV �`2 U�200 V- 0 V- 500 VV `2bT2+iBp2HvX

6B;m`2 8Xj, *Q`M2` Q7 QM2 �S� b?QrBM; /Bz2`2Mi H�v2`b Q7 rB`2b �M/ i?2B` Q`B2Mi�iBQM (k9)X

hQ HBKBi i?2 7`22 H2M;i? Q7 i?2 rB`2b �M/ K�BMi�BM i?2 rB`2 TH�M2 bT�+BM;- ǳ+QK#bǴ- TH�biB+

�bb2K#HB2b rBi? bHQib 7Q` i?2 rB`2b- rBHH #2 Tmi QM i?2 +`Qbb#�`b Q7 2�+? �S� (9y)X 6B;m`2 8X9

b?Qrb +QK#b 7Q` 2�+? Q7 i?2 �S� TH�M2X

qB`2b rBHH #2 bQH/2`2/ iQ T�/b QM ;2QK2i`v #Q�`/b �M/ rBHH #2 �HbQ K2+?�MB+�HHv }t2/

#v � #2�/ Q7 kkRe :`2v 1TQtv (9y)X oQHi�;2 +�T�+BiQ`b �M/ `2bBbiQ`b �`2 `2[mB`2/ 7Q` 2�+?

`2�/Qmi +?�MM2H rBi? � #B�b pQHi�;2 Ul �M/ u TH�M2V (k9)X 6Q` � KQ`2 /2i�BH2/ /Bb+mbbBQM QM

rB`2 i2MbBQM �M/ �S� #Q�`/ `2bBbiQ`b b22 *?�Ti2` eX

RAbQH�iBM; K�i2`B�HX

j8



6B;m`2 8X9, _2M/2`BM; Q7 i?2 l- o �M/ u TH�M2b rBi? +`Qbb#�`b �M/ +QK#b (9y)X

6B2H/ +�;2

h?2 Tm`TQb2 Q7 i?2 }2H/ +�;2 Bb iQ 2Mbm`2 i?2 500 V/cm 2H2+i`B+ }2H/ Bb mMB7Q`K i?`Qm;?Qmi

i?2 2MiB`2 hS* pQHmK2 #v ;`�/m�HHv bi2TTBM; i?2 pQHi�;2 7`QK i?2 *S� #B�b iQ i?2 ;`QmM/

#v K2�Mb Q7 � pQHi�;2 /BpB/2`X h?2 +�;2 rBHH #2 K�/2 Q7 *m +H�/ 6_9 S*"b (k9)X 6B;m`2 8X8

b?Qrb � TB+im`2 Q7 � `2;BQM Q7 i?2 }2H/ +�;2 b22M 7`QK i?2 BMbB/2X

6B;m`2 8X8, S?QiQ Q7 `2;BQM Q7 i?2 BMbB/2 Q7 i?2 }2H/ +�;2 Ui�F2M 7`QK (k9)VX

je



8XRXR GB;?i +QHH2+iBQM bvbi2K

a"L. Bb /2bB;M2/ iQ ?�p2 � ?B;? HB;?i vB2H/ HB;?i +QHH2+iBQM bvbi2KX GB;?i /2i2+iBQM BM

a"L. rBHH #2 T2`7Q`K2/ #v K2�Mb Q7 R99 hS"@+Q�i2/ SJhb (k9)X AM �//BiBQM- �b � T�`i Q7

Bib KBbbBQM iQ /2p2HQT HB[mB/ �`;QM HB;?i +QHH2+iBQM bvbi2K i2+?MQHQ;v- a"L. rBHH i2bi Qi?2`

K2i?Q/b HBF2 HB;?i ;mB/2 #�`b �M/ `2~2+iBp2 7QBHb (k9)X

GB;?i ;mB/2 #�`b �`2 i?BM 100 cm⇥ 2.54 cm⇥ 0.64 cm #�`b mb2/ iQ +QHH2+i i?2 olo HB;?iX

S?QiQMb 2Mi2`BM; BM i?2 HB;?i ;mB/2 rQmH/ #2 BMi2`M�HHv `2~2+i2/ iQr�`/b i?2 2M/ Q7 i?2

#�`- r�p2H2M;i?@b?B7i2/ �M/ /2i2+i2/ #v j aBSJb (k9)X Ai Bb 2tT2+i2/ i?�i ;mB/2 #�`b b?QmH/

T`QpB/2 �M �//BiBQM�H 20@30% Q7 HB;?i (j8)X

� HB;?i +QHH2+iBQM QTiBQM mM/2` `2pB2r Bb i?2 BMbi�HH�iBQM Q7 `2~2+iQ` 7QBHb +Q�i2/ rBi? �

r�p2H2M;i? b?B7i2` +QKTQmM/ QM i?2 bm`7�+2 Q7 i?2 *S�bX h?2v rBHH M�im`�HHv 2M?�M+2 i?2

HB;?i vB2H/ Q7 i?2 /2i2+iQ`X h?2 7QBHb �`2 ivTB+�HHv K�/2 Q7 ?B;?Hv `2~2+iBp2 �M/ /B@2H2+i`B+

K�i2`B�H �M/ rQmH/ ?�p2 iQ #2 BMbi�HH2/ BM � K2b? +�i?Q/2X hrQ H�v2`b Q7 K2i�HHB+ K2b? rQmH/

F22T i?2 7QBHb BM TQbBiBQM �M/ �HHQr 2MQm;? i`�MbT�`2M+v 7Q` HB;?i iQ #2 r�p2H2M;i?@b?B7i2/ �M/

`2~2+i2/X h?2 2M?�M+2/ HB;?i +QHH2+iBQM 2{+B2M+v �M/ mMB7Q`KBiv rBHH ?2HT i?2 K2�bm`2K2Mi

Q7 HQr 2M2`;v BMi2`�+iBQMb HBF2 Mm+H2�` 2z2+ib Q` bmT2`MQp� bB;M�Hb (j8)X .2p2HQTBM; i?2

`2~2+iQ` 7QBH +QKTQM2Mi Q7 i?2 HB;?i +QHH2+iBQM bvbi2K Bb T�`i Q7 i?2 rQ`F 2t?B#Bi2/ BM i?Bb

/Bbb2`i�iBQM U/2b+`B#2/ BM *?�Ti2` 3VX

8Xk GB[mB/ �`;QM BM � h2bi "2�K UG�`A�hV

GB[mB/ �`;QM BM � h2bi "2�K UG�`A�hV Bb � GB[mB/ �`;QM hBK2 S`QD2+iBQM *?�K#2` r?Qb2

K�BM Tm`TQb2 Bb i?2 +�HB#`�iBQM Q7 i?2 `2bTQMb2 Q7 G�`hS* /2i2+iQ`b mbBM; � +?�`;2/ T�`iB+H2

i2bi #2�K (jd)X h?2 i2bib �`2 +QM/m+i2/ BM i?2 62`KBH�# h2bi "2�K 6�+BHBiv (9R) r?B+? T`Q@

pB/2b HQr KQK2Mi� T�`iB+H2b BM i?2 `�M;2 0.2� 20.GeVX h?Bb `�M;2 +Q``2bTQM/b iQ +?�`;2/

T�`iB+H2 `2bmHiBM; 7`QK � M2mi`BMQ BMi2`�+iBQM BM HB[mB/ �`;QM (jd) �i �++2H2`�iQ` M2mi`BMQ

2M2`;B2bX h?2 `2bTQMb2 Q7 i?2 /2i2+iQ` Bb mM/2` bim/v �M/ rBHH #2M+?K�`F i?2 #2?�pBQm` Q7

G�`hS*b 7Q` 7mim`2 2tT2`BK2Mib bm+? �b i?2 a"L T`Q;`�KK2 �M/ .lL1 (9k)X J�BM T?vbB+b

;Q�Hb �`2 i?2 bim/v Q7 i?2 2H2+i`QM@;�KK� b2T�`�iBQM UBKTQ`i�Mi r?2M HQQFBM; 7Q` ⌫e 2p2MibV-

i?2 KmQM bB;M /2i2`KBM�iBQM U+`m+B�H iQ i2HH �T�`i ⌫µ �M/ ⌫̄µ BMi2`�+iBQMbV �M/ +�HQ`BK2i@

`B+fT�`iB+H2 B/2MiB}+�iBQM +�HB#`�iBQM (kN- jd)X G�`A�h Bb �HbQ i?2 B/2�H b2i@mT iQ K2�bm`2 i?2

+`Qbb b2+iBQM Q7 +?�`;2/ T�`iB+H2b U⇡- KV BM HB[mB/ �`;QM �M/ iQ i2bi M2r i2+?MQHQ;B2bX

jd



8XkXR "2�K HBM2

� TBQM #2�K Bb +`2�i2/ bi�`iBM; 7`QK � T`BK�`v #2�K Q7 T`QiQMb rBi? KQK2MimK 120 GeV/c

i?�i ?Bi � /2bB;M�i2/ i�`;2i /m`BM; � bTBHH H�biBM; 7Qm` b2+QM/bX h?2 `�M;2 Q7 i?2 TBQM 2M2`;v

Bb 8� 32 GeV (jd)X h?2b2 TBQMb �`2 i?2M /B`2+i2/ iQr�`/b � i2`iB�`v i�`;2i HQ+�i2/ BM i?2

J*2Mi2` #mBH/BM;X h?Bb `2bmHib BM � i2`iB�`v #2�K i?�i +�M �HbQ T`QpB/2 TQbBiBp2 �M/ M2;�iBp2

2H2+i`QMb- KmQMb �M/ F�QMb �i HQr2` KQK2Mi� /QrM iQ 0.2 MeV/c (jd)X h?2 i2`iB�`v HBM2 Bb

+QKTQb2/ Q7 � i�`;2i- � +QHHBK�iQ` bvbi2K �M/ #2M/BM; K�;M2ib (jd)X

h?2 i2`iB�`v #2�K HBM2 Bb BMbi`mK2Mi2/ rBi? /2i2+iQ`b �HB;M2/ mTbi`2�K �M/ /QrMbi`2�K

Q7 i?2 hS*X h?2b2 T`QpB/2 BM7Q`K�iBQM �#Qmi T�`iB+H2 KQK2Mi�- T�`iB+H2 B/2MiB}+�iBQM �M/

i?2 T`2b2M+2 Q7 #2�K ?�HQ (jd)X a22 6B;m`2 8Xe 7Q` � b+?2K2 Q7 i?2 #2�K /2i2+iQ`bX h?2 #2M/@

BM; K�;M2ib �M/ i?2 rB`2 +?�K#2`b �`2 2tTHQBi2/ iQ K2�bm`2 T�`iB+H2 KQK2Mi� r?BH2 i?2 iBK2

Q7 ~B;?i b+BMiBHH�iQ`b �HHQr iQ i2HH �T�`i i?2 bHQr2` T`QiQMb �M/ F�QMb (9j)X JmQMb �M/ TBQMb

+�M #2 /Bz2`2MiB�i2/ #v K2�Mb Q7 i?2 *?2`2MFQp /2i2+iQ` �M/ i?2 TmM+?@i?`Qm;? (9j)X h?Bb

6B;m`2 8Xe, a+?2K�iB+ Q7 i?2 G�`A�h #2�K HBM2 /2i2+iQ`bX TR@j �`2 hBK2 Q7 6HB;?i UhP6V
TH�biB+ b+BMiBHH�iQ`c MR@9 �`2 KmHiB@rB`2 T`QTQ`iBQM�H +?�K#2`bc C Bb � *?2`2MFQp +QmMi2`c
V R@k �`2 b+BMiBHH�iQ` p2iQ bvbi2Kb 7`QK #2�K ?�HQ �M/- BM T�`iB+mH�`- V 2 Bb i?2 TmM+?@i?`Qm;?
bvbi2K iQ /2i2+i i?`Qm;? ;QBM; T�`iB+H2b (jd)X

bvbi2K Bb �#H2 iQ T`QpB/2 i`B;;2`b #�b2/ QM KQK2MimK b2H2+iBQM �M/ QM T�`iB+H2 B/2MiB}+�iBQMX

8XkXk .2i2+iQ`

h?2 G�`A�h hS* �M/ +`vQbi�i �`2 `27m`#Bb?2/ +QKTQM2Mib Q7 i?2 �`;QL2mh Ub22 (jR)V

/2i2+iQ` (99)X � b+?2K�iB+ Q7 i?2 /2i2+iQ` Bb b?QrM BM 6B;m`2 8XdX

*`vQbi�i

h?2 +`vQbi�i Bb � bi�BMH2bb@bi22H +vHBM/2` r?Qb2 K�BM �tBb Bb T�`�HH2H iQ i?2 #2�K /B`2+iBQMX Ai

?�b � M2+F QM i?2 iQT iQ �HHQr �++2bb Q7 bB;M�H +�#H2b �M/ >o 722/@i?`Qm;? (jd)- b22 6B;m`2 8X3

7Q` � T?QiQX

h?2 +`vQbi�i r�b bHB;?iHv KQ/B}2/ iQ BM+Hm/2 BKT`Qp2K2Mib �M/ M2r 72�im`2b M2+2bb�`v

j3



6B;m`2 8Xd, a+?2K�iB+ Q7 i?2 G�`A�h /2i2+iQ`b Ui�F2M 7`QK (99)VX Pmi2` �M/ BMM2` p2bb2Hb
�`2 bi�BMH2bb@bi22H +`vQbi�ibX

6B;m`2 8X3, S?QiQ Q7 i?2 G�`A�h +`vQbi�i (kN)X aBx2 Q7 i?2 BMM2` p2bb2H Bb 76.2 cm /B�K2i2`
�M/ 130 cm H2M;i?X h?2 7`QMi rBM/Qr Bb pBbB#H2 �b r2HH �b i?2 bB/2 ~�M;2 7Q` i?2 HB;?i
+QHH2+iBQM bvbi2K BMbi�HH�iBQMX

jN



7Q` i?2 G�`A�h 2tT2`BK2Mi (jd),

Ç BMi`Q/m+iBQM Q7 i?2 #2�K rBM/Qr U7`QMi ~�M;2 BM 6B;m`2 8X3V iQ `2/m+2 i?2 i?B+FM2bb

Q7 K�i2`B�H i?�i T�`iB+H2b ?�p2 iQ +`Qbb #27Q`2 ;2iiBM; BM i?2 hS*c

Ç M2r +QMM2+iBQMb 7Q` �`;QM Tm`B}+�iBQM �M/ +QQHBM;c

Ç � bB/2 ~�M;2 iQ BMbi�HH i?2 HB;?i +QHH2+iBQM bvbi2KX

hS*

h?2 �+iBp2 pQHmK2 Bb w ⇥ h⇥ l = 47 cm ⇥ 40 cm ⇥ 90 cm- `2bmHiBM; BM 170 L Q7 HB[mB/ �`;QM

/2HBKBi2/ #v � }2H/ +�;2 i?�i b?�T2b i?2 2H2+i`B+ }2H/ (jd)X

h?2 �MQ/2 Bb K�/2 Q7 i?`22 T�`�HH2H TH�M2b Q7 +QM/m+iBM; rB`2bX h?2 BMM2` H�v2` Bb K�/2

Q7 p2`iB+�H MQM@BMbi`mK2Mi2/ rB`2b r?Qb2 Tm`TQb2 Bb iQ b?�T2 i?2 }2H/ �M/ iQ b?B2H/ i?2

Qmi2` TH�M2b 7`QK /`B7iBM; +?�`;2bX h?2 +2Mi`�H ǳBM/m+iBQMǴ rB`2 TH�M2 ?�b rB`2b Q`B2Mi2/ �i

+60
� rBi? `2bT2+i iQ i?2 #2�K /B`2+iBQM- r?BH2 i?2 Qmi2` H�v2`- ǳ+QHH2+iBQMǴ TH�M2- ?�b rB`2b

Q`B2Mi2/ �i �60
� iQ �HHQr TQbBiBQM�H `2+QMbi`m+iBQMX h?2 irQ Qmi2` TH�M2b �`2 BMbi`mK2Mi2/

rBi? +QH/ `2�/Qmi 2H2+i`QMB+b (jd)X

h?2 }2H/ +�;2 mb2b � b2i Q7 }2H/@b?�TBM; `BM;b �M/ � pQHi�;2 /BpB/2` iQ T`QpB/2 � +QM@

bi�Mi �M/ mMB7Q`K 2H2+i`B+ }2H/ Q7 500 V/cm 7`QK i?2 +�i?Q/2- � :Ry H�v2` rBi? +QTT2`

K2i�HHBb�iBQM BM i?2 Q`B;BM�H /2bB;M- iQ i?2 �MQ/2 (jd)X

8XkXj GB;?i +QHH2+iBQM bvbi2K

h?2 bB/2 ~�M;2 Q7 i?2 +`vQbi�i ?Qmb2b i?2 HB;?i +QHH2+iBQM bvbi2KX hrQ /Bz2`2Mi ivT2b Q7 SJhb

r2`2 2KTHQv2/ UkǴ 1hG SJh �M/ jǴ >�K�K�ibm _RRye8V THmb irQ aBSJ +`vQ;2MB+ /2i2+@

iQ`b (kN)X h?2 +QHH2+iBQM �M/ mMB7Q`KBiv Q7 HB;?i Bb 2M?�M+2/ #v `2~2+iQ` 7QBHb UoAElAhuV

BMbi�HH2/ BM i?2 BMM2` bB/2 Q7 i?2 hS*X AM Q`/2` iQ /2i2+i i?2 olo T?QiQMb 2KBii2/- i?2

7QBH bm`7�+2b �`2 +Qp2`2/ #v hS"- � r�p2H2M;i? b?B7i2` +QKTQmM/ (jd)X h?2 bB;M�H T`Q/m+2/

#v i?2 T?QiQMb /2i2+i2/ BM i?2 HB;?i /2i2+iQ`b Bb T`Q+2bb2/ �M/ /B;BiBb2/ #v �M �.* *�1L

oRd8R b�KTHBM; �i 1 Ga/s �M/ i?2`27Q`2 �HHQrBM; iQ `2+QMbi`m+i bBM;H2 T?QiQ2H2+i`QM T2�FbX

hQ /2/m+2 i?2 MmK#2` Q7 T?QiQMb /2i2+i2/ 7`QK i?2 �.* +QmMib- Bi Bb M2+2bb�`v iQ +�HB#`�i2

i?2 `2bTQMb2 Q7 i?2 SJhb iQ � bBM;H2 T?QiQ2H2+i`QM (98)X 6B;m`2 8XN (9e) b?Qrb �M 2t�KTH2

Q7 bBM;H2 T?QiQ2H2+i`QM `2bTQMb2 Q#i�BM2/ #v +QmMiBM; bBM;H2 T?QiQ2H2+i`QM T2�Fb BM i?2 i�BH

Q7 i?2 /Bbi`B#miBQM Q7 �`;QM b+BMiBHH�iBQM 2p2MibX
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6B;m`2 8XN, aBM;H2 T?QiQ2H2+i`QM `2bTQMb2 BM G�`A�h (9e)X h?2 ?Q`BxQMi�H �tBb `2T`2b2Mib i?2
BMi2;`�i2/ �.* +QmMib r?BH2 i?2 p2`iB+�H �tBb /2MQi2b i?2 +Q``2bTQM/BM; Q++m``2M+2bX h?2
MQBb2 K�MB72bib �b � H�`;2 T2�F �i �`QmM/ j �.*b r?BH2 i?2 `2bTQMb2 iQ � T?QiQ2H2+i`QM Bb
2biBK�i2/ #v i?2 }i U`2/ +m`p2V iQ #2 �i �`QmM/ 9d �.*bX

qBi? i?2 +�HB#`�iBQM BM ?�M/- Bi Bb TQbbB#H2 iQ +�H+mH�i2 i?2 MmK#2` Q7 bBM;H2 T?QiQ2H2+@

i`QMb +QHH2+i2/ #v i?2 HB;?i /2i2+iQ`b BM Q`/2` iQ 2biBK�i2 i?2 2M2`;v /2TQbBi2/- r?B+? Bb mb2/

BM b2p2`�H QM;QBM; �M�Hvb2bX
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*?�Ti2` e

S`BM+BTH2b Q7 �M 1H2+i`B+�H qB`2
h2MbBQMBM; J2�bm`2K2Mi 7Q`
G�`hS*b

AM i?Bb �M/ i?2 7QHHQrBM; +?�Ti2` � MQp2H i2+?MB[m2 iQ K2�bm`2 rB`2 i2MbBQM Bb T`2b2Mi2/X Ai

?�b #22M /2p2HQT2/ iQ K2�bm`2 i?2 i2MbBQM Q7 i?2 a"L. �MQ/2 SH�M2 �bb2K#HB2b U�S�bV

/m`BM; rBM/BM;- #mi +�M #2 �TTHB2/ iQ +QKKBbbBQMBM; Q7 Qi?2` 7mim`2 /2i2+iQ`b HBF2 .lL1X

AM i?Bb +?�Ti2` r2 /2b+`B#2 i?2 ;2M2`�H T`BM+BTH2 Q7 i?2 K2�bm`2K2MiX

eXR AMi`Q/m+iBQM

GB[mB/ �`;QM iBK2 T`QD2+iBQM +?�K#2`b mb2 i?Qmb�M/b Q7 rB`2b iQ +QHH2+i i?2 bB;M�Hb 7`QK

BQMBb�iBQM +?�`;2 /`B7iBM; iQr�`/b i?2 �MQ/2X Ai Bb +`m+B�H 7Q` i?2 bm++2bb7mH QT2`�iBQM Q7 i?2b2

/2i2+iQ`b i?�i �HH Q7 i?2b2 rB`2b �`2 �i i?2 b�K2- Q` p2`v +HQb2 iQ- MQKBM�H i2MbBQMX Pp2`@

i2MbBQM2/ rB`2b ?�p2 � ?B;?2` +?�M+2 iQ #`2�F /m`BM; i?2 +QQH /QrM- /m2 iQ MQM@mMB7Q`K

+QMi`�+iBQM Q7 i?2 7`�K2- #Q�`/b- 2i+X �i +`vQ;2MB+ i2KT2`�im`2bX "`QF2M rB`2b KB;?i K�F2

H�`;2 �`2�b Q7 i?2 /2i2+iQ` #HBM/ /m2 iQ TQi2MiB�H b?Q`ibX PM i?2 Qi?2` ?�M/- mM/2`@i2MbBQM2/

rB`2b �`2 �HbQ mM/2bB`�#H2X JQbi Q7 i?2 rB`2b �`2 �i �M �M;H2 rBi? `2bT2+i iQ i?2 p2`iB+�H

/B`2+iBQMc �b � +QMb2[m2M+2- ;`�pBiv +�M K�F2 i?2K b�; B7 i?2 i2MbBQM Bb iQQ HQrX AM i?2

2ti`2K2 +�b2- � b�;;BM; rB`2 +QmH/ iQm+? �M �/D�+2Mi rB`2 �Hi2`BM; i?2 bB;M�H Q7 #Qi?X h?Bb

2z2+i rQmH/ H2�/ iQ � KBb`2+QMbi`m+iBQM Q7 i?2 i`�+Fb �M/ BM+`2�b2/ MQBb2 #2?�pBQm`X �MQi?2`

T`Q#H2K Bb i?2 TQi2MiB�H KQ/B}+�iBQM Q7 i?2 2H2+i`B+ }2H/- i?�i +QmH/ �z2+i i?2 +?�`;2 /`B7iX

h?2 JB+`Q"QQL1 /2i2+iQ` ?�b `2+2MiHv b22M �M mM2tT2+i2/ H2p2H Q7 2H2+i`QMB+ MQBb2c QM2 Q7

i?2 bm;;2bi2/ 2tTH�M�iBQMb r�b i?2 KQp2K2Mi Q7 i?2 rB`2b BM i?2 2H2+i`B+ }2H/- HBF2Hv BM/m+2/
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#v +QMp2+iBQM Q7 HB[mB/ �`;QM BM i?2 hS* (9d)X *H2�`Hv- i?2 ?B;?2` i?2 i2MbBQM Q7 i?2 rB`2- i?2

bK�HH2` i?Bb 2z2+i +�M #2X h?2 a"L. /2i2+iQ` bT2+B}+�iBQM Bb i?�i rB`2b Kmbi #2 i2MbBQM2/

�i 4.9 N = 500 g- bm+? i?�i i?2 b�; Bb HBKBi2/ iQ < 0.5 mm (9y)X

Ai Bb +`m+B�H iQ K2�bm`2 i?2 i2MbBQM Q7 i?2 rB`2b T`2+Bb2Hv iQ 2Mbm`2 T`QT2` /2i2+iQ`

QT2`�iBQMX _2+2MiHv +QMbi`m+i2/ G�`hS* /2i2+iQ`b mb2/ � H�b2` i2MbBQMBM; K2i?Q/ /2b+`B#2/

BM a2+iBQM eXjX h?Bb �M/ i?2 7QHHQrBM; +?�Ti2` T`2b2Mi � MQp2H- H2bb BMp�bBp2 i2+?MB[m2 i?�i

2tTHQBib �M 2H2+i`B+ +B`+mBi- i?�i ?�b #22M /2bB;M2/ iQ #2 mb2/ /m`BM; i?2 +QMbi`m+iBQM �M/

+QKKBbbBQMBM; Q7 i?2 a"L. /2i2+iQ`X

eXk :2M2`B+ T`BM+BTH2 Q7 i2MbBQM K2�bm`2K2Mib

JQbi i2MbBQM K2�bm`2K2Mi `2Hv QM i?2 7�+i i?�i Bi Bb TQbbB#H2 iQ 2ti`�+i i?2 i2MbBQM T Q7 �

rB`2 7`QK Bib `2bQM�Mi 7`2[m2M+vX h?2b2 irQ T?vbB+�H [m�MiBiB2b �`2 `2H�i2/ #v i?2 2[m�iBQM

T = 4L2mf2
r UeXRV

r?2`2

Ç m Bb i?2 rB`2 K�bb T2` mMBi H2M;i?c

Ç L Bb i?2 rB`2 H2M;i?c

Ç fr Bb i?2 `2bQM�Mi 7`2[m2M+vX

h?2 T`Q#H2K iQ K2�bm`2 i?2 i2MbBQM #2+QK2b i?2`27Q`2 � T`Q#H2K Q7 K2�bm`BM; i?2 7mM/�@

K2Mi�H `2bQM�Mi 7`2[m2M+v Q7 i?2 rB`2X 1[m�iBQM eXR �HbQ b?Qrb i?�i 7Q` � ;Bp2M i2MbBQM

i?2 7`2[m2M+v rBHH #2 � 7mM+iBQM Q7 i?2 rB`2 H2M;i?- r?B+? Bb BHHmbi`�i2/ BM 6B;m`2 eXR U�i

T = 4.9 NVX

a"L. rBHH mb2 150 µm /B�K2i2` *QTT2`@"2`vHHBmK U*m"2V rB`2b (k9)X EMQrBM; i?2

/2MbBiv Q7 *m"2 �HHQrb iQ +�H+mH�i2 i?2 p�Hm2 Q7 i?2 i2MbBQM QM+2 i?2 7`2[m2M+v Bb FMQrM 7Q`

�HH H2M;i?b Q7 rB`2bX h?Bb #2+QK2b bHB;?iHv KQ`2 +QKTHB+�i2/ 7Q` i?2 a"L. /2i2+iQ` #2+�mb2

rB`2b rBHH #2 /BpB/2/ BM b2;K2Mib #v +`Qbb#�`b Ub22 6B;m`2 8X9VX h?Bb `2bmHib BM � `2/m+iBQM Q7

i?2 2z2+iBp2 H2M;i?X h?2 /Bbi`B#miBQM Q7 b2;K2Mi H2M;i?b �7i2` �TTHvBM; i?2 +QK#b Bb b?QrM

BM 6B;m`2 eXkX �b KQbi rB`2 b2;K2Mib rBHH #2 QM i?2 Q`/2` Q7 1.4 m- r2 2tT2+i i?�i KQbi Q7

i?2 rB`2b rBHH ?�p2 i?2B` 7mM/�K2Mi�H 7`2[m2M+v �i � p�Hm2 +HQb2 iQ ⇠100 HzX
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6B;m`2 eXR, 6`2[m2M+v �b � 7mM+iBQM Q7 i?2 rB`2 H2M;i? �i T = 4.9 N 7Q` 150 µm /B�K2i2`
*QTT2`@"2`vHHBmK U*m"2V rB`2bX

6B;m`2 eXk, .Bbi`B#miBQM Q7 rB`2 H2M;i?b BM i?2 a"L. /2i2+iQ` �7i2` �++QmMiBM; 7Q` +QK#b QM
+`Qbb#�`bX
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eXj G�b2` i2+?MB[m2

lMiBH `2+2MiHv- i?2 i2+?MB[m2 mb2/ iQ K2�bm`2 i?2 rB`2 i2MbBQM BM G�`hS*b 2KTHQv2/ �

H�b2`@?2�/ �M/ � T?QiQ/BQ/2 (93)X h?2 i2+?MB[m2 +QMbBbib Q7 7Q+mbBM; � H�b2` QM i?2 rB`2

iQ #2 K2�bm`2/ �M/ +QHH2+iBM; i?2 `2~2+i2/ HB;?i rBi? i?2 T?QiQ/BQ/2X � pB#`�iBQM Bb i?2M

2ti2`M�HHv BM/m+2/ QM i?2 rB`2 bQ i?�i i?2 T?QiQ/BQ/2 `2+Q`/b i?2 `2~2+i2/ HB;?i �i i?2

b�K2 7`2[m2M+v �i r?B+? i?2 rB`2 Bb Qb+BHH�iBM;- r?B+? Bb i?2 `2bQM�Mi 7`2[m2M+v Q7 i?2 rB`2

Bib2H7X h?2 2H2+i`B+ bB;M�H ;2M2`�i2/ #v i?2 T?QiQ/BQ/2 Bb i?2M T`Q+2bb2/ #v bQ7ir�`2 r?B+?

T2`7Q`Kb � 7�bi 7Qm`B2` i`�Mb7Q`K U66hV �M�HvbBb Q7 i?2 bB;M�H- `2bmHiBM; BM � 7`2[m2M+v

/Bbi`B#miBQMX PM+2 i?2 `2bQM�Mi 7`2[m2M+v Bb FMQrM- i?2 i2MbBQM T +�M #2 Q#i�BM2/ #v

K2�Mb Q7 1[m�iBQM eXRX 6B;m`2 eXj b?Qrb �M 2t�KTH2 Q7 � H�b2`@?2�/ /2pB+2 rBi? BMi2;`�i2/

T?QiQ/BQ/2X

6B;m`2 eXj, .2/B+�i2/ H�b2` i2MbBQMBM; /2pB+2 Ui�F2M 7`QK (93)VX h?2 H�b2` HB;?i Bb `2~2+i2/
Qz Q7 i?2 rB`2b �M/ /2i2+i2/ #v i?2 QTiB+�H b2MbQ`X

h?2 H�b2` T`Q+2/m`2 Bb FMQrM iQ #2 T`2+Bb2 �M/ `2HB�#H2 #mi Bb bQK2r?�i BM+QMp2MB2MiX

h?2 HB;?i M22/b iQ #2 7Q+mb2/ QM 2�+? bBM;H2 rB`2 �M/ i?2 T`Q+2/m`2 K�v M22/ iQ #2 `2T2�i2/

i?Qmb�M/b Q7 iBK2b BM H�`;2 /2i2+iQ`bX AM �//BiBQM- ;Bp2M i?�i rB`2b �`2 /BpB/2/ BMiQ irQ Q`

KQ`2 b2;K2Mib #v +QK#b- i?2 H�b2` T`Q+2/m`2 b?QmH/ BM T`BM+BTH2 #2 �TTHB2/ iQ 2�+? b2;K2Mi-

r?B+? +QmH/ #2+QK2 i2/BQmb �M/ iBK2 +QMbmKBM;X 6m`i?2`KQ`2- mb2 Q7 H�b2` #2+QK2b p2`v

?�`/ r?2M r2 r�Mi iQ K2�bm`2 i?2 i2MbBQM Q7 rB`2b BM i?2 BMM2` TH�M2b Q7 i?2 �S� �M/

BKTQbbB#H2 r?2M i?2 �S�b �`2 BMbi�HH2/ BM i?2 /2i2+iQ` �M/ i?2 +`vQbi�i Bb +HQb2/X
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6Q` i?2b2 `2�bQMb i?2`2 Bb �M QM;QBM; 2zQ`i iQ /2p2HQT � M2r- MQM@BMp�bBp2- i2+?MB[m2

i?�i +QmH/ T`QpB/2 � KQ`2 `Q#mbi �M/ [mB+F2` K2i?Q/ Q7 K2�bm`BM; rB`2 i2MbBQM BM H�`;2

b+�H2 G�`hS*bX h?2 `2bi Q7 i?Bb +?�Ti2` Bb /2pQi2/ iQ i?2 /2b+`BTiBQM Q7 �M 2H2+i`B+ K2i?Q/

r?B+? `2bQHp2b K�Mv Q7 i?2 BM+QMp2MB2M+2b Q7 i?2 H�b2`@?2�/ K2i?Q/X

eX9 1H2+i`B+ i2+?MB[m2

Ai ?�b #22M b?QrM i?�i �M 2H2+i`B+ +B`+mBi 2tTHQBiBM; � T�B` Q7 �/D�+2Mi rB`2b +�M #2 mb2/ iQ

K2�bm`2 i?2 i2MbBQM Q7 #Qi? rB`2b �i i?2 b�K2 iBK2 (9N)X 6B;m`2 eX9 b?Qrb � b+?2K2 Q7 i?2

bBKTH2bi +B`+mBi M22/2/ iQ T2`7Q`K bm+? � K2�bm`2K2MiX

6B;m`2 eX9, "�bB+ +B`+mBi b+?2K2 7Q` � rB`2 i2MbBQM K2�bm`2K2Mi mbBM; �M 2H2+i`B+ +B`+mBiX

PM2 Q7 i?2 irQ rB`2b Bb #B�b2/ rBi? � bmT2`TQbBiBQM Q7 �Hi2`M�iBM; �M/ +QMbi�Mi pQHi�;2-

r?BH2 i?2 b2+QM/ Bb +QMM2+i2/ iQ � /2pB+2 iQ `2�/Qmi i?2 BM/m+2/ bB;M�HX �b � +QMb2[m2M+2-

�M 2H2+i`QK�;M2iB+ 7Q`+2 i?�i Bb `2TmHbBp2 Q` �ii`�+iBp2 rBi? i?2 7`2[m2M+v Q7 i?2 �* bB;M�H Bb

2bi�#HBb?2/ #2ir22M i?2 irQ rB`2bX h?2 rB`2 T�B` #2?�p2b HBF2 � +�T�+BiQ` rBi? � +�T�+Bi�M+2

+?�M;BM; rBi? i?2 7`2[m2M+v Q7 i?2 �* bB;M�HX h?2`27Q`2- Bi Bb TQbbB#H2 iQ `2�/ i?2 BM/m+2/

bB;M�H QM i?2 mM@#B�b2/ rB`2 #v mbBM; �M Qb+BHHQb+QT2 Q` � /B;BiBx2`X

�bbmKBM; i?�i i?2 bvbi2K #2?�p2b �b � ?�`KQMB+ Qb+BHH�iQ`- i?2 bB;M�H 2tT2+i2/ 7`QK i?2

+B`+mBi BM 6B;m`2 eX9 +�M #2 /2b+`B#2/ #v i?2 7QHHQrBM; 2[m�iBQM,

V (t) /
dq

dt
= C0v0! cos(!t) + C0V0a(!)! cos(!t+ �(!)) +O(v0a), UeXkV

r?2`2

Ç ! Bb i?2 �M;mH�` 7`2[m2M+v Q7 i?2 �* bB;M�Hc

Ç v0 Bb i?2 �KTHBim/2 Q7 i?2 �* bB;M�Hc
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Ç V0 Bb i?2 p�Hm2 Q7 i?2 .* #B�bc

Ç C0 Bb i?2 +�T�+Biv Q7 i?2 bvbi2K +QKTQb2/ #v i?2 irQ T�`�HH2H rB`2b rBi?Qmi T2`im`#�@

iBQMc

Ç t Bb iBK2c

Ç a(!) = !2
ra0p

(!2
r�!2)2+�2!2

rBi? � #2BM; �M mMFMQrM /�KTBM; 7�+iQ`- a0 � 7`22 T�`�K2i2`

T`QTQ`iBQM�H iQ bBx2 Q7 Qb+BHH�iBQM Q7 i?2 rB`2b �M/ !r i?2 `2bQM�Mi 7`2[m2M+vc

Ç � = arctan

⇣
2�!

!2
r�!2

⌘
X

�M 2t�KTH2 #2?�pBQm` Q7 i?2 bB;M�H �b � 7mM+iBQM Q7 i?2 7`2[m2M+v Q7 i?2 �Hi2`M�iBM; pQHi�;2 Bb

BHHmbi`�i2/ BM 6B;m`2 eX8 r?B+? b?Qrb +H2�` T2�Fb �i i?2 p�Hm2b Q7 i?2 irQ `2bQM�Mi 7`2[m2M+B2b

Q7 i?2 irQ rB`2b #2BM; K2�bm`2/X h?2 bB;M�H 2t?B#Bib � HBM2�`Hv `�BbBM; #�b2HBM2 UT`QTQ`iBQM�H

iQ !V `2bmHiBM; 7`QK i?2 }`bi i2`K Q7 1[m�iBQM eXkX

6B;m`2 eX8, 1tT2+i2/ bB;M�H rBi? irQ `2bQM�Mi T2�FbX o�Hm2b Q7 T�`�K2i2`b BM 1[m�iBQM eXk
�`2 � = 0.9- v0 = 8.7 V- V0 = 1 kV- a0 = 3Ǧ 10

�4- !r1 = 16.5 Hz �M/ !r2 = 22 HzX

h?2`27Q`2- � K2�bm`2K2Mi BMpQHp2b � 7`2[m2M+v b+�M Q7 i?2 �Hi2`M�iBM; bB;M�H �`QmM/

i?2 2tT2+i2/ `2bQM�Mi 7`2[m2M+v �M/ B/2MiB7vBM; i?2 `2bQM�Mi 7`2[m2M+v 7`QK i?2 T2�Fb BM

�KTHBim/2X Ai Bb BKTQ`i�Mi iQ MQi2 i?�i i?Bb i2+?MB[m2 �HHQrb bBKmHi�M2Qmb K2�bm`2K2Mib Q7

i?2 i2MbBQM Q7 #Qi? rB`2b i?�MFb iQ i?2 bvKK2i`v Q7 i?2 2H2+i`B+ 7Q`+2 �+iBM; QM i?2K- ?Qr2p2`

rBi? �M BM?2`2Mi /2;2M2`�+v #2+�mb2 r2 /Q MQi FMQr � T`BQ`B r?B+? T2�F +Q``2bTQM/b iQ

r?B+? rB`2X
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h?Bb K2i?Q/ T`2b2Mib b2p2`�H �/p�Mi�;2b +QKT�`2/ iQ i?2 H�b2` K2i?Q/,

Ç i?2`2 Bb MQ HBKBi- BM T`BM+BTH2- QM i?2 MmK#2` Q7 rB`2b i?�i +�M #2 K2�bm`2/ �i i?2

b�K2 iBK2X h?2 +B`+mBi b+?2K2 +�M #2 `2THB+�i2/ 7Q` �HH i?2 rB`2b r?Qb2 i2MbBQM M22/b

iQ #2 K2�bm`2/X

Ç �b Bi Bb � MQM@BMp�bBp2 i2+?MB[m2- BX2X i?2`2 Bb MQ M22/ iQ K�Mm�HHv T2`im`# i?2 rB`2b- Bi

Bb TQbbB#H2 iQ K�F2 K2�bm`2K2Mib QM+2 i?2 �S�b �`2 BMbi�HH2/ BM i?2 /2i2+iQ`- T`QpB/2/

i?2 2H2+i`QMB+ #Q�`/b �`2 /2bB;M2/ iQ �HHQr 7Q` i?BbX 6m`i?2`KQ`2- Bi ?�b #22M b?QrM

Ub22 a2+iBQM dX9V i?�i i?2 i2+?MB[m2 rQ`Fb 2p2M �i +`vQ;2MB+ i2KT2`�im`2bX

Ç B7 rB`2b �`2 /BpB/2/ BMiQ b2;K2Mib #v K2�Mb Q7 +QK#b- Bi Bb TQbbB#H2 iQ K2�bm`2 i?2

i2MbBQM Q7 2�+? b2;K2Mi i?�i K�F2 mT i?2 rB`2 bBKmHi�M2QmbHvX

Ç K2�bm`BM; i?2 rB`2 i2MbBQM rBi? i?2 2H2+i`B+ K2i?Q/ 2Mbm`2b i?2 2H2+i`B+�H +QMiBMmBiv

Q7 i?2 rB`2b Bb �HbQ i2bi2/X

eX8 6Bi KQ/2H �M/ 7`2[m2M+v 2ti`�TQH�iBQM

� }i KQ/2H r�b mb2/ iQ /2i2`KBM2 i?2 `2bQM�Mi 7`2[m2M+B2b 7`QK /�i� Q#i�BM2/ BM i?2 K2�@

bm`2K2Mib T`2b2Mi2/ BM i?Bb /Bbb2`i�iBQMX � 7Q`KmH� /2`Bp2/ 7`QK 1[m�iBQM eXk r�b �TTHB2/,

F (!) = A1 (C0v0! � V0C0!a1(!)) +A2 (C0v0! � V0C0!a2(!)) UeXjV

r?2`2

ai(!) = A3
!2
0i � !2

�
!2
0i � !2

�2
� (2�!)2

, i 2 {1, 2}. UeX9V

h?2 /2}MBiBQMb Q7 i?2 bvK#QHb �`2 i?2 7QHHQrBM;,

Ç A1- A2 �M/ A3 Ub�K2 7Q` i = 1, 2V �`2 Qp2`�HH +QMbi�Mib- 7`22 T�`�K2i2`b Q7 i?2 }ic

Ç ai(!) Bb i?2 2H�biB+ �KTHBim/2 7Q` � /`Bp2M /�KT2/ ?�`KQMB+ KQiBQM, !0i Bb i?2 `2bQM�Mi

7`2[m2M+v Q7 i?2 i@i? T2�F �M/ � Bb �M mMFMQrM /�KTBM; 7�+iQ`X h?2b2 T�`�K2i2`b �`2

�HbQ /2i2`KBM2/ #v i?2 }iX

v0- V0 �`2 i?2 irQ }t2/ #B�bBM; pQHi�;2bX C0- i?2 +�T�+Bi�M+2 #2ir22M i?2 rB`2b rBi? MQ

Qb+BHH�iBQM- Bb FMQrM ;Bp2M i?2 H2M;i? l Q7 i?2 rB`2b, C0 = l ⇡✏

ln
⇣

d�r
r

⌘ r?2`2 r Bb i?2 rB`2

`�/Bmb- d Bb i?2 /Bbi�M+2 #2ir22M i?2 rB`2b �M/ ✏ ⌘ ✏0 = 8.854 F/mX

h?2 �H;Q`Bi?K b+�Mb i?2 /�i� �M/ /2i2`KBM2b B7 i?2`2 �`2 QM2 Q` irQ `2bQM�Mi T2�FbX AM

i?2 7Q`K2` +�b2 i?2 T�`�K2i2` A2 Bb }t2/ iQ x2`QX �M 2t�KTH2 Q7 � }i rBi? irQ `2bQM�Mi
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6B;m`2 eXe, 1t�KTH2 Q7 i?2 bB;M�H Q7 irQ rB`2b �i /Bz2`2Mi i2MbBQMb rBi? i?2 }iX h?2 K2�@
bm`2K2Mi r�b i�F2M rBi? i?2 HQM;@7`�K2 b2i@mT- +B`+mBi V 1 U/2b+`B#2/ BM i?2 M2ti +?�Ti2`VX
h?2 2biBK�i2/ `2bQM�Mi 7`2[m2M+B2b �`2 17.16 Hz �M/ 22.03 HzX

T2�Fb Bb b?QrM BM 6B;m`2 eXe, i?2 2biBK�i2/ `2bQM�Mi 7`2[m2M+B2b �`2 17.16 Hz �M/ 22.03 HzX

h?Bb K2i?Q/ r�b �TTHB2/ i?`Qm;?Qmi i?2 K2�bm`2K2Mib- /2b+`B#2/ BM i?2 M2ti +?�Ti2`- iQ

2biBK�i2 +QMbBbi2MiHv i?2 `2bQM�Mi 7`2[m2M+B2bX

9N



*?�Ti2` d

.2p2HQTBM; i?2 h2MbBQM
J2�bm`2K2Mi J2i?Q/ 7Q` a"L.

AM i?Bb +?�Ti2` r2 /2b+`B#2 i?2 2tT2`BK2Mi�H +QKTQM2Mib mb2/ /m`BM; i?2 /2p2HQTK2Mi Q7

i?2 2H2+i`B+ i2MbBQM K2�bm`2K2Mi /2b+`B#2/ BM i?Bb i?2bBbX � +?`QMQHQ;B+�H /2b+`BTiBQM Q7 i?2

/2p2HQTK2Mi Q7 i?2 b2i@mT rBHH #2 T`2b2Mi2/X h?2 �TTHB+�iBQM Q7 i?2 K2i?Q/ iQ G�`hS*

2tT2`BK2Mib rBi? T�`iB+mH�` `2;�`/ 7Q` i?2 a"L. /2i2+iQ` rBHH #2 �HbQ /Bb+mbb2/X

dXR 1H2+i`QMB+ +B`+mBib �M/ rB`2 7`�K2 b2i@mTb

.Bz2`2Mi rB`2 KQmMiBM; b2i@mTb U7`�K2bV �M/ 2H2+i`B+ +B`+mBib ?�p2 #22M /2p2HQT2/ �M/ mb2/

i?`Qm;?Qmi i?2 v2�` BM Q`/2` iQ BKT`Qp2 i?2 i2MbBQM K2�bm`2K2Mi K2i?Q/X h?Bb b2+iBQM Bb

/2/B+�i2/ iQ i?2B` /2b+`BTiBQM �M/ +�M #2 mb2/ �b � `272`2M+2 i?`Qm;? i?Bb +?�Ti2`X

dXRXR qB`2@7`�K2 b2i@mTb

.2p2HQTBM; i?2 i2+?MB[m2 `2[mB`2/ HQQFBM; �i /Bz2`2Mi H2M;i?b Q7 rB`2b �M/ bQ r2 mb2/ i?`22

/Bz2`2Mi +QM};m`�iBQMb r?B+? r2 rBHH +�HH, HQM;@7`�K2- b?Q`i@7`�K2 �M/ a"L. i2bi@7`�K2X

AM �HH +�b2b- i?2 7`�K2b T`QpB/2/ � bi`m+im`2 QM r?B+? i?2 rB`2b r2`2 bi`mM; �M/ �{t2/ iQ

S*" #Q�`/b �i 2Bi?2` 2M/X q?�i 7QHHQrb Bb � /2b+`BTiBQM Q7 i?2 /Bz2`2Mi b2i@mTb mb2/ /m`BM;

i?2 i2bib /2b+`B#2/ BM i?Bb +?�Ti2`X

GQM;@7`�K2 U4 mV

h?2 H2M;i? ?�b #22M +?Qb2M iQ K�i+? i?2 HQM;2bi rB`2b BM i?2 a"L. �S�b B7 MQ +QK#b �`2

mb2/X h?2 rB`2b r2`2 bQH/2`2/ QM i?2 irQ 2/;2b QM S*" #Q�`/bX 6B;m`2 dXR b?Qrb � T?QiQ

Q7 i?2 7`�K2X

8y



6B;m`2 dXR, 4 m HQM; 7`�K2 rBi? bQH/2`2/ rB`2bX

h?Bb �``�M;2K2Mi �HHQrb iQ i2bi i?2 +B`+mBib �M/ i?2 i2+?MB[m2 rBi? rB`2b Q7 /Bz2`2Mi

H2M;i? #v K2�Mb Q7 KQp2�#H2 +QK#b- bm+? �b i?Qb2 b?QrM BM 6B;m`2 dXkX

6B;m`2 dXk, JQp�#H2 +QK#b QM i?2 4 m 7`�K2X h?2b2 +QK#b �HHQr2/ +H�KTBM; /QrM QM i?2
rB`2b �M/ /BpB/BM; i?2 rB`2b BMiQ r2HH /2}M2/ b2;K2MibX

8R



a?Q`i@7`�K2 U72 cmV

� b2+QM/ b2i@mT i?�i r�b T`2T�`2/ +QMbBbi2/ Q7 � b?Q`i@7`�K2 rBi? ir2Miv@bBt 72 cm HQM;

rB`2bX h?2 Tm`TQb2 Q7 i?Bb b2i@mT r�b iQ i2bi /Bz2`2Mi r�vb Q7 �ii�+?BM; i?2 rB`2b iQ �M

2H2+i`QMB+ #Q�`/X h?2 H2M;i? Q7 i?2 7`�K2 Ub22 6B;m`2 dXjV Bb �HbQ b?Q`i 2MQm;? iQ �HHQr 7Q` �

+QH/ i2bi BM � /2r�` T`2b2Mi BM Qm` H�# Ub22 a2+iBQM dX9VX hQ mM/2`bi�M/ i?2 #2?�pBQm` Q7 i?2

b2i@mT BM +QH/- i?2 7`�K2 �M/ i?2 #Q�`/b r2`2 +?Qb2M iQ #2 Q7 i?2 b�K2 B/2MiB+�H K�i2`B�H Q7

i?2 `2�H �S�bX

6B;m`2 dXj, S?QiQ Q7 i?2 b?Q`i@7`�K2X .Bz2`2Mi K2i?Q/b Q7 rB`2b �ii�+?K2Mi �`2 pBbB#H2 QM
i?2 `B;?iX

a"L. i2bi@7`�K2

h?Bb b2i@mT Bb � KQ+F@mT Q7 �M a"L. �S� �bb2K#Hv 7`�K2X Ai ?�b rB`2b �i H2M;i?b Q7 133 cmX

Ai r�b mb2/ iQ i2bi i?2 2H2+i`B+ i2MbBQM K2i?Q/ rBi? `2�H a"L. 2H2+i`QMB+ #Q�`/bX � T?QiQ

Q7 i?2 i2bi@7`�K2 Bb pBbB#H2 BM 6B;m`2 dX9X

dXRXk qB`2 bQH/2`BM; �M/ i2MbBQM T`2T�`�iBQM

qB`2b r2`2 bQH/2`2/ QM 2H2+i`QMB+ #Q�`/b i?�i r2`2 }`KHv }t2/ iQ i?2 bi�BMH2bb@bi22H 7`�K2bX

�T�`i 7`QK i?2 a"L. i2bi@7`�K2 �i .�`2b#m`v- i?2 T`Q+2/m`2 r�b K�Mm�H, �M 2/;2 Q7 i?2

rB`2 r�b bQH/2`2/ QM i?2 ?QH/BM;@bB;M�H #Q�`/- i?2M i?2 rB`2 r�b TmHH2/ �HQM; i?2 7`�K2

�M/ � r2B;?i r�b }t2/ iQ i?2 Qi?2` 2M/X "v K2�Mb Q7 � TmHH2v- i?2 r2B;?i r�b H27i ?�M;BM;

F22TBM; i?2 rB`2 BM i2MbBQM Ub22 6B;m`2 dX8VX q?BH2 F2Ti BM i2MbBQM- i?2 rB`2 r�b bQH/2`2/ QM

8k



6B;m`2 dX9, h2bi@7`�K2 �i .�`2b#m`v G�#Q`�iQ`vX :2QK2i`v #Q�`/b �`2 T`2b2Mi QM i?2 H27i
�M/ `B;?iX

i?2 7�` 2H2+i`B+ #Q�`/- MQi +QMM2+i2/ iQ i?2 `2�/Qmi 2H2+i`QMB+bX

6B;m`2 dX8, S?QiQ Q7 r2B;?i mb2/ BM i?2 rB`2 i2MbBQMBM; T`Q+2/m`2X

AM i?2 +�b2 Q7 i?2 7`�K2 �i .�`2b#m`v- � `Q#Qi ?2�/ r�b mb2/ iQ T`2T�`2 �M/ i2MbBQM i?2

rB`2b #v � ;`QmT Q7 2M;BM22`b �M/ i2+?MB+B�MbX

8j



dXRXj a"L. #Q�`/b �M/ HBKBi�iBQMb

a"L. l & u rB`2 TH�M2b �`2 #B�b2/ �i /Bz2`2Mi p�Hm2b (k9)- i?2`27Q`2 +�T�+BiQ`b �M/ `2bBbiQ`b

�`2 M22/2/ iQ T`Qi2+i i?2 `2�/Qmi +?�MM2Hb 7`QK i?2 ?B;? pQHi�;2bX a22 6B;m`2 dXe 7Q` �

/`�rBM; Q7 i?2 +QMM2+iBQMb (8y)X

6B;m`2 dXe, .`�rBM; Q7 � l@hPS ;2QK2i`v #Q�`/ +B`+mBi (8y)X

h?2 p�Hm2 Q7 i?2 `2bBbiQ`b QM 2p2`v #Q�`/ Bb 47 M⌦ �M/ i?2 +�T�+BiQ`b �`2 2.2 nF Q` 4.7 nFX

_2bBbiQ`b ?�p2 � MQKBM�H iQH2`�M+2 Q7 200 VX A7 r2 r2`2 iQ +QMM2+i irQ �/D�+2Mi rB`2b

U+QMM2+iBQM BM i?2 #QiiQK Q7 6B;m`2 dXeV iQ i?2 +B`+mBi- i?2M i?2 K�tBKmK p�Hm2 Q7 i?2

pQHi�;2 i?�i +�M #2 �TTHB2/ Bb 400 V- mM/2`biQQ/ �b i?2 bmK Q7 i?2 +QMbi�Mi #B�b �M/ i?2

�KTHBim/2 Q7 i?2 �* bB;M�H, (v0 + V0)X AM i?Bb +QM};m`�iBQM i?2 K�tBKmK p�Hm2 �+`Qbb 2�+?

`2bBbiQ` rQmH/ MQi #2 ;`2�i2` i?�M i?2 K�tBKmK iQH2`�M+2- �b i?2 +B`+mBi rQmH/ #2 +HQb2/

#v irQ `2bBbiQ`b BM b2`B2bX h?Bb `2[mB`2K2Mi ?�b ;mB/2/ i?2 M22/ iQ `2/m+2 i?2 pQHi�;2 BM Qm`

b2i@mTX

dXRX9 1H2+i`QMB+ +B`+mBib

h?2 `2�/Qmi Q7 i?2 bB;M�H �b r2HH �b i?2 #B�bBM; Q7 i?2 rB`2b r�b /QM2 #v +�#H2b bQH/2`2/

iQ i?2 T�i?b QM i?2 ?QH/BM;@bB;M�H #Q�`/X h?2b2 +�#H2b r2`2 i?2M +QMM2+i2/ iQ i?2 +mbiQK

2H2+i`QMB+ +B`+mBib iQ #B�b �M/ `2�/Qmi i?2 bB;M�HbX 6B;m`2 dXd b?Qrb QM2 #Q�`/ rBi? i?2

+QTT2`@#2`vHHBmK �M/ bQH/2`2/ `2�/Qmi rB`2bX h?2 S*" 2H2+i`QMB+ #Q�`/b mb2/ BM Qm` H�#

?�/ irQ 2H2+i`B+�HHv +QMM2+i2/ +QTT2` bHQib 7Q` 2�+? rB`2, QM2 iQ �HHQ+�i2 i?2 rB`2 �M/ QM2

7Q` i?2 `2�/Qmi +�#H2X h?2 TBi+? #2ir22M i?2 bHQib r�b 3 mm- i?2 b�K2 �b i?2 a"L. �S�

/2bB;M (9y)X

�b r2 r2`2 /2p2HQTBM; i?2 K2i?Q/ r2 mb2/ i?`22 /Bz2`2Mi p2`bBQMb Q7 i?2 2H2+i`QMB+

+B`+mBiX h?2b2 rBHH #2 +�HH2/ V 1- V 2 �M/ V 3,

Ç V 1- � #�bB+ BKTH2K2Mi�iBQM Q7 i?2 +B`+mBi Q7 6B;m`2 eX9 rBi? �M ǳBMbi`mK2Mi�iBQM �K@

THB}2`Ǵ �//2/, i?2 +QKTQM2Mi r�b � mb27mH �//@QM iQ i?2 bi�M/�`/ +B`+mBi, Bi �HHQr2/
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6B;m`2 dXd, *QTT2`@#2`vHHBmK rB`2b UiQTV �M/ `2�/Qmi +�#H2b U#QiiQKV bQH/2`2/ QM i?2
?QH/BM;@bB;M�H S*" #Q�`/X

iQ bB;MB}+�MiHv `2/m+2 i?2 MQBb2 BM i?2 bB;M�H 2tTHQBiBM; � bT�`2 rB`2 �b �M �Mi2MM�

iQ +�i+? i?2 MQBb2 �M/ bm#i`�+i Bi 7`QK i?2 bB;M�H #27Q`2 Bi ;Qi iQ i?2 Qb+BHHQb+QT2 Q`

/B;BiBx2` Ub22 /Bb+mbbBQM BM a2+iBQM dXkXRVX

Ç V 2- �M mT;`�/2 /2bB;M2/ iQ `2/m+2 i?2 pQHi�;2b M22/2/ iQ QT2`�i2 i?2 bvbi2KX h?2

rB`2b bm``QmM/BM; i?2 rB`2 iQ K2�bm`2 �`2 #B�b2/X h?Bb bvbi2K �HbQ `2KQp2b i?2 /2@

;2M2`�+v #2ir22M i?2 irQ rB`2b K2�bm`2/ BM V 1X

Ç V 3- �M 2tT�MbBQM Q7 V 2 BM Q`/2` iQ K2�bm`2 jk rB`2b �i i?2 b�K2 iBK2X

AM 2p2`v +�b2- � bi�M/�`/ bB;M�H ;2M2`�iQ` rBi? la" BMi2`7�+2 UE2Bi?H2v jjNy KQ/2HV r�b

mb2/ iQ T`QpB/2 i?2 �* bB;M�HX aBM+2 Bi +�M T`QpB/2 � bB;M�H rBi? � K�tBKmK �KTHBim/2

Q7 10 V- r?2M2p2` � H�`;2` �KTHBim/2 r�b M22/2/ � HBM2�` pQHi�;2 �KTHB}2` rBi? Bib TQr2`

bmTTHv U24� 30 V .*V r�b 2KTHQv2/X �HbQ- HQr pQHi�;2 bmTTHB2b U±12 V .*V r2`2 mb2/ iQ

TQr2` i?2 ǳBMbi`mK2Mi�iBQM �KTHB}2`ǴX

_2�/Qmi

AM KQbi +�b2b- i?2 `2�/ Qmi rB`2b �M/ +B`+mBi r2`2 +QMM2+i2/ #v � b+`2r +QMM2+iQ`X AM i?2

+�b2 Q7 i?2 a"L. i2bi@7`�K2- i?2 +B`+mBi r�b +QMM2+i2/ iQ i?2 rB`2b mbBM; � bT2+B}+�HHv

/2bB;M2/ +QMM2+iQ` iQ #2 }t2/ /B`2+iHv QM �M a"L. `2�/Qmi 2H2+i`B+�H #Q�`/X Ai ?�/ TBMb QM

i?2 iQT iQ +QMM2+i i?2 rB`2b +QKBM; 7`QK i?2 +B`+mBi �M/ TBMb #2ir22M irQ K2i�H bH�#b iQ

b�M/rB+? i?2 2H2+i`QMB+ #Q�`/ KQmMi2/ QM i?2 7`�K2 Ub22 6B;m`2 dX3VX
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6B;m`2 dX3, "Q�`/ +QMM2+iQ`X

1�`Hv K2�bm`2K2Mib Q7 i?2 +B`+mBi QmiTmi �KTHBim/2 r2`2 i�F2M rBi? �M Qb+BHHQb+QT2

U�;BH2Mi .aP@s kyk9�VX Ai i?2M r�b `2TH�+2/ #v � *�1L .h8d9y .B;BiBx2`- �M �M�HQ;@

iQ@/B;Bi�H +QMp2`i2` �#H2 iQ `2�/Qmi mT iQ jk +?�MM2Hb �i i?2 b�K2 iBK2X � S* `mMMBM;

G�#oA1q �+[mBbBiBQM bQ7ir�`2 r�b 2KTHQv2/ iQ +QMi`QH i?2 �* bB;M�H ;2M2`�iQ` �M/ iQ

biQ`2 i?2 K2�bm`2K2Mi 7`QK 2Bi?2` i?2 Qb+BHHQb+QT2 Q` i?2 /B;BiBx2`X h?2 S* r�b +QMM2+i2/

iQ i?2 /2pB+2b pB� � bi�M/�`/ la" BMi2`7�+2X

dXRX8 .�Z

h?2 /�i� �+[mBbBiBQM r�b T2`7Q`K2/ mbBM; � G�#oA1q b+`BTi �M/ mM/2`r2Mi � M�im`�H 2pQ@

HmiBQM iQ;2i?2` rBi? i?2 ?�`/r�`2 b2i@mTb �M/ i?2 2H2+i`QMB+ +B`+mBibX Aib Tm`TQb2 r�b iQ b2i

i?2 `�M;2 BM 7`2[m2M+v �M/ i?2 �KTHBim/2 Q7 i?2 �* bB;M�H ;2M2`�iQ` �M/ iQ biQ`2 i?2 �KTHB@

im/2 Q7 i?2 QmiTmi bB;M�H +QHH2+i2/ #v i?2 Qb+BHHQb+QT2 Q` i?2 /B;BiBx2`X �KQM; i?2 /Bz2`2Mi

p2`bBQMb- +QKKQM 72�im`2b BM+Hm/2/ i?2 TQbbB#BHBiv iQ b2i i?2 HQr2` �M/ mTT2` 2ti`2K2 7Q`

i?2 7`2[m2M+v `�M;2 �M/ i?2 bi2T rB/i? Q7 i?2 b+�MX h?2 bi2T rB/i? r�b F2Ti }t2/ �i 0.1 Hz

7Q` KQbi Q7 i?2 K2�bm`2K2Mib BM i?Bb +?�Ti2`- #mi Bi r�b � mb27mH T�`�K2i2` i?�i +QmH/ #2

mb2/ iQ +?�M;2 i?2 bT22/ Q7 i?2 �+[mBbBiBQM iQ +�``v Qmi i2bibX � b+`22M@b?Qi Q7 i?2 }M�H

p2`bBQM Q7 i?2 b+`BTi- `2�HBb2/ 7Q` i?2 p2`bBQM V 3 Q7 i?2 +B`+mBi �M/ i?2 *�1L /B;BiBx2`- Bb

b?QrM BM 6B;m`2 dXNX h?2 T�`�K2i2`b �`2 b2i QM i?2 H27i@?�M/ bB/2 Q7 i?2 b+`22MX �KQM; i?2

T�`�K2i2`b- i?2 KQbi BKTQ`i�Mi �`2,

Ç MmK#2` Q7 Bi2`�iBQMb mb2/ #v i?2 b+`BTi iQ +�H+mH�i2 i?2 �KTHBim/2 Q7 i?2 bB;M�HX �

?B;?2` MmK#2` BKTHB2b � KQ`2 T`2+Bb2 #mi bHQr2` K2�bm`2K2MiX

Ç +?�MM2H H2M;i?X Ai Kmbi #2 Q7 i?2 7Q`K 3Ǧ 2
N X � ?B;?2` MmK#2` K2�Mb � rB/2`

�+[mBbBiBQM rBM/Qr BM i2`Kb Q7 iBK2 BMi2`p�H- BX2X � H�`;2` 7`�+iBQMfMmK#2` Q7 i?2

r�p2H2M;i?fT2`BQ/ Bb b�KTH2/- `2bT2+iBp2HvX aBM+2 i?2 rB`2 `2bQM�Mi 7`2[m2M+v /2T2M/b

QM i?2 H2M;i?- i?Bb MmK#2` ?�/ iQ #2 �/Dmbi2/ r?2M K2�bm`BM; rB`2 Q7 /Bz2`2Mi H2M;i?X

Ç �KTHBim/2 Q7 i?2 bB;M�H +QKBM; 7`QK i?2 bB;M�H ;2M2`�iQ`X
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Ç p�Hm2 Q7 i?2 7`2[m2M+v bi2T BM i?2 b+�MX

Ç i?2 T�i? 7Q` i?2 �a*AA }H2b +QMi�BMBM; i?2 p�Hm2 Q7 i?2 �KTHBim/2b �M/ i?2B` /BbT2`bBQMX

h?2 +2Mi`�H rBM/Qr /BbTH�vb i?2 b�KTH2/ bB;M�H Q7 i?2 b2H2+i2/ +?�MM2HUbV rBi? � K�tBKmK

Q7 32X h?2 b2+iBQM QM i?2 `B;?i@?�M/ bB/2 /BbTH�vb �Mv 2``Q`b- r?B+? Bb mb27mH 7Q` /2#m;;BM;

Tm`TQb2bX

6B;m`2 dXN, � b+`22M@b?Qi Q7 i?2 G�#oA1q �+[mBbBiBQM b+`BTiX

h?2 .�Z b�p2/ �M �a*AA }H2 UǳGoJ }H2ǴV i?�i biQ`2b L +QHmKMb BM i?2 7Q`K�i

|6`2[m2M+v |�URV |_JaURV | . . . |�ULV |_JaULV |,

r?2`2 �UMV Bb i?2 �KTHBim/2 Q7 i?2 bB;M�H BM +?�MM2H M �i i?2 ;Bp2M 7`2[m2M+v �M/ L Bb i?2

MmK#2` Q7 +?�MM2Hb i?�i i?2 +m``2Mi p2`bBQM Q7 i?2 +B`+mBi r�b �#H2 iQ `2�/QmiX h?2 _Ja

p�Hm2 Bb rQ`F2/ Qmi �b i?2 /BbT2`bBQM Q7 i?2 K2�bm`2K2Mib �`QmM/ i?2B` K2�M p�Hm2X

h?2 }M�H p2`bBQM Q7 i?2 .�Z +�M `2�/ �M 2ti2`M�H BMTmi }H2 iQ �miQK�iB+�HHv /2i2`KBM2

i?2 `�M;2 Q7 7`2[m2M+B2b iQ b+�MX h?Bb }H2 Bb �MQi?2` �a*AA }H2 U*ao }H2V r?B+? +QMi�BMb

BM7Q`K�iBQM �#Qmi i?2 MQKBM�H i2MbBQM Q7 i?2 rB`2b �M/ i?2 H2M;i? Q7 2�+? Q7 i?2 b2;K2Mib

i?�i K�F2 mT i?2 rB`2bX h?2 b+`BTi `2�/b i?2 }H2 �M/ +�H+mH�i2b i?2 `�M;2 iQ b+�M iQ BM+Hm/2

i?2 `2bQM�Mi 7`2[m2M+v Q7 2�+? b2;K2MibX Ai ?�b mT iQ 9 +QHmKMb, i?2 }`bi QM2 +QMi�BMb i?2

�bbmK2/ i2MbBQM Q7 i?2 rB`2 BM ;`�KbX h?2 Qi?2` i?`22 +QHmKMb +QMi�BM i?2 H2M;i? Q7 i?2

b2;K2Mib BM r?B+? i?2 rB`2b Bb /BpB/2/ #v +QK#bX aQK2 Q7 i?2 H�bi i?`22 +QHmKMb +�M #2

2KTiv #mi +QKK�b- ǳ-Ǵ- Kmbi #2 T`2b2MiX �b �M 2t�KTH2 Q7 i?2 bi`m+im`2 b22 h�#H2 dXRX

h?2 b+`BTi r�b /2bB;M2/ ?�pBM; BM KBM/ i?2 `2�HBbiB+ bBim�iBQMb 7Q` r?B+? Bi Bb M2+2bb�`v iQ
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K2�bm`2 i?2 i2MbBQM Q7 � H�`;2 MmK#2` Q7 rB`2bX AM i?�i +�b2 Bi rQmH/ #2 M2+2bb�`v iQ +`2�i2

�M BMTmi }H2 +QMi�BMBM; i?2 BM7Q`K�iBQM QM 2�+? rB`2 BM i?2 b2i@mT BM Q`/2` iQ bT22/ mT i?2

K2�bm`2K2MiX

h�#H2 dXR, ai`m+im`2 Q7 i?2 BMTmi }H2 7Q` .�Z b+`BTiX �M ǳtǴ bvK#QH K2�Mb i?�i i?2 }2H/ Bb
H27i 2KTivX

1tT2+i2/ i2MbBQM (;) G2M;i? b2;X R (K) G2M;i? b2;X k (K) G2M;i? b2;X j (K)

8yy RX8 t t
8yy RX8 RX8 t
93y RXk8 t t
9ey RXj RX8 RXj
Ę Ę Ę Ę
Ę Ę Ę Ę

dXk 1pQHmiBQM Q7 i?2 +B`+mBi �M/ K2i?Q/

dXkXR 1�`Hv K2�bm`2K2Mib �M/ MQBb2 `2/m+iBQM

�i }`bi Bi2`�iBQM- i?2 +B`+mBi BM 6B;m`2 eX9 r�b #mBHi �M/ BMbi�HH2/ BM �M BMi2`7�+2 #QtX h?2

BMi2`7�+2 #Qt T`2p2Mi2/ �++B/2Mi�H +QMi�+i rBi? i?2 T�`i Q7 i?2 +B`+mBi #B�b2/ �i ?B;? pQHi�;2

�M/ T`QpB/2/ i?2 bHQib iQ +QMM2+i i?2 +�#H2b 7Q` i?2 ?B;? pQHi�;2 bmTTHv �M/ i?2 �* bB;M�H

;2M2`�iQ`X 1�`Hv K2�bm`2K2Mib U6B;m`2 dXRyV r2`2 i�F2M rBi? irQ �/D�+2Mi rB`2b i2MbBQM2/

�i irQ /Bz2`2Mi p�Hm2bX AM i?Bb THQi i?2 p�Hm2 Q7 i?2 .* #B�b r�b 1 kV �M/ i?2 �* �KTHBim/2

r�b 10 VX h?2 THQi b?Qrb irQ +H2�` T2�Fb �i �`QmM/ 16 Hz �M/ 22 Hz +Q``2bTQM/BM; iQ �

i2MbBQM Q7 242 g �M/ 457 gX PM2 Q7 i?2 }`bi +QM+2`Mb r�b i?2 /BT Q#b2`p2/ �i 25 HzX hQ

mM/2`bi�M/ i?Bb- � b+�M Q7 i?2 MQBb2 BM � H�`;2` 7`2[m2M+v `�M;2 H2/ iQ i?2 /�i� THQii2/ BM

6B;m`2 dXRRX hQ QMHv b22 i?2 MQBb2- i?2 .* #B�b r�b MQi brBi+?2/ QM- `2bmHiBM; BM i?2 �#b2M+2

Q7 i?2 irQ T2�Fb- H2�pBM; QMHv i?2 HBM2�` #�b2HBM2X

Pi?2` MQi�#H2 72�im`2b r2`2 Q#b2`p2/, H�`;2 MQBb2 �`QmM/ 50 Hz �M/ 25 HzX :Bp2M i?2 p�Hm2b-

i?Bb #2?�pBQm` r�b �b+`B#2/ iQ 2H2+i`QK�;M2iB+ MQBb2 +QKBM; 7`QK i?2 K�BMbX �b i?Bb MQBb2

+QmH/ ?B/2 Q` /BbiQ`i i?2 `2bQM�Mi bB;M�H b?QmH/ Bi ?�TT2M iQ #2 BM i?2 pB+BMBiv Q7 i?2b2

7`2[m2M+B2b- �M �ii2KTi r�b K�/2 iQ `2/m+2 BiX

h?2 K2i?Q/ mb2/ iQ `2/m+2 i?2 MQBb2 r�b iQ mb2 � bQ@+�HH2/ ǳBMbi`mK2Mi�iBQM �KTHB}2`ǴX

h?Bb /2pB+2 mb2b � i?B`/ rB`2- MQi 2tTHQBi2/ #v i?2 +B`+mBi- �b �M ǳ�Mi2MM�Ǵ iQ +�i+? i?2 MQBb2

�M/ bm#i`�+i Bi 7`QK i?2 QmiTmi bB;M�H Q7 i?2 +B`+mBiX h?2 }`bi �KTHB}2` /2p2HQT2/ Bb b?QrM

BM 6B;m`2 dXRk, i?2 r?Bi2 +�#H2 BM i?2 TB+im`2 ?�/ iQ #2 +QMM2+i2/ iQ i?2 �Mi2MM� pB� i?2

b+`2r +QMM2+iQ` �M/ i?2`2 �`2 irQ bHQib- QM2 7Q` i?2 QmiTmi bB;M�H Q7 i?2 +B`+mBi iQ ;2i BM
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6B;m`2 dXRy, aB;M�H 7Q` rB`2b bQH/2`2/ �i irQ /Bz2`2Mi i2MbBQMb rBi? +QMbi�Mi #B�b Q7 1 kVX
h?2 K2�bm`2K2Mi r�b i�F2M rBi? V 1 �M/ i?2 HQM;@7`�K2X

6B;m`2 dXRR, aB;M�H rBi?Qmi ?B;? pQHi�;2X h?2 K2�bm`2K2Mi r�b i�F2M rBi? V 1 �M/ i?2
HQM;@7`�K2X
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�M/ i?2 Qi?2` 7Q` i?2 ǳ+H2�M2/Ǵ bB;M�H iQ ;2i QmiX h?2 +B`+mBi M22/b iQ #2 TQr2`2/ �M/ i?Bb

Bb /QM2 pB� �MQi?2` 2ti2`M�H TQr2` bmTTHvX "v K2�Mb Q7 � b+`2r UQM i?2 iQT Q7 i?2 #Hm2 #Qt

BM 6B;m`2 dXRkV Bi Bb TQbbB#H2 iQ K�Mm�HHv �/Dmbi i?2 `2bTQMb2 Q7 i?2 �KTHB}2`X

6B;m`2 dXRk, AMbi`mK2Mi�iBQM �KTHB}2`X a22 i2ti 7Q` /2b+`BTiBQMX

6B;m`2 dXRj b?Qrb i?2 #�b2HBM2 Q7 i?2 b�K2 bB;M�H rBi? UHQr2` +m`p2V �M/ rBi?Qmi UmTT2`

+m`p2V i?2 BMbi`mK2Mi�iBQM �KTHB}2`X h?2 BKT`Qp2K2Mi Bb +H2�`Hv pBbB#H2- 2bT2+B�HHv �`QmM/

6B;m`2 dXRj, LQBb2 #27Q`2 U?B;?2` TQBMibV �M/ �7i2` UHQr2` TQBMibV i?2 �//BiBQM Q7 i?2 BMbi`m@
K2Mi�iBQM �KTHB}2`X h?2 +B`+mBi 2KTHQv2/ r�b V 1 iQ;2i?2` rBi? i?2 HQM;@7`�K2X

50 HzX h?�MFb iQ i?Bb �//BiBQM- Bi r�b TQbbB#H2 iQ `2/m+2 i?2 p�Hm2 Q7 i?2 +QMbi�Mi #B�b iQ

500 V K�BMi�BMBM; +H2�` bB;M�HbX 6B;m`2 dXR9 b?Qrb i?2 b�K2 +QM};m`�iBQM �b 6B;m`2 dXRy

#mi rBi? � 500 V +QMbi�Mi #B�b �7i2` i?2 �TTHvBM; Q7 i?2 BMbi`mK2Mi�iBQM �KTHB}2`X

dXkXk lT;`�/2 Q7 i?2 +B`+mBi iQ mb2 i?`22 rB`2b

� M2r +B`+mBi B/2�- V 2- r�b /2p2HQT2/ rBi? i?2 �BK Q7 `2/m+BM; i?2 p�Hm2b Q7 i?2 #B�bBM;

pQHi�;2bX h?2 M2r +QM+2Ti +QMbBbib Q7 #B�bBM; i?2 irQ rB`2b bm``QmM/BM; i?2 rB`2 r?Qb2

ey



6B;m`2 dXR9, aB;M�H 7Q` rB`2b bQH/2`2/ �i 300 g �M/ 500 g rBi? � +QMbi�Mi #B�b Q7 500 VX h?2
+B`+mBi 2KTHQv2/ r�b V 1 rBi? i?2 BMbi`mK2Mi�iBQM �KTHB}2` iQ;2i?2` rBi? i?2 HQM;@7`�K2X

i2MbBQM Bb #2BM; K2�bm`2/ #v �M �* rBi? �//2/ Q` bm#i`�+i2/ � .* pQHi�;2 Uv0 ± V0V QM

QTTQbBi2 bB/2bX h?Bb M2r +QM};m`�iBQM �HHQrb i?2 mb2 Q7 bK�HH2` p�Hm2b Q7 i?2 pQHi�;2b i?�i

rQmH/ MQi /�K�;2 i?2 RC +QKTQM2Mib Q7 i?2 a"L. 2H2+i`QMB+ #Q�`/bX AM i?Bb +�b2- /m2

iQ i?2 7�+i i?�i irQ /Bz2`2Mi +QMbi�Mi #B�b2b Kmbi #2 �TTHB2/- ±V0- i?2 HBKBi iQ T`2b2`p2

i?2 a"L. #Q�`/b Ub22 6B;m`2 dXeV Bb HQr2`2/ iQ ±(v0 + V0) = ±200 VX 6B;m`2 dXR8 b?Qrb

� +�`iQQM 2tTH�BMBM; i?2 B/2�X h?2 `2/ /�b?2/ HBM2b `2T`2b2Mi i?2 rB`2 r?Qb2 i2MbBQM r2

r�Mi iQ K2�bm`2- r?BH2 i?2 #H�+F QM2b �`2 i?2 #B�b2/ rB`2bX h?2 Qb+BHH�iBQM Bb 2M?�M+2/ #v

i?2 QTTQbBi2 2H2+i`B+ }2H/b QM 2�+? bB/2 Q7 i?2 ;`QmM/2/ rB`2bX h?Bb bi`m+im`2 Bb �HbQ 2�bv iQ

`2THB+�i2 7Q` � H�`;2` MmK#2` Q7 rB`2bX � b+?2K�iB+ /`�rBM; Q7 i?2 M2r +B`+mBi Bb b?QrM BM

6B;m`2 dXReX h?2 H27i@?�M/ T�`i b?Qrb i?2 +B`+mBi mb2/ iQ #B�b i?2 rB`2b rBH2 i?2 `B;?i@?�M/

T�`i b?Qrb i?2 BMbi`mK2Mi�iBQM �KTHB}2` iQ;2i?2` rBi? i?2 /B;BiBx2` �M/ i?2 H�TiQT mb2/ 7Q`

.�ZX

h?2 M2r +QM};m`�iBQM BM+`2�b2/ i?2 �KTHBim/2 Q7 i?2 bB;M�Hb #v � 7�+iQ` Q7 }p2 rBi?

`2bT2+i iQ i?2 bB;M�H Q#i�BM2/ rBi? i?2 V 1 +QM};m`�iBQMX �MQi?2` �/p�Mi�;2 Bb i?�i Bi

`2bQHp2b i?2 �K#B;mBiv i?�i r2 rQmH/ ?�p2 #2ir22M i?2 irQ �/D�+2Mi rB`2b mb2/ #27Q`2, i?2

M2r b2i@mT K2�bm`2b i?2 `2bQM�Mi 7`2[m2M+v Q7 i?`22 rB`2b- #mi QMHv i?2 bB;M�H +Q``2bTQM/BM;

iQ i?2 rB`2 BM i?2 KB//H2 Bb 2M?�M+2/X h?Bb K2+?�MBbK i?mb �HHQrb 2�bv B/2MiB}+�iBQM Q7 i?2

7`2[m2M+v Q7 i?2 rB`2 7Q` r?B+? i?2 i2MbBQM Bb K2�bm`2/X
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6B;m`2 dXR8, *�`iQQM 2tTH�BMBM; i?2 K2i?Q/ Q7 QT2`�iBQM Q7 i?2 V 2 p2`bBQM Q7 i?2 +B`+mBi

6B;m`2 dXRe, 1H2+i`B+ b+?2K2 Q7 i?2 V 2 +B`+mBiX

ek



"2M+?K�`FBM; i?2 V 2 +B`+mBi

� bvbi2K�iB+ bim/v r�b /QM2 iQ #2M+?K�`F i?2 V 2 +B`+mBiX h?2 Q#D2+iBp2 r�b iQ +?�`�+i2`Bb2

i?2 H2M;i? Q7 i?2 rB`2 r2 +QmH/ K2�bm`2 bi�vBM; #2HQr i?2 a"L. #Q�`/ HBKBiX h?2 K2�bm`2@

K2Mib r2`2 i�F2M 2tTHQBiBM; i?2 4 m HQM; 7`�K2 �M/ mbBM; +QK#b iQ BMp2biB;�i2 i?2 #2?�pBQm`

�i p�`BQmb H2M;i?b BM i?2 a"L. `2;BK2 (. 1.5 m) Ub22 6B;m`2 eXkVX �7i2` � /2/B+�i2/ bm`p2v-

i?2 QTiBK�H p�Hm2 7QmM/ 7Q` i?2 �* bB;M�H �KTHBim/2 r�b v0 = 40 VcR i?Bb �HHQrb 7Q` � bi`QM;

bB;M�H- r?BH2 �pQB/BM; b�im`�iBQM Q7 i?2 �KTHB}2`bX Ai r�b F2Ti 7Q` bm#b2[m2Mi K2�bm`2K2MibX

hQ +?�`�+i2`Bb2 i?2 bi`2M;i? Q7 i?2 bB;M�H 7Q` /Bz2`2Mi H2M;i?b- K2�bm`2K2Mib �i 1.5 m- 1 m

�M/ 0.75 m r2`2 i�F2MX 6Q` 2�+? Q7 i?2K- irQ p�Hm2b Q7 i?2 +QMbi�Mi #B�b V0 r2`2 mb2/,

Ç V0 = 150 V- iQ bi�v #2HQr i?2 a"L. HBKBi, V0 + v0 = 150 V + 40 V = 190 V < 200 Vc

Ç V0 = 350 V- `2bmHiBM; BM KQ`2 T`QMQmM+2/ bB;M�Hb iQ +QKT�`2 rBi? i?2 a"L. HBKBi

+QM/BiBQMbX

hQ [m�MiB7v i?2 bi`2M;i? Q7 i?2 bB;M�H- BX2X ?Qr Bb i?2 `2bQM�Mi T�ii2`M /BbiBM;mBb?�#H2

7`QK i?2 #�b2HBM2- � bB;M�H@iQ@MQBb2 `�iBQ S
N T�`�K2i2` r�b /2}M2/ �b i?2 `�iBQ #2ir22M i?2

�KTHBim/2 T2�F@iQ@T2�F Q7 i?2 `2bQM�Mi T�ii2`M �M/ i?2 �p2`�;2 MQBb2 Q7 i?2 bBM;H2 �KTHBim/2

K2�bm`2K2MiX

6B;m`2 dXRd b?Qrb /�i� 7Q` 1.5 m HQM; rB`2b, i?2 H27i T�M2H b?Qrb /�i� i�F2M rBi? +QMbi�Mi

#B�b V0 = 350 V- r?BH2 i?2 `B;?i T�M2H b?Qrb K2�bm`2K2Mib rBi? V0 = 150 VX "Qi? bB;M�Hb

U�V 1.5 m HQM; rB`2b �i V0 = 350 V- S
N = 17.55X U#V 1.5 m HQM; rB`2b �i V0 = 150 V- S

N = 3.51X

6B;m`2 dXRd, *QKT�`BbQM #2ir22M #2vQM/ �M/ #2HQr i?2 a"L. pQHi�;2 HBKBi 7Q` 1.5 m HQM;
b2;K2MibX LQi2 i?2 T`2b2M+2 Q7 #B;;2` T2�F BM +Q``2bTQM/2M+2 Q7 i?2 `2bQM�Mi 7`2[m2M+v Q7
i?2 rB`2 #2BM; K2�bm`2/X a22 i2ti 7Q` /2i�BHbX

?�p2 � #B;;2` T2�F �i i?2 `2bQM�Mi 7`2[m2M+v Q7 i?2 b�M/rB+?2/ rB`2 �M/ � bK�HH #mKT QM

i?2 H27i +Q``2bTQM/BM; iQ i?2 `2bQM�Mi 7`2[m2M+v Q7 QM2 Q7 i?2 irQ �/D�+2Mi rB`2bX �Hi?Qm;?

i?2 bB;M�H BM 6B;m`2 dXRdU�V Bb KQ`2 +H2�`- i?2 `2bQM�Mi T2�F BM 6B;m`2 dXRdU#V Bb biBHH +H2�`Hv
Rh?2 HBM2�` �KTHB}2` r�b mb2/ iQ ;2i iQ i?�i p�Hm2X
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pBbB#H2X h?Bb rQmH/ MQi ?�p2 #22M TQbbB#H2 rBi?Qmi i?2 MQBb2 `2/m+iBQM bvbi2K �M/ rBi? i?2

QH/ p2`bBQM Q7 i?2 +B`+mBi Ui?2 Qb+BHH�iBQM �KTHBim/2 rQmH/ MQi ?�p2 #22M H�`;2 2MQm;?VX

6B;m`2 dXR3 b?Qrb i?2 b�K2 THQib 7Q` 1 m HQM; rB`2bX AM i?Bb +�b2- #Qi? i?2 irQ bK�HH

T2�Fb `2H�iBp2 iQ i?2 irQ �/D�+2Mi rB`2b �`2 pBbB#H2 �M/- �;�BM- i?2 K�BM `2bQM�Mi T2�F Bb

pBbB#H2 BM #Qi? +QM/BiBQMbX

U�V 1.0 m HQM; rB`2b �i V0 = 350 V- S
N = 22.79X U#V 1.0 m HQM; rB`2b �i V0 = 150 V- S

N = 5.40X

6B;m`2 dXR3, *QKT�`BbQM #2ir22M #2vQM/ �M/ #2HQr i?2 a"L. pQHi�;2 HBKBi 7Q` 1.0 m HQM;
b2;K2MibX h?2 H�`;2` T2�F +Q``2bTQM/b iQ i?2 rB`2 #2BM; K2�bm`2/ �M/ i?2 bK�HH2` T2�Fb �i
i?2 `2bQM�Mi 7`2[m2M+B2b Q7 i?2 �/D�+2Mi rB`2bX

q?2M K2�bm`BM; i?2 i2MbBQM Q7 b?Q`i2` rB`2b- i?2 �KTHBim/2 Q7 i?2 `2bQM�Mi T2�F #2+QK2b

bK�HH2` #2+�mb2 i?2 2t+Bi�iBQM Q7 i?2 Qb+BHH�iBQM Bb KQ`2 /B{+mHiX 6B;m`2 dXRN b?Qrb i?2 `2bmHi

7Q` 0.75 m HQM; rB`2bX 6Q` S
N < 3.5 r2 7QmM/ i?�i Bi r�b /B{+mHi iQ BM72` i?2 7`2[m2M+v 7`QK

/�i� �M/- bBM+2 i?2 `�iBQ Bb bK�HH2` 7Q` bK�HH2` H2M;i?b- r2 b2i i?2 HQr2bi HBKBi QM i?2 H2M;i?

iQ 0.75 mX h?Bb HBKBi Bb K�BMHv /`Bp2M #v i?2 HBKBib QM i?2 pQHi�;2b i?�i +�M #2 �TTHB2/ QM

U�V 0.75 m HQM; rB`2b �i V0 = 350 V- S
N = 11.95X U#V 0.75 m HQM; rB`2b �i V0 = 150 V- S

N = 3.70X

6B;m`2 dXRN, *QKT�`BbQM #2ir22M #2vQM/ �M/ #2HQr i?2 a"L. pQHi�;2 HBKBi 7Q` 0.75 m HQM;
rB`2bX �i HQr2` V0 Bi #2+QK2b ?�`/2` iQ /BbiBM;mBb? i?2 bB;M�H 7`QK i?2 #�b2HBM2X

i?2 a"L. #Q�`/bX h?2`27Q`2- Bi K�v MQi #2 TQbbB#H2 iQ K2�bm`2 i?2 b?Q`i2bi rB`2b mMH2bb

7mim`2 2H2+i`B+ #Q�`/b �HHQr mbBM; ?B;?2` pQHi�;2bX Ai Bb rQ`i? MQiBM; i?�i i?2 K2�bm`2K2Mi

Q7 i?2 b?Q`i2bi rB`2b +QmH/ �HbQ #2 +?�HH2M;BM; 7Q` i?2 H�b2` b2i@mT, BM i?2 +QKKBbbBQMBM; Q7
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i?2 T`QiQ.lL1 /2i2+iQ` �i *1_L bQK2 Bbbm2b +QMM2+i2/ iQ i?2 ;2QK2i`v Q7 i?2 7`�K2 �M/

i?2 TQbBiBQMBM; Q7 i?2 H�b2` ?2�/ ?�p2 #22M Q#b2`p2/ (8R) i?�i K�/2 Bi BKTQbbB#H2 iQ K2�bm`2

i?2 b?Q`i2bi rB`2bX AM �Mv +�b2- r2 ?�p2 /2KQMbi`�i2/ i?�i i?2 M2r �TT`Q�+? rQ`Fb rBi?

i?2 K�DQ`Biv U�#Qmi 90%V Q7 i?2 a"L. rB`2 b2;K2Mib BM i?2 �S�bX AM 7mim`2 HB[mB/ �`;QM

2tT2`BK2Mib- HBF2 .lL1 (8k)- Bi b?QmH/ #2 TQbbB#H2 iQ /2bB;M i?2 2H2+i`QMB+ #Q�`/b iQ �HHQr

7Q` ?B;?2` pQHi�;2 #B�b2bX h?�i rQmH/ �HHQr i?2 i2MbBQM Q7 b?Q`i2` rB`2b iQ #2 K2�bm`2/ #v

bBKTHv `�BbBM; i?2 pQHi�;2b mb2/X

dXkXj _2bQHmiBQM

hQ mM/2`bi�M/ i?2 `2bQHmiBQM Q7 i?2 i2+?MB[m2- i?2 HQM;@7`�K2 r�b mb2/ iQ;2i?2` rBi? i?2

p2`bBQM V 3 Q7 i?2 +B`+mBiX h?2 p2`bBQM V 3 BKTH2K2Mib i?2 B/2� Q7 V 2 iQ `2�/Qmi mT iQ jk

+?�MM2Hb mbBM; i?2 *�1L /B;BiBx2`X 6Q` T`�+iB+�H `2�bQMb- QMHv 2H2p2M 4 m HQM; rB`2b r2`2

bQH/2`2/ �i 500 g �M/ � +QK# r�b mb2/ iQ K2�bm`2 i?2 i2MbBQM Q7 � 1 m HQM; b2;K2MiX h?2

pQHi�;2b mb2/ r2`2 150 V 7Q` i?2 +QMbi�Mi #B�b �M/ 40 V 7Q` i?2 �KTHBim/2 Q7 i?2 �* bB;M�HX

"Qi? pQHi�;2b �M/ rB`2 H2M;i? r2`2 +?Qb2M iQ #2 bBKBH�` iQ i?2 a"L. +QM/BiBQMb, 1 m Bb

b?Q`i 2MQm;? iQ +?�`�+i2`Bb2 i?2 `2bQHmiBQM 7Q` KQbi Q7 i?2 b2;K2Mib UKQbi Q7 rB`2 b2;K2Mib

BM a"L. �`2 HQM;2` i?�M 1 mV �M/ `2bmHib BM � +H2�` bB;M�H rBi? pQHi�;2b rBi?BM i?2 a"L.

`2[mB`2K2MibX

h?2 K2�bm`2K2Mi Q7 2�+? rB`2 Bb THQii2/ BM i?2 ?BbiQ;`�K Q7 6B;m`2 dXkyX h?2v �`2

/Bbi`B#mi2/ rBi? � K2�M p�Hm2 Q7 4.561 N U⇠ 465 gV �M/ � bi�M/�`/ /2pB�iBQM Q7 0.070 N

U7 gVX Pm` +QM+HmbBQM Bb i?�i i?2 2H2+i`B+ K2i?Q/ �HHQrb iQ /2i2`KBM2 i?2 rB`2 i2MbBQM rBi?

� `2bQHmiBQM Q7 � b2p2`�H ;`�Kb- #2ii2` i?�M 2%X

dXj *�HB#`�iBQM

AM Q`/2` iQ bim/v i?2 #B�b Q7 i?2 2H2+i`B+ K2i?Q/- r2 T2`7Q`K2/ � +`Qbb@+�HB#`�iBQM rBi? i?2

H�b2` K2i?Q/X h?2 }`bi bi2T r�b iQ #mBH/ � /2/B+�i2/ H�b2` b2i@mT �M/ +�HB#`�i2 Bi rBi? `2bT2+i

iQ i?2 MQKBM�H i2MbBQM Q7 i?2 rB`2bX h?2M- i?2 2H2+i`B+ K2�bm`2K2Mib r2`2 +�HB#`�i2/ mbBM;

i?2 H�b2` �b `272`2M+2 �M/ +Q``2+i2/ 7Q` i?2 H�b2` +�HB#`�iBQM BM Q`/2` iQ Q#i�BM i?2 +�HB#`�iBQM

rBi? `2bT2+i iQ i?2 MQKBM�H p�Hm2bX h?2 `2�bQM Q7 i?Bb T`Q+2/m`2 Bb i?�i /B`2+i +�HB#`�iBQM Q7

i?2 2H2+i`B+ i2+?MB[m2 Bb /B{+mHi, i?2 rB`2b M22/ iQ #2 bQH/2`2/ QM #Qi? 2M/b iQ #2 +QMM2+i2/

iQ i?2 +B`+mBiX h?Bb r�v- bQK2 i2MbBQM +�M #2 HQbi /m`BM; i?2 bQH/2`BM; T`Q+2/m`2- r?B+? Bb

MQi M22/2/ 7Q` i?2 H�b2` K2i?Q/ +�HB#`�iBQMX h?2 +�HB#`�iBQM r�b T2`7Q`K2/ mbBM; i?2 p2`bBQM

V 2 Q7 i?2 +B`+mBiX
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6B;m`2 dXky, _2bQHmiBQM Q7 i?2 K2i?Q/ 7Q` `2T2�i2/ K2�bm`2K2MibX h?2 irQ `2/ HBM2b b?Qr
i?2 `2;BQM �HHQr2/ #v i?2 iQH2`�M+2 Q7 1 N (9y)X

dXjXR G�b2` b2i@mT

6B;m`2 dXkR b?Qrb i?2 b2i@mT mb2/ iQ +�HB#`�i2 i?2 H�b2`X

6B;m`2 dXkR, G�b2` b2i@mT mb2/ iQ +�HB#`�i2 i?2 rB`2 i2MbBQMBM; K2�bm`2K2MiX

h?2 H�b2` r�b BMbi�HH2/ QM � 7`�K2 iQ;2i?2` rBi? �M Qz@�tBb T?QiQ/BQ/2X h?2 HB;?i ?Bi i?2

rB`2 rBi? � +2`i�BM �M;H2 �M/ r�b `2~2+i2/ 7`QK i?2 rB`2 BM � 7Q`r�`/ +QM2 U6B;m`2 dXkkV iQ

#2 +�m;?i #v i?2 T?QiQ/BQ/2X

h?2 rB`2b r2`2 K2+?�MB+�HHv T2`im`#2/ iQ Qb+BHH�i2 �i i?2B` `2bQM�Mi 7`2[m2M+v `2bmHiBM; BM

;2M2`�iBM; �M 2H2+i`B+ bB;M�H rBi? i?2 b�K2 7`2[m2M+v 7`QK i?2 T?QiQ/BQ/2X h?2 bB;M�H r�b

ee



6B;m`2 dXkk, GB;?i 7`QK H�b2` U#QiiQKV Bb `2~2+i2/ Qz i?2 rB`2 BM i?2 7Q`r�`/ /B`2+iBQMX AM
i?2 TH�M2 T2`T2M/B+mH�` iQ i?�i Q7 i?2 rB`2- i?2 `2~2+iBQMb T�ii2`M Bb � +B`+mK72`2M+2X

i?2M �KTHB}2/ #v �M �KTHB}2` Ur?Bi2 #Qt BM `B;?i@?�M/ bB/2 Q7 6B;m`2 dXkRV �M/ `2�/ Qmi

#v � H�TiQT i?`Qm;? � D�+F THm;X �M �+[mBbBiBQM b+`BTi /2+QMpQHp2/ i?2 bB;M�H mbBM; � 6�bi

6Qm`B2` h`�Mb7Q`K U66hV iQ Q#i�BM T2�Fb BM i?2 7`2[m2M+v /Bbi`B#miBQM BM +Q``2bTQM/BM; iQ

i?2 `2bQM�Mi 7`2[m2M+v �M/ i?2 ?�`KQMB+bX 6B;m`2 dXkj b?Qrb � ivTB+�H 2p2Mi �+[mB`2/ #v

i?2 G�#oA1q .�Z b+`BTi mb2/ iQ rQ`F Qmi i?2 p�Hm2 Q7 i?2 `2bQM�M+2X

6B;m`2 dXkj, .�Z b+`BTi 7Q` H�b2` i2MbBQMBM; b2i@mTX h?2 mTT2` T�`i b?Qrb i?2 Tm`2 bB;M�H
�KTHBim/2 �b � 7mM+iBQM Q7 iBK2X h?2 HQr2` T�`i b?Qr i?2 bB;M�H /2+QMpQHp2/, i?2`2 �`2 i?`22
/Bz2`2Mi T2�Fb +Q``2bTQM/BM; iQ i?2 `2bQM�Mi 7`2[m2M+v �M/ i?2 }`bi irQ ?�`KQMB+bX

hQ +�HB#`�i2 i?2 K2�bm`2K2Mib- � bBM;H2 rB`2 r�b T`2T�`2/ mbBM; i?2 HQM;@7`�K2X PM2

2M/ r�b }t2/ #v bQH/2`BM;- r?BH2 i?2 Qi?2` 2M/ r�b iB2/ iQ � r2B;?i Q7 500 g �M/ H27i ?�M;BM;

7`QK � TmHH2v UDmbi HBF2 BM 6B;m`2 dX8VX h?2 +�HB#`�iBQM r�b /QM2 rBi?Qmi bQH/2`BM; i?2

b2+QM/ 2M/ Q7 i?2 rB`2 iQ �pQB/ �Hi2`BM; i?2 i2MbBQM /m`BM; bQH/2`BM;X h?2 T`Q+2/m`2 r�b

T2`7Q`K2/ �i /Bz2`2Mi rB`2 H2M;i?b #v mbBM; +QK#b Ub22 a2+iBQM dX8XkVX h?2 2``Q` QM i?2

K2�bm`2K2Mi Q7 H2M;i? r�b 2biBK�i2/ �b ±2 mmX h�#H2 dXk bmKK�`Bb2b i?2 b2H2+i2/ H2M;i?

ed



�M/ i?2 `2H�iBp2 MQKBM�H 7`2[m2M+v- BX2X i?2 2tT2+i2/ `2bQM�Mi 7`2[m2M+v 7Q` rB`2b i2MbBQM2/

�i 500 g �++Q`/BM; iQ 1[m�iBQM eXRX

h�#H2 dXk, G2M;i?b �M/ +Q``2bTQM/BM; MQKBM�H 7`2[m2M+v 7Q` i?2 rB`2b K2�bm`2/X

qB`2 H2M;i? (K) LQKBM�H 7`2[m2M+v (>x)

yX8 R3RXRk
RXy NyX8e
RX8 eyXjd
kXy 98Xk3
kX8 jeXkk
jXy jyXRN

6B;m`2 dXk9 b?Qrb i?2 +�HB#`�iBQM Q7 7`2[m2M+v K2�bm`2/ rBi? i?2 H�b2` rBi? `2bT2+i iQ i?2

MQKBM�H 7`2[m2M+v Q#i�BM2/ 7`QK 1[m�iBQM eXR- Qp2`H�B/ rBi? � HBM2�` }iX h?2 2tT2`BK2Mi�H

TQBMib ?�p2 p2`iB+�H 2``Q` #�`b ;Bp2M #v i?2 bi�M/�`/ /2pB�iBQM Q7 i?2 b2i Q7 K2�bm`2K2Mib-

#mi i?2 H�b2` i2+?MB[m2 Bb p2`v T`2+Bb2 �M/ i?mb 2``Q` #�`b �`2 BMpBbB#H2 QM i?�i b+�H2X h?2`2

�`2 �HbQ 2``Q` #�`b QM i?2 x@�tBb UMQi pBbB#H2 BM i?2 THQiV ;Bp2M #v i?2 mM+2`i�BMiv QM i?2

H2M;i? K2�bm`2K2Mi mb2/ iQ Q#i�BM i?2 MQKBM�H 7`2[m2M+v 7`QK i?2 MQKBM�H i2MbBQMX

6B;m`2 dXk9, *�HB#`�iBQM Q7 H�b2` K2�bm`2K2MibX h?2 THQi b?Qrb i?2 2tT2`BK2Mi�H K2�bm`2@
K2Mib T2`7Q`K2/ rBi? i?2 H�b2` b2i@mT +Q``2bTQM/BM; iQ i?2 MQKBM�H 7`2[m2M+v 2tT2+i2/X
h?2 `2/ HBM2 Bb Q#i�BM2/ rBi? � HBM2�` }i iQ i?2 TQBMibX

h?2 }i ;Bp2b m = 0.990± 0.003 7Q` i?2 bHQT2 �M/ q = 1.9± 0.1 Hz 7Q` i?2 Qzb2iX 6B;m`2 dXk8

b?Qrb i?2 /Bz2`2M+2 BM i2MbBQM #2ir22M i?2 H�b2` K2�bm`2K2Mib �M/ i?2 2tT2+i�iBQMb �b �

7mM+iBQM Q7 i?2 H2M;i?X PMHv i?2 K2�bm`2K2Mib Q7 i?2 b2;K2Mib rBi? H2M;i? . 2 m- BX2X
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i?2 `2H2p�Mi H2M;i?b 7Q` a"L.- �`2 b?QrMX h?2 #B�b ;Q2b 7`QK � 72r ;`�Kb iQ 30 g BM i?2

a"L. `2;BQM Q7 BMi2`2biX h?Bb Bb �M �++2Ti�#H2 `2bmHi +QMbB/2`BM; i?�i i?2 a"L. iQH2`�M+2

Bb 100 g (9y)X AM Q`/2` iQ T�`�K2i`Bb2 i?2 /2T2M/2M+2 Q7 i?2 #B�b QM i?2 rB`2 H2M;i?- � HBM2�`

6B;m`2 dXk8, "B�b Q7 H�b2` K2�bm`2K2Mib �b � 7mM+iBQM Q7 rB`2 H2M;i?X PMHv i?2 K2�bm`2K2Mib
Q7 i?2 b2;K2Mib rBi? H2M;i? . 2 m- BX2X i?2 `2H2p�Mi H2M;i?b 7Q` a"L.- �`2 b?QrMX h?2 `2/
HBM2 Bb Q#i�BM2/ rBi? � HBM2�` }i iQ i?2 2tT2`BK2Mi�H TQBMibX

/2T2M/2M+2 r�b �bbmK2/ �M/ i?2 TQBMib }ii2/ U`2/ HBM2 BM 6B;m`2 dXk8VX h?2 `2bmHi Q7 i?2 }i

Bb

m1 = (26± 3) g/m,

q1 = (�17± 5) g.
UdXRV

r?2`2 m1 Bb i?2 bHQT2 �M/ q1 Bb i?2 Qzb2iX h?Bb T�`�K2i`Bb�iBQM r�b i?2M mb2/ iQ `2H�i2 i?2

i2MbBQM K2�bm`2/ rBi? i?2 2H2+i`B+ K2i?Q/ iQ i?2 MQKBM�H i2MbBQMX

dXjXk 1H2+i`B+ K2i?Q/ +�HB#`�iBQM

AM Q`/2` iQ i�F2 K2�bm`2K2Mib rBi? i?2 2H2+i`B+ +B`+mBi- Bi r�b M2+2bb�`v iQ bQH/2` i?2 Qi?2`

2M/b Q7 i?2 rB`2bX hQ;2i?2` rBi? i?2 2H2+i`B+ K2�bm`2K2Mib- H�b2` K2�bm`2K2Mib r2`2 i�F2M

�;�BM �M/ TQi2MiB�H i2MbBQM HQbb /m`BM; i?2 bQH/2`BM; Q7 i?2 rB`2b +QmH/ #2 +Q``2+i2/ 7Q`

#v K2�bm`BM; i?2 i2MbBQM rBi? i?2 H�b2` K2i?Q/ �M/ K�FBM; mb2 Q7 i?2 T�`�K2i`Bb�iBQM Q7

1[m�iBQM dXRX

6B;m`2 dXke BHHmbi`�i2b i?2 +�HB#`�iBQM THQi #2ir22M 7`2[m2M+v Q#i�BM2/ rBi? i?2 2H2+i`B+

�M/ i?2 H�b2` K2i?Q/X h?2 b2;K2Mi H2M;i?b �`2 i?2 b�K2 �b i?2 QM2b mb2/ /m`BM; i?2 H�b2`
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+�HB#`�iBQM rBi? i?2 2t+2TiBQM Q7 0.5 m r?B+? r�b mM/2` i?2 HBKBi 2biBK�i2/ 7Q` i?2 2H2+i`B+

K2i?Q/ �M/ i?2`27Q`2 r�b `2TH�+2/ #v 0.75 mX h?2 2``Q` QM i?2 2H2+i`B+ K2�bm`2K2Mi Bb ;Bp2M

#v ?�H7 i?2 bi2T Q7 i?2 7`2[m2M+v b+�M, 0.05 HzX h?2 #Hm2 HBM2 `2T`2b2Mib i?2 #Bb2+iQ` #2BM;

/`�rM iQ b?Qr i?�i i?2 2H2+i`B+ K2i?Q/ bvbi2K�iB+�HHv mM/2`2biBK�i2b i?2 7`2[m2M+vX h?2

6B;m`2 dXke, *�HB#`�iBQM Q7 2H2+i`B+ K2�bm`2K2Mib rBi? `2bT2+i iQ H�b2` K2�bm`2K2MiX SQBMi
�`2 THQii2/ 7Q` i?2 H�b2` �M/ 2H2+i`B+ K2�bm`2K2Mi �i /Bz2`2Mi H2M;i?bX h?2 #Hm2 HBM2 Bb i?2
#Bb2+iQ`- /`�rM iQ ?B;?HB;?i i?2 bvbi2K�iB+ mM/2`2biBK�i2 Q7 i?2 2H2+i`B+ K2i?Q/ rBi? `2bT2+i
iQ i?2 H�b2`X

p�Hm2b 7Q` i?2 H�b2` �`2 +Q``2+i2/ 7Q` i?2 #B�b mbBM; i?2 T�`�K2i2`b m1 �M/ q1, i?2 /Bz2`2M+2

#2ir22M i?2 i2MbBQM +�H+mH�i2/ rBi? i?2 H�b2` TH�b2` �M/ i?2 i?2Q`2iB+�H i2MbBQM Ti?2Q Bb ;Bp2M

�b � 7mM+iBQM Q7 i?2 H2M;i? l #v TH�b2` � Ti?2Q = m1l + q1- r?BH2 7`QK /�i� BM 6B;m`2 dXke Bb

TQbbB#H2 iQ +�H+mH�i2 T2H2+|l � TH�b2`|l ⌘ ↵|l r?2`2 T2H2+ Bb i?2 i2MbBQM K2�bm`2/ 2H2+i`B+�HHv

�M/ ↵|l Bb i?2 /Bz2`2M+2 rQ`F2/ Qmi �i 2p2`v H2M;i? lX h?2`27Q`2- iQ +Q``2+i 7Q` i?2 H�b2`

#B�b- T2H2+ �TmM#B�b2/ H�b2` = ↵|l +(m1l+ q1)X h?2 THQi Q7 T2H2+ �TmM#B�b2/ H�b2` �b � 7mM+iBQM Q7

i?2 7`2[m2M+v Bb b?QrM BM 6B;m`2 dXkd BM i?2 a"L. b2;K2Mib H2M;i? `�M;2 �b #27Q`2X h?2

THQi /2KQMbi`�i2b i?�i i?2 2H2+i`B+ rB`2 i2MbBQM K2�bm`2K2Mi +�M /2i2`KBM2 i?2 i2MbBQM Q7

i?2 rB`2b rBi?BM ⇠ 20 g 7`QK i?2B` MQKBM�H p�Hm2 7Q` rB`2 H2M;i? < 2 m #2BM; i?2`27Q`2 r2HH

rBi?BM i?2 `2[mB`2/ bT2+B}+�iBQMbX

dy



6B;m`2 dXkd, h2MbBQM #B�b #2ir22M i?2 2H2+i`B+ �M/ i?2 +Q``2+i2/ H�b2` K2�bm`2K2MibX

dX9 h2bi �i +`vQ;2MB+ i2KT2`�im`2b

PM2 Q7 i?2 K�BM �/p�Mi�;2b Q7 i?2 2H2+i`B+ i2+?MB[m2 Bb i?�i Bi Bb BM T`BM+BTH2 �TTHB+�#H2

BM � +HQb2/ +`vQbi�i �M/ �i +`vQ;2MB+ i2KT2`�im`2b r?2`2 H2M;i? +QMi`�+iBQMb +QmH/ ?�p2

+?�M;2/ i?2 i2MbBQMb BM i?2 bvbi2KX q2 ?�p2 i2bi2/ i?Bb TQbbB#BHBiv BM@bBim mbBM; � b2i@

mT +QMbBbiBM; Q7 � p�+mmK D�+F2i2/ /2r�` �M/ i?2 b?Q`i@7`�K2X AM Q`/2` iQ Q#i�BM HQr

i2KT2`�im`2- � +QK#BM�iBQM Q7 ;�b MBi`Q;2M �M/ HB[mB/ MBi`Q;2M UGL2V r�b mb2/X GB[mB/

MBi`Q;2M ?�b � #QBHBM; TQBMi Q7 �195.79 �
C- p2`v bBKBH�` iQ i?�i Q7 i?2 �`;QM- �189.34 �

CX

h?2 K�BM HBKBi�iBQM Q7 i?2 K2�bm`2K2Mi Bb i?2 T`2b2M+2 Q7 i?2 HB[mB/ bBM+2 Bi +�M /�KT i?2

Qb+BHH�iBQM- #mi i?2 K2�bm`2K2Mi b?QmH/ #2 TQbbB#H2 BM +QH/ ;�b- r?B+? Bb i?2 }`bi bi�;2 Q7

G�`hS* }HHBM;X h?2`27Q`2- BM i?2 K2�bm`2K2Mib /2b+`B#2/ BM i?Bb b2+iBQM r2 K�/2 bm`2 iQ

M2p2` BKK2`b2 i?2 rB`2 BM i?2 HB[mB/- Qi?2`rBb2 ?B;?2` pQHi�;2b rQmH/ ?�p2 #22M M22/2/X

h?mb- i?2 p�Hm2b r2 r2`2 �#H2 iQ mb2 r2`2 350 V 7Q` i?2 +QMbi�Mi #B�b �M/ 40 V 7Q` i?2 �*

bB;M�H �KTHBim/2X

dX9XR 1tT2`BK2Mi�H b2i@mT

h?2 2tT2`BK2Mi�H b2i@mT +QMbBbi2/ Q7 i?2 �H`2�/v K2MiBQM2/ b?Q`i@7`�K2 rBi? +QTT2`@#2`vHHBmK

rB`2b- � p�+mmK D�+F2i2/ /2r�` �M/ 7Qm` ShRyyy i2KT2`�im`2 b2MbQ`bX � T?QiQ Q7 i?2 b2i@mT

UBMbB/2 Q7 i?2 /2r�`V Bb b?QrM BM 6B;m`2 dXk3X h?2 V 2 p2`bBQM Q7 i?2 +B`+mBi r�b mb2/X h?2

7`�K2 r�b }`KHv }t2/ QM i?2 r�HH Q7 i?2 /2r�` �M/ i?2 7Qm` i2KT2`�im`2 b2MbQ`b r2`2 iB2/
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6B;m`2 dXk3, *QH/ i2bi b2i@mTX

iQ � K2i�H `Q/ i?�i r�b }t2/ �HQM; i?2 7`�K2X h?Bb �HHQr2/ i?2 KQMBiQ`BM; Q7 i?2 i2KT2`@

�im`2 �i /Bz2`2Mi ?2B;?ib BM i?2 /2r�` BM Q`/2` iQ i�F2 i?2 i2MbBQM K2�bm`2K2Mi QMHv r?2M

i?2 i2KT2`�im`2 �HQM; i?2 rB`2b Bb `2H�iBp2Hv mMB7Q`KX 6Q` i?Bb `2�bQM i?2 HQr2` b2MbQ` r�b

TQbBiBQM2/ bHB;?iHv #2HQr i?2 HQr2` 2M/ Q7 i?2 rB`2b �M/ i?2 mTT2` b2MbQ` r�b TQbBiBQM2/ Dmbi

�#Qp2 i?2 mTT2` 2M/X

dX9Xk J2�bm`2K2Mi T`Q+2/m`2

J�BMi�BMBM; � bi�#H2 ;�b i2KT2`�im`2 r�b +?�HH2M;BM; #2+�mb2 Q7 i?2 BMbi�#BHBiv Q7 i?2 b2i@mT

/m2 iQ � ?B;? ?2�i HQ�/X 6B;m`2 dXkN T`2b2Mib i?2 #2?�pBQm` Q7 i?2 i2KT2`�im`2 �b � 7mM+@

iBQM Q7 iBK2 U*?�MM2H R #2BM; i?2 HQr2bi b2MbQ` �M/ *?�MM2H 9 #2BM; i?2 ?B;?2biV 7Q` irQ

`2H�iBp2Hv bi�#H2 T2`BQ/b Q7 iBK2- r?2M r2 iQQF i?2 i2MbBQM K2�bm`2K2MibX

:Bp2M i?2 HBKBi�iBQMb Q7 i?2 b2i@mT- r2 /2+B/2/ iQ i�F2 i2MbBQM K2�bm`2K2Mib r?2M i?2 i2K@

T2`�im`2 /Bz2`2M+2 #2ir22M i?2 mTT2` �M/ i?2 HQr2` b2MbQ`b r2`2  50
�
C U#Qi? +QMiBMmQmb

�M/ /Qii2/ #H�+F p2`iB+�H HBM2b BM 6B;m`2 dXkNVX �i � H�i2` iBK2- r2 r2`2 �#H2 iQ T2`7Q`K

i?2 �M�HvbBb QMHv rBi? K2�bm`2K2Mib r?2`2 i?2 /Bz2`2M+2 r�b  30
�
C U+QMiBMmQmb #H�+F

HBM2b BM 6B;m`2 dXkNVX h?2 irQ `2H�iBp2Hv bi�#H2 +QM};m`�iBQMb r2`2 Q#i�BM2/ #v }`bi }HHBM;

i?2 #QiiQK Q7 i?2 /2r�` mT iQ i?2 HQr2` 2M/ Q7 i?2 rB`2b rBi? HB[mB/ MBi`Q;2MX h?Bb 2�bBHv

T`QpB/2/ � bm//2M /`QT Q7 i?2 i2KT2`�im`2- #mi H27i � H�`;2 /Bz2`2M+2 #2ir22M i?2 b2MbQ`b
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U�V 6B`bi bi�#H2 `2;BQMX U#V a2+QM/ bi�#H2 `2;BQMX

6B;m`2 dXkN, h2KT2`�im`2 pbX iBK2 7Q` 2�+? Q7 i?2 7Qm` b2MbQ`bX h?2 #mKTb BM i?2 THQi QM
i?2 `B;?i �`2 +�mb2/ #v i?2 /2r�` HB/ #2BM; QT2M2/ iQ +?2+F i?2 H2p2H Q7 i?2 HB[mB/X h?2
p2`iB+�H #H�+F HBM2b �`2 /`�rM +Q``2bTQM/BM; iQ i?2 iBK2 r?2M � K2�bm`2K2Mi r�b i�F2MX
a22 i2ti 7Q` 7m`i?2` /2b+`BTiBQMX

�i i?2 2ti`2K2bX lMB7Q`KBiv r�b �+?B2p2/ #v BMD2+iBM; ;�b MBi`Q;2M 7`QK i?2 #QiiQK Q7 i?2

/2r�` U6B;m`2 dXkNUH27iVV �M/ BMD2+iBM; HB[mB/ MBi`Q;2M �i i?2 #`BK U6B;m`2 dXkNU`B;?iVVX h?2

i2KT2`�im`2 r�b +QMiBMmQmbHv KQMBiQ`2/ �M/ i?2 ~mt Q7 ;�b Q` HB[mB/ �/Dmbi2/ iQ bi�#BHBb2

i?2 i2KT2`�im`2 ;`�/B2MiX

dX9Xj 1tT2+i�iBQMb �M/ �M�HvbBb

h?2 K�i2`B�H Q7 i?2 7`�K2 Ubi�BMH2bb@bi22HV �M/ rB`2b r2`2 +?Qb2M #v i?2 a"L. +QHH�#Q`�iBQM

iQ ?�p2 p2`v bBKBH�` i?2`K�H +Q2{+B2MibX h?2`27Q`2- � H�`;2 +?�M;2 BM i2MbBQM /m2 iQ /Bz2`2Mi

bi`2i+?BM; Q7 i?2 TB2+2b r�b MQi 2tT2+i2/X lM/2` i?Bb �bbmKTiBQM � +?�M;2 BM 7`2[m2M+v

rQmH/ QMHv +QK2 7`QK � +?�M;2 BM H2M;i? Ub22 1[m�iBQM eXRV- /m2 iQ i?2 i?2`K�H +QMi`�+iBQM

Q7 i?2 2MiB`2 b2i@mTX :Bp2M i?�i i?2 i?2`K�H 2tT�MbBQM +Q2{+B2Mi Q7 +QTT2`@#2`vHHBmK Bb

↵ ⇠ 17Ǧ 10
�6 �

C
�1- i?2 `2H�iBp2 +?�M;2 Q7 i?2 H2M;i? Bb

���L
L

�� = |1 + ↵�T | = 0.3% r?2`2

�T ' �210
�
C Bb i?2 /Bz2`2M+2 #2ir22M `QQK i2KT2`�im`2 T0 ' 20

�
C �M/ i?2 i2KT2`�im`2

Q7 HB[mB/ MBi`Q;2M TGL2 ' �190
�
CX >2M+2- � +?�M;2 BM 7`2[m2M+v Q7 �i KQbi

����f
f

��� ' 0.3%

r�b 2tT2+i2/X

6B;m`2 dXjy b?Qrb i?2 K2�bm`2K2Mi Q7 i?2 `2bQM�Mi 7`2[m2M+v �b � 7mM+iBQM Q7 i?2 i2K@

T2`�im`2X h?2 7`2[m2M+v p�Hm2b r2`2 Q#i�BM2/ rBi? i?2 }i T`Q+2/m`2 �M/ i?2 2``Q` #�`b �`2

;Bp2M #v i?2 i2KT2`�im`2 /Bz2`2M+2 #2ir22M i?2 irQ b2MbQ`b �i i?2 2ti`2K2b Q7 i?2 rB`2

H2M;i?X h?2 `2/ /Qib `2T`2b2Mi /�i�- r?BH2 i?2 #Hm2 HBM2 Bb i?2 2tT2+i2/ �M/ 2ti`�TQH�i2/

#2?�pBQm` �bbmKBM; QMHv � +?�M;2 BM H2M;i?X

h?2`2 Bb � +H2�` /Bb+`2T�M+v #2ir22M /�i� �M/ 2tT2+i2/ #2?�pBQm` i?�i #2+QK2b 2p2M KQ`2

dj



6B;m`2 dXjy, 6`2[m2M+v pbX i2KT2`�im`2 K2�bm`2/ /m`BM; i?2 +QH/ i2biX .�i� U`2/ TQBMibV
Bb H�`;2` i?�M i?2 2tT2+i2/ `2bQM�Mi 7`2[m2M+B2b Q7 i?2 rB`2b U+QMiBMmQmb #Hm2 HBM2VX h?2
/�b?2/ #Hm2 HBM2 r�b /`�rM iQ ?B;?HB;?i i?2 bK�HH bHQT2 Q7 i?2 +QMiBMmQmb QM2X

2pB/2Mi �7i2` i`�MbH�iBM; i?2 7`2[m2M+v BMiQ i2MbBQM Ub22 6B;m`2 dXjRVX AM i?Bb +�b2- i?2

6B;m`2 dXjR, h2MbBQM pbX i2KT2`�im`2 K2�bm`2/ /m`BM; i?2 +QH/ i2biX .�i� U`2/ TQBMibV Bb
H�`;2` i?�M i?2 2tT2+i2/ +QMbi�Mi i2MbBQM Q7 i?2 rB`2b U#Hm2 HBM2VX .2i�BHb BM i?2 i2tiX

#Hm2 HBM2 #2+QK2b ~�i �M/ Bi Bb TQbbB#H2 iQ 2biBK�i2 i?2 /Bz2`2M+2 #2ir22M i?2 2tT2+i2/

i2MbBQM �M/ i?2 K2�bm`2/ p�Hm2b, 7Q` K2�bm`2K2Mib �`QmM/ �125
�
C i?2 /Bz2`2M+2 Bb 26 g

�M/ 7Q` i?Qb2 �`QmM/ �190
�
C Bi Bb 82 gX h?Bb H2�/b iQ � +QM+HmbBQM i?�i i?2`2 �`2 �//BiBQM�H

i2KT2`�im`2 2z2+ib �z2+iBM; i2MbBQM BM Qm` b2i@mTX

� #�` i?�i +QMi`�+ib H2bb +QmH/ 2tTH�BM i?2 Q#b2`p2/ #2?�pBQm`, i?2 7`�K2 r�b MQi 2MiB`2Hv
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+QMi�BM2/ BM i?2 /2r�` �M/ i?2`27Q`2 Bib i2KT2`�im`2 Bb 2tT2+i2/ iQ #2 ?B;?2` i?�M i?�i Q7

rB`2b BM �i H2�bi T�`i Q7 Bib H2M;i?X A7 i?Bb r2`2 i?2 +�b2- i?2 i2MbBQM Q7 i?2 rB`2b +QmH/

?�p2 BM+`2�b2/ #2+�mb2 i?2v r2`2 �i HQr2` i2KT2`�im`2 i?�M i?2 #�` �M/ i?2`27Q`2 i?2v

+QMi`�+i2/ KQ`2X hQ mM/2`bi�M/ i?2 TH�mbB#BHBiv Q7 i?Bb ?vTQi?2bBb- � bBKTH2 KQ/2H +�M #2

�bbmK2/, bmTTQb2 i?�i i?2 mTT2` 2M/ Q7 i?2 #�` r�b �i `QQK i2KT2`�im`2 T0 - i?2 HQr2` 2M/

r�b �i TGL2 �M/ i?�i � HBM2�` i2KT2`�im`2 ;`�/B2Mi 2tBbib #2ir22M i?2 irQ 2ti`2K2bX h?2

i2KT2`�im`2 �HQM; i?2 7`�K2 rQmH/ #2 �T (l) = �l r?2`2 � =
�TK�t

L rBi? �TK�t = �210
�
C

�M/ L #2BM; i?2 H2M;i? Q7 i?2 7`�K2X lbBM; i?2 `272`2M+2 bvbi2K /2}M2/ BM 6B;m`2 dXjk- Bi

Bb TQbbB#H2 iQ BMi2;`�i2 i?2 HBM2�` +QMi`�+iBQM 7Q`KmH� iQ Q#i�BM i?2 +?�M;2 BM H2M;i? Q7 i?2

#�` b2;K2Mi +Qp2`2/ #v i?2 rB`2bX

h?2 H2M;i? Q7 i?2 b2;K2Mi L0
b2; �7i2` +QMi`�+iBQM rQmH/ i?2M #2

6B;m`2 dXjk, a+?2K�iB+ Q7 i?2 b?Q`i@7`�K2 �M/ `272`2M+2 bvbi2KX

L0
b2; =

Z L

L�|Lw|
(1 + ↵�T (l)) dl =

Z L

L�|Lw|
(1 + ↵�l) dl UdXkV

r?2`2 Lw Bb i?2 rB`2 H2M;i?X >2M+2,

L0
b2; = [l]LL�|Lw| +

↵�

2

⇥
l2
⇤L
L�|Lw|

= |Lw|


1�

↵

2
|�TK�t|

✓
2�

|Lw|

L

◆�
.

UdXjV

aBM+2 BM Qm` b2i@mT |Lw|
L ⇡

1
2 -

L0
b2; = |Lw|


1�

3

4
↵ |�TK�t|

�
. UdX9V
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h?Bb Bb �M 2ti`2K2 +�b2, BM i?2 `2�H bBim�iBQM i?2`2 Bb � HBF2Hv bK�HH2` /Bz2`2M+2 BM i?2

i2KT2`�im`2 #2ir22M i?2 irQ 2M/b Q7 i?2 #�`X h?2 /Bz2`2M+2 #2ir22M i?2 H2M;i? �7i2`

+QMi`�+iBQM Q7 i?2 #�` BM i?2 rB`2 `2;BQM L0
b2; �M/ i?2 rB`2 H2M;i? �7i2` +QMi`�+iBQM L0

w-

� = L0
b2; � L0

w- Bb

� = |Lw|

✓
1�

3

4
↵ |�TK�t|

◆
� |Lw| (1� ↵ |�TK�t|)

=
1

4
|Lw|↵ |�TK�t|

= 0.0006048 m.

UdX8V

h?Bb ;Bp2b �M 2z2+iBp2 `2H�iBp2 +?�M;2 BM H2M;i? Q7

�

|Lw|
= 0.9%. UdXeV

h?2 uQmM;Ƕb KQ/mHmb Y 7Q` +QTT2`@#2`vHHBmK Bb Rjy :S�- K2�MBM; Y = 130 N/mm
2X h�FBM;

i?2 `�/Bmb Q7 i?2 rB`2b- r = 75Ǧ 10
�3

mm- i?2 7Q`+2 Q7 i?2 +QMi`�+iBM; rB`2b i?�i �+ib QM

i?2 #�` rQmH/ BM+`2�b2 #v i?2 p�Hm2 F ,

F = ⇡r2Y
�

|Lw|
' 200 g. UdXdV

h?2 p�Hm2 Q#i�BM2/ Bb � 7�+iQ` Q7 kX8 ;`2�i2` i?2M i?2 K2�bm`2/ 82 gX h?Bb Bb HBF2Hv � +QM@

b2[m2M+2 Q7 i?2 �TT`QtBK�iBQMb, T2`?�Tb i?2 i2KT2`�im`2 ;`�/B2Mi Bb MQi HBM2�` �HQM; i?2

#�` �M/ i?2 i2KT2`�im`2 Bb KQ`2 mMB7Q`K i?�M �bbmK2/X �MQi?2` TQbbB#H2 `2�bQM r?v i?Bb

KQ/2H Qp2`2biBK�i2b i?2 +?�M;2 BM i2MbBQM +QmH/ #2 i?2 �bbmKTiBQM i?�i i?2 i2KT2`�im`2 QM

i?2 rB`2b Bb mMB7Q`KX

>Qr2p2`- Bi /Q2b H2�/ iQ i?2 +QM+HmbBQM i?�i i?2 i2MbBQM +?�M;2 r2 Q#b2`p2/ +�M #2

2tTH�BM2/ #v /Bz2`2M+2 BM i2KT2`�im`2b Q7 i?2 bi22H 7`�K2 �M/ rB`2bX Pm` K2�bm`2K2Mi

b?Qrb i?�i bm+? +?�M;2b +QmH/ Q++m` /m`BM; � +QQH /QrM Q7 i?2 hS* �M/ i?�i i?2v +QmH/ #2

KQMBiQ`2/ BM ǳ`2�H iBK2Ǵ mbBM; i?2 2H2+i`B+ i2MbBQM K2�bm`2K2MiX

dX8 a"L. /2/B+�i2/ /2p2HQTK2Mi

dX8XR *QKT�`BM; ;Hm2fbQH/2` K2i?Q/b

h?2 b?Q`i@7`�K2 b2i@mT r�b �HbQ mb2/ iQ i2bi /Bz2`2Mi K2i?Q/b Q7 }tBM; rB`2b QM i?2 #Q�`/b iQ

/2i2`KBM2 i?2 #2bi K2i?Q/ 7Q` i?2 a"L. /2i2+iQ` mbBM; rB`2b T`2T�`2/ �i 500 gX �++Q`/BM;

iQ i?2 T`QTQb�H Q7 i?2 a"L T`Q;`�K (k9)- rB`2b �`2 #QM/2/ bQH/2`BM; i?2 rB`2 QM ;QH/ T�/b �M/

�TTHvBM; � H�v2` Q7 2TQtvX Pm` ;Q�H r�b iQ mM/2`bi�M/ r?B+? +QK#BM�iBQM Q7 ;Hm2fbQH/2`BM;

r�b i?2 #2bi BM i2`Kb Q7 HQbb BM i2MbBQM rBi? iBK2- �i H2�bi BM i?2 b?Q`i T2`BQ/X AM Q`/2` iQ
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/Q bQ- i?2 bvbi2K T`2b2Mi2/ BM 6B;m`2 dXjj r�b T`2T�`2/ rBi? i?2 7QHHQrBM; +QM};m`�iBQMb,

rB`2b QMHv bQH/2`2/ iQ ;QH/ T�/b- bQH/2`2/ +HQb2 iQ i?2 2/;2 Q7 i?2 #Q�`/ THmb 2TQtv �TTHB2/-

bQH/2`2/ 7�` 7`QK i?2 2/;2 THmb 2TQtv �M/ b�K2 +QM};m`�iBQMb #mi rBi? i?2 rB`2b +mi �7i2`

i?2 bQH/2` T�/- bQ i?�i i?2v �`2 QMHv F2Ti BM i2MbBQM #v i?2 ;Hm2X

6B;m`2 dXjj, a2i@mT 7Q` #QM/BM; i2+?MB[m2 i2bibX 6`QK H27i iQ `B;?i v2HHQr #Qt2b, QMHv
bQH/2`2/ rB`2b- rB`2b bQH/2`2/ +HQb2 iQ i?2 ;Hm2- rB`2b bQH/2`2/ 7�` 7`QK i?2 ;Hm2- rB`2b
bQH/2`2/ +HQb2 iQ i?2 ;Hm2 �M/ i?2M +mi �7i2` i?2 ;Hm2 +m`2/- rB`2b bQH/2`2/ 7�` 7`QK i?2 ;Hm2
�M/ i?2M +mi �7i2` i?2 ;Hm2 +m`2/X h?2 b�K2 bi`m+im`2 `2T2�ib QM i?2 `B;?i #mi BM i?Bb +�b2
i?2 ;Hm2 r�b +m`2/ rBi? � ?2�i ;mMX

6Q` 2�+? +QM};m`�iBQM- i?2`2 r2`2 irQ p2`bBQMb, BM QM2 +�b2 i?2 2TQtv r�b +m`2/ `B;?i �7i2`

i?2 �TTHB+�iBQM rBi? ?Qi �B`- BM i?2 Qi?2` +�b2 i?2 2TQtv r�b H27i iQ +m`2 #v Bib2H7X

h?2 +B`+mBi p2`bBQM V 1 r�b mb2/ BM i?Bb +�b2- bBM+2 �i i?2 iBK2 V 2 r�b MQi /2p2HQT2/ v2iX

�b � +QMb2[m2M+2- i?2 p�Hm2 Q7 i?2 +QMbi�Mi pQHi�;2 M22/2/ r�b `2H�iBp2Hv ?B;?- 1.25 kV- �b

2tT2+i2/ ;Bp2M i?2 b?Q`i H2M;i? Q7 i?2 rB`2bX h?2 �KTHBim/2 Q7 i?2 �* bB;M�H r�b 10 VX �M

2t�KTH2 Q7 i?2 bB;M�Hb Bb b?QrM BM 6B;m`2 dXj9X

h?2 i2MbBQM r�b K2�bm`2/ i?`22 iBK2b 7Q` 2�+? T�B` Q7 rB`2b `B;?i �7i2` i?2 b2i@mT r�b

T`2T�`2/- �M/ i?2 b�K2 K2�bm`2K2Mib r2`2 i�F2M �;�BM �7i2` irQ r22FbX h?2 /Bz2`2M+2b BM

i2MbBQM �`2 THQii2/ BM i?2 ?BbiQ;`�K Q7 6B;m`2 dXj8X h?2v �`2 THQii2/ BM i?2 b�K2 ?BbiQ;`�K

bBM+2 MQ b2MbBiBp2 HQbb BM i2MbBQM r�b Q#b2`p2/ �M/ 7Q` 2p2`v +QM};m`�iBQM i?2 /Bz2`2M+2

BM i2MbBQM r�b r2HH rBi?BM i?2 iQH2`�M+2X q2 +QM+Hm/2/ i?�i �HH #QM/BM; K2i?Q/b r2`2

bm{+B2MiHv bi`QM; QM i?2 iBK2 b+�H2 Q7 i?2b2 K2�bm`2K2MibX

dd



6B;m`2 dXj9, aB;M�H 7Q` irQ 72 cm HQM; rB`2b rBi? bHB;?iHv /Bz2`2Mi `2bQM�Mi 7`2[m2M+B2b
UirQ T2�FbVX h?2 i2MbBQM BM ;`�Kb +Q``2bTQM/BM; iQ i?2 7`2[m2M+v 2biBK�i2/ #v i?2 }i Bb
(482.3± 2.7) g 7Q` i?2 }`bi T2�F �M/ (491.5± 2.7) g 7Q` i?2 b2+QM/ QM2X

6B;m`2 dXj8, GQbb BM i2MbBQM �7i2` irQ r22FbX

d3



dX8Xk J2�bm`2K2Mib rBi? +QK#b

�M BKTQ`i�Mi i2bi Q7 i?2 i2+?MB[m2 r�b iQ b22 Bib T2`7Q`K�M+2 BM +�b2 Q7 rB`2b /BpB/2/ #v

+QK#bX h?Bb Bb QM2 Q7 i?2 K�BM �/p�Mi�;2b Qp2` i?2 H�b2` K2i?Q/- r?B+? `2[mB`2b K2�bm`2@

K2Mib Q7 2�+? b2;K2Mi b2T�`�i2Hv- r?BH2 BM i?2 +�b2 Q7 i?2 2H2+i`B+ K2i?Q/ i?2 K2�bm`2K2Mi

rQmH/ #2 QM � rB`2@T2`@rB`2 #�bBb BMbi2�/ Q7 b2;K2Mi@#v@b2;K2MiX a"L. �M/ i?2 .lL1

2tT2`BK2Mi rBHH #2 mbBM; +QK#b �b � K2i?Q/ Q7 KBMBKBbBM; i?2 `BbF 7`QK #`2�FBM; rB`2b �M/

i?2`27Q`2 Bi r�b BKTQ`i�Mi iQ mM/2`bi�M/ r?2i?2` i?2 2H2+i`B+ i2+?MB[m2 +QmH/ rQ`F BM i?Bb

FBM/ Q7 b2i@mTX

h?2 K2�bm`2K2Mib rBi? +QK#b r2`2 i�F2M mbBM; i?2 HQM;@7`�K2X PM2 4 m HQM; rB`2 r�b

T`2T�`2/ �i 300 g �M/ � b2+QM/ �i 500 g i2MbBQM- �M/ i?2 H2M;i? /BpB/2/ BM ?�H7 #v � +QK#X

h?2 `2bmHi Bb ;Bp2M BM 6B;m`2 dXje, irQ T2�Fb �i �`QmM/ 35 Hz +Q``2bTQM/BM; iQ i?2 irQ

b2;K2Mib �i 300 g �M/ irQ T2�Fb �`QmM/ 45 Hz +Q``2bTQM/BM; iQ i?2 irQ b2;K2Mib �i 500 gX

h?2 mM+2`i�BMiv QM i?2 TQbBiBQM Q7 i?2 +QK#b- r?B+? i`�MbH�i2b BM irQ b2;K2Mib Q7 bHB;?iHv

/Bz2`2Mi H2M;i?- �M/ i?2 `2bQHmiBQM Q7 i?2 K2i?Q/ +�mb2 i?2 7`2[m2M+B2b iQ #2 MQi B/2MiB+�H

U7Qm` T2�Fb �`2 pBbB#H2 BMbi2�/ Q7 irQVX

6B;m`2 dXje, 1t�KTH2 Q7 K2�bm`2K2Mib rBi? +QK#bX

dX8Xj h2bi Q7 jk@+?�MM2H `2�/Qmi rBi? i2bi 7`�K2

h?2 }M�H i2bi Q7 i?2 b2i@mT r�b iQ mb2 Bi iQ K2�bm`2 i?2 i2MbBQM Q7 jk rB`2b bBKmHi�M2QmbHvX

� TQbbB#H2 +QM+2`M r�b r?2i?2` BM/m+2/ bB;M�Hb #2ir22M rB`2b +QmH/ �z2+i i?2 K2�bm`2K2MiX

dN



h?Bb i2bi �HbQ b2`p2/ �b �M BKTQ`i�Mi bi2T iQ +QMM2+i i?2 +B`+mBi iQ i?2 `2�H #Q�`/bX h?2

p2`bBQM V 3 Q7 i?2 +B`+mBi r�b mb2/X

6B;m`2 dXjd� b?Qrb i?2 +B`+mBi #Q�`/ QM iQT Q7 i?2 *�1L /B;BiBx2` �M/ i?2 +QMM2+iBQM

7Q` i?2 #Q�`/ QM i?2 7`�K2 T`2T�`2/ �i .�`2b#m`v G�#Q`�iQ`v U6B;m`2 dXjd#VX h?2 #Q�`/

U�V U#V

6B;m`2 dXjd, S?QiQb Q7 b2i@mT 7Q` jk +?�MM2H `2�/QmiX h?2 *�1L /B;BiBx2` iQ;2i?2` rBi? i?2
2H2+i`QMB+ +B`+mBi #Q�`/ UH27iV �M/ i?2 a"L. KQ+F@mT 7`�K2 U`B;?iV �`2 b?QrMX

?�b ee TBMb BM iQi�H, jk �`2 7Q` i?2 `2�/Qmi Q7 i?2 bB;M�H Q7 i?2 rB`2 iQ K2�bm`2- jj �`2 iQ

#B�b i?2 �/D�+2Mi rB`2b UjkYR #2+�mb2 i?2 7�`@H27i �M/ 7�`@`B;?i rB`2b ?�p2 iQ #2 #B�b2/V �M/

�MQi?2` TBM iQ ;2i i?2 bB;M�H 7`QK i?2 ǳ�Mi2MM�ǴX h?2 +QMM2+iBQMb QM i?2 #Q�`/ �`2 b?QrM

BM 6B;m`2 dXj3X 6B;m`2 dXjN b?Qrb i?2 bB;M�Hb 7Q` i?2 }`bi 2B;?i +?�MM2Hb �M/ 6B;m`2 dX9y

6B;m`2 dXj3, *QMM2+iBQMb iQ i?2 a"L. #Q�`/ 7Q` 2H2+i`B+ rB`2 i2MbBQM K2�bm`2K2MiX

b?Qr i?2 bB;M�Hb 7Q` +?�MM2H N iQ ReX q2 /2KQMbi`�i2/ i?�i i?2 i2+?MB[m2 +QmH/ rQ`F- #mi

i?2`2 �`2 bQK2 BKT`Qp2K2Mib iQ K�F2 bBM+2 bQK2 +?�MM2Hb ?�/ bK�HH2` Q` MQ bB;M�HX �

KQ`2 2z2+iBp2 ;`QmM/BM; Q7 i?2 +B`+mBi +QmH/ BKT`Qp2 i?2 `2bmHib �b r2HH �b � #2ii2` 2H2+i`B+

BbQH�iBQM Q7 i?2 +�#H2bX �i i?2 iBK2 Q7 i?2 r`BiBM;- i?Bb Bb biBHH mM/2` /2p2HQTK2MiX

3y



U�V *?�MM2H RX U#V *?�MM2H kX

U+V *?�MM2H jX U/V *?�MM2H 9X

U2V *?�MM2H 8X U7V *?�MM2H eX

U;V *?�MM2H dX U?V *?�MM2H 3X

6B;m`2 dXjN, .�i� Q7 i?2 }`bi 3 +?�MM2Hb Q7 i?2 jk +?�MM2H �+[mBbBiBQM T2`7Q`K2/ �i .�`2b#m`v
G�#Q`�iQ`v rBi? i?2 a"L. KQ+F@mT 7`�K2X h?2 `2/ /�b?2/ p2`iB+�H HBM2 r�b /`�rM BM
+Q``2bTQM/2M+2 Q7 i?2 2biBK�i2/ `2bQM�Mi 7`2[m2M+vX h?2 pQHi�;2 p�Hm2b 7Q` i?2 K2�bm`2K2Mi
r2`2 V0 = 150 V �M/ v0 = 40 VX
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U�V *?�MM2H NX U#V *?�MM2H RyX

U+V *?�MM2H RRX U/V *?�MM2H RkX

U2V *?�MM2H RjX U7V *?�MM2H R9X

U;V *?�MM2H R8X U?V *?�MM2H ReX

6B;m`2 dX9y, .�i� Q7 +?�MM2H 3 iQ Re Q7 i?2 jk +?�MM2H �+[mBbBiBQM T2`7Q`K2/ �i .�`2b#m`v
G�#Q`�iQ`v rBi? i?2 a"L. i2bi 7`�K2X h?2 `2/ /�b?2/ p2`iB+�H HBM2 r�b /`�rM BM +Q``2bTQM@
/2M+2 Q7 i?2 2biBK�i2/ `2bQM�Mi 7`2[m2M+vX h?2 pQHi�;2 p�Hm2b 7Q` i?2 K2�bm`2K2Mi r2`2
V0 = 150 V �M/ v0 = 40 VX

3k



dXe *QM+HmbBQMb

q2 ?�p2 /2p2HQT2/ � bvbi2K r?B+? �HHQrb iQ K2�bm`2 i?2 i2MbBQM Q7 KmHiBTH2 rB`2b rBi? �

;QQ/ bB;M�H@iQ@MQBb2 `�iBQ mbBM; pQHi�;2b Q7 72r ?mM/`2/b pQHibX h?2 K�BM HBKBi�iBQM Bb i?2

+m``2Mi /2bB;M Q7 i?2 a"L. 2H2+i`B+ #Q�`/ r?B+? Tmib � bi`B+i +QMbi`�BMi QM i?2 pQHi�;2b i?�i

+�M #2 mb2/X 6mim`2 HB[mB/@�`;QM 2tT2`BK2Mib +QmH/ i�F2 i?Bb BMiQ �++QmMi r?2M /2bB;MBM;

i?2 2H2+i`B+ #Q�`/bX *m``2MiHv- i?2`2 �`2 bim/B2b QM;QBM; iQ `2/m+2 i?2 iBK2 M2+2bb�`v iQ

T2`7Q`K i?2 b+�MX h?2b2 bim/B2b �`2 7Q+mbBM; QM � 7�bi2` �M�HQ;@iQ@/B;Bi�H +QMp2`i2` �M/

mbBM; QTiB+�H HBMF +QMM2+iBQMb BMbi2�/ Q7 la" BMi2`7�+2X

h?2 2H2+i`B+ K2i?Q/ ?�b i?2 �/p�Mi�;2 Q7 MQi `2[mB`BM; iQ T?vbB+�HHv /Bbim`# i?2 rB`2b

�M/ �HHQrb iQ T2`7Q`K K2�bm`2K2Mib BM bBim�iBQMb BM r?B+? Bi rQmH/ #2 BKTQbbB#H2 7Q` i?2

H�b2`, K2�bm`2 Q7 rB`2b �i i?2 #QiiQK Q7 i?2 �S� Q` BMbi�HH2/ �H`2�/v BM i?2 hS* �M/ +QQH2/

/QrM rBi? ;�b �`;QMX Ai +�M �HbQ #2 Km+? 7�bi2` i?�M i?2 H�b2` K2i?Q/- i?�MFb iQ i?2 7�+i

i?�i Bi +�M #2 b+�H2/ iQ TQi2MiB�HHv �Mv MmK#2` Q7 rB`2b K2�bm`BM; i?2 i2MbBQM Q7 �HH i?2

b2;K2Mib �i i?2 b�K2 iBK2X q2 ?�p2 b?QrM i?�i rB`2b HQM;2` i?�M 75 cm U90% Q7 i?2 a"L.

rB`2bV +�M #2 K2�bm`2/ rBi? � `2bQHmiBQM Q7 � 72r ;`�KbX

h?2 2H2+i`B+ i2+?MB[m2 T�bb2/ �M a"L. `2�/BM2bb `2pB2r �M/ Bb i?2 }`bi rB`2 i2MbBQM

K2�bm`2K2Mi i2bi2/ �i +`vQ;2MB+ i2KT2`�im`2X Ai rBHH #2 mb2/ 7Q` a"L. /m`BM; +QMbi`m+iBQM

�M/ +QKKBbbBQMBM; �M/ ?�b #22M T`QTQb2/ 7Q` i?2 T`QiQ.lL1 /2i2+iQ` �i *1_LX

3j



*?�Ti2` 3

.2p2HQTBM; q�p2H2M;i?@a?B7i2`
*Qp2`2/ _2~2+iQ` 6QBHb 7Q`
G�`hS*b

3XR AMi`Q/m+iBQM

a+BMiBHH�iBQM HB;?i +�M #2 2tTHQBi2/ iQ 2M?�M+2 i?2 T2`7Q`K�M+2 Q7 G�`hS* M2mi`BMQ /2i2+@

iQ`b- +�``vBM; BM7Q`K�iBQM +QKTH2K2Mi�`v iQ i?�i Q7 +?�`;2X .2/B+�i2/ bBKmH�iBQM bim/B2b

?�p2 b?QrM i?�i BM+`2�b2/ T`2+BbBQM BM 2M2`;v `2+QMbi`m+iBQM- iBKBM; �M/ TQbBiBQM `2+QM@

bi`m+iBQM Bb �+?B2p�#H2 BM � ?B;? HB;?i vB2H/ G�`hS* (8j)X

JQMi2 *�`HQ bBKmH�iBQMb T2`7Q`K2/ 7Q` i?2 a"L. 2tT2`BK2Mi ?�p2 b?QrM (89) i?�i

r�p2H2M;i?@b?B7i2` UqGaV +Qp2`2/ `2~2+iQ` 7QBHb BMbB/2 i?2 G�`hS* �+iBp2 pQHmK2 T`QpB/2 �

KQ`2 2{+B2Mi �M/ mMB7Q`K HB;?i +QHH2+iBQM i?�i �HHQrb iQ i`B;;2` QM 2p2Mib BM i?2 r?QH2 �+iBp2

pQHmK2X G�i2` bBKmH�iBQMb (8j) b?Qr2/ i?�i mMB7Q`KBiv Q7 HB;?i +QHH2+iBQM Ub22 6B;m`2 3XRV

�M/ 2M2`;v `2bQHmiBQM �`2 T`2b2`p2/ B7 `2~2+iQ` 7QBHb QMHv +Qp2` i?2 +�i?Q/2X aBM+2 pBbB#H2

HB;?i i`�p2Hb 7�bi2` i?�M i?2 olo HB;?i BM HB[mB/ �`;QM- �M 2�`Hv r�p2H2M;i?@b?B7iBM; Q7 HB;?i

+�M BKT`Qp2 i?2 iBK2 `2bQHmiBQM Q7 i?2 /2i2+iQ`- #2+�mb2 i?2 7�bi2`@i`�p2HHBM; pBbB#H2 HB;?i

rQmH/ KBiB;�i2 i?2 /BbT2`bBQM Q7 i?2 �``Bp�H iBK2 `2bmHiBM; 7`QK i?2 BMi`BMbB+ rB/i? Q7 i?2

HB;?i 2KBbbBQM /Bbi`B#miBQM (8j)X Ai ?�b #22M �HbQ b?QrM i?�i i?2 /Bz2`2M+2 Q7 �``Bp�H iBK2

#2ir22M pBbB#H2 �M/ olo HB;?i +�M #2 2tTHQBi2/ #v i?2 HB;?i +QHH2+iBQM bvbi2K iQ /2i2`KBM2

i?2 TQbBiBQM Q7 +?�`;2 /2TQbBiBQM rBi? � `2bQHmiBQM Q7 ⇠ 12 cm (8j)- rBi?Qmi i?2 BM7Q`K�iBQM

Q7 +?�`;2X Ai Bb TQbbB#H2 iQ 2tTHQBi i?Bb M2r 72�im`2 iQ `2D2+i MQM@#2�K #�+F;`QmM/bX a"L.

rBHH #2 2[mBTT2/ rBi? SJhb b2MbBiBp2 QMHv iQ pBbB#H2 HB;?i- BX2X rBi?Qmi qGa +Q�iBM; �TTHB2/-
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K�FBM; i?Bb 72�im`2 pB�#H2 BM i?2 /2i2+iQ`X

6B;m`2 3XR, �p2`�;2ƘMmK#2` Q7 /2i2+i2/ T?QiQMb T2` J2o �HQM; i?2 +2Mi`2 Q7 i?2 hS* �b �
7mM+iBQM Q7 i?2 /Bbi�M+2 7`QK i?2 T?QiQ+�i?Q/2 TH�M2 BM i?2 +QM};m`�iBQM rBi? qGa@+Qp2`2/
`2~2+iQ` 7QBHb +Qp2`BM; i?2 +�i?Q/2X "Hm2 TQBMib `2T`2b2Mi i?2 olo HB;?i /B`2+iHv /2i2+i2/
#v i?2 SJhb- `2/ TQBMib `2T`2b2Mi r�p2H2M;i?@b?B7i2/ HB;?i `2~2+i2/ Qz Q7 hS"@+Q�i2/ 7QBHb
UǳpBbB#H2Ǵ HB;?iVX h?2 #H�+F TQBMib `2T`2b2Mi i?2 iQi�H HB;?i +QHH2+i2/ UoloYpBbB#H2V (8j)X

h?2b2 `2bmHib ?�p2 H2/ iQ � T`QTQb�H iQ BMbi�HH qGa@+Q�i2/ 7QBHb BM i?2 a"L. /2i2+iQ`X

h?Bb +?�Ti2` T`2b2Mib i?2 rQ`F T2`7Q`K2/ iQ /2p2HQT i?2 T`Q+2/m`2 �M/ i?2 72�bB#BHBiv Q7

BMbi�HH�iBQM Q7 � b2i Q7 7QBHb BM a"L. i?`Qm;? i2bib T2`7Q`K2/ BM J�M+?2bi2` �M/ mbBM;

i?2 G�`A�h /2i2+iQ` �i 62`KBH�#X h?2b2 +QMbBbi2/ Q7 +?QQbBM; i?2 7QBH bm#bi`�i2 i?�i #2bi

bmBib i?2 mb2 BM HB[mB/ �`;QM �M/ i?2 BMbi�HH�iBQM `2[mB`2K2Mib �M/ /2}MBM; i?2 T`Q+2/m`2 iQ

2p�TQ`�i2 i?2 7QBHb rBi? hS"- i?2 qGa +QKTQmM/X � H�`;2 b+�H2 2p�TQ`�iQ` r�b b2i mT 7Q`

i?Bb Tm`TQb2X h?2 /2}M2/ 2p�TQ`�iBQM T`Q+2/m`2 r�b i?2M mb2/ iQ 2p�TQ`�i2 7QBHb i?�i r2`2

BMbi�HH2/ BM � a"L.@HBF2 K2b? +�i?Q/2 UHBF2 i?2 QM2 /2b+`B#2/ BM a2+iBQM 8XRXRV /2bB;M2/ �M/

K�Mm7�+im`2/ BM J�M+?2bi2`X h?2 +�i?Q/2 r�b BMbi�HH2/ BM i?2 G�`A�h /2i2+iQ` BM Q`/2` iQ

i2bi i?2 BMbi�HH�iBQM /2i�BHb �M/ i?2 #2?�pBQm` Q7 � G�`hS* rBi? � HB;?i +QHH2+iBQM bvbi2K

2M?�M+2/ #v r�p2H2M;i?@b?B7i2` +Q�i2/ `2~2+iQ` 7QBHb QM i?2 +�i?Q/2X

3Xk h2biBM; bm#bi`�i2 7QBHb

h?2 F2v 2H2K2Mi Q7 i?2 T`QTQb2/ bvbi2K 7Q` a"L. �`2 /B@2H2+i`B+ 7QBHb UoAElAhu (88)V Q`

.6kyyyJ� (8e)X oAElAhu 7QBHb- MQ`K�HHv mb2/ 7Q` +2HH@T?QM2 /BbTH�vb- �`2 K�/2 Q7 � i?BM

Q`;�MB+ KmHiBH�v2` K�i2`B�H i?�i ?�b � iQi�H `2~2+i�M+2 #2ir22M 98% �M/ 100% 7Q` pBbB#H2
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r�p2H2M;i? �#Qp2 400 nm QM #Qi? bB/2bX .6kyyyJ� 7QBHb �`2 mbm�HHv 2tTHQBi2/ BM +QKK2`+B�H

�M/ BM/mbi`B�H HB;?iBM; �TTHB+�iBQMb �M/ ?�p2 QTiB+�H T`QT2`iB2b p2`v bBKBH�` iQ i?Qb2 Q7

oAElAhu 7QBHbX h?2 K�BM /Bz2`2M+2 #2ir22M i?2 irQ FBM/ Q7 7QBHb Bb i?�i .6kyyyJ� ?�p2

QM2 �/?2bBp2 bB/2X �HbQ- .6kyyyJ� �`2 bQH/ �i � bB;MB}+�MiHv HQr2` T`B+2 i?�M oAElAhuX

"Qi? T`Q/m+ib �`2 2[mBTT2/ rBi? T`Qi2+iBp2 H�v2`b 7Q` i?2 `2~2+iBp2 bB/2X AM Q`/2` iQ }M�HBb2

i?2 T`Q+2/m`2 �M/ +QKTQM2Mib Q7 i?2 a"L. 7QBH BMbi�HH�iBQM- � b2`B2b Q7 /2/B+�i2/ i2bib r�b

T2`7Q`K2/X h?Bb �HHQr2/ iQ +?QQb2 i?2 7QBH ivT2 �M/ KQmMiBM; K2i?Q/X

3XkXR J�i2`B�H h2bi ai�M/ i2bib

h?2 K�i2`B�H i2bi bi�M/ UJhaV �i 62`KBH�# (8d) r�b /2p2HQT2/ rBi? i?2 ;Q�H Q7 i2biBM; i?2

bmBi�#BHBiv Q7 K�i2`B�Hb 7Q` i?2B` mb2 BM G�`hS* /2i2+iQ`bX JQ`2 bT2+B}+�HHv- i?2 i2bib b?Qr

r?2i?2` � K�i2`B�H �z2+ib i?2 Tm`Biv Q7 HB[mB/ �`;QM �M/- �b � +QMb2[m2M+2- i?2 HB72iBK2 Q7 i?2

/`B7iBM; 2H2+i`QMb Ub22 a2+iBQM 9XjVX h?2 Jha QT2`�i2b BM i?2 7QHHQrBM; bi�;2b- ?2`2 #`B2~v

BHHmbi`�i2/ U7Q` 7m`i?2` /2i�BHb b22 (8d)VX h?2 bmTTHv �`;QM Bb Tm`B}2/ 7`QK r�i2` i?`Qm;? �

KQH2+mH�` bB2p2 �M/ Bb i?2M b2Mi i?`Qm;? �+iBp�i2/ +QTT2` iQ 2HBKBM�i2 Qtv;2M +QMi�KBM�iBQMX

h?2 bQ@Tm`B}2/ �`;QM 2Mi2`b BM � +`vQbi�i i?�i Bb /2bB;M2/ bm+? i?�i � bT2+BK2M Q7 K�i2`B�H

+�M #2 TH�+2/ BMbB/2 rBi?Qmi 2KTivBM; Bi 7`QK HB[mB/ �`;QMX h?2 +`vQbi�i Bb 2[mBTT2/ rBi? �

Tm`Biv KQMBiQ`- #�b2/ QM i?2 /2bB;M 2tTH�BM2/ BM (83)- r?B+? /2i2`KBM2b i?2 2H2+i`QM HB72iBK2X

h?2 ;Hm2/ .6kyyyJ� �M/ oAElAhu 7QBHb r2`2 i2bi2/ BM i?2 J�i2`B�H h2bi ai�M/ UJhaV

�i 62`KBH�# iQ mM/2`bi�M/ B7 i?2 ;Hm2 +QmH/ �z2+i i?2 2H2+i`QM /`B7i iBK2X :Hm2 +QmH/ BM~m2M+2

i?2 2H2+i`QM2;�iBp2 BKTm`BiB2b BM HB[mB/ �`;QM `2bmHiBM; BM � H2bb 2z2+iBp2 +QHH2+iBQM Q7 /`B7iBM;

2H2+i`QMbX h?2 `2bmHi Q7 i?2 i2bi Bb b?QrM BM 6B;m`2 3Xk (8N)X *QKT�`BM; rBi? i?2 b�K2

K2�bm`2K2Mib i�F2M rBi?Qmi i?2 7QBHb U6B;m`2 3XjV- Bi +�M #2 b22M i?�i i?2 MQKBM�H HB72iBK2

~�ii2M2/ Qmi �i 4 ms- bBKBH�` iQ r?�i ?�TT2Mb BM i?2 7QBH i2biX q2 i?2`27Q`2 +QM+Hm/2/ i?�i

M2Bi?2` Q7 i?2 7QBHb ?�/ �Mv BKT�+i QM i?2 HB[mB/ Tm`BivX

3XkXk h2biBM; 7QBH #2?�pBQm` �i G�` i2KT2`�im`2b

� b2`B2b Q7 i2bib r2`2 T2`7Q`K2/ BM Q`/2` iQ mM/2`bi�M/ i?2 #2?�pBQm` BM +QH/ Q7 /Bz2`2Mi

TQi2MiB�H 7QBH KQmMiBM; K2i?Q/b QM i?2 a"L. +�i?Q/2X h?Bb `2[mB`2/ mM/2`bi�M/BM; i?2

BMi2`TH�v #2ir22M i?2 7QHHQrBM; +QKTQM2MibX

Ç _2~2+iQ` 7QBHbX

Ç J2b?, � bi�BMH2bb@bi22H K2b? r?B+? 7Q`Kb i?2 �+im�H +�i?Q/2 UBX2X i?2 K2i�HHB+ 2H2+i`Q/2

#B�b2/ �i >oV (ey)X h?2 K2b? +QmH/ #2 mb2/ iQ ?2HT i?2 7QBH iQ bi�v }t2/X AM 7�+i- irQ
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6B;m`2 3Xk, _2bmHi Q7 i?2 2H2+i`QM /`B7i iBK2 rBi? ;Hm2/ `2~2+iQ` 7QBHbX h?2 ;`22M T2M `2T@
`2b2Mib i?2 HB72iBK2 (b) Q7 /`B7iBM; 2H2+i`QMb- i?2 #`QrM T2M `2T`2b2Mib i?2 H2p2H Q7 BKTm`BiB2b
(AKTb) (8N)X LQi2 i?2 TH�i2�m �i 4 msX LmK#2`b R Bb 7QBH rBi? �/?2bBp2 �M/ k Bb 7QBH H�KBM�i2/
QM 6_9 Ub22 i2ti H�i2`VX

6B;m`2 3Xj, _2bmHi Q7 i?2 2H2+i`QM /`B7i iBK2 rBi?Qmi ;Hm2/ `2~2+iQ` 7QBHbX h?2 ;`22M T2M
`2T`2b2Mib i?2 HB72iBK2 (b) Q7 /`B7iBM; 2H2+i`QMb- i?2 #`QrM T2M `2T`2b2Mib i?2 H2p2H Q7 BKTm`BiB2b
(AKTb)X LQi2 i?2 TH�i2�m �i 4 msX
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#�+F@iQ@#�+F 7QBHb M22/ iQ #2 b[m22x2/ #2ir22M irQ H�v2`b Q7 K2b? Ui?2 a"L. }2H/

+�;2 Bb /BpB/2/ BM irQ B/2MiB+�H hS*bVX

Ç 6`�K2, � bi�BMH2bb@bi22H 7`�K2 Q7 bBx2 25 cm ⇥ 30 cm r�b #mBHi Ub22 6B;m`2 3X9VX h?2

7`�K2 ?�/ bBt b+`2rb i?�i �HHQr2/ iQ }t i?2 K2b? BM i?2 TQbBiBQMX

6B;m`2 3X9, a2i@mT rBi? bK�HH 7`�K2- K2b? �M/ 7QBHb #mBHi iQ i2bi i?2 #2?�pBQm` Q7 7QBHb BM
HB[mB/ MBi`Q;2MX

hQ `2T`Q/m+2 i?2 p2`v +QH/ i2KT2`�im`2 Q7 G�`- r2 mb2/ GB[mB/ LBi`Q;2M UGL2V BM �M

QT2M /2r�`X LBi`Q;2M �M/ �`;QM ?�p2 p2`v bBKBH�` T`QT2`iB2b �i HQr i2KT2`�im`2bX h�#H2 3XR

bmKK�`Bb2b i?2 K�BM T`QT2`iB2b Q7 i?2 irQ 2H2K2MibX

h�#H2 3XR, S`QT2`iB2b Q7 G�` �M/ GLkX

hS* S`QT2`iv G�` GLk

�iQKB+ MmK#2` R3 d
J2HiBM; TQBMi �189 �C �210 �C
"QBHBM; TQBMi �186 �C �196 �C

.2MbBiv 1.40 g/cm3 0.808 g/cm3

h?2 7QHHQrBM; /mMFBM; i2bib r2`2 T2`7Q`K2/,

Ç hrQ .6kyyyJ� 7QBHb ;Hm2/ #�+F@iQ@#�+FX h?2 ;Q�H Q7 i?Bb i2bi r�b iQ mM/2`bi�M/

i?2 72�bB#BHBiv Q7 i?2 ;Hm2BM; T`Q+2/m`2X �B` #m##H2b +�M 7Q`K #2ir22M i?2 irQ H�v2`b

�z2+iBM; mMB7Q`K `2~2+iBpBiv �M/ H2�/ iQ i?2 #mKT #2 b+`�i+?2/ #v i?2 K2b?X h?2v

+QmH/ BM T`BM+BTH2 +?�M;2 i?2B` b?�T2 U�M/ ;2i #B;;2`V /m2 iQ i?2`K�H +QMi`�+iBQM Q`

2ti2MbBQM Q7 i?2 K�i2`B�H- �B` BM+Hm/2/X

Ç aBM;H2 .6kyyyJ� 7QBHX h?Bb r�b /QM2 iQ mM/2`bi�M/ i?2 BMi2`TH�v Q7 i?2 i?`22 /Bz2`2Mi

K�i2`B�Hb i?�i +QMbiBimi2 i?2 7QBH Ui?2 `2~2+iBp2 K�i2`B�H- i?2 ;Hm2 H�v2` �M/ i?2 +Qp2`

b?22i 7Q` i?2 ;Hm2V BM +�b2 i?2 #�+F;`QmM/ T`Qi2+iBp2 H�v2` r2`2 iQ #2 mb2/ �b � biBz2MBM;

H�v2`- r?B+? rQmH/ KBMBKBb2 i?2 #m##H2b 7`QK ;Hm2BM; #�+F@iQ@#�+FX
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Ç hrQ .6kyyyJ� 7QBHb TH�+2/ #�+F@iQ@#�+F U#mi MQi ;Hm2/V b�M/rB+?2/ #2ir22M i?2

7`�K2 �M/ i?2 K2b?X h?Bb b2i@mT Bb i?2 KQbi bBKBH�` iQ i?2 `2�H bBim�iBQMb �M/ r�b

/2bB;M2/ iQ mM/2`bi�M/ B7 i?2 K2b? +QmH/ b+`�i+? i?2 7QBH bm`7�+2 �M/ B7 i?2 T`2bbm`2

7`QK i?2 b+`2rb QM i?2 7`�K2 r�b 2MQm;? iQ F22T i?2 7QBHb BM i?2 TQbBiBQMX

Ç a�K2 �b i?2 T`2pBQmb TQBMi- #mi rBi? irQ ?�Hp2b Q7 .6kyyyJ�X h?Bb b2i@mT r�b `2�HBb2/

iQ i2bi i?2 2ti`2K2 +QM/BiBQM BM r?B+? i?2 7QBHb �`2 TH�+2/ 7�` 7`QK i?2 7`�K2 �M/

i?2`27Q`2 i?2 T`2bbm`2 +QKBM; 7`QK i?2 b+`2rb i?�i }t i?2 7`�K2 Bb KBMBK�HX

Ç G�KBM�i2/ 7QBHbX h?2 �/?2bBp2 bB/2 Q7 i?2 .6kyyyJ� 7QBHb �HHQrb i?2 H�KBM�iBQM Q7

i?2 7QBH K�i2`B�H QM /Bz2`2Mi ivT2b Q7 bm#bi`�i2bX _&. i2bib ?�p2 #22M +QM/m+i2/ #v

H�KBM�iBM; .6kyyyJ� K�i2`B�H QMiQ #Qi? bB/2b Q7 � 6_9 bm#bi`�i2- `2bBM@BKT`2;M�i2/

}#`2;H�bb K�i2`B�H bBKBH�` rBi? T`QT2`iB2b bBKBH�` iQ i?Qb2 Q7 :RyX

h?2 `2bi Q7 i?2 b2+iBQM Bb /2/B+�i2/ iQ i?2 /2b+`BTiBQM Q7 i?2b2 i2bibX

hrQ .6kyyyJ� 7QBHb ;Hm2/ #�+F@iQ@#�+F �M/ bBM;H2 .6kyyyJ�

h?2 7QBHb r2`2 /mMF2/ BM GL2 �M/ � iQi�H Q7 j +v+HBM; i2bib ?�p2 #22M T2`7Q`K2/X h?2v

r2`2 H27i BM GL2 7Q` � `2�bQM�#H2 iBK2 U⇠R ?Qm`V �M/ i?2M i�F2M Qmi �M/ F2Ti �i `QQK

i2KT2`�im`2X h?2 /mMFBM; r�b T2`7Q`K2/ #`mb[m2HvX AM i?Bb r�v i?2 7QBHb r2`2 i2bi2/ BM i?2

KQbi 2ti`2K2 +QM/BiBQMbX �7i2` i?2 i?2`K�H +v+HBM; i2bib- i?2 bBx2 Q7 i?2 #B;;2bi #m##H2b r�b

K2�bm`2/X h?2 +QM+HmbBQM r�b i?�i i?2 bBx2 �M/ b?�T2 Q7 i?2 #m##H2b r�b MQi �z2+i2/X �

TB+im`2 Q7 i?2 7QBHb �7i2` i?2 i2bi Bb b?QrM BM 6B;m`2 3X8X

AM i?2 b2+QM/ i2bi �ii2KTi2/ QM2 bBM;H2 7QBH r�b /mMF2/ rBi?Qmi `2KQpBM; i?2 +Qp2` i?�i

T`Qi2+ib i?2 ;Hm2 rBi? i?2 H�v2`X �b #27Q`2- i?2 7QBHb r2`2 /mMF2/ [mBi2 #HmMiHvX �b b22M BM

6B;m`2 3Xe- i?2 7QBH +QKTH2i2Hv `QHH2/ mT �b bQQM �b Bi �TT`Q�+?2/ i?2 HB[mB/ MBi`Q;2MX h?Bb

+�M #2 BMi2`T`2i2/ �b i?2 `2bmHi Q7 i?2 /Bz2`2Mi i?2`K�H +Q2{+B2Mib Q7 i?2 K�i2`B�HbX AM/22/-

�7i2` i�FBM; Qmi i?2 7QBH `2im`M2/ iQ i?2 mbm�H b?�T2X h?Bb #2?�pBQm` ?�/ MQi ?�TT2M2/ BM i?2

T`2pBQmb i2bi /m2 iQ i?2 �#b2M+2 Q7 i?2 T`Qi2+iBp2 H�v2` �M/ i?2 #�+F@iQ@#�+F +QM};m`�iBQM

Q7 i?2 7QBHbX

h2bib rBi? K2b? b2i@mT

hQ b22 r?2i?2` i?2 i?2`K�H +Q2{+B2Mi KBbK�i+? +QmH/ #2 KBiB;�i2/ #v TH�+BM; irQ .6kyyyJ�

7QBHb rBi? i?2 T`Qi2+iBp2 +Qp2` #�+F@iQ@#�+F- i?2 7QBHfK2b? +QK#BM�iBQM r�b i?2M �bb2K#H2/

#v iB;?i2MBM; i?2 b+`2rb MQi K�tBK�HHv iQ �HHQr 7Q` +?�M;2b BM +QH/X h?2 r?QH2 b2i@mT r�b

b?�F2M b2p2`�H iBK2b �M/ i?2M i?2 7QBHb r2`2 +?2+F2/ #v 2v2 HQQFBM; 7Q` b+`�i+?2bX h?2 7QBH
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U�V aB/2 � U#V aB/2 "X

6B;m`2 3X8, hrQ .6kyyyJ� 7QBHb ;Hm2/ #�+F@iQ@#�+F b?QrM �7i2` i?2`K�H +v+HBM; i2biX AM
#Qi? bB/2b #m##H2b 7Q`K2/ /m`BM; i?2 ;Hm2BM; �`2 pBbB#H2X

6B;m`2 3Xe, aBM;H2 7QBH BM GL2X 6QBH Bb `QHH2/ mT /m2 iQ � KBbK�i+? Q7 i?2`K�H +Q2{+B2Mib Q7
i?2 7QBH �M/ T`Qi2+iBp2 +Qp2`X
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bm`7�+2b HQQF2/ T2`72+i 2t+2Ti 7Q` bQK2 HBiiH2 /BTb �HH �`QmM/ i?2 #Q`/2`b i?�i r2`2 2MiB`2Hv

+Qp2`2/ #v i?2 7`�K2X

h?2 b2i@mT r�b /mMF2/ BM i?2 GL2 �#`mTiHv rBi?Qmi r�BiBM; 7Q` � ;`�/m�H +QQHBM; /QrMX

h?2 7`�K2 r�b i�F2M Qmi �7i2` �#Qmi jy KBMmi2b �M/ � T�ii2`M Q7 7QH/ r�b Q#b2`p2/ BM #Qi?

i?2 bm`7�+2bX h?Bb Bb b?QrM BM };m`2 3XdX 6QH/b �`2 +H2�`Hv pBbB#H2 7`QK i?2 /BbiQ`i2/ `2~2+iBQM

BM #Qi? bB/2bX h?Bb 2z2+i r�b BMi2`T`2i2/ �b i?2 +QMb2[m2M+2 Q7 i?2 T`2bbm`2 �TTHB2/ #v

U�V 6QH/b QM bB/2 �X U#V 6QH/b QM bB/2 "X

6B;m`2 3Xd, 6QH/b QM 7QBHb �7i2` +QH/@i2biX

i?2 b+`2rbX AM/22/- i?2 7QH/b b22K2/ iQ 7QHHQr � T�ii2`M i?�i r2Mi 7`QK b+`2r iQ b+`2rX

h?2 7�+i i?�i i?Bb �TT2�`2/ QMHv �7i2` i?2 +QH/ i2bi r�b �b+`B#2/ iQ i?2 +QMi`�+iBQM Q7 i?2

K�i2`B�Hb �i HQr i2KT2`�im`2bX PM2 bQHmiBQM i2bi2/ r�b iQ iB;?i2M i?2 b+`2rb 2p2M H2bb �b

r2HH �b �ii2KTi � bHQr2` �M/ ;`�/m�H +QQH@/QrMX PM+2 i?2 b+`2rb r2`2 bHB;?iHv HQQb2M2/- i?2

7QH/b #2+�K2 H2bb �++2Mim�i2/- +QM}`KBM; i?�i i?2 Q`B;BM r�b i?2 T`2bbm`2 7`QK i?2 7`�K2 BM

i?2 TQBMib r2`2 i?2 b+`2rb r2`2 iB;?iX �T�`i 7`QK i?�i- i?2 7QBH bm`7�+2b r2`2 MQi b+`�i+?2/

#v i?2 K2b?X

h?2 irQ@?�H7 7QBH b2i@mT r�b /mMF2/ BM GL2X �;�BM- /mMFBM; �M/ i�FBM; Qmi r�b �#`mTiX

h?Bb iBK2 i?2`2 r2`2 MQ 7QH/b, i?2 T`2bbm`2 7`QK i?2 b+`2r bT`2�/ �HKQbi mMB7Q`KHv QM i?2

bm`7�+2b �M/ r�b bi`QM; 2MQm;? iQ F22T i?2 7QBHb BM i?2 TQbBiBQMX h?Bb b?Qr2/ i?�i i?2 K2b?

+QmH/ ?QH/ i?2 7QBHb BM TH�+2X

G�KBM�i2/ 7QBHb

h?2 Q#b2`p2/ +`2�b2b QM i?2 7QBHb /m2 iQ i?2 T`2bbm`2 7`QK i?2 b+`2rb H2/ iQ b2�`+?BM; 7Q` �M

�Hi2`M�i2 K2i?Q/ i?�i rQmH/ biBz2M i?2 7QBHbX h?2 B/2MiB}2/ bQHmiBQM r�b iQ mb2 H�KBM�iBQM

QM 6_9 b?22ibX .6kyyyJ� 7QBHb r2`2 H�KBM�i2/ QM 6_9 bm#bi`�i2 �i i?2 AHHBMQBb AMbiBimi2

Q7 h2+?MQHQ;v UAAhV BM *?B+�;Q �M/ bK�HH T`QiQivT2b r2`2 b2Mi iQ J�M+?2bi2` 7Q` i2biBM; BM

HB[mB/ �`;QMX LQ T`Q#H2Kb r2`2 Q#b2`p2/ /m`BM; i?2 /mMFBM; i2bibX
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3XkXj amKK�`v Q7 7QBH i2bib

h?2 #2?�pBQm` Q7 7QBHb �i +`vQ;2MB+ i2KT2`�im`2 r�b bim/B2/ BM /Bz2`2Mi +QM/BiBQMbX h�#H2 3Xk

bmKK�`Bb2b i?2 i2bi `2bmHibX q2 ?�p2 b?QrM i?�i i?2 ;Hm2 /Q2b MQi �z2+i i?2 Tm`Biv Q7 HB[mB/

�`;QM �M/ i?2`27Q`2 r2 722H +QM}/2Mi iQ mb2 i?2 .6kyyyJ� 7QBHbX h?�MFb iQ i?2 H�KBM�iBQM

T`Q+2/m`2- i?2 Bbbm2 Q7 7QH/ QM i?2 7QBH bm`7�+2 r�b `2bQHp2/X q2 ?�p2 i?2`27Q`2 /2+B/2/ iQ

T`QTQb2 i?2 BMbi�HH�iBQM Q7 .6kyyyJ� H�KBM�i2/ 7QBHb iQ i?2 a"L. +QHH�#Q`�iBQMX

h�#H2 3Xk, amKK�`v Q7 7QBH i2bib BM HB[mB/ MBi`Q;2MX

h2bi LQi2

6QBH ;Hm2/ #@i@#X LQ T`Q#H2K Q#b2`p2/X aBx2 Q7 �B` #m##H2b /Q2b MQi
+?�M;2X

aBM;H2 ;Hm2/ 7QBHX 6QBH iQi�HHv `QHHb mTX
J2b? Y ;Hm2/ 7QBH #@i@# U;Hm2 H�v2` MQi `2@
KQp2/VX

6QH/BM;b QM bm`7�+2 /m2 iQ T`2bbm`2 Q7 iB;?i b+`2rbX

J2b?Y irQ ?�Hp2b Q7 ;Hm2/ 7QBH b[m22x2/ #@
i@# U;Hm2 H�v2` MQi `2KQp2/V

LQ T`Q#H2K Q#b2`p2/X

G�KBM�i2/ 7QBHbX LQ T`Q#H2K Q#b2`p2/X 6BM�H bQHmiBQMX

3Xj GQr h2KT2`�im`2 1p�TQ`�iBQM UGh1V

h?2 7QBHb ?�p2 iQ #2 +Qp2`2/ rBi? � qGa +QKTQmM/ @ hS"X h?2 /2TQbBiBQM Bb T2`7Q`K2/

i?`Qm;? � HQr i2KT2`�im`2 2p�TQ`�iBQM UGh1V- T2`7Q`K2/ BM � p�+mmK +?�K#2` 2[mBTT2/

rBi? QM2 Q` KQ`2 +`m+B#H2b BM i?2 #QiiQK +�HH2/ 2p�TQ`�iQ`X h?2 bm#bi`�i2 Bb �ii�+?2/ QM �

`Qi�iBM; /BbF ?mM; �i i?2 iQT Q7 i?2 +?�K#2`- 7�+BM; iQr�`/b i?2 +`m+B#H2b �i i?2 #QiiQKX

h?2 ;2M2`�H T`Q+2/m`2 +QMbBbib Q7 T`2T�`BM; i?2 qGa +QKTQmM/ BM QM2 Q` KQ`2 +`m+B#H2b-

TmKTBM; i?2 p�+mmK BM i?2 +?�K#2` �M/ ?2�iBM; i?2 +`m+B#H2UbVX q?2M i?2 i2KT2`�im`2 Bb

?B;? 2MQm;?- i?2 qGa +QKTQmM/ bi�`ib iQ 2p�TQ`�i2X .m`BM; i?2 2p�TQ`�iBQM- i?2 bm#bi`�i2

Bb 2tTQb2/ iQ i?2 2p�TQ`�iBM; qGa bm#bi�M+2- r?B+? �ii�+?2b iQ Bib bm`7�+2X h?2 `Qi�iBM;

/BbF �bbm`2b � mMB7Q`K /2TQbBiBQMX Ai Bb BKTQ`i�Mi i?�i i?2 T`Q+2/m`2 Bb +�``B2/ QM BM � HQr

T`2bbm`2 2MpB`QMK2Mi- BM Q`/2` iQ �pQB/ +QMi�KBM�iBQMb /m`BM; i?2 +Q�iBM;X � /2TQbBiBQM

b2MbQ` TH�+2/ BMbB/2 i?2 +?�K#2` Bb mb2/ iQ KQMBiQ` i?2 2p�TQ`�iBQM b?QrBM; i?2 `�i2 Q7

/2TQbBiBQM �M/ i?2 /2TQbBiBQM i?B+FM2bbX q?2M �HH Q7 i?2 qGa +QKTQmM/ 2p�TQ`�i2b- ;�b

MBi`Q;2M Bb BMD2+i2/ BMiQ i?2 +?�K#2` iQ #`2�F i?2 p�+mmKX Ai Bb M2+2bb�`v iQ mb2 /`v ;�b

MBi`Q;2M UQ` �`;QMV iQ �pQB/ ?mKB/Biv MQ`K�HHv +QMi�BM2/ BM �B` i?�i +QmH/ /2i2`BQ`�i2 i?2

2p�TQ`�i2/ H�v2`X

Nk



3X9 a2iiBM; mT i?2 H�`;2@b+�H2 2p�TQ`�iQ`

h?2 bBx2 Q7 i?2 a"L. +�i?Q/2 `2[mB`2b i?2 bBx2 Q7 �M 2p�TQ`�iQ` H�`;2` i?�M KQbi T`2pBQmbHv

mb2/- 7Q` 2t�KTH2 BM i?2 q�`S 2tT2`BK2Mi (eR)X h?2 +?�K#2` /2b+`B#2/ BM i?Bb +?�Ti2`

r�b +mbiQK #mBHi �M/ Bb �#H2 iQ T2`7Q`K H�`;2 bBx2 2p�TQ`�iBQMbX h?2 2p�TQ`�iQ` r�b TH�+2/

BM i?2 >1S ;`QmT *H2�M _QQK BM i?2 a+?mbi2` "mBH/BM;X � +H2�M `QQK Bb M2+2bb�`v iQ

�pQB/ +QMi�KBM�iBQM Q7 BKTm`BiB2b BM i?2 +?�K#2` /m`BM; i?2 2p�TQ`�iBQMX h?2 +?�K#2`

r�b BMbi�HH2/- b2i mT- i2bi2/ �M/ mb2/ 7Q` i2bi 2p�TQ`�iBQMb r?B+? r2`2 mb2/ BM i?2 G�`A�h

/2i2+iQ`X

3X9XR AMbi�HH�iBQM

h?2 2p�TQ`�iQ` Bb � +vHBM/`B+�H p�+mmK@+?�K#2` Q7 90 cm /B�K2i2` +HQb2/ #v � HB/ QM iQT

U6B;m`2 3X3V �M/ +�M 2p�TQ`�i2 60 cm⇥ 60 cm bm#bi`�i2bX Ai ?�b i?`22 *69y ~�M;2b QM i?2

6B;m`2 3X3, S?QiQ Q7 i?2 2p�TQ`�iQ` BMbi�HH2/ BM i?2 +H2�M `QQKX

iQT- i?`22 *69y QM i?2 bB/2b THmb e *6ej ~�M;2b QM i?2 #QiiQK �M/ � *6Ryy ~�M;2 7Q` i?2

p�+mmK TmKTX h?2 K�BM +QKTQM2Mib Q7 i?2 2p�TQ`�iQ` �`2 HBbi2/ #2HQrX

Ç h?`22 +`m+B#H2 bvbi2Kb iQ #2 BMbi�HH2/ QM i?2 #QiiQK Q7 i?2 +?�K#2`X 1�+? Q7 i?2K

?�b Bib QrM TQr2` bmTTHv 7Q` i?2 ?2�iBM; +B`+mBiX h?2v �`2 +QMM2+i2/ BM b2`B2b iQ �

+?BHH2` r?B+? T`QpB/2b +QQHBM; mbBM; +QH/ r�i2`X � T?QiQ Bb pBbB#H2 BM 6B;m`2 3XNX

Ç SmKTBM; bi�iBQM, � S61A661_ o�*llJ p�+mmK TmKT �*S k3 mb2/ iQ /`�r �B`

7`QK i?2 +?�K#2` mT iQ ⇠ 10
�2

mbar �M/ � im`#Q TmKT S61A661_ o�*llJ >BS�+2

dyy J- M2+2bb�`v iQ `2�+? HQr p�Hm2b Q7 T`2bbm`2 ⇠ 10
�6

mbarX

Nj



6B;m`2 3XN, S?QiQ Q7 QM2 +`m+B#H2 bvbi2K BMbi�HH2/ QM i?2 #QiiQK Q7 i?2 2p�TQ`�iQ`X h?2 #H�+F
+�#H2 +QK2b 7Q` i?2 TQr2` bmTTHv �M/ i?2 ;`22M rB`2 Bb 7Q` i?2 `2�/Qmi Q7 i?2 i2KT2`�im`2X
*QH/ r�i2` Bb TmKT2/ i?`Qm;? i?2 #Hm2 im#2bX

Ç � K2i�HHB+ /BbF iQ #2 ?mM; QM i?2 HB/ Q7 i?2 +?�K#2` U6B;m`2 3XRyU�VVX �M 2H2+i`B+

KQiQ` bBim�i2/ QM i?2 iQT Q7 i?2 HB/ +QMi`QHb i?2 `Qi�iBQM Q7 i?2 /BbFX

U�V "27Q`2 i?2 2p�TQ`�iBQMX U#V �7i2` i?2 2p�TQ`�iBQMX

6B;m`2 3XRy, 6QBH BMbi�HH2/ QM `Qi�iBM; /BbF ?mM; QM i?2 2p�TQ`�iQ` HB/ #27Q`2 �M/ �7i2` i?2
2p�TQ`�iBQMX

Ç .2TQbBiBQM b2MbQ`X h?2 /2TQbBiBQM b2MbQ` Bb � K2i�HHB+ b?�7i i?�i 2M/b rBi? � 14 mm

;QH/ +`vbi�HX Ai r�b KQmMi2/ 7`QK i?2 bB/2 Q7 i?2 +?�K#2`- 7�+BM; i?2 #QiiQK- BX2X i?2

2p�TQ`�iBQM bQm`+2X h?2 b2MbQ` r�b +QMM2+i2/ i?`Qm;? � ~�M;2 iQ i?2 QmibB/2 �M/ r�b

`2�/ Qmi #v K2�Mb Q7 � "L* +�#H2 +QMM2+i2/ iQ � +QMp2`i2` #Qt �M/ � H�TiQTX

Ç :�b MBi`Q;2M #QiiH2 iQ #`2�F i?2 p�+mmK QM+2 i?2 2p�TQ`�iBQM Bb }MBb?2/X

Ç S`2bbm`2 b2MbQ` S61A661_ o�*llJ *QKT�+i 6mHH _�M;2 :�m;2 SE_ k8R- BMbi�HH2/

N9



i?`Qm;? � b+`2r p�Hp2 QM i?2 iQT Q7 i?2 2p�TQ`�iQ` HB/X h?2 p�Hp2 r�b F2Ti +HQb2/ /m`BM;

i?2 �+im�H 2p�TQ`�iBQM iQ T`2p2Mi i?2 b2MbQ` iQ #2 +Q�i2/ rBi? hS"X h?2 T`2bbm`2 r�b

`2�/ �M/ /BbTH�v2/ #v � S61A661_ o�*llJ p�+mmK K2�bm`2K2Mi �M/ +QMi`QH mMBi

J�tB:�m;2 hS: k8e �X

h?2 +`m+B#H2 bvbi2Kb �`2 2zmbBQM +2HHb /2p2HQT2/ bT2+B}+�HHv 7Q` p�+mmK bvbi2Kb �M/ ?�p2

� +�T�+Biv Q7 15 cm3X �HmKBMBmK +vHBM/2`b i?�i }i BM i?2 +QTT2` #Q/v Q7 i?2 2zmbBQM +2HH +�M

#2 2�bBHv `2KQp2/ r?B+? 7�+BHBi�i2b BMb2`iBQM Q7 hS"X h?2 +2HHb ?�p2 � `Qi�iBM; b?mii2` i?�i

Bb K�Mm�HHv QT2`�i2/ 7`QK i?2 Qmi2` bB/2 QM i?2 #QiiQK Q7 i?2 +?�K#2` i?`Qm;? � K�;M2iB+

i`�MbH�iQ` U/2TB+i2/ BM 6B;m`2 3XNVX 1p2`v +2HH ?�b � +QTT2` HB/ rBi? � 4 mm ?QH2 BM i?2

+2Mi`2 mb2/ iQ +QHHBK�i2 i?2 ~mt Q7 i?2 2p�TQ`�iBM; hS"X

� T?QiQ Q7 i?2 BMbB/2 Q7 i?2 +?�K#2` �7i2` i?2 BMbi�HH�iBQM Q7 2p2`v +QKTQM2Mi Bb b?QrM BM

6B;m`2 3XRRX h?2 T?QiQ b?Qrb i?2 /2TQbBiBQM b2MbQ` U`Q/ QM i?2 H27iV �M/ i?2 i?`22 2zmbBQM

+2HHb BMbi�HH2/ rBi? i?2 `Qi�iBM; b?mii2` +HQb2/X h?`22 Q7 i?2 bBt *6ej ~�M;2b r2`2 MQi

2tTHQBi2/X h?2 ?QH2 7Q` i?2 im`#Q TmKT Bb �HbQ b?QrM UH27iVX

6B;m`2 3XRR, AMbB/2 #QiiQK pB2r Q7 i?2 2p�TQ`�iQ`X h?`22 +`m+B#H2 +2HHb rBi? b?mii2`b- i?2
TmKT QmiH2i UH�`;2bi ?QH2V �M/ i?2 /2TQbBiBQM b2MbQ` U`Q/ QM i?2 H27iV �`2 b?QrMX

3X9Xk 1p�TQ`�iBQM T`Q+2/m`2

AM Q`/2` iQ �bbm`2 � `2T2�i�#H2 Qmi+QK2 Q7 2p�TQ`�iBQMb- � T`Q+2/m`2 Q7 2p�TQ`�iBQM r�b

/2p2HQT2/ #�b2/ QM QM2 +`2�i2/ 7Q` i?2 q�`S 2tT2`BK2Mi �i G�#Q`�iQ`B L�xBQM�HB /2H :`�M

a�bbQ UGL:aVX h?2 2p�TQ`�iBQM T`Q+2/m`2 +�M #2 bmKK�`Bb2/ BM i?2 7QHHQrBM; bi2TbX

RX S`2T�`2 7QBH Q7 i?2 /2bB`2/ bBx2X

kX AMbi�HH i?2 7QBH QM i?2 `Qi�iBM; /BbFX
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jX q2B;? i?2 hS"X h?2 hS" r�b BM 7Q`K Q7 � r?Bi2 TQr/2` �M/ r�b r2B;?2/ mbBM; �

T`2+BbBQM b+�H2X

9X .2TQbBi i?2 hS" BM i?2 �HmKBMBmK +`m+B#H2- BMb2`i Bi BM i?2 2zmbBQM +2HH �M/ BMbi�HH i?2

+QTT2` HB/X h2bib /2b+`B#2/ ?2`2 r2`2 T2`7Q`K2/ mbBM; i?2 +`m+B#H2 HQ+�i2/ �i 15 cm

7`QK i?2 +2Mi`2 U+2Mi`�H BM 6B;m`2 3XRRVX *HQb2 i?2 b?mii2` mbBM; i?2 Qmi2` FMQ#X

8X �TT2M/ `Qi�iBM; /BbF QM i?2 2p�TQ`�iQ` HB/X

eX _2KQp2 T`Qi2+iBp2 }HK 7`QK i?2 7QBHX

dX *HQb2 i?2 +?�K#2` �M/ iB;?i2M i?2 K�BM ~�M;2 rBi? irQ ?QH/2`b iQ +HQb2X

3X hm`M QM i?2 TmKTX PM+2 i?2 T`2bbm`2 Bb 5⇥ 10
�1

mbar im`M QM i?2 im`#Q TmKT �M/

r�Bi mMiBH 10�6
mbarX

NX �i 10
�5

mbar im`M QM i?2 +?BHH2` �i 20
�
C BM Q`/2` iQ bi�`i TmKTBM; +QH/ r�i2` BM i?2

+`m+B#H2b �M/ i?2 /2TQbBiBQM b2MbQ`X

RyX q?2M i?2 T`2bbm`2 `2�+?2b 10
�6

mbar- +HQb2 i?2 T`2bbm`2 b2MbQ` p�Hp2 �M/ im`M QM i?2

+`m+B#H2 ?2�i2` #v brBi+?BM; QM i?2 TQr2` bmTTHvX

RRX q?2M +`m+B#H2 i2KT2`�im`2 `2�+?2b 200
�
C im`M QM i?2 /2TQbBiBQM b2MbQ` �M/ `Qi�iBM;

KQiQ` �i bT22/ 9f8X

RkX q?2M +`m+B#H2 i2KT2`�im`2 `2�+?2b 220
�
C QT2M i?2 +`m+B#H2 b?mii2`X

RjX �i i?2 2M/ Q7 i?2 /2TQbBiBQM- +HQb2 i?2 b?mii2`- im`M Qz +`m+B#H2 ?2�i2`- /2TQbBiBQM

b2MbQ` �M/ `Qi�iBM; KQiQ`X

R9X hm`M Qz im`#Q �M/ p�+mmK TmKTX "`2�F p�+mmK rBi? ;�b MBi`Q;2M QM+2 TmKT ?�b

biQTT2/ `Qi�iBM;X

R8X PT2M i?2 +?�K#2`- `2KQp2 /BbF �M/ `2KQp2 i?2 2p�TQ`�i2/ 7QBHX

ReX hm`M Qz i?2 +?BHH2`X

.m`BM; i?2 T`Q+2/m`2- i?2 b2MbQ` r�b mb2/ iQ mM/2`bi�M/ i?2 bi�imb Q7 i?2 2p�TQ`�iBQMX �

THQi Q7 i?2 b2MbQ` /�i� Bb b?QrM BM 6B;m`2 3XRkX h?2 b2MbQ` r�b MQi +�HB#`�i2/ �i i?2 iBK2-

bQ Bi r�b MQi TQbbB#H2 iQ ?�p2 BM7Q`K�iBQM QM i?2 �#bQHmi2 /2TQbBiBQM Q7 hS"X >Qr2p2`- Bi

r�b biBHH � mb27mH iQQH iQ mM/2`bi�M/ r?2M i?2 2p�TQ`�iBQM bi�`i2/ �M/ r?2M �HH i?2 hS"

2p�TQ`�i2/X 6`QK i?2 THQi Bi Bb 2�bv iQ B/2MiB7v i?2 #2;BMMBM; Q7 i?2 2p�TQ`�iBQM U�i ⇠ 400 sV-

Ne



i?2 `BbBM; Q7 i?2 i?B+FM2bb �b r2HH �b i?2 `�i2- �M/ i?2 ~�ii2MBM; Q7 i?2 i?B+FM2bb +Q``2bTQM/BM;

iQ i?2 /`QTTBM; Q7 i?2 `�i2 r?2M �HH i?2 hS* ?�b 2p�TQ`�i2/ �i ⇠ 680 sX

6B;m`2 3XRk, .�i� 7`QK i?2 2p�TQ`�iBQM b2MbQ`X _2/ +m`p2, /2TQbBiBQM i?B+FM2bb �b � 7mM+iBQM
Q7 iBK2X :`22M +m`p2, /2TQbBiBQM `�i2X

3X9Xj 6B`bi 2p�TQ`�iBQM �M/ /mMFBM; i2bi

h?2 }`bi i2bib r2`2 T2`7Q`K2/ rBi? � bK�HH oAElAhu 7QBHX h?2 K�BM Tm`TQb2 r�b iQ i2bi i?2

/2pB+2 �M/ QTiBKBb2 i?2 T`Q+2/m`2X h?2 bBx2 r�b +?Qb2M bm+? i?�i Bi +QmH/ �HbQ #2 TQbbB#H2

iQ i2bi i?2 2p�TQ`�i2/ 7QBH BM HB[mB/ MBi`Q;2M UGL2VX h?2 b2i@mT #27Q`2 i?2 2p�TQ`�iBQM Bb

b?QrM BM 6B;m`2 3XRyU�V r?BH2 6B;m`2 3XRyU#V b?Qrb i?2 b2i@mT �7i2` i?2 2p�TQ`�iBQMX h?2

2p�TQ`�i2/ i2bi 7QBH r�b i?2M b[m22x2/ BM i?2 a"L.@HBF2 K2b? +�i?Q/2 �M/ /mMF2/ BM HB[mB/

MBi`Q;2M U6B;m`2 3XRjVX �7i2` i?2 i2bi- i?2 7QBH r�b `2KQp2/ 7`QK i?2 7`�K2 �M/ i?2

bm`7�+2 r�b BMbT2+i2/X � T?QiQ Bb +QMp2v2/ BM 6B;m`2 3XR9X q2 MQiB+2/ i?2M i?2 bm`7�+2

r�b b+`�i+?2/ BM bQK2 TQBMib- T`Q#�#Hv �b � +QMb2[m2M+2 Q7 i?2 +QMi`�+iBQM Q7 i?2 K2i�HHB+

K2b? �i +`vQ;2MB+ i2KT2`�im`2bX L2p2`i?2H2bb- i?2 b+`�i+?2/ xQM2b r2`2 7mHHv +Qp2`2/ #v

i?2 7`�K2 �M/ K2b? K2�MBM; i?�i i?2 2p�TQ`�iBQM H�v2` QM i?2 2tTQb2/ bm`7�+2 +�M `2bBbi �i

+`vQ;2MB+ i2KT2`�im`2bX h?2 T`Q+2/m`2 r�b bm++2bb7mH �M/ r2 �HbQ b?Qr2/ i?�i i?2 K2b? /Q2b

MQi /�K�;2 i?2 2tTQb2/ bm`7�+2 Q7 i?2 2p�TQ`�i2/ 7QBH 7`QK i?2 TQBMi Q7 pB2r Q7 QT2`�iBQM

BMbB/2 i?2 /2i2+iQ`X q2 i?2`27Q`2 T`Q+22/2/ iQ 2p�TQ`�i2 7QBHb iQ #2 BMbi�HH2/ BM i?2 G�`A�h

Nd



U�V U#V

6B;m`2 3XRj, h2bi Q7 i?2 2p�TQ`�i2/ 7QBHX G27i, 7QBH b[m22x2/ BM � a"L.@HBF2 K2b? +�i?Q/2X
_B;?i, K2b?f7QBH b2i@mT /mMF2/ BM HB[mB/ MBi`Q;2MX

+�i?Q/2X

6B;m`2 3XR9, 1p�TQ`�i2/ 7QBH �7i2` i?2 /mMF i2bi BM HB[mB/ MBi`Q;2MX h?2`2 Bb �M 2z2+i Q7 i?2
K2b? 7`�K2 i?�i b+`�i+?2b i?2 hS" H�v2`X >Qr2p2`- i?2 ~�r2/ �`2�b r2`2 2MiB`2Hv +Qp2`2/
#v i?2 7`�K2X

3X9X9 1p�TQ`�iQ` +�HB#`�iBQM

h?2 i?B+FM2bb Q7 hS" /2TQbBiBQM Bb � 7mM+iBQM Q7 i?2 �KQmMi Q7 hS" �M/ i?2 TQbBiBQM Q7 i?2

+`m+B#H2 BM i?2 +?�K#2`X � #�bB+ bBKmH�iBQM /2p2HQT2/ 7Q` i?2 :`�M a�bbQ 2p�TQ`�iQ` r�b

2KTHQv2/ iQ mM/2`bi�M/ i?2 �KQmMi Q7 hS" iQ T`2T�`2 BM i?2 +`m+B#H2 iQ Q#i�BM � /2TQbBiBQM

Q7 �#Qmi 300 µg/cm2X h?Bb p�Hm2 r�b +?Qb2M #�b2/ QM i?2 bim/v Q7 hS" QTiB+�H T`QT2`iB2b
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/2p2HQT2/ BM (ek)X h?2 bBKmH�iBQM �HHQr2/ iQ �++QmMi 7Q` i?2 ;2QK2i`v Q7 i?2 +?�K#2`- i?2

TQbBiBQM Q7 i?2 +`m+B#H2 UBM Qm` +�b2 15 cm Q` 30 cm 7`QK i?2 +2Mi`2V �M/ i?2 TQbBiBQM /BbF BM

i?2 +?�K#2`X 6B;m`2 3XR8 T`2b2Mib i?2 THQi Q#i�BM2/ 7`QK i?2 bBKmH�iBQMX h?2 }M�H /2+BbBQM

6B;m`2 3XR8, hS" /2MbBiv �b � 7mM+iBQM Q7 i?2 /Bbi�M+2 7`QK +2Mi`2 Q7 i?2 `Qi�iBM; /BbFX _2/
+m`p2, bBKmH�iBQM 7Q` 3.8 g Q7 hS" �M/ +`m+B#H2 �i 15 cm 7`QK i?2 +2Mi`2 Q7 i?2 +?�K#2`X
:`22M +m`p2, bBKmH�iBQM 7Q` 5 g Q7 hS" �M/ +`m+B#H2 �i 30 cm 7`QK i?2 +2Mi`2 Q7 i?2 +?�K#2`X

r�b iQ mb2 i?2 +`m+B#H2 �i 15 cm 7`QK i?2 +2Mi`2 �M/ 3.8 g Q7 hS"X h?Bb +QM};m`�iBQM �HHQrb

iQ ?�p2 � /2TQbBiBQM /2MbBiv +HQb2` iQ i?2 /2bB`2/ 300 µg/cm2 mT iQ ⇠ 20 cm 7`QK i?2 +2Mi`2

Q7 i?2 +?�K#2`X

Ai Bb BKTQ`i�Mi iQ mM/2`bi�M/ i?2 `2HB�#BHBiv Q7 i?2 bBKmH�iBQM �M/ i?2`27Q`2 /2/B+�i2/

+�HB#`�iBQM `mMb Q7 i?2 2p�TQ`�iBQM r2`2 T2`7Q`K2/X aK�HH TB2+2b Q7 /B@2H2+i`B+ 7QBHb r2`2

TH�+2/ BM /2}M2/ TQbBiBQM QM i?2 `Qi�iBM; /BbFX 1�+? Q7 i?2K r�b T`2pBQmbHv r2B;?i2/

rBi? � T`2+BbBQM b+�H2 �7i2` `2KQpBM; i?2 +Qp2`bX AM i?2 r2B;?iBM; T`Q+2/m`2- i?2 b+�H2 r�b

b?B2H/2/ rBi? � TH�biB+ +Qp2` iQ �pQB/ �B` /`�7ib �M/ i?2 b2i@mT r�b r`�TT2/ BM �HmKBMBmK

7QBHb iQ b?B2H/ 7`QK 2H2+i`Qbi�iB+ /Bbim`#�M+2bX h?2 r2B;?iBM; T`Q+2/m`2 r�b `2T2�i2/ �7i2`

i?2 2p�TQ`�iBQM Q7 i?2 7QBHbX h?2 hS" /2TQbBiBQM r�b 2biBK�i2/ �b i?2 /Bz2`2M+2 BM r2B;?i

#2ir22M i?2 #27Q`2 �M/ �7i2` K2�bm`2K2MiX h?2 /Bz2`2Mi TQbBiBQM Q7 i?2 /Bz2`2Mi 7QBH TB2+2b

�HHQrb iQ K�T i?2 /2TQbBiBQM �b � 7mM+iBQM Q7 i?2 `�/Bmb BM i?2 +?�K#2`X h?2 `2bmHib �`2

b?QrM BM 6B;m`2 3XRe r?B+? b?Qrb i?2 /2TQbBiBQM i?B+FM2bb �b � 7mM+iBQM Q7 i?2 /Bbi�M+2 7`QK

i?2 +?�K#2` +2Mi`2X h?2b2 T`2HBKBM�`v `2bmHib H2/ mb iQ #2HB2p2 i?�i i?2 Q#i�BM2/ /2TQbBiBQM

i?B+FM2bb Bb +QKT�iB#H2 rBi? i?2 bBKmH�iBQMX
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Distance from centre [cm]

15cm crucible evaporation prediction
15 cm crucible calibration

6B;m`2 3XRe, .2TQbBiBQM i?B+FM2bb pbX /Bbi�M+2 7`QK i?2 +2Mi`2X h?2 `2/ HBM2 Bb i?2 T`2/B+iBQM
Q7 i?2 bBKmH�iBQM r?BH2 i?2 #Hm2 TQBMib �`2 i?2 `2bmHib Q7 i?2 K2�bm`2K2MibX

3X8 6QBHb �M/ K2b? +�i?Q/2 BM G�`A�h

� }M�H i2bi #27Q`2 T`QTQbBM; i?2 BMbi�HH�iBQM Q7 qGa 7QBHb BM i?2 a"L. +�i?Q/2 r�b iQ i2bi

Bib T2`7Q`K�M+2 BM � `mMMBM; G�`hS*X

3X8XR J2b? +�i?Q/2

�M a"L.@HBF2 +�i?Q/2 TH�M2 �bb2K#Hv r�b +QMbi`m+i2/ BM i?2 mMBp2`bBiv rQ`Fb?QT #�b2/ QM

i?2 /2bB;M Q7 i?2 a"L. *S� bi2T }H2b Ub22 6B;m`2 3XRdVX

6B;m`2 3XRd, .2bB;M Q7 i?2 a"L.@HBF2 +�i?Q/2 BMbi�HH2/ BM i?2 G�`A�h /2i2+iQ`X

h?2 +�i?Q/2 Bb � irQ rBM/Qr 7`�K2 K�/2 7`QK bi�BMH2bb bi22H r?B+? ?QH/b irQ H�v2`b Q7 K2b?-

M2+2bb�`v iQ ;m�`�Mi22 i?2 i`�MbT�`2M+vX h?2 #Q`/2` Q7 i?2 7`�K2 Bb }t2/ iQ � 10 cm :Ry

7`�K2- M22/2/ iQ BbQH�i2 i?2 +�i?Q/2 7`QK i?2 bi�BMH2bb@bi22H +`vQbi�i r?B+? Bb �i ;`QmM/X h?2

+�i?Q/2 Bb }t2/ iQ i?2 hS* 7`�K2 mbBM; �M 2TQtv ;Hm2X Ai r�b K�Mm7�+im`2/ BM J�M+?2bi2`
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�M/ b?BTT2/ iQ 62`KBH�# iQ #2 BMbi�HH2/ BM i?2 G�`A�h /2i2+iQ` Ub22 6B;m`2 3XR3VX

U�V hS* /m`BM; _mM AAA�, K2b? +�i?Q/2 BMbi�HH2/ rBi?@
Qmi `2~2+iQ` 7QBHbX

U#V hS* /m`BM; _mM AAA#, K2b? +�i?Q/2 THmb `2~2+iQ`
7QBHbX

6B;m`2 3XR3, h?2 G�`A�h hS* rBi? i?2 K2b? +�i?Q/2 BMbi�HH2/X

3X8Xk G�`A�h `mM rBi? 2p�TQ`�i2/ `2~2+iQ` 7QBHb

:Bp2M i?2 bBx2 Q7 i?2 G�`A�h /2i2+iQ`- k oAElAhu 7QBHb Q7 33.5 cm⇥39.5 cm r2`2 T`2T�`2/X

h?2 �KQmMi Q7 hS" mb2/ r�b 2biBK�i2/ mbBM; i?2 /2/B+�i2/ bBKmH�iBQMX h?2 2p�TQ`�i2/

7QBHb r2`2 i?2M r`�TT2/ BM TH�biB+ �M/ b?BTT2/ iQ 62`KBH�#X

.m`BM; i?2 }`bi T�`i Q7 _mM AAA i?2 +�i?Q/2 r�b BMbi�HH2/ rBi?Qmi 7QBHb TH�+2/ #2ir22M

i?2 K2b?X h?2 2p�TQ`�i2/ 7QBHb r2`2 �//2/ 7Q` i?2 b2+QM/ T�`i Q7 i?2 `mM #v b�M/rB+?BM;

i?2 7QBHb #2ir22M i?2 irQ K2b? H�v2`bX � +HQb2@mT Q7 i?2 7QBHb b[m22x2/ #2ir22M i?2 K2b? Bb

+QMp2v2/ BM 6B;m`2 3XRNX

6B;m`2 3XRN, h?2 G�`A�h +�i?Q/2 rBi? 7QBHb BMbi�HH2/ #2ir22M H�v2`b Q7 K2b?X
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h?2 /�i� +QHH2+i2/ b?Qr2/ i?�i i?2 K2b? +�i?Q/2 �M/ i?2 7QBHb /B/ MQi +QKT`QKBb2 i?2

#2?�pBQm` Q7 i?2 /2i2+iQ`X �M BKT`Qp2K2Mi Q7 HB;?i vB2H/ Q7 i?2 Q`/2` Q7 20% r�b Q#b2`p2/X

h?Bb Bb MQi � H�`;2 BKT`Qp2K2Mi- #mi Bi +QM7Q`Kb iQ 2tT2+i�iBQMb r?2M i�FBM; BMiQ �++QmMi

i?�i i?2 }2H/+�;2 r�b �H`2�/v +Qp2`2/ #v 7QBHbX Pi?2` KQ/B}+�iBQMb r2`2 BKTH2K2Mi2/ BM

i?2 /2i2+iQ` #2ir22M _mM AAA� �M/ _mM AAA#- i?�i +QmH/ �HbQ �z2+i i?2 HB;?i vB2H/X h?2 rB`2

TBi+? BM _mM AAA� r�b 5 mm r?B+? ?�b #22M KQ/B}2/ iQ 3 mm BM _mM AAA# K2�MBM; i?�i H2bb

HB;?i r�b �#H2 iQ `2�+? i?2 irQ SJhb BMbi�HH2/ #2?BM/ i?2 �S�bX �HbQ- i?2 KQ/B}2/ �S�b

`2[mB`2/ �//BiBQM�H :Ry BMbi�HH�iBQM Ub22 6B;m`2 3XR3U#V +QKT�`2/ iQ 6B;m`2 3XR3U�VV r?B+?

`2/m+2/ i?2 HB;?i +QHH2+iBQMX JQ`2 T`2+Bb2 bim/B2b �`2 M22/2/ rBi? i?2 mT/�i2/ /2i2+iQ`

;2QK2i`v iQ mM/2`bi�M/ i?2 7mHH BKT�+i Q7 i?2 /2i2+iQ` KQ/B}+�iBQMbX

3Xe *QM+HmbBQM

AM i?Bb +?�Ti2` r2 ?�p2 T`2b2Mi2/ i?2 bim/v iQ /2p2HQT i?2 K2i?Q/b �M/ T`Q+2/m`2b iQ BMbi�HH

qGa +Qp2`2/ `2~2+iQ` 7QBHb BM � K2b? +�i?Q/2X q2 ?�p2 i2bi2/ /Bz2`2Mi ivT2b Q7 7QBHb BM i2`Kb

Q7 KQmMiBM; b+?2K2b �M/ p2`B}2/ i?�i i?2 T`2b2M+2 Q7 7QBHb /Q2b MQi �z2+i i?2 Tm`Biv Q7 HB[mB/

�`;QMX h?2 +QK#BM�iBQM Q7 .6kyyyJ� H�KBM�i2/ QM 6_9 ?�b #22M B/2MiB}2/ �b i?2 #2bi

bQHmiBQM BM i2`Kb Q7 bi�#BHBiv BM HB[mB/ MBi`Q;2MX

� H�`;2@b+�H2 2p�TQ`�iQ` ?�b #22M BMbi�HH2/ �M/ i?2 2p�TQ`�iBQM T`Q+2/m`2 ?�b #22M

/2}M2/ �M/ i2bi2/X � +�HB#`�iBQM ?�b �HbQ #22M T2`7Q`K2/ BM Q`/2` iQ p�HB/�i2 i?2 bBKmH�iBQM

mb2/ iQ T`2/B+i i?2 /2TQbBiBQM /2MbBivX

h?2 2p�TQ`�i2/ 7QBHb ?�p2 #22M BMbi�HH2/ BM G�`A�h- � i2bi@#2�K 2tT2`BK2Mi- �M/ bm+@

+2bb7mHHv QT2`�i2/ 7Q` QM2 KQMi?X �HH Q7 i?2 �#Qp2 `2bmHib r2`2 mb2/ BM � T`QTQb�H iQ BMbi�HH

7QBHb r?B+? ?�b Dmbi #22M bm#KBii2/ iQ i?2 a"L. i2+?MB+�H #Q�`/X
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*?�Ti2` N

"2�K a?�T2 aim/B2b 7Q` .2H�v2/
AQM JQ/2HHBM;

NXR AMi`Q/m+iBQM

h?2 JB+`Q"QQL1 2tT2`BK2Mi (j9) ?�b b22M �M mM2tT2+i2/ 2t+2bb Q7 b+BMiBHH�iBQM HB;?iX PM2

Q7 i?2 TQbbB#H2 2tTH�M�iBQMb +QmH/ #2 i?2 T`2b2M+2 Q7 TQbBiBp2 BQMb- H27i Qp2` 7`QK BQMBb�iBQM

2p2Mib Ub22 6B;m`2 9XjV- i?�i `2+QK#BM2 r?BH2 /`B7iBM; iQr�`/b i?2 +�i?Q/2 �M/ 2KBi HB;?iX

h?2 TQbBiBp2 BQMb rQmH/ /`B7i p2`v bHQrHv r?B+? K2�Mb i?�i i?2 b+BMiBHH�iBQM HB;?i +�M MQi #2

+Q``2H�i2/ iQ i?2 hS* BMi2`�+iBQM i?�i ;2M2`�i2/ i?2 TQbBiBp2 BQMb �M/ i?2 2z2+i rQmH/ #2

bBKBH�` iQ `�M/QK MQBb2X h?Bb- T�`iB+mH�`Hv BM +�b2 Q7 i?2 BQMb `2+QK#BMBM; �i i?2 +�i?Q/2-

+QmH/ ?�p2 � H�`;2 BKT�+i BM i?2 a"L. /2i2+iQ`- b?QmH/ i?2 +�i?Q/2 #2 +Qp2`2/ rBi? `2~2+iQ`

7QBHb- bBM+2 Bi rQmH/ H2�/ iQ ?B;? `�i2 Q7 2ti`� T?QiQMb BM i?2 SJhbX

� /2/B+�i2/ b2i Q7 `mMb r�b i�F2M rBi? i?2 G�`A�h /2i2+iQ` iQ mM/2`bi�M/ r?2i?2` i?Bb

2t+2bb b+BMiBHH�iBQM HB;?i Bb T`2b2Mi �M/ ?Qr Bi /2T2M/b QM +?�`;2 /2TQbBi2/ BM i?2 hS*X �

+Q``2H�iBQM r�b 7QmM/ #2ir22M `�i2 Q7 HB;?i 2KBbbBQM �M/ i?2 �KQmMi Q7 +?�`;2 /2TQbBi2/ BM

i?2 /2i2+iQ`X � bim/v r�b T2`7Q`K2/ iQ mM/2`bi�M/ r?2i?2` bQK2 bBKTH2 KQ/2Hb 7Q` H�i2

HB;?i `2bmHiBM; 7`QK TQbBiBp2 BQM `2+QK#BM�iBQM +QmH/ 2tTH�BM i?2 T�ii2`M Q7 i?2 H�i2 HB;?i

Q#b2`p2/ BM G�`A�hX h?2 BQM /`B7i p2HQ+Biv Bb Q7 i?2 Q`/2` Q7 vBQMb = 0.8 cm/s- K2�MBM; i?�i

Bi rQmH/ i�F2 �`QmM/ QM2 KBMmi2 7Q` i?2 BQMb iQ /`B7i i?2 2MiB`2 rB/i? Q7 i?2 G�`A�h hS*-

r?B+? ?�TT2Mb iQ +QBM+B/2 rBi? i?2 iBK2 #2ir22M #2�K bTBHHb Ub22 6B;m`2 NXR 7Q` � b+?2K2

Q7 i?2 #2�K iBK2 bi`m+im`2VX G�`A�h Bb i?2`27Q`2 i?2 B/2�H p2Mm2 iQ i2bi i?2 ?vTQi?2bBb

Q7 /2H�v2/ HB;?i +QKBM; 7`QK `2+QK#BMBM; BQMb bBM+2 i?2 HB;?i i?�i rQmH/ +QK2 7`QK BQM

`2+QK#BM�iBQM /Q2b MQi Qp2`H�T rBi? i?2 HB;?i 7`QK #2�K T�`iB+H2 BMi2`�+iBQMbX
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6B;m`2 NXR, G�`A�h #2�K bi`m+im`2X h?2 iBK2 /m`�iBQM Q7 i?2 #2�K bTBHH- i?2 `2�/Qmi �M/
i?2 iBK2 7Q` TQbBiBp2 BQMb iQ /`B7i 7`QK �MQ/2 iQ +�i?Q/2 �`2 ?B;?HB;?i2/X

NXk G�`A�h /�i� `mMb

Ai Bb 2tT2+i2/ i?�i `�M/QK b+BMiBHH�iBQM HB;?i `2bmHiBM; 7`QK `2+QK#BMBM; BQMb b?QmH/ BM+`2�b2

rBi? i?2 2H2+i`B+ }2H/ �b � bK�HH2` MmK#2` Q7 BQMb `2+QK#BM2 BKK2/B�i2Hv �7i2` BQMBb�iBQM

Ui?2 ?B;?2` i?2 2H2+i`B+ }2H/- i?2 bi`QM;2` Bb i?2 7Q`+2 TmHHBM; i?2 +?�`;2b �r�v 7`QK i?2

BMi2`�+iBQM `2;BQMVX PTTQbBi2 #2?�pBQm` Bb 2tT2+i2/ 7`QK bi�M/�`/ b+BMiBHH�iBQM HB;?i +QKBM;

7`QK `2+QK#BM�iBQM �i i?2 BMi2`�+iBQM TQBMi Ub22 6B;m`2 9X9VX

� /2/B+�i2/ b2i Q7 `mMb r�b i�F2M iQ b2�`+? 7Q` `�M/QK HB;?i �i /Bz2`2Mi 2H2+i`B+ }2H/

p�Hm2b �M/ /Bz2`2Mi #2�K BMi2MbBiB2b rBi? i?2 G�`A�h /2i2+iQ`- iQ i2bi i?2 ?vTQi?2bBb Q7

b+BMiBHH�iBQM HB;?i /m2 iQ BQM `2+QK#BM�iBQMX �b i?2 HB;?i r�b 2tT2+i2/ iQ #2 bBKBH�` iQ

`�M/QK MQBb2- � TmHb2` i`B;;2` r�b mb2/ iQ �+[mB`2 r�p27Q`Kb Qmi Q7 iBK2 rBi? b+BMiBHH�iBQM

2p2MibX hQ i2bi i?2 /2T2M/2M+v Q7 i?2 HB;?i rBi? `2bT2+i iQ i?2 2H2+i`B+ }2H/- /�i� Q7 bBM;H2

T?QiQ@2H2+i`QM `�i2b r�b i�F2M BM CmHv kyReX h?2 /�i�@b2i +QMbBbi2/ Q7 +QbKB+ `�v `mMb i�F2M

BM i?2 0� 700 V/cm 2H2+i`B+ }2H/ `�M;2 �M/ rBi? #2�K �i /Bz2`2Mi BMi2MbBiB2b U109- 1010 �M/

7 ⇥ 10
10 SSSRV �i 0- 300 �M/ 500 V/cmX aBKBH�` /�i� r�b i�F2M BM kyRd rBi? i?2 K2b?

+�i?Q/2 BMbi�HH2/ rBi? �M/ rBi?Qmi 7QBHb- #mi i?Bb /�i�@b2i ?�b MQi #22M �M�Hvb2/ v2iX

� +H2�` 2z2+i Q7 i?2 #2�K BMi2MbBiv BM i2`Kb Q7 b+BMiBHH�iBQM HB;?i r�b Q#b2`p2/- BX2X KQ`2

HB;?i r�b +QHH2+i2/ �i ?B;?2` BMi2MbBiB2b �M/ i?2 K2�bm`2/ HB;?i MQBb2 r�b 7QmM/ +QKT�iB#H2

rBi? � bmT2`TQbBiBQM Q7 irQ +QKTQM2Mib, `�M/QK /Bbi`B#miBQM �M/ HB[mB/ �`;QM b+BMiBHH�iBQM

HB;?iX PM2 /�i�@b2i Bb b?QrM BM 6B;m`2 NXk (ej)- r?2`2- 7Q` � 10
10 SSS BMi2MbBiv �M/ 500 V/cm

2H2+i`B+ }2H/- � +H2�` 2t+2bb �#Qp2 i?2 MQ@#2�K /�i� +�M #2 Q#b2`p2/X

RS`QiQMb T2` TmHb2X
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6B;m`2 NXk, .�i� Q7 bBM;H2 T?QiQ2H2+i`QM `�i2b i�F2M #v G�`A�h BM CmHv kyRe (ej)X h?2 THQi
b?Qrb i?2 ?BbiQ;`�K 7Q` /�i� Q7 #2�KY+QbKB+ `�vb U#Hm2 TQBMibV �M/ QMHv +QbKB+ `�vb U;`22M
TQBMibVX

NXj aBKmH�iBQM T`Q+2/m`2

hQ #2ii2` mM/2`bi�M/ i?2 bBim�iBQM- � bBKmH�iBQM r�b /2p2HQT2/ �M/ +QKT�`2/ rBi? � bm#b2i

Q7 i?2 /�i� i�F2M �i 500 V/cm Q7 +QbKB+ `�vb �M/ #2�KX q2 mb2/ � bBKmH�iBQM Q7 #2�K

�M/ +QbKB+ `�vb BM Q`/2` iQ T`2/B+i i?2 /Bbi`B#miBQM Q7 2M2`;v /2TQbBiBQM BM i?2 hS* �+iBp2

pQHmK2X h?2 +Q`2 T�`i Q7 i?2 bBKmH�iBQM r�b /2p2HQT2/ BM G�`aQ7i- � T?vbB+b bBKmH�iBQM

bQ7ir�`2 7Q` G�`hS*b (e9)X h?2 2M2`;v /2TQbBiBQM b?�T2 r�b T`QT�;�i2/ mbBM; � bBKTH2

/`B7i KQ/2H iQ i`�Mb7Q`K Bi BMiQ � /Bbi`B#miBQM Q7 b+BMiBHH�iBQM 2p2Mib BM iBK2 �M/ +QKT�`2/

rBi? iBK2 /Bbi`B#miBQM Q7 i?2 /�i� Q#i�BM2/ rBi? i?2 /2i2+iQ`X

NXjXR "2�K bBKmH�iBQM

h?2 #2�K bBKmH�iBQM #2;BMb rBi? i?2 G�`A�h b2+QM/�`v #2�K T`QT�;�iBM; Ry bTBHHb rBi?

jyy-yyy 64 GeV TBQMb �M/ rBi? i?2 #2M/BM; K�;M2ib b2i �i 100 AX h?2 G�`A�h #2�K

HBM2 r�b KQ/2HH2/ mbBM; :9#2�KHBM2 (e8)- � :1�Lh9 b+`BTiBM; iQQH 7Q` T�`iB+H2 bBKmH�iBQMb

BM #2�K HBM2bX h?2 b+`BTi `2im`M2/ �b QmiTmi � hh`22 +QMi�BMBM; BM7Q`K�iBQM �#Qmi 2�+?

T�`iB+H2 US.: MmK#2`- KQK2Mi�- +QQ`/BM�i2b- 2i+XV �i 2�+? /2i2+iQ` BM i?2 #2�K HBM2X �

62`KBH�# >B2`�`+?B+�H *QM};m`�iBQM G�M;m�;2 U6>B*GV (ee) b+`BTi �M/ � /2/B+�i2/ KQ/mH2

iQ i`�MbH�i2 i?2 :9"2�KHBM2 `2bmHib BMiQ G�`aQ7i KQ/mH2 +�HH2/ ǳG�`A�h6BH2:2MǴ r2`2 i?2M

mb2/ iQ b2H2+i � i`B;;2` +QM/BiBQM �M/ iQ T`QT�;�i2 i?2 T�`iB+H2b BM i?2 hS*X PM+2 � T�`iB+H2

?�/ b�iBb}2/ i?2 i`B;;2` +QM/BiBQM- � iBK2 rBM/Qr Q7 ±393 µs r�b QT2M2/ �M/ 2�+? T�`iB+H2
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i?�i ?�TT2M2/ iQ #2 BM i?2 hS* pQHmK2 BM i?�i iBK2@7`�K2 r�b bBKmH�i2/ BM G�`aQ7iX h?Bb

T`Q+2/m`2 bBKmH�i2b i?2 #2?�pBQm` Q7 i?2 G�`A�h /2i2+iQ`- r?2`2 �//BiBQM�H T�`iB+H2b i?�i

/Q MQi +�mb2 i?2 i`B;;2` +�M 2Mi2` BMiQ i?2 /`B7i `2;BQM /m`BM; `2�/QmiX h?2 BKTQb2/ i`B;;2`

+QM/BiBQM Ub22 6B;m`2 8Xe 7Q` � `272`2M+2V r�b hP6 R � JqS*R � JqS*k � JqS*j �M/ QMHv i?2

T�`iB+H2b T�bbBM; i?`Qm;? i?2 +QHHBK�iQ` r2`2 �++2Ti2/ �HHQrBM; 7Q` ey@dy i`B;;2`BM; T�`iB+H2b

T2` bTBHH QM �p2`�;2X h?Bb i`B;;2` +QM};m`�iBQM r�b b2i 7QHHQrBM; i?2 �bbmKTiBQM i?�i i?2

+QHHBK�iQ` BM #2�K HBM2 rBHH biQT KQbi Qi?2` T�`iB+H2bX AM7Q`K�iBQM �#Qmi /2TQbBi2/ 2M2`;v

�M/ `2H�iBp2 TQbBiBQM r�b Q#i�BM2/ biQ`BM; i?2 BM7Q`K�iBQM T`QpB/2/ #v i?2 +H�bb bBK,,A.1 BM

G�`aQ7iX h?Bb +H�bb T`QpB/2b i?2 i`m2 2M2`;v �b ǳ`2�/Ǵ 7`QK i?2 hS* rB`2bX h?2 T`2/B+i2/

2M2`;v /2TQbBiBQMb BM i?2 hS* �`2 b?QrM BM 6B;m`2 NXjX

U�V a?�T2 Q7 /2TQbBi2/ 2M2`;v �HQM; i?2 x@�tBbX U#V a?�T2 Q7 /2TQbBi2/ 2M2`;v �HQM; i?2 y@�tBbX

U+V a?�T2 Q7 /2TQbBi2/ 2M2`;v �HQM; i?2 z@�tBbX

6B;m`2 NXj, .2TQbBi2/ 2M2`;v /Bbi`B#miBQM BM x- y- z �//BM; i?2 +QMi`B#miBQM Q7 i?2 i2M bTBHHb
bBKmH�i2/X

NXjXk *QbKB+ `�v bBKmH�iBQM

h?2 +QbKB+ `�v bBKmH�iBQMb r�b BKTH2K2Mi2/ mbBM; *P_aAE� (ed)- � T`Q;`�K /2/B+�i2/

iQ i?2 bBKmH�iBQM Q7 T�`iB+H2 b?Qr2`b Q`B;BM�i2/ 7`QK +QbKB+ `�v BMi2`�+iBQMb BM �B`X AM

T�`iB+mH�`- � MmK#2` Q7 2p2Mib 2[mBp�H2Mi iQ ky@KBMmi2 2tTQbm`2 Q7 i?2 /2i2+iQ` iQ +QbKB+

Rye



`�vb r�b bBKmH�i2/X h?Bb /�i� b2i 2M�#H2/ � /�i�@/`Bp2M KQ/2HHBM; Q7 i?2 #�+F;`QmM/ BM i?2

#2�K THmb +QbKB+ `�vb /�i� b�KTH2X aBM+2 *P_aAE� bBKmH�i2b � `2�HBbiB+ +QbKB+ `�v ~mt-

Bi r�b TQbbB#H2 iQ mb2 i?2 2M2`;v /2TQbBiBQM Q7 bBKmH�i2/ +QbKB+ `�vb BM i?2 hS* iQ BM72` i?2

+QMp2`bBQM +QMbi�Mi #2ir22M 2M2`;v /2TQbBiBQM UJ2oV �M/ bBM;H2 T?QiQ2H2+i`QM `�i2 UF>xVX

6Q` i?Bb Tm`TQb2 i?2 `�i2 Q#i�BM2/ /m`BM; � +QbKB+@QMHv `mM U;`22M TQBMib Q7 6B;m`2 NXkV r�b

mb2/X h?Bb Bb �M �TT`QtBK�i2 KQ/2H i?�i /Q2b MQi i�F2 BMiQ �++QmMi i?2 QTiB+�H �++2Ti�M+2

Q7 i?2 HB;?i +QHH2+iBQM bvbi2K �M/ BM2{+B2Mi 7�+iQ`bX

NXjXj *QKT�`BbQM rBi? /�i�

h?2 /Bbi`B#miBQM Q7 i?2 iQi�H U#2�KY+QbKB+ `�vbV 2M2`;v /2TQbBiBQM r�b T`QT�;�i2/ iQr�`/b

i?2 +�i?Q/2 rBi? � p2HQ+Biv 2[m�H iQ i?�i Q7 i?2 /`B7iBM; BQMb- �HbQ �bbmKBM; � /BbT2`bBQM Q7

�1 = 0.1 cm/s �M/ �2 = 0.3 cm/sX h?2 `2bmHib- Qp2`H�B/ rBi? i?2 /�i� Q7 � +QbKB+ `�vb THmb

#2�K `mM- Bb b?QrM BM 6B;m`2 NX9X

6B;m`2 NX9, .Bbi`B#miBQM Q7 BQM �``Bp�H iBK2 �i i?2 +�i?Q/2X h?2 THQib b?Qrb #2�K THmb
+QbKB+ `�vb /�i� U#H�+F TQBMibV- �``Bp�H iBK2 7Q` BQMb /`B7iBM; �i vBQMb U#Hm2 +m`p2V rBi?
0.1 cm/s U#H�+F HBM2V �M/ 0.3 cm/s U;`22M HBM2VX h?2 rB/i? Q7 +QHQm` #�M/b Bb �M 2biBK�iBQM
Q7 i?2 bi�iBbiB+�H 2``Q` QM i?2 JQMi2 *�`HQ bBKmH�iBQMX

h?2 #2�K bBKmH�iBQM r�b i?2M MQ`K�HBb2/ rBi? `2bT2+i iQ i?2 /�i� bm`THmb Q#b2`p2/ BM i?2

#2�K@THmb@+QbKB+ /�i� �+[mBbBiBQMX h?2 bBKmH�iBQM bm;;2bib i?�i i?2 Q#b2`p2/ HB;?i T�ii2`M

/Q2b MQi K�i+? i?2 ?vTQi?2bBb Q7 BQMb `2+QK#BMBM; �i i?2 +�i?Q/2X >Qr2p2`- 7m`i?2` bim/B2b

M22/ iQ #2 T2`7Q`K2/ iQ 7mHHv mM/2`bi�M/ i?2 bvbi2K�iB+b �M/ /2i2+iQ` 2z2+ibX

Ryd



NX9 *QM+HmbBQM

q2 ?�p2 /2p2HQT2/ � bBKTH2 KQ/2H iQ i2bi i?2 ?vTQi?2bBb Q7 TQbBiBp2 BQM `2+QK#BM�iBQM �b �M

2tTH�M�iBQM 7Q` /2H�v2/ BQM HB;?iX � b?�T2@QMHv bim/v b22Kb iQ BM/B+�i2 i?�i `2+QK#BM�iBQM �i

i?2 +�i?Q/2 Bb mMHBF2Hv- ?Qr2p2` 7m`i?2` �M�HvbBb rBi? 7mHH �++QmMiBM; Q7 2``Q`b �M/ bvbi2K�iB+b

rQmH/ #2 M22/2/ iQ 2t+Hm/2 BiX 6m`i?2` bBKmH�iBQMb bim/vBM; i?2 2tTQM2MiB�H /2+�v Q7 BQMb

/m`BM; i?2 /`B7iBM; �`2 +m``2MiHv QM;QBM;X

Ry3



*?�Ti2` Ry

*QM+HmbBQMb

GB[mB/ �`;QM hS*b �`2 /2i2+iQ`b i?�i Qz2` T`2+Bb2 `2+QMbi`m+iBQM Q7 M2mi`BMQ BMi2`�+iBQMb

mbBM; +?�`;2 +QHH2+i2/ #v � ;`2�i MmK#2` Q7 rB`2b �M/ b+BMiBHH�iBQM HB;?iX h?2 +?�HH2M;BM;

7mim`2 K2�bm`2K2Mib BM M2mi`BMQ T?vbB+b rBHH `2[mB`2 H�`;2@b+�H2 2tT2`BK2Mib r?B+? T`2b2Mi

M2r +?�HH2M;2b BM +QMbi`m+iBQM �M/ /2bB;MX h?2 rQ`F 2t?B#Bi2/ BM i?Bb /Bbb2`i�iBQM 7�HHb

rBi?BM i?2 7`�K2rQ`F Q7 `2b2�`+? �M/ /2p2HQTK2Mi 7Q` i?2b2 /2i2+iQ`bX

� M2r 2H2+i`B+ i2+?MB[m2 iQ K2�bm`2 rB`2 i2MbBQM ?�b #22M /2p2HQT2/- i?�i +�M #2 mb2/

BM G�`hS* /2i2+iQ`b bm+? �b a"L.X q2 /2KQMbi`�i2/ i?�i �#Qmi 90% Q7 i?2 a"L. rB`2

b2;K2Mib +�M #2 K2�bm`2/ rBi? � `2bQHmiBQM Q7 � 72r ;`�Kb �M/ i?�i i?2 i2MbBQM Bb /2i2`KBM2/

rBi? � #B�b bK�HH2` i?�M 20 g 7Q` i?2 ivTB+�H H2M;i? Q7 � b2;K2Mi BM a"L.- r2HH rBi?BM i?2

iQH2`�M+2 Q7 100 gX h?2 i2+?MB[m2 �HHQrb iQ T2`7Q`K K2�bm`2K2Mib BM bBim�iBQMb BM r?B+? Bi

rQmH/ #2 Km+? KQ`2 /B{+mHi Q` BKTQbbB#H2 rBi? i?2 +m``2MiHv mb2/ H�b2` i2+?MB[m2X 6Q` i?2

}`bi iBK2 Bi ?�b #22M TQbbB#H2 iQ KQMBiQ` i?2 +?�M;2 BM i2MbBQM Q7 *QTT2`@"2`vHHBmK rB`2b

/m`BM; � +QQH /QrM iQ +`vQ;2MB+ i2KT2`�im`2- Q#b2`pBM; �M 2z2+i Q7 i?2 /Bz2`2Mi +QMi`�+iBQM

Q7 i?2 7`�K2 K�i2`B�Hb H2�/BM; iQ �M BM+`2�b2 Q7 i?2 i2MbBQM Q7 82 gX q2 T2`7Q`K2/ � /2/B+�i2/

bim/v Q7 /Bz2`2Mi r�vb iQ }t rB`2b iQ i?2 2H2+i`QMB+ #Q�`/b i2biBM; bQH/2`BM; �M/ ;Hm2BM;X

h?2 i2bi b?Qr2/ i?�i i?2`2 Bb MQ T`272`2M+2 BM i2`Kb Q7 i2MbBQM HQbb �KQM; /Bz2`2Mi K2i?Q/b

BM i?2 b?Q`i i2`K T2`BQ/X 6BM�HHv- r2 /2KQMbi`�i2/ i?2 72�bB#BHBiv Q7 �TTHvBM; i?2 K2i?Q/ iQ

bBKmHi�M2QmbHv K2�bm`2 i?2 i2MbBQM Q7 mT iQ jk rB`2b �M/ i2bi2/ QM � a"L. KQ+F@mT �S�

�i .�`2b#m`v G�#Q`�iQ`vX

aBKmH�iBQMb b?Qr i?�i hS"@+Q�i2/ `2~2+iQ` 7QBHb QM i?2 +�i?Q/2 +�M TQi2MiB�HHv 2M?�M+2

G�`hS* TQbBiBQM �M/ iBKBM; `2bQHmiBQMX aim/B2b �M/ i2bib ?�p2 #22M T2`7Q`K2/ iQ /2@

p2HQT i?2 K2i?Q/b �M/ BM7`�bi`m+im`2 iQ BMbi�HH qGa@+Qp2`2/ `2~2+iQ` 7QBHb BMbB/2 i?2 a"L.

/2i2+iQ`X h?Bb BM+Hm/2/ i?2 b2H2+iBM; Q7 i?2 ivT2 Q7 7QBHb i?�i #2bi }i i?2 BMbi�HH�iBQM `2@

[mB`2K2Mib �M/ i?2 #2M+?K�`FBM; Q7 i?2 hS"@2p�TQ`�iBQM T`Q+2/m`2X h?2 2p�TQ`�i2/ 7QBHb

RyN



r2`2 BMbi�HH2/ BM � a"L.@HBF2 K2b? +�i?Q/2 KQmMi2/ BM G�`A�h- � i2bi@#2�K 2tT2`BK2Mi

�i 62`KBH�#- �M/ `mM bm++2bb7mHHvX

� bBKTH2 KQ/2H iQ i2bi TQbBiBp2 BQM `2+QK#BM�iBQM ?�b #22M /2p2HQT2/X Ai b?Qr2/ i?�i

`2+QK#BM�iBQM Bb mMHBF2Hv iQ ?�TT2M �i i?2 /2i2+iQ` +�i?Q/2- #mi 7m`i?2` BMp2biB;�iBQMb �M/

KQ`2 /2i�BH2/ bBKmH�iBQMb �`2 M22/2/ iQ /2i2`KBM2 i?2 K2+?�MBbK Q7 /2H�v2/ HB;?i 2KBbbBQMX

h?2 2H2+i`B+ rB`2 i2MbBQMBM; i2+?MB[m2 T�bb2/ � `2�/BM2bb `2pB2r Q7 i?2 a"L. +QHH�#Q@

`�iBQM �M/ �M BMbi`mK2Mi�H T�T2` /2b+`B#BM; Bi Bb BM T`2T�`�iBQMX h?2 `2bmHib Q7 i?2 i2bi BM

G�`A�h Q7 i?2 2p�TQ`�i2/ 7QBHb r2`2 BM i?2 r`BiBM; Q7 � 7Q`K�H T`QTQb�H iQ BMbi�HH 2p�TQ`�i2/

7QBHb BM i?2 a"L. /2i2+iQ` i?�i ?�b #22M T`2b2Mi2/ iQ i?2 +QHH�#Q`�iBQM �M/ Bb +m``2MiHv mM@

/2` 2p�Hm�iBQMX 6BM�HHv- i?2 BQM bim/B2b- �M BKTQ`i�Mi �bT2+i Q7 mM/2`bi�M/BM; i?2 #2?�pBQm`

Q7 b+BMiBHH�iBQM HB;?i BM H�`;2@bBx2 �`;QM /2i2+iQ`- +�M TQi2MiB�HHv H2�/ iQ � Tm#HB+�iBQM /QrM

i?2 HBM2X

RRy



"B#HBQ;`�T?v

(R) aX a+?�2H 2i �HX (�G1S> �M/ .1GS>A �M/ Gj �M/ PS�G �M/ aG. *QHH�#Q`�iBQMb

�M/ G1S 1H2+i`Qr2�F qQ`FBM; :`QmT �M/ aG. 1H2+i`Qr2�F :`QmT �M/ aG. >2�pv

6H�pQm` :`QmT)- S?vbX _2TiX 9kd UkyyeV k8d /QB,RyXRyRefDXT?vb`2TXkyy8XRkXyye (?2T@

2tfy8yNyy3)X

(k) uX 6mFm/� 2i �HX (amT2`@E�KBQF�M/2 *QHH�#Q`�iBQM)- S?vbX _2pX G2iiX 3R URNN3V R8ek

/QB,RyXRRyjfS?vb_2pG2iiX3RXR8ek (?2T@2tfN3ydyyj)X

(j) ZX _X �?K�/ 2i �HX (aLP *QHH�#Q`�iBQM)- S?vbX _2pX G2iiX 3N UkyykV yRRjyR

/QB,RyXRRyjfS?vb_2pG2iiX3NXyRRjyR (Mm+H@2tfyky9yy3)X

(9) aX �#2 2i �HX (E�KG�L. *QHH�#Q`�iBQM)- S?vbX _2pX G2iiX Ryy Ukyy3V kkR3yj

/QB,RyXRRyjfS?vb_2pG2iiXRyyXkkR3yj (�`sBp,y3yRX983N (?2T@2t))X

(8) wB`Q J�FB- J�b�KB L�F�;�r�- a?QB+?B a�F�i�c _2K�`Fb QM i?2 lMB}2/ JQ/2H Q7 1H@

2K2Mi�`v S�`iB+H2b- S`Q;`2bb Q7 h?2Q`2iB+�H S?vbB+b- oQHmK2 k3- Abbm2 8- R LQp2K#2`

RNek- S�;2b 3dyĜ33y- ?iiTb,ff/QBXQ`;fRyXRR9jfShSXk3X3dyX

(e) .X �X .rv2` (.�v� "�v *QHH�#Q`�iBQM)- Lm+HX S?vbX S`Q+X amTTHX kj8@kje UkyRjV jy

/QB,RyXRyRefDXMm+HT?vb#TbXkyRjXyjXyyd (�`sBp,RjyjXj3ej (?2T@2t))X

(d) SX �/�KbQM 2i �HX (JALPa *QHH�#Q`�iBQM)- S?vbX _2pX G2iiX RRy UkyRjV MQXk8- k8R3yR

/QB,RyXRRyjfS?vb_2pG2iiXRRyXk8R3yR (�`sBp,Rjy9Xejj8 (?2T@2t))X

(3) EX �#2 2i �HX (hkE *QHH�#Q`�iBQM)- S?vbX _2pX G2iiX RRk UkyR9V MQXR3- R3R3yR

/QB,RyXRRyjfS?vb_2pG2iiXRRkXR3R3yR (�`sBp,R9yjXR8jk (?2T@2t))X

(N) *X S�i`B;M�MB 2i �HX (S�`iB+H2 .�i� :`QmT)- *?BMX S?vbX * 9y UkyReV MQXRy- RyyyyRX

/QB,RyXRy33fRed9@RRjdf9yfRyfRyyyyR

(Ry) aX �/`B�M@J�`iBM2x 2i �HX (EJjL2i *QHH�#Q`�iBQM)- CX S?vbX : 9j UkyReV MQX3- y39yyR

/QB,RyXRy33fyN89@j3NNf9jf3fy39yyR (�`sBp,ReyRXyd98N (�bi`Q@T?XAJ))X

RRR



(RR) _X �++B�``B 2i �HX (.lL1 *QHH�#Q`�iBQM)- ǳGQM;@"�b2HBM2 L2mi`BMQ 6�+BHBiv UG"L6V �M/

.22T lM/2`;`QmM/ L2mi`BMQ 1tT2`BK2Mi U.lL1V , oQHmK2 k, h?2 S?vbB+b S`Q;`�K

7Q` .lL1 �i G"L6-Ǵ �`sBp,R8RkXyeR93 (T?vbB+bXBMb@/2i)X

(Rk) EX �#2 2i �HX (>vT2`@E�KBQF�M/2 qQ`FBM; :`QmT)- ǳ� GQM; "�b2HBM2 L2mi`BMQ

Pb+BHH�iBQM 1tT2`BK2Mi lbBM; C@S�_* L2mi`BMQ "2�K �M/ >vT2`@E�KBQF�M/2-Ǵ

�`sBp,R9RkX9edj (T?vbB+bXBMb@/2i)X

(Rj) :X J2MiBQM- JX 62+?M2`- hX G�bb2``2- hX �X Jm2HH2`- .X G?mBHHB2`- JX *`B#B2` �M/

�X G2iQm`M2�m- S?vbX _2pX . 3j UkyRRV ydjyye /QB,RyXRRyjfS?vb_2p.X3jXydjyye

(�`sBp,RRyRXkd88 (?2T@2t))X

(R9) qX >�KT2H 2i �HX (:�GG1s *QHH�#Q`�iBQM)- S?vbX G2iiX " 9ky URNN3V RR9X

/QB,RyXRyRefayjdy@keNjUNdVyR8ek@R

(R8) CX LX �#/m`�b?BiQp 2i �HX (a�:1 *QHH�#Q`�iBQM)- S?vbX _2pX * 8N URNNNV kk9e

/QB,RyXRRyjfS?vb_2p*X8NXkk9e (?2T@T?fN3yj9R3)X

(Re) �X �;mBH�`@�`2p�HQ 2i �HX (GaL. *QHH�#Q`�iBQM)- S?vbX _2pX . e9 UkyyRV RRkyyd

/QB,RyXRRyjfS?vb_2p.Xe9XRRkyyd (?2T@2tfyRy9y9N)X

(Rd) �X �X �;mBH�`@�`2p�HQ 2i �HX (JBMB"QQL1 *QHH�#Q`�iBQM)- S?vbX _2pX G2iiX Ryj UkyyNV

RRR3yR /QB,RyXRRyjfS?vb_2pG2iiXRyjXRRR3yR (�`sBp,yNy9XRN83 (?2T@2t))X

(R3) �X �X �;mBH�`@�`2p�HQ 2i �HX (JBMB"QQL1 *QHH�#Q`�iBQM)- S?vbX _2pX G2iiX Ryk UkyyNV

RyR3yk /QB,RyXRRyjfS?vb_2pG2iiXRykXRyR3yk (�`sBp,y3RkXkk9j (?2T@2t))X

(RN) �X �X �;mBH�`@�`2p�HQ 2i �HX (JBMB"QQL1 *QHH�#Q`�iBQM)- S?vbX _2pX G2iiX RRy UkyRjV

ReR3yR /QB,RyXRRyjfS?vb_2pG2iiXRRyXReR3yR (�`sBp,RjyjXk833 (?2T@2t))X

(ky) SX �/�KbQM 2i �HX (JALPa *QHH�#Q`�iBQM)- S?vbX _2pX . 3R UkyRyV y8kyy9

/QB,RyXRRyjfS?vb_2p.X3RXy8kyy9 (�`sBp,RyyRXyjje (?2T@2t))X

(kR) :X E�`�;BQ`;B 2i �HX- S?vbX _2pX . 3y UkyyNV ydjyyR 1``�imK, (S?vbX _2pX .

3R UkyRyV yjNNyk) /QB,RyXRRyjfS?vb_2p.X3RXyjNNyk- RyXRRyjfS?vb_2p.X3yXydjyyR

(�`sBp,yNyeXRNNd (?2T@T?))X

(kk) CX EQTT 2i �HX- C>1S Rjy8 UkyRjV y8y /QB,RyXRyydfC>1Sy8 UkyRjV y8y

(�`sBp,RjyjXjyRR (?2T@T?))X

(kj) *X :BmMiB 2i �HX- S?vbX _2pX . 33 UkyRjV ydjyy3 /QB,RyXRRyjfS?vb_2p.X33Xydjyy3

(�`sBp,Rjy3X8k33 (?2T@T?))X

RRk



(k9) JX �MiQM2HHQ 2i �HX (JB+`Q"QQL1 �M/ G�`R@L. �M/ A*�_la@q�Ry9 *QHH�#Q`�iBQMb)-

ǳ� S`QTQb�H 7Q` � h?`22 .2i2+iQ` a?Q`i@"�b2HBM2 L2mi`BMQ Pb+BHH�iBQM S`Q;`�K BM i?2

62`KBH�# "QQbi2` L2mi`BMQ "2�K-Ǵ �`sBp,R8yjXyR8ky (T?vbB+bXBMb@/2i)X

(k8) �X �X �;mBH�`@�`2p�HQ 2i �HX (JBMB"QQL1 *QHH�#Q`�iBQM)- S?vbX _2pX . dN UkyyNV

ydkyyk /QB,RyXRRyjfS?vb_2p.XdNXydkyyk (�`sBp,y3yeXR99N (?2T@2t))X

(ke) SX �/�KbQM 2i �HX (JALPa *QHH�#Q`�iBQM)- S?vbX _2pX G2iiX RRd UkyReV MQXR8- R8R3yj

/QB,RyXRRyjfS?vb_2pG2iiXRRdXR8R3yj (�`sBp,ReydXyRRde (?2T@2t))X

(kd) JX :X ��`ib2M 2i �HX (A+2*m#2 *QHH�#Q`�iBQM)- S?vbX _2pX G2iiX RRd UkyReV MQXd- ydR3yR

/QB,RyXRRyjfS?vb_2pG2iiXRRdXydR3yR (�`sBp,Rey8XyRNNy (?2T@2t))X

(k3) *X _m##B�- ǳh?2 GB[mB/ �`;QM hBK2 S`QD2+iBQM *?�K#2`, � L2r *QM+2Ti 7Q` L2mi`BMQ

.2i2+iQ`b-Ǵ *1_L@1S@ALh@dd@y3 URNddVX

(kN) �X JX ax2H+ (G�`A�h *QHH�#Q`�iBQM)- CALah 3 UkyRjV *yNyRRX

/QB,RyXRy33fRd93@ykkRf3fyNf*yNyRR

(jy) aX �K2`BQ 2i �HX (A*�_la *QHH�#Q`�iBQM)- Lm+HX AMbi`mKX J2i?X � 8kd Ukyy9V jkNX

/QB,RyXRyRefDXMBK�Xkyy9XykXy99X

(jR) *X �M/2`bQM 2i �HX- CALah d UkyRkV SRyyRN /QB,RyXRy33fRd93@ykkRfdfRyfSRyyRN

(�`sBp,Rky8Xed9d (T?vbB+bXBMb@/2i))X

(jk) oX "Q++QM2- kyyN A111 Lm+H2�` a+B2M+2 avKTQbBmK *QM72`2M+2 _2+Q`/ ULaafJA*V-

P`H�M/Q- 6G- UkyyNV- TTX R8Nd@ReyyX

(jj) aX Em#Qi�- JX >Bb?B/�- JX amxmFB �M/ CX xX _m�MU:2M- S?vbX _2pX " ky URNdNV MQX3-

j93eX /QB,RyXRRyjfS?vb_2p"XkyXj93e

(j9) >X *?2M 2i �HX (JB+`Q"QQL1 *QHH�#Q`�iBQM)- ǳS`QTQb�H 7Q` � L2r 1tT2`BK2Mi lbBM;

i?2 "QQbi2` �M/ LmJA L2mi`BMQ "2�KHBM2b, JB+`Q"QQL1-Ǵ 61_JAG�"@S_PSPa�G@

yNd9 UkyydVX

(j8) �X JX ax2H+ (a"L. *QHH�#Q`�iBQM)- CALah RR UkyReV MQXyk- *ykyR3X

/QB,RyXRy33fRd93@ykkRfRRfykf*ykyR3

(je) _X �++B�``B 2i �HX (�`;QL2mh *QHH�#Q`�iBQM)- CALah 3 UkyRjV Sy3yy8

/QB,RyXRy33fRd93@ykkRf3fy3fSy3yy8 (�`sBp,RjyeXRdRk (T?vbB+bXBMb@/2i))X

RRj



(jd) 6X *�p�MM� 2i �HX (G�`A�h *QHH�#Q`�iBQM)- ǳG�`A�h, GB[mB/ �`;QM AM � h2bi#2�K-Ǵ

�`sBp,R9yeX88ey (T?vbB+bXBMb@/2i)X

(j3) a"L. #mBH/BM; TB+im`2b- ?iiT,ffM2mi`BMQXm+?B+�;QX2/mf#HQ;fkyRdfyefX �++2bb2/

kkfyNfkyRdX

(jN) *X �/�Kb 2i �HX- ǳG�`R@L., h2biBM; L2mi`BMQ �MQK�HB2b rBi? JmHiBTH2 G�` hS*

.2i2+iQ`b �i 62`KBH�#-Ǵ 61_JAG�"@S_PSPa�G@Ry8j UkyRjVX

(9y) JX aQ/2`#2`; 2i �HX- ǳa"L. �S� h2+?MB+�H .2bB;M _2TQ`iǴ- a"L. BMi2`M�H /Q+mK2Mi

LX R8jR UkyRdVX

(9R) 62`KBH�# h2bi "2�K 6�+BHBiv U6h"6V- ?iiT,ffrrrX7i#7X7M�HX;QpX �++2bb2/

y9fy3fkyRdX

(9k) hX �FB`B 2i �HX (G"L1 *QHH�#Q`�iBQM)- ǳh?2 kyRy AMi2`BK _2TQ`i Q7 i?2 GQM;@"�b2HBM2

L2mi`BMQ 1tT2`BK2Mi *QHH�#Q`�iBQM S?vbB+b qQ`FBM; :`QmTb-Ǵ �`sBp,RRRyXek9N (?2T@

2t)X

(9j) qX 6Q`2K�M (G�`A�h *QHH�#Q`�iBQM)- ǳ6B`bi _mM Q7 i?2 G�`A�h h2bi#2�K 1tT2`B@

K2Mi-Ǵ �`sBp,R8RRXyyjy8 (T?vbB+bXBMb@/2i) UkyR8VX

(99) AX LmiBMB (G�`A�h *QHH�#Q`�iBQM)- CX S?vbX *QM7X a2`X e3N UkyReV MQXR- yRkykyX

/QB,RyXRy33fRd9k@e8Nefe3NfRfyRkyky

(98) SX E`v+xvMbFB- CALah RR UkyReV MQXyk- *yky3eX /QB,RyXRy33fRd93@ykkRfRRfykf*yky3e

(9e) qX 6Q`2K�M- ǳaBM;H2 T?QiQ2H2+i`QM `�i2b mT/�i2Ǵ- a"L. BMi2`M�H /Q+mK2Mi LX kRNNX

(9d) _X �++B�``B 2i �HX (JB+`Q"QQL1 *QHH�#Q`�iBQM)- CALah Rk UkyRdV MQXy3- Sy3yyj

/QB,RyXRy33fRd93@ykkRfRkfy3fSy3yyj (�`sBp,Rdy8Xydj9R (T?vbB+bXBMb@/2i))X

(93) _X �++B�``B 2i �HX (JB+`Q"QQL1 *QHH�#Q`�iBQM)- CALah Rk UkyRdV MQXyj- hyjyyj

/QB,RyXRy33fRd93@ykkRfRkfyjfhyjyyj (�`sBp,ReyNXyeReN (T?vbB+bXBMb@/2i))X

(9N) hX P?�K�- LX Ab?B?�`�- aX h�F2/�- >X PFmK� �M/ EX EQMMQ- Lm+HX AMbi`mKX J2i?X �

9Ry URNN3V Rd8X /QB,RyXRyRefayRe3@NyykUN3Vyykk9@R

(8y) JX aQ/2`#2`; 2i �HX- ǳ�S� :2QK2i`v "Q�`/ .Q+mK2Mi�iBQM 7Q` 1H2+i`B+�H _2pB2rǴ-

a"L. BMi2`M�H /Q+mK2Mi LX Rj8R UkyReVX

(8R) �X ax2H+- aX hm7�MHB (T`QiQ.lL1)- ǳ�S� *QKKBbbBQMBM; _2bmHibǴ- .lL1 BMi2`M�H

/Q+mK2Mi LX 88de UkyRdVX

RR9



(8k) _X �++B�``B 2i �HX (.lL1 *QHH�#Q`�iBQM)- ǳGQM;@"�b2HBM2 L2mi`BMQ 6�+BHBiv UG"L6V �M/

.22T lM/2`;`QmM/ L2mi`BMQ 1tT2`BK2Mi U.lL1V , oQHmK2 R, h?2 G"L6 �M/ .lL1

S`QD2+ib-Ǵ �`sBp,ReyRXy89dR (T?vbB+bXBMb@/2i)X

(8j) .X :�`+B�@:�K2x 2i �HX- ǳGB;?i avbi2K aBKmH�iBQM aim/B2b BM a"L.Ǵ- a"L. BMi2`M�H

/Q+mK2Mi LX RR88 UTm#HB+�iBQM BM T`2T�`�iBQMV UkyReVX

(89) .X :�`+B�@:�K2x- CALah RR UkyReV MQXyR- *yRy3y

/QB,RyXRy33fRd93@ykkRfRRfyRf*yRy3y (�`sBp,R8RRXy9eRR (T?vbB+bXBMb@/2i))X

(88) oAElAhu 1M?�M+2/ aT2+mH�` _2~2+iQ` 6BHK U1a_V- ?iiT,ffT`Q/m+ibjXjKX

+QKf+�i�HQ;fmbf2MyyRf2H2+i`QMB+bnK7;fpBFmBiBfMQ/2ndj83:.3*J_#2f`QQin

:ahRh9aNh*;pfp`QQinaeZk6.NsyC;2f;p2Hn"e.9aqG8Z*;Hfi?2K2nmbnpBFmBiBnjnyf

+QKK�M/n�#+S�;2>�M/H2`fQmiTmin?iKHX �++2bb2/ RNfyNfkyRdX

(8e) .6kyyy bT2+mH�` }HK- ?iiTb,ffrrrX/B;BF2vX+QXmFfT`Q/m+i@/2i�BHf2MfjKf

d8j9dyNNe8Nfd8j9dyNNe8N@L.f9N33Ny9X �++2bb2/ RNfyNfkyRdX

(8d) "X _2#2H 2i �H- UkyRRV CX S?vbX, *QM7X a2`X jy3 yRkykjX

(83) :X *�`m;MQ- "X .�BM2b2- 6X SB2i`QT�QHQ �M/ 6X SiQ?Qb- Lm+HX AMbi`mKX J2i?X � kNk

URNNyV 83yX /QB,RyXRyRefyRe3@NyykUNyVNyRde@d

(8N) Jha i2bi bi�M/ K2�bm`2K2Mi Q7 .6kyyy 7QBH- ?iiTb,ffH�`iT+@/Q+/#X7M�HX

;Qpf+;B@#BMfT`Bp�i2f_2i`B2p26BH2\/Q+B/49e8�7BH2M�K24J�i2`B�Hnh2bin

_27H2+iBp2n6BHKn�HHXT/7�p2`bBQM4dX �++2bb2/ RjfyNfkyRdX

(ey) JX *�b+2HH�- ǳa"L. >B;? oQHi�;2 622/@i?`Qm;? �M/ *S� 6BM�H .2bB;M _2TQ`iǴ- a"L.

BMi2`M�H /Q+mK2Mi LX RRk8 UkyReVX

(eR) _X �++B�``B 2i �HX- UkyRRV CX S?vbX, *QM7X a2`X jy3 yRkyy8X

(ek) _X 6`�M+BMB 2i �HX- kyRj CALah 3 *yNyRyX

(ej) qX 6Q`2K�M- G�_hS*@/Q+@RNj3@pR UkyReVX

(e9) G�`aQ7i- ?iiT,ffH�`bQ7iXQ`;X �++2bb2/ RdfyNfkyRdX

(e8) :9#2�KHBM2 bBKmH�iBQM T`Q;`�K- ?iiT,ffrrrXKmQMbBMi2`M�HX+QKfKmQMbjf

:9#2�KHBM2X �++2bb2/ RdfyNfkyRdX

(ee) 62`KBH�# >B2`�`+?B+�H *QM};m`�iBQM G�M;m�;2- ?iiTb,ff+/+pbX7M�HX;Qpf`2/KBM2f

T`QD2+ibf7?B+HfrBFBX �++2bb2/ RdfyNfkyRd
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(ed) *P_aAE� bBKmH�iBQM T`Q;`�K- ?iiTb,ffrrrXBFTXFBiX2/mf+Q`bBF�fX �++2bb2/

kefyNfkyRdX

RRe


