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Scaled measurement data

Specified NED values
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n ¢J£ 5E9I:@<Q57M7570/.�Xx3JAQ,�.EXKi?2Xe:@36Rp57X6,iK�.EM702,�:@1;:@5�:@<2,�.E0/.EXe[��B,BA-�/,BX6A¤.E0QA¤.E9I,=.bDP?202F�:@3J5E0O5EDs:@<2,�94,HDP,H94,H02FB,�9@.EA236?21B�=�G<2,
Bn

9I,BR29I,B14,H0`:=:@<Q,�FH570`:@9436�2?Q:43J570¥5EDx3JA2,B.EX
cos (nθ)

K=.�M702,H:414¦ � 14,B,�14,HFH:43J570a§2���j�6�W�i:45-:4<2,b�/,BX6A.E02A¨.E9I,�AQ,B025E:4,BA¨.E1�©H02579IK=.�X\©�FH57K�Rd5702,H0`:@1B�a�G<2,
An

.�94,^A2,B0Q5E:@,HA_.E1�©H1IªE,�n�©�FB57KSRd5702,B0`:41
«­¬�®°¯(±²®°³�´µ±­¯p¶·³�¸2¹�®°¯w¸²º�»W´µº�¼W±­³H½u¾�³H¿°¯>¿B¹/³�¿°¼�À�»W³�¯4Á2¿°³�¹+À�´�¯>¼µ»sº�¿BÀ�¼Â´�½u´Ã¹²ºl¹�´�³�¿�Á>ÄQ¬�®°¯�Åv¯>¼µ»s´Â¿U¹�®v¯(º�¾E¯>¸�¹�Æ°¸�¯w±>º�¿UÇE¯¯­ÈW¾°¸�¯IÁ�Á�¯I»GÇ�ÀG½u¯Iº�¿vÁf³�¶Z¹�®°¯#½uº�É�¿°¯>¹�´µ±&ÊH¯I±­¹�³�¸f¾E³�¹�¯I¿B¹�´µº�¼JË+¬�®°´�Áf´µÁ�É�´�Ê�¯I¿G¶·³�¸wºU±­Æ°¸�¸�¯I¿B¹p¶·¸�¯>¯HÌB´�¿WÅv¿v´Ã¹�¯Y¼Â³H¿°Ésº�¿v»

z Í »W´�¸�¯I±\¹�¯I»CÉ�¯>³H½u¯­¹�¸�À;Ç�À;¹�®v¯uÁ�±>º�¼�º�¸YÁ�³H¼ÂÆW¹�´Â³H¿�³�¶d¹�®°¯yÎ+Ï�ÐvÑ�ÏZÒEÓ;¯4ÔHÆ�ºl¹�´�³�¿NÕw®°´µ±²®Nº�Ö>´�½�ÆW¹�®vº�¼�¼�ÀC±­³H¿vÁ�´µÁ�¹�Á�³�¶�º×pØjÙZÚ`Û Ó Ú Á�¯I¸�´�¯IÁIËj¬�®v¯(Á�³H¼ÂÆW¹�´Â³H¿s³�¶v¹�®°´�Á+¯IÔBÆvºl¹�´Â³H¿s´µÁ2¯>´Â¹�®v¯>¸d»W¯>¹�¯I¸�½u´�¿°¯I»sÇ�À�¹�®v¯w¾�³�¹�¯>¿B¹�´�º�¼W³�¸/Ç�ÀY¹�®v¯�¹�º�¿vÉ�¯>¿B¹�´�º�¼»W¯I¸�´�Êlºl¹�´�Ê�¯w³H¿u¹�®°¯�Ç�³HÆ°¿v»°º�¸�ÀxÜÝ¹�®°¯&¼µºl¹�¹�¯>¸f±>ºHÁ�¯(´µÁdº�Ç°´Ã¹�Á�¾E¯I±>´�º�¼vÇE¯I±Iº�ÆvÁ�¯&º�¿GÆv¿°Þ�¿°³lÕw¿cÁ�Æv¾�¯I¸�´�½u¾�³BÁ�¯4»G±­³�¿�ÁP¹²º�¿B¹¸�¯>½Gº�´�¿vÁ&º�¿v»;¹�®°¯UÇ�³HÆ°¿v»°º�¸�Ào±­³H¿v»W´Â¹�´�³�¿C®�º�Á&¹�³yÉH´ÂÊH¯sº�»W´ÂÊH¯>¸�É�¯I¿v±­¯ Í ¶·¸�¯>¯YÅ�¯>¼µ»vß\Ë#àt¹�¶·³�¼�¼Â³lÕ(Á&¹�®vº�¹#º�¼Â¼2±­³H¿vÁ�¹�º�¿B¹²Á³�¶#¹�®°¯ ×pØjÙZÚ`Û Ó Ú ¯>ÈW¾°¸�¯4Á�Á�´�³�¿�º�¿v»�¹�®°¯�ÉH¯>¿°¯I¸�º�¼&Á�³H¼ÂÆ°¹�´�³�¿b³�¶#¹�®°¯NÎdÏ�Ð°ÑHÏ`ÒEÓ=¯4ÔHÆ�ºl¹�´�³�¿�¸�¯IÁ�¾�¯4±\¹�´ÂÊH¯>¼�À=±Iº�¿bÇE¯»W¯>¹�¯>¸�½u´Â¿v¯I»�´Â¿oÇE³�¹�®oÕ�º@ÀWÁ>Ëá ¯I½uº�¸�Þ7ÄNâp³H¿vÁ�´�»W¯I¸�´�¿°ÉiÇE³�¹�®�Ìw¹�®°¯C¸�ºH»W´�º�¼(º�¿v»bº�Ö>´�½�ÆW¹�®vº�¼(Åv¯>¼µ»b±­³H½U¾E³�¿v¯>¿B¹�ÁyÕp³HÆ°¼�»=À�´�¯>¼µ»=¹PÕw´�±>¯Cº�ÁG½Gº�¿BÀ¯IÔBÆvº�¹�´�³�¿vÁ�ºHÁ�¿°¯I±>¯IÁ�Á�º�¸�ÀHËã>à*¿�¼Â´Â¹�¯I¸�º�¹�Æ°¸�¯cº�Áyä å°æ\çd¹�®°¯y±­³H¿v±­¯I¾W¹�³�¶wºo½Gº�É�¿°¯>¹�Ç°Æ°´�¼�»iÇ�Àiº
cos (nθ)

»°¯>¾E¯>¿v»W´�¿°ÉN±­À�¼Â´�¿v»W¸�´µ±G±­Æ°¸�¸�¯I¿B¹�Á�®°¯I¯­¹�´µÁ»W¯I¿°³�¹�¯I»xº�Áw´µ»W¯Iº�¼
cos (nθ)

±>³�¿WÅvÉHÆ°¸²ºl¹�´�³�¿�Ë2èv³�¸w¹�®°¯Y½u³�¹�´ÂÊlºl¹�´Â³H¿o³�¶Q¹�®°¯Y½sÆ°¼Ã¹�´Â¾E³�¼�¯Y¯>¸�¸�³�¸²Ád¹�®°¯�º�¸�Ç°´Â¹�¸²º�¸�Àcº�¿°ÉH¼Â¯
θ
´�Áw¸�¯>¾v¼�ºH±­¯I»�Ç�ÀG¹�®v¯�±­À�¼Â´�¿v»W¸�´µ±>º�¼`±>³B³H¸�»°´Â¿vº�¹�¯
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� ���j����?2X6:43JRd57XJ,���9I94579G5�D#.��j3J0QM7XJ,��w3602,��U?2949I,B0`:
.E02A�94,HR294,H14,B0`:u:4<2,yFB570`:@9I3J�2?j:@3J5E0�5ED�3JA2,B.EX

sin (nθ)
K�.EM70Q,H:@1�579	��KS579I,yRQ94,BFH3J1I,
�

cos (nθ)
K�.EM70Q,H:@1:@?Q9402,HA��`[�.��Z?/.E9I:4,B9cRd,B94365jA��B�

An(r0) =
1

π

∫ 2π

0

Br(r0, φ) cos(nφ)dφ, ��� ���7�

Bn(r0) =
1

π

∫ 2π

0

Br(r0, φ) sin(nφ)dφ. ��� � � �

y14?/.�XJX6[O:@<2,H14,L!#"#$&%('*)d% FH5j,� SFB3J,H0`:@1b.E9I, 025E94K�.EXJ36�B,BA¥:@5-:@<2,�K=.�3J0¥�/,BX6A_5ED;:4<2,m.E02.EX6[��B,HA1I:494?2F�:@?29I,�.E02A�:@<2,H0mM736VE,B0 .E1x9I,BXt.v:@36VE,CV�.EX6?2,B1

an
DP5E9y:4<2,N1IªE,Hn .E02A

bn
DP579c:@<2,�02579IK=.EXwFH57KSRp5 �02,H0Z:41B�C8/579o.�AQ3JRd57XJ,�nc36:4<T.=V7,H9I:@36F�.EX&�/,BX6A :@<Q,iK=.�3J0 FH57KSRp570Q,B0`:

BN
3J1xME36V7,H0T�`[

B1
�;�G<Q,

an.E02A
bn

.E94,yF�.EX6XJ,HAS9I,BXJ.�:@3eV7,G</.E9IK�5E023JFGKi?QX6:@36Rp5EXJ,u,H94945E941�.E02A�?214?/.�XJX6[N,��jR29I,B141I,BAb360�?20Q36:@1�5ED
10−4 �

an =
An(r0)

BN
104, ��� �Â§Z�

bn =
Bn(r0)

BN
104. ��� ���7�

�\0k:@<Q3J1;nu.�[T:4<2,S�2,BXJA-3J0T:4<2,=.�Rp,H9I:@?Q94, 5EDG.^K�.EM702,�:�FB.E0-�p, 14RQXJ36:�360`:@5^:@<2, FB5E0Z:49436�2?Q:@36570k5ED3JAQ,�.EX+Ki?2Xe:@36Rp57X6,GFB57KSRd5702,B0`:41B�Y�G<2,x�2,BXJA�.E02A�FH?2949I,B0`:GA2361I:@9I3J�2?j:@3J5E0SDP579�:@<Q,��/9I1I:G1I3e��XJ5Wns,B9U5E94A2,H902579IK=.�XfKi?2Xe:@36Rp57X6,B1s.E94,;1I<25Wnc0 360��/M2� � �e�7��8/579U:4<2,�.ER2R2X63JFB.�:@36570�3J0bR2.E9I:43JFBX6,;.EFHFB,BX6,B94.�:@579I1��Q:4<2,B1I,</.�V7,;:45S�d,;FB5E9494,HFH:4,BA �`[�.EA2A23e:@3J5E0/.EXfFH57949I,BF�:@579GK�.EM702,�:@1c.E0QA^:4<2,B9I,HDP579I,o:l.Eª�,B0�3J0`:@5S.EFHFB57?Q0Z:cDP579:@<Q,xA2,H143JME0=5ED�:4<2,xK�.EFl<23602,�.E02A=:4<2,xFH57021I:494?2F�:@36570=5EDf:@<2,�K=.EME02,H:41B�Y8/579�,�.EFl<=Ki?2X6:43JRd57XJ,UFB,B9>:l.E360XJ36K�3e:@1s.E94,�A2,��/02,HA�nc<236Fl<�Ki?Q1I:y025E:c�d,�,��jFB,H,BA2,HA��

zk{�� } ~b�P�U�l�=�T��� �����7��� ��� � �a�@���m��� ���l�N� � ~����`���C�
�G<2,�Ki?2X6:43JRd57XJ,U,B949I57941�5ED(.�0Z[SM7,H57KS,H:@9>[ F�.E0��p,yF�.�XJFB?QXt.�:4,BAS3J0SM7,B02,H9@.EXd�`[S,HV�.EXJ?2.�:@3602M����Z1H� ��� �µ���.E02A ��� � � � �s�Q?Q:�DP5E9 .-1I3J02M7X6,bXJ3602,bFB?29I94,H0Z:S:@<Q3J1 94,H14?2Xe:@1S3J0¥9@.�:4<2,B9 FH57K�RQXJ3JFB.�:@,HA]3J0`:@,HM79@.�XJ1B�"!s[?21I3J02M�:4<2,=!#"#$�%('*)+%],��jR/.E021I3J570k5ED�:4<2,i�/,BX6AT5EDs.�143602M7XJ,�XJ3602,NFH?2949I,B0`:CA2,B9I36V7,HAk3J0T14,HFH:43J570k§2�e�7�e�.E02A�FB5EK�R/.�943J0QMN:@<2,�FH5j,� �FH3J,H0Z:41y:4<2,�1@.EKS,;94,H14?2Xe:yF�.E0��p,;5E�Q:l.E3602,BA^Ki?QFl<�,B.E1436,B9B�

�U5E021436A2,B9I3J02M�.
z � A23J9I,BF�:@,BA X63J02,sFB?29I94,B0`:s.�:�.oRd571I36:@36570 (ρ0, φ0)

�E:@<Q,G9@.EA23J.EXQK�.EM70Q,H:@36FU3602A2?2F�:@3J5E0
B|,r

.�:N.�Rd571I36:@36570Tnc36:4<¤.^9@.EA236?21
ρ
14K�.EX6XJ,B9o:4</.E0-:@<2,SRp5E1436:43J570Q3J02Mb94.EA23J?Q1

ρ0

361�M736VE,B0O�`[#�Y�+�
� §Q�Â§Z�snc<Q3JFl<�F�.E0��p,�,��QRQ94,B1I14,HAT.E1

B|,r(ρ, φ) = −µ0I

2π

∞
∑

n=1

ρn−1

ρn
0

(sin (nφ) cos (nφ0) − cos (nφ) sin (nφ0)) ��� �%$7�

�`[b?21I3J02M :@<2,C.EAQA236:43J570=:4<2,B5E94,BK 5�D�:4<2,�143J0Q, � DP?Q02FH:43J570��
&I¬�®°¯�»W¯>¿v³�¹�º�¹�´�³�¿x³�¶j¹�®°¯Y¿°³H¸�½Gº�¼Zº�¿v»xÁ�ÞH¯>Õ�½�Æ°¼Â¹�´�¾�³H¼Â¯Y¯I¸�¸�³�¸²Áp´�Áw¿v³�¹wÆ°¿°´µÔBÆ°¯�Ë('*),+	)d´Â¿x¹�®°¯.-0/21 ¹�®°¯
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Bn
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8�36M7?294, � �6� � ��?2X6:43JRd57XJ,H1�.E02AbFB5E9494,H14Rd5702A23602MiFH?2949I,B0`:cA23J1>:@9I3J�2?Q:43J570S5EDw:4<2, Bi � i = 1, 2, .., 6
� ��� X6X

Bn

.E94,CRp5E1436:436VE,W���G�G<Q,N14ª�,Hn Ki?2Xe:@36Rp57X6,B1G1I<25Wn :@<2,�1@.EKS,�R2.�:4:4,B940��2?Q:o.E94,C945E:@.�:@,HA�Z[�5702,��Z?/.E9I:4,B9c5ED�.�Rp,H943J5�A��
8/579�.CM736VE,B0�94,HDP,H94,H02FB,�9@.EA236?21

ρ = r0

:@<Q,�Ki?QX6:@36Rp5EXJ,uFH5j,� �FH3J,H0Z:41
An

.E02A
Bn

FB.E0=�d,y57�Q:l.�3J02,HA�`[bFB5EK�R/.�943J1I570^5ED&:@<2,�,B�Z?/.v:@3J5E021 ��� �e�°�u.E0QA ��� �%$7�s:@5 �
An(r0) =

µ0I

2π

rn−1
0

ρn
0

sin (nφ0) , ��� �	�7�

Bn(r0) = −µ0I

2π

rn−1
0

ρn
0

cos (nφ0) . ��� ��
`�
!U5E:4< �f0Q5794K�.EX&.E02AT1IªE,HnqKi?2Xe:@36Rp57X6,B1cA2,HFB94,B.E14,�360 :@<Q,i1@.EKS,�nU.�[�nc3e:@< :4<2,i579IA2,B9

n
A2?2,�:@5�:@<Q,D�.EF�:�:@<2.�:#:@<Q,U�/,BX6Ai3J0Q143JAQ,u.xK�.EM702,�:
�Ã1Y.ERd,B9>:@?29I,u3J1�A2,B1IFB9436�p,HA .E02Ai:4<�?Q1�:@<2,U9@.�:43J5x5�D/:@<2,u9I,HDP,H94,B0QFB,9@.�A23J?21

r0

.E02A�:@<2,�Rd57143e:@3J5E023J02MG94.EA236?21
ρ0

3J1(1IK=.EX6XJ,H9f:@<2,H0N570Q,E� �\0C�/M2� � ���u:@<2361&361(14<25Wnc0�.E1I14?2KS3J0QM.=9I,HDP,B9I,B02FH,�9@.EAQ3J?21�5ED
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zk{4z ���¨����� ��� ���	� � �x� �+���;�
�G<2,iKN?2X6:43JRd57XJ,o,H949I57941�3J02A2?QFB,BA �Z[ .�FH573JX(FH94571I1o14,HFH:@36570 nc3e:@<257?j:x3694570�[757ª�,�.E94,�A2,H:4,B9IK�3602,BA��Z[:@<Q,�Rp571I36:43J57021�5ED�:@<2,�X63J02,NFB?29I94,B0`:41C5E02X6[E� � ,H943eVj3602M�:@<Q, ���Z1H� ��� ���E�o.E0QA ��� � 
`�yDP579o.^1I3J02MEXJ,NX63J02,FB?Q9494,H0`:bM736VE,B1b.L143J0Z?21I573JA2.EXcA2,BRd,B02AQ,B02FH,-5E0_:@<2, Rp571I36:43J57023602M-.E02M7X6,�nc<Q3JFl< 3JKSR2X63J,B1S.-FB,B9>:l.E3601I[�KSK�,�:@9>[bA2,BRd,B0QA2,B02F�[7�8/579Y:4<2,�360`V7,B1>:@36M`.�:@36570 5EDf:4<2,x360�
/?2,H02FB,y5ED�:4<2,y1I[�K�KS,H:49I[ 5EDp:@<2,yFB?Q9494,H0`:uRd57143e:@3J5E0 :\ns5i1I3JKSR2XJ,M7,H57K�,�:@9I3J,B1UFB57021I3J1>:@3J0QM�5ED&5702X6[S:\ns5SX63J02,�FB?29I94,H0Z:41x.�94,oFH57021436A2,B9I,BA�.E02A^1I<25Wnc0�360��/M2� � � � .`�U.�02A�+� � �(nU5�X63J02,�FH?2949I,B0`:@1�5EDY57R2Rd571I36:@,�A23694,HFH:@36570�.E02A ,H�Z?/.EXwV�.EXJ?2,CRd57143e:@3J5E02,BA^1I[�KSK�,�:@9I3JF�.�XJX6[�:@5�.14Rd,BFH36�/,HAkR2Xt.E0Q,Nnc<23JFl<-.E9I,�A2,B0Q5E:@,HAL.�1�.E0`:@3 � 1I[�KSK�,�:@9436F�1I,H:4?2R-.E02AT:\nU5^X63J02,�FB?29I94,B0`:41C5�Ds14.EKS,A23694,BF�:@36570^.E02Ab,H��?2.EX�V�.EXJ?2,x1I[�K�KS,H:49436F�.EX6X6[ Rd57143e:@3J5E02,BA�:45 .i14Rd,BFB3e�/,BA�R2XJ.E02,xnc<236Fl<�.E94,;A2,H025E:4,BA.E1c1I[�KSK�,�:@9I3JFo1I,H:@?QR��v�

� 1I,H:4?2R=5EDd:\ns5�X63J02,GFH?2949I,B0`:@1s.E0`:@3 � 1I[�KSK�,�:@9I3JFs:45C:4<2, yz � R2XJ.E02, � �/M2� � � � .`�4��FB.E0��d,cA2,B1IFB9I3J�d,BA�`[�:@<Q,�:\ns5=Rd571I36:@3657023602Mi.E0QM7XJ,H1
φ0

.E02A
π − φ0

.E02Ab[�3J,BX6A21G02,H36:@<Q,B9c,HVE,B0 0Q5794K�.EXf0Q579c5jA2A^1IªE,HnKi?2Xe:@36Rp57X6,B1H�

An(r0) =
µ0I

2π

rn−1
0

ρn
0

sin (nφ0) [1 + cos (nπ)] ,

Bn(r0) = −µ0I

2π

rn−1
0

ρn
0

cos (nφ0) [1 − cos (nπ)] .

� 14,�:@?2Rm5�D�:\ns5=XJ3602,;FB?Q9494,H0`:@1x1>[�K�KS,H:4943JFo:45S:4<2, yz � R2XJ.E02,;F�.�0 �d,CAQ,B14FH9436�p,HA �`[^:@<2,;:\ns5=Rd57143 �

 è°³�¸�ºGÁ�¯>¹�Æ°¾;Õw®°¯I¸�¯#¹�®°¯�±>Æ°¸�¸�¯>¿B¹(Á�Æ°½¨´µÁ(»W´��7¯>¸�¯>¿B¹(¶·¸�³�½aÖI¯>¸�³vÌW¹�®°¯�¸�¯­¹�Æ°¸�¿�Áw±>º�¿oÇE¯�º�Á�Á�Æ°½u¯I»oÁ�À�½u½u¯­¹�¸�´µ±>º�¼Â¼�Ày´�¿É�¸�¯Iº�¹d»W´µÁP¹²º�¿v±>¯�ÌH¹�®°¯I¿ZÌB»°Æ°¯(¹�³�¹�®v¯(¸�ºH»W´µº�¼�»°¯>¾E¯>¿v»W¯I¿v±­Àu³�¶��pÔBÁIË7Ü��°Ë��lßdº�¿v»;Ü��°Ë �Hß2¹�®°¯>Àu±>º�¿cÇE¯(¿°¯>ÉH¼Â¯4±\¹�¯I»u¶·³H¸+¹�®v¯½Gº�ÉH¿°¯­¹�´�±#±>º�¼�±>Æ°¼µºl¹�´�³�¿

��§



� � � ���Yrp,BF�:x5�DY��[�KSK�,�:@9I3J,B1

y

x

I I

Ρ0

Φ0

Ü6ºHß�1&¿B¹�´ Í Á�À�½U½u¯>¹�¸�´�± ¼�´�¿°¯ ±>Æ°¸ Í¸�¯>¿B¹�ÁIË

y

x

I

I

Ρ0

Φ0

ÜeÇ�ß /�À�½U½u¯>¹�¸�´�±#¼�´Â¿v¯�±­Æ°¸�¸�¯I¿B¹�ÁIË

y

x

I I

I I

Ρ0

Φ0

Ü6±Iß���´Â¿°¯s±­Æ°¸�¸�¯I¿B¹�Áw¼�´ÂÞH¯Y´Â¿�ºuÇvº�Á�´�±±>³�´�¼6Ë
8�3JM7?29I, � � � ��� 5E1436:43J570Q1c.E02A�1I[�K�KS,H:49436,B1G5ED�XJ3602,oFB?Q9494,H0`:@1B�

:@3657023602M .E02M7X6,B1
φ0

.�02A
π − φ0

.�02A�[�36,BXJAQ1G02,B3e:@<2,H9y5�A2A^02579IK=.�Xf02579c,�V7,B0�14ª�,Hn Ki?2Xe:@36Rp57X6,B1H�
An(r0) =

µ0I

2π

rn−1
0

ρn
0

sin (nφ0) [1 − cos (nπ)] ,

Bn(r0) = −µ0I

2π

rn−1
0

ρn
0

cos (nφ0) [1 + cos (nπ)] .

� 1I,H:@?QRT5ED�:\nU5bX63J02,CFB?29I94,H0Z:41C.E0`:@3 � 1I[�KSK�,�:@9436F;:@5=:4<2, xz � RQXt.E02,�F�.E0T�d,iA2,H14FH9436�p,HA-�`[�:@<2,�:\nU5Rd57143e:@3J5E023J02Mi.E02M7X6,B1
φ0
.E02A −φ0

.E02A^[�3J,BX6A21G025S02579IK=.EXpKi?2Xe:@3JRd57X6,B1B�
An(r0) = 2

µ0I

2π

rn−1
0

ρn
0

sin (nφ0) ,

Bn(r0) = 0.

� 14,�:@?2RL5ED�:\nU5�XJ3602,iFB?Q9494,H0`:@1C1I[�K�KS,H:49436FN:@5b:@<Q, xz � R2XJ.E02, � �2M2� � � � �/�4�xF�.�0-�d, A2,B1IFB9I3J�d,BA-�Z[:@<Q,�:\ns5SRp571I36:43J57023602M�.E0QM7XJ,H1
φ0

.E02A −φ0

.E0QA�.�02A�[�36,BXJAQ1G025 14ªE,�n Ki?2Xe:@3JRd57X6,B1B�
An(r0) = 0,

Bn(r0) = −2
µ0I

2π

rn−1
0

ρn
0

cos (nφ0) .

�G<Q,B14,U94,B1I?2X6:41Y.E9I,U14?QK�K�.E9436�B,HAN3J0C:l.E�f� � �e�E� ��.EFl<�1I[�KSK�,�:@9I[�94,HA2?2FH,B1�:4<2,u0Z?2Ki�d,B9�5ED+Rp5E141436�2XJ,Ki?2Xe:@36Rp57X6,;,B9I94579I1x�`[�</.EX6D­�c�G<2,NFl</.E9@.�FH:@,H94361I:@36FN5ED�:@<2,�3J0�
/?Q,B02FH,i3J1yM7945E?2Rp,HAm�`[^:@<2,iRd571I36:@36570^5ED:@<Q,CME,B57KS,H:49I[=:45�:@<2,�94,�DP,B9I,B02FH,N1I[�1>:@,BK .�02A�0Q5E:c�`[�:@<2,�ªZ3J0QA�5ED�1I[�KSK�,�:@9>[7�8�3JM7?29I, � � � F���14<25Wnc1�.oFH573JX�K=.�A2,U5ED+§;X6,�.EAQ1�1I[�KSK�,�:@9I3JFs:45x:@<Q, xz � RQXt.E02,u.E02A .E0`:@3 � 1>[�K�KS,H:4943JF:@5m:4<2,
yz � RQXt.E02,�� !�[¤FB5EKi�23J0Q3J02M :4<2,b94,H14?2Xe:@1 .E�d5WV7,�:4<2,^,��jRp,HFH:4,BAaKi?2X6:43JRd57XJ,H1�FB.E0¥�p,b,B.E1436X6[57�Q:@.E3J0Q,BA��

An = 0, ��� ���7�
Bn = −2

µ0I

2π

rn−1
0

ρn
0

cos (nφ0) [1 − cos (nπ)] . ��� �e�W�`�

� �



� �Ã§2� ��,B021I36:@3eV�36:\[�5�D�:4<2, ��?2X6:43JRd57XJ,��Y94945E941

��.E�2X6, � �e� � �#rf,HFH:41�5ED�1I[�KSK�,�:@9I3J,B1��E.E1>[jKSKS,H:@9I3J,H1G570^FB,B9>:l.E360^Ki?2X6:43JRd57XJ,�,B9I94579I1B�1>[�K�KS,H:4943JF .�0Z:43 � 1I[�K�KS,H:49436F
xz � R2Xt.�02, An = 0 Bn = 0

yz � R2XJ.E02, An=1,3,5,.. = 0 An=2,4,6,.. = 0
Bn=2,4,6,.. = 0 Bn=1,3,5,.. = 0

�G<2,H14, Ki?2Xe:@3JRd57X6,B1y.E94,NF�.EX6XJ,BA�:@<2,^©H.EXJX65°ns,BAw©CKi?2Xe:@36Rp57X6,B1cDP579o.�1I3J02MEXJ,i.�Rp,H9I:@?Q94,iA236Rp5EXJ,�.E02Ak.E9I,3J0^M7,H02,B94.EXw3J0Q,HV�36:@.E�2XJ,�� �²:c3J1G5E02X6[=Rp571I1436�2XJ,o:45S9I,BA2?QFB,�:@<2,HK �`[^F�.E02FH,BX63J02M�57?j:�,�rf,HFH:41B�
� 0`[=Ki?QX6:@36Rp5EXJ,c,B9I94579I1uA236rp,B9I,B0`:uDP9I57K :4<2,;.EX6XJ5Wns,BA�Ki?QX6:@36Rp5EXJ,G,B9I94579I1G.E9I,oF�.E?Q14,BA^�`[b.�1I[�K�KS, �:@9I3J,H1G3J0b:@<2,�K�.EM702,�:cA2,B1I3JM70^579c9I,B14?QX6:@3602MiDP945EK R29I5jA2?QFH:@36570bD�.E?2Xe:@1B�
�\0�.EAQA236:43J570S:@5�:@<2,;KN?2X6:43JRd57XJ,c,B9I94579I1G5ED(:@<2,;FH573JXpM7,B5EK�,�:@9I[=36:414,BXeD ��:4<2,B9I,�.E94,;KN?2X6:43JRd57XJ,y,B9I94579I1F�.�?214,HA=�`[�:@<2,c3694570i[E57ªE,��s8/579�14K�.EXJXQ�2,BXJAQ1�:4<2,cFB570`:4943J�Q?Q:@36570�5EDd:@<2,y3J9I570i[757ª�,�FB.E0S�p,c,��jR29I,B1I14,BA�`[NKS,�.�021�5ED/:4<2,UFH570`:@9I3J�2?Q:43J570�5ED/V�3J9>:@?/.EXZ36K=.EME,�FH?2949I,B0`:@1H�Y�G<2,uKS,H:4<25jAQ1�A2,H9436VE,BA�.��p5WV7,u.E94,s1I:@36XJXV�.EXJ36A=.�02A�.EX6X+1I[�K�KS,H:49436,B1s.E94,yR294,H14,H9IV7,HA����G<2,oFl</.E0QM7,x5EDf:@<2,�Ki?2X6:43JRd57XJ,U,B949I57941�nc36:4<=,��jFH36:l.v:@3J5E0FB?Q9494,H0`: .E02ALK=.E360-�2,BXJAL3J1CXJ3602,�.E9C.E0QAO:@<2,H94,�DP5794,S:@<2,��������
	���

�=</.E9IK�570Q3JF Ki?2Xe:@3JRd57X6,i,B9I94579I1i.E9I,FB5E021I:@.E0`:��8/579y<236M7<2,B9yK�.EM702,�:@3JF��/,HXJA21y:@<2,iK�.�:4,B943J.EXw5ED#:4<2,i3694570�[757ª�,��p,HFB57KS,B1�<23JM7<QX6[^02570 � XJ3602,�.�9�.�02A1@.v:@?294.�:@,H1B�¥�G<2,B0aFB5EK�R2?j:l.�:43J57021N5ED�:4<2,^94,HRp,H94FB?Q141436570¨.E94,^F�.�949436,BA]57?j:��`[]KS,�.�021�5ED�0�?QK�,H943 �F�.�Xc�2,BXJA¨FB57KSR2?Q:@.�:@36570¥K�,�:@<25�A21S.E1 :@<2,�8�360236:4, �YX6,BKS,B0`: ��,H:4<25jAf� ��:@36XJXG.EX6XG1I[�KSK�,�:@9436,B1S.E9I,R29I,B14,H9IVE,BA �&�2?Q:;:4<2, Fl</.E02M7,�5�Ds:4<2,�Ki?2Xe:@3JRd57X6,�,H94945E941;3J1x025^XJ5702ME,B9xX63J02,B.E9;.E0QA-1I<25Wnc1C.�FB,B9>:l.E360FB?Q9IV�.�:@?Q94,C.E02A�.EKSR2XJ3e:@?2A2,��

zk{�� �m���i�G�P�U���b�P��� � � ���N� } ~b�P�U�l�=�m��� ��� �7���7�
8/579�:@<Q,�AQ,B1436M70C5ED/.GK�.EM702,�:&:4<2,�Ki?2Xe:@3JRd57X6,�,B9I94579I1(R2Xt.�[�.E0C3JKSRd579I:@.E0`:�945EXJ,�.E02AC145�36:(361w3JKSRp579>:l.E0`::@5CªZ025Wn <25Wn¡:4<2,c3J0�
/?Q,B02FH,�5ED�.CX63J02,GFH?2949I,B0`:s570S:4<2,yKi?2X6:43JRd57XJ,s,B9I94579I1�AQ,BRd,B02A21s570S36:@1�Rd57143e:@36570���j3602FB,�K=.�M702,H:41�.�94,��2?23JX6A�5�D+.�<Z?2M7,s0Z?2Ki�d,B9�5�D21I:49@.E0QA21�:4<2,s:45E:l.EXZKi?QX6:@36Rp5EXJ,#,H94945E9�9I,BR29I,B14,H0`:@1#:@<Q,14?QK 5EDf:@<2,�,B949I57941U5ED�:@<Q,x143602M7X6,�X63J02,yFB?29I94,H0Z:41G.E02A�:@<2,H94,HDP5E94,x3e:UFB.E0��d,x360�
/?2,H02FB,HAb�Z[�F�.�02FB,HXJ3J0QM57?Q:c,�rf,HFH:41B�8/579#.CA236Rp5EXJ,snc3e:@<�.E0 ?2R � A25Wnc0�1>[jKSKS,H:@9>[ .E02A�.;XJ,�D*: � 9I3JM7<`:#.E0`:@3 � 1I[�KSK�,�:@9I[N5702Xe[i5�A2A 025794K�.EXKi?2Xe:@36Rp57X6,B1y,��j3J1>:���gh36:4< ���+� ��� � 
`�x.�02Am:@<2, .��p5WV7,�1I<25Wnc0L1>[�K�KS,H:49I[�94,BXJ.�:@3657021y:@<2,�Ki?QX6:@36Rp5EXJ,,B9I94579I1y.E94,;M73eV7,H0��`[

Bn = −4
µ0I

2π

rn−1
0

ρn
0

cos (nφ0) , n = 1, 3, 5, . . . ��� �6�E�°�
�\0��/M71B� � �Ã§�.`�y.E02Am�+�u:@<Q,NV�.EXJ?2,H1x5ED�:@<2,�3J02A2?QFB,BATKN?2X6:43JRd57XJ,o,H949I579�DP579y,�.�Fl<TRp571I36:43J570�5EDY:@<Q,

xy � R2XJ.E02,y.E9I,x14<Q5°nc0b360�. � � � V�36,Hn .E1I14?2KS3J02MN.�94.�:@365�5ED�94,HDP,H94,H02FB,;94.EA23J?Q1�:45i.ERd,B9>:@?29I,x9@.�A23J?21�5ED
2/3
�8/579�.;KS5794,GAQ,H:l.�3JXJ,HA�Vj36,Hn¨�/M2� � �%�;14<25Wnc1�:@<2,yA2,BFH94,B.E14,y5EDf:4<2,cKi?2Xe:@3JRd57X6,U,B9I94579I1Ync36:@< 3602FB9I,�.E1 �3J0QMS94.EA236?21c.E02Ab:@<Q,�.��B3JKN?Q:@</.�X�A2,BRd,B0QA2,B02F�[7�

�
$



� �%�j� ��F�.EX63J02M�5ED ��?2Xe:@36Rp57X6, �Y949I57941G:45 � 36rp,B94,H0`:��c,HDP,H94,H02FB,���.�A23J3

x

-y

xÜ6ºHß /�¯I¿vÁ�´Â¹�´�Ê�´Ã¹PÀ�³�¶j¹�®°¯Y½sÆ°¼Ã¹�´Â¾E³�¼�¯
B

3

Ë x

-y

xÜ·Ç�ß /W¯>¿vÁ�´Ã¹�´ÂÊ�´Â¹PÀy³�¶�¹�®v¯Y½�Æ°¼Â¹�´�¾�³H¼Â¯
B

11

8�36M7?294, � �Â§ � �j,B021I36:436V�36:\[L5EDy:@<2,bKi?QX6:@36Rp5EXJ,S,B949I579i:@5m:4<2,^Rp5E1436:43J570O5EDc:@<2,^145E?294FH,E�¤�G<2,^1I?29ID�.EFH,94,BRQ94,B1I,B0`:@1�:@<2,�Ki?2Xe:@3JRd57X6,#,B9I94579&3J02AQ?2FB,HAN�`[�.�FB?Q9494,H0`:#5EDQ1I:@9I,B02M�:@<
I
.�:(:4<23J1&Rp5E1436:43J570025794K�.EX63J�B,HA=:@5�:4<2,�K=.v�j36Ki?2K ,H949I579c.�:

(rA, φ0 = 0)
�Y�G<Q,CF�[�XJ3J0QA2,B9c94,HR294,H14,H0Z:41�:4<2,.ERp,H9I:4?294,��

zk{�� �����b�@�l� � � � } ~b�P�U�@���m��� ��� �7���7� �&� � � �_���7���C� �_� �����7��� �o�
� ���L�@�

8/579u:@<Q,CAQ,B1436M70�5EDY.�K�.EM702,�:G:@<2,�94,H�Z?23J9I,BKS,B0`:@1cDP579u:@<Q,C�/,HXJA^�Z?/.EX636:\[b.�94,�A2,H�202,BA��Z[b:4<2,�02,B,HA215ED�:@<2, .�R2R2XJ36F�.�:43J570m.E02Ak3J0m:4<23J1onU.�[m:@<2, 9I,HDP,B9I,B02FH, 9@.EA236?21
r0
3J1;ME36V7,H0 ��:@5�52� � R/.E9>:;DP9457K :@</.v:36:yKS3JM7<`:y�d,�?21I,HDP?2X&:@5�14F�.�XJ,�:@<2,�Ki?2X6:43JRd57XJ,x,B949I57941y5ED�.SFB,H9I:l.�3J0 AQ,B1436M70�:45�.SA236rp,B9I,B0`:x9I,HDP,H94,B0QFB,9@.�A23J?21

r0,new

3J0�579IA2,B9s:@5iFH57K�R2.E94,y:\nU5 A2,H143JME021B���j3602FB,�:@<2,o5ERQ:@36K�36��.�:43J570�DP579s�p5E:4<�A2,H143JME021UnU.E1A2570Q,�DP5E9u:@<2,H3J9G14Rd,BFH36�/F�9I,HDP,B9I,B02FH,�94.EA2363 �j:4<23J1GFH57?2X6A�ME36V7,�570QX6[b.�9I57?2M7<^,B1>:@36K=.�:43J570f�
�G<Q,b,B�Z?/.�:43J57021�DP579�:@<2,bKi?QX6:@36Rp5EXJ,S,B949I57941 5ED�.T143602M7X6,�XJ3602,=FH?2949I,B0`: ��� ���E�i.E02A ��� ��
7�NF�.E0¥�d,:@94.E021>DP5794KS,BAk:@5�.bA236rp,B9I,B0`:N9I,HDP,H94,B0QFB,S9@.EA236?21��`[k,���:@,H02A23J0QM�nc36:4<-:4<2,�DP9@.EF�:@36570

(r0,new/r0)
n−1 ��G<2,�Ki?2Xe:@36Rp57X6,x,H94945E941cF�.E0��d,;14F�.�XJ,BA^:@5S.E0`[b94.EA236?21c�Z[

An(r0,new) =

(

r0,new

r0

)n−1

An(r0) ��� �e�°�7�

Bn(r0,new) =

(

r0,new

r0

)n−1

Bn(r0) ��� �e� � �

�\0^:@<2,�1@.�K�,onU.�[^36:G361yRd571I143J�QXJ,x:45�9I,B14FB.EXJ,o:4<2,�94,HXt.�:436V7,;KN?2X6:43JRd57XJ,�,B949I57941H�
�\0b5E94A2,H9u:@5�FB5EK�R/.�94,o:@<Q,
	�� � A23JRd57XJ,ync36:4<�:@<2,;,��Q361I:43J02M ��� � K�.E3J0��d,B0QA23J02M�K�.EM70Q,H:@1	�Q:@<Q,:l.�94M7,�:#V�.EXJ?2,H1�DP579�:4<2, ��� �¤Ki?2Xe:@36Rp57X6,s,H949I57941Y.�94,GFB5E0ZVE,B9>:@,BAS�`[iKS,�.E0Q1Y5ED ���+� ��� �e� � ��.�02A 14<25Wnc03J0b:@.E��� !x����3J0�:@<Q,�.�R2Rp,H02A23·�f�

� �
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 1I</.EXJX�d,y360`:@945�A2?2FH,BAS.E02AS?21I,BA nc36:@<Q3J0�:@<2361#:@<2,H14361�nc<Q3JFl<S94,BRQ94,B1I,B0`:@1�:@<Q,yK�.v�j3JKN?2Kq94.EA236?21#nc36:4<23J0�:@<Q,.ERd,B9>:@?29I,�nc<Q,B94,�:@<Q,�:45E:l.�Xf�/,BX6A^A23J1>:@579>:@3J5E0b3J1G�d,BXJ5Wn .�FB,B9>:l.E360bVE.�XJ?2,��8/579o:4<2,S3J0`:@9I5jA2?QFH:@36570k5EDU:4<2, M75�5jA � �/,BX6A � 94.EA236?21o36:�1I</.EX6XY�p,�.E141I?2KS,BAL:4</.�:�:@<Q,�K�.EM702,�:�3J1 �
� � ��� � �U5ED�?2R � A25Wnc0 1I[�KSK�,�:@9>[^.E02A�XJ,�D*: � 9I3JM7<`:c.�0Z:43 � 1I[�K�KS,H:49I[E���G<Q3J1Gnu.�[
�+:4<2,CK=.EME02,H:43JF;3J0QA2?2F �:@36570k3J1�M73eV7,B0-�`[T:@<2,S5�A2AL0Q5794K�.EX#Ki?QX6:@36Rp5EXJ,B1x5702X6[E���G<Q,�94.EA23t.�X#FB57KSRd5702,B0`:C5EDs:@<2, K�.EM702,�:@3JF3J0QA2?2FH:43J570-5EDu.EXJXY5EDU:@<2,H14,=KN?2X6:43JRd57XJ,iFH570Q�/ME?29@.�:43J570Q1�1I<25Wnc1i.E0L,���:@9I,BKi?2K�DP579

φ = π/2
���G<2,K�.v�j3JKi?2KqRp5E141436�2XJ,cA2361I:4579I:43J570 F�.�0��d,�5E�Q:l.E3602,BAS�`[ 14?2KSKS3J02M�?2RS:@<2,cKS5jA2?QXJ?21�5EDp:@<2,c�/,BX6A=.�02A:@<Z?21y�`[b14?QK�KS3J02M�?QR�:4<2,�K�5�A2?2X6?21u5ED&:@<2,�025E94K�.EXfKi?QX6:@36Rp5EXJ,B1H�
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N
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, eφ0
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mρ0

= |m′| cos(φm − φ0) ��� �e� 
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mφ0

= |m′| sin(φm − φ0) ��� �e� �`�
nc<2,H94,
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N.E02A^,��jR29I,B141I,BAT360b?20236:41c5ED
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!�[;K�,B.E021(5ED�:@<2,��/,HXJAC5ED2.c143602M7X6,YXJ3J0Q,#FB?29I94,H0Z:&:@<Q,s1I,B021I36:@3eV�36:\[o5�DQ:@<Q,�3602A2?2FH,BA�Ki?2X6:43JRd57XJ,�,B9I94579I1570b:@<Q,;FB5702AQ?2FH:4579GRp5E1436:43J570�nc36:@<^9I,B14Rd,BF�:c:@5i:@<Q,;94,HDP,H94,H02FB,CFB3694FBX6,xnU.E1G1I:4?2A23J,HA���8/?29I:4<2,B9IK�579I,o36:3J1y14<Q5°nc0 <25Wn 1I[�K�KS,H:49436,B1y94,BAQ?2FB,N:4<2,N0Z?2KN�p,H9�5ED#145 � F�.EX6XJ,BA �
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�G<2,m�/9I1I:^M7,H57KS,H:@9>[¨:45]�p,T1>:@?2AQ3J,BAh361b.¤143602M7XJ,�XJ3602, FH?2949I,B0`:�5EDC�B,B9I5¤:@<236FlªZ02,B1I1 .E0QA 3J0Q�/0Q36:@,XJ,H02ME:4<��Y�G<2,�K=.�M702,H:43JFx�2,BXJA^361GA2,H:4,B94KS3J0Q,BA��Z[=:@<2,�1I[�KSK�,�:@9>[�5ED&:@<2,�M7,H57KS,H:@9>[b.E0QA��`[bKS,�.E0Q15ED������+)d%()��Ã1SXJ.�n��¥8+9I57K :4<2,

φ � A23J9I,BF�:@,BAa.E0QA 1/ρ
9@.EA23J.EXJXe[kA2,BRd,B0QA23J02M-K�.EM702,�:@3JF��/,BX6A ��:4<2,V7,HFH:4579�Rd5E:4,B0`:@3J.EXfFB.E0��d,�57�Q:@.E3J02,HA^�Z[�3J0`:@,HM79@.�:43J570f�8�3JM7?29I,x§2�e��14<25Wnc1y.�XJ3602,xFH?2949I,B0`:�.�:c.E0�.E9I�236:49@.E9>[=Rd571I:43J570

(ρ0, φ0)
�2AQ,B14FH9436�23J02MS.EX6XpME,B57KS,H:4943JF94,HXt.�:43J570Q1G.E02A^:@<2,�9I,B14?QX6:@3602Mi�/,HXJA^XJ3602,B1H�

y

x

I

Ρ0

Ρ

R

Φ Φ0

8�3JM7?29I,o§2�e� � �;,B57KS,H:49I[b.�02Ab�/,BX6A�A2361I:4943J�Q?Q:@36570�5ED�5702,C.E9I�236:49@.E9>[�XJ3602,oFH?2949I,B0`:��
�G<Q,^VE,BF�:@579SRp5�:@,B0`:43t.EX

A|

5�Dx1I?2Fl<¡.
z � A23J9I,BFH:4,BAaXJ3602,bFB?29I94,H0Z:S5ED�1I:494,H02ME:@< I

<2.E1 5702X6[¤.
z �FB5EK�Rd5702,H0Z:y.�02A�361GM736VE,B0��`[

A|(ρ) = −µ0I

2π
ln

(

R

R0

)

ez � §Q�6�°�
nc<2,H94,

R
AQ,B025E:4,B1U:4<2,xAQ3J1I:@.E02FH,x�d,H:\ns,B,B0b:4<2,xRd57143e:@36570 5ED�:4<2,xX63J02,yFB?29I94,H0Z:u.E02A=:4<2,xRd57360Z:�nc<2,H94,:@<Q,mV7,BF�:@579^Rd5E:@,H0`:@3t.�Xx3J1b,�V�.EXJ?/.v:@,BAf�q�G<2,kA2,H0257KS3J0/.v:@579

R0

AQ,B025E:4,B1�.E0 .E9I�236:49@.E9>[¨9I,HDP,H94,B0QFB,9@.�A23J?21�94,H14?2Xe:@3J0QM�DP945EK :4<2,ND�.EF�:x:4</.�:x:4<2,iRd5E:@,H0`:@3t.�X(nU.E1;A2,H943eV7,BAT�`[�3J0`:@,HM79@.v:@3J0QM�:@<Q,NK�.EM702,�:@3JF�/,HXJAbnc36:4<257?Q:cX63JKS36:@1H���G<2,�R2<`[�1436F�.EX(KS,�.E0Q3J02M�361GA23J1IFB?21I14,BA�3J0�.ER2Rd,B0QA23e� � ���j�µ���
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8/579G:4<2,CDP5EXJXJ5Wnc3602M Fl</.ERQ:4,B941y:@<2, !#"#$�%('*)+%L,��QR2.E021436570m5ED�:@<2,CV7,HFH:@5E9xRd5E:@,H0Z:43t.EXwDP579c570Q,i.E9I�23 �:@94.E9436X6[�Rp5E1436:43J570Q,BAbXJ3602,oFH?2949I,B0`:x361G02,B,HA2,BA .E02A�14</.�XJX��d,;A2,B9I36VE,BA�DP5EXJXJ5Wnc3602Mb�Â� � ���
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�����	�������	������������� �"!$#	�&%'�)(*!+����,-�.!+� �/!0���
1
A|

�\0^5794AQ,B9u:@5 ,��QRQ94,B1I1y:4<2,;V7,HFH:@5E9yRd5E:4,B0`:@3J.EXf�`[bKS,�.E0Q1G5ED�:4<2,N!#"#$&%&'*)+%T,��jR/.E0Q143J5E0�:4<2,-2.35476�"#%14,H9436,B1c,��jR/.E0Q143J5E0�5ED
ln(1 − x)

DP579 |x| < 1
3J1G?Q14,BAO����§����

ln(1 − x) = −
∞
∑

n=1

1

n
xn. � §Q�µ�7�

�G<2,H94,HDP5E94,�:@<2,�A2361I:l.�02FB,
R
nc3JXJXp�p,�,��QRQ94,B1I14,HAm�`[^K�,B.E021G5ED&:@<Q,CXJ.�n 5ED�FB5E143J0Q,

R2 = ρ2
0 + ρ2 − 2ρ0ρ cos (φ − φ0))

nc<236Fl<�FB.E0��d,;nc943e:4:@,H0^3J0^FB57KSR2X6,��b0Q5E:l.�:43J570^.�1
R2 = ρ2

0 + ρ2 − ρ0ρei(φ−φ0) − ρ0ρe−i(φ−φ0).

�\0�5794A2,H9G:@5S.ER2R2Xe[ �Y�+� � §2���7�s:4<2,�,��jR294,H141I3J570�3J1G14RQXJ36:u?2R�AQ36rp,B94,H0`:@X6[=DP579 ρ < ρ0

.E0QA
ρ > ρ0

�
809;:=<?>A@0<CB;DFEHG=IKJL>M9;I'NO9�<

ρ < ρ08+.EFH:457943602M�57?Q:
ρ0

M73eV7,B1

R2 = ρ2
0

(

1 − ρ

ρ0
ei(φ−φ0)

)(

1 − ρ

ρ0
e−i(φ−φ0)

)

.E02A^:@<Q,B0^:@<2,�XJ5EM`.E943e:@<2K :4,B94K 94,�.�A21

ln

(

R

R0

)

= ln

(

ρ0

R0

)

+
1

2
ln

(

1 − ρ

ρ0
ei(φ−φ0)

)

+
1

2
ln

(

1 − ρ

ρ0
e−i(φ−φ0)

)

.

�G<2,H0 �Y�+� � §2�e�W�uF�.E0��d,onc9436:I:@,H0 .E1

A|,z = −µ0I

2π
ln

(

ρ0

R0

)

+
µ0I

2π

∞
∑

n=1

1

n

(

ρ

ρ0

)n

cos (n (φ − φ0)) , ρ < ρ0 � §Q� � �
�G<2,GK�.EM702,�:@36FU�/,BX6A�F�.E0 �d,u57�Q:@.E3J0Q,BA��`[�,HV�.EX6?/.�:43J02Mx:4<2,uFH?294X25�Dp:4<2,uV7,HFH:@5E9YRp5E:4,B0`:@3J.EX2.�02A�M736VE,B1 �

B|,ρ = −µ0I

2π

∞
∑

n=1

ρn−1

ρn
0

sin (n (φ − φ0)) , � §2�Â§`�

B|,φ = −µ0I

2π

∞
∑

n=1

ρn−1

ρn
0

cos (n (φ − φ0)) . � §2���E�

� §
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ρ > ρ08+.EFH:457943602M�57?Q:
ρ
M73eV7,B1

R2 = ρ2

(

1 − ρ0

ρ
ei(φ−φ0)

)(

1 − ρ0

ρ
e−i(φ−φ0)

)

.E02A^:@<Q,B0^:@<2,�XJ5EM`.E943e:@<2K :4,B94K 94,�.�A21

ln

(

R

R0

)

= ln

(

ρ

R0

)

+
1

2
ln

(

1 − ρ0

ρ
ei(φ−φ0)

)

+
1

2
ln

(

1 − ρ0

ρ
e−i(φ−φ0)

)

.

8/9457K :@<2361 �Y�d� � §2�6�W�UF�.E0��p,;nc9I36:4:4,B0�.E1

A|,z = −µ0I

2π
ln

(

ρ

R0

)

+
µ0I

2π

∞
∑

n=1

1

n

(

ρ0

ρ

)n

cos (n (φ − φ0)) , ρ > ρ0. � §Q�%$`�
�G<2,GK�.EM702,�:@36FU�/,BX6A�F�.E0 �d,u57�Q:@.E3J0Q,BA��`[�,HV�.EX6?/.�:43J02Mx:4<2,uFH?294X25�Dp:4<2,uV7,HFH:@5E9YRp5E:4,B0`:@3J.EX2.�02A�M736VE,B1 �

B|,ρ = −µ0I

2π

∞
∑

n=1

ρn
0

ρn+1
sin (n (φ − φ0)) , � §2�	�E�

B|,φ =
µ0I

2π

1

ρ
+

µ0I

2π

∞
∑

n=1

ρn
0

ρn+1
cos (n (φ − φ0)) . � §2��
7�
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8/579c:@<2,�F�.EX6FB?2XJ.�:@36570�5�D#:@<2, !#"#$�%('*)+%O,��jR/.�021436570T5ED#:4<2,�VE,BFH:4579oRd5E:@,H0`:@3t.�X&5�D�.E0m,��QFH,B0`:@9I3JFiX63J02,FB?Q9494,H0`:�:4<2,c14R/.�FB,y5EDf<Q57K�5EM7,B02,H57?21YK�.�:@,H943J.EX�nU.E1�14R2X636:Y?QR�360Z:45o:\nU5CR/.E9>:@1H�#�G<2,c94,H14?2Xe:@3J0QM��2,BXJAQ13J0 �p5E:4<m14?Q�214R/.�FB,B1;0Q,B,BAT:45��p,�FB570`:43J0Z?257?21x,HV7,H9I[Znc<2,H94,S570 :@<Q,i�p5E?202A/.E9>[ � ρ = ρ0

�y,��QFH,BRQ:C.v::@<Q,CRd571I36:@36570b5ED&:@<2,�X63J02,oFH?2949I,B0`:��
�U5E021436A2,B9I3J02M�:4<2, �Y��1H� � §2�Ã§`�o.�02A � §2���E�x3e:;3J1o5E�ZV�3657?21o:@<2.�:;:@<2,�0Q5794K�.EX�K�.EM70Q,H:@36FN3602A2?2F�:@3J5E03J1NFB570`:@360Z?257?21 .�:N:@<2,�FH3J9IFB?2XJ.E9N�d57?202A2.E9I[
���Q?Q:iDP579N:4<2,�:l.�02M7,B0`:43t.EX�K=.�M702,H:43JFS�/,BX6A¤:@<2361i3J1iX6,B1I11436K�RQXJ,x:45S1I,B,��s�G<2,��d57?202A2.E9I[bFH5702A23e:@36570�DP579u:@<Q,CK�.EM70Q,H:@36Fx�/,HXJA�3J1GM73eV7,B0b:45

H ¢ 1 − H ¢ 2 = J ′

nc36:4<-:4<2, :\nU5�:l.E02ME,B0`:@3J.EX �
φ � 579436,B0`:@,HAkFB57KSRp5E02,B0`:@1C5EDs:@<2,SK=.�M702,H:43JF��/,HXJAL.E02Ak:@<2, z � A23J9I,BFH:4,BAFB?Q9494,H0`:N1I<2,B,�:

J ′ � �\0L:@<Q3J1onU.W[T:4<2,SFB?29I94,B0`:�14<2,H,H:
J ′ 94,HR294,H14,H0Z:41N:@<Q,SX63J02,�FH?2949I,B0`:N.�: (ρ0, φ0)

�gh36:4<257?Q:y.�0Z[�XJ3JKS36:@.�:@3657021	�
φ0
3J1G14,�:c:@5

0
�B,B9I5S:45 143JKSR2X636D*[ :@<2,;DP?29>:@<2,H9cF�.EX6FB?2XJ.�:@3657021B�gh3e:@<��Y�Z1B� � §2�%�7�u.E0QA � §2��
E�U:@<2,�,��jR29I,B1I143J5E0�DP579u:4<2,;FB?29I94,H0Z:�14<Q,B,H: J ′ 9I,�.EA21y.E1

J ′ = − I

2π

1

ρ0

[

1 + 2

∞
∑

n=1

cos (nφ)

]

. � §Q���`�

� �



§2���j� �\AQ,�.EX �;,B57KS,H:49436,B1
!s[SR29I5°V�3602M�:4<2,x36A2,B0`:@3e:\[ 5ED�:4<2,x,��QRQ94,B1I1436570b3J0S14�Z?/.E9I,BAb�294.EFlªE,�:@1Unc3e:@<S:@<2,

2π � Rp,H943J5�A236F��N'*% 3�� �A2,HX6:l. � DP?202F�:@36570 δ(φ)
�&36:�3J1C.EX6145�Rp571I1436�2XJ,�:@5�14<25Wn :@<Q,=FB5E0Z:43J0Z?23e:\[k5EDu:@<Q,�:l.�02M7,B0`:43t.EXYK�.EM702,�:@36F�/,HXJA��Y�G<2,H94,�DP5794,�:@<2,�KS,H:4<25jA^5ED�579>:@<257ME570/.EXp,��jR/.E021I3J570�3J1G?Q14,BA �

δ(φ) = A0 +
∞
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⇔
∫ π

−π
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∞
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∞
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ρ
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∞
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ρ0
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ρ
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∞
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ρ0
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ρ0

ρ
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� �



§2���j� �\AQ,�.EX �;,B57KS,H:49436,B1
�j5;:@<Q,u�/,BX6AS5�Dp:4<2,

nth 3JA2,B.EX2Ki?2Xe:@36Rp57X6,�K=.EME02,H: B(n)
O

�2?23JX6A��`[ .
cos (nθ)

FB?29I94,H0Z:�1I<2,B,�:s361YM736VE,B0�`[ �

B
(n)
O,1 = −µ0J

′
0

2

(

ρ

ρ0

)n−1

(sin (nφ) eρ + cos (nφ) eφ) , � §2���E�`�
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∫ b

a
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A
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Ü6ºHß
φ ��� = 10◦
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B � ����� ±8%

��� ����� ����
 
��.�.(;� � �"!$#�� ��� ����� ���=�

�G<2,C14,�:o5ED�Fl</.E9@.�FH:@,H94361I:@36F�FB?29>V7,B1�3J1c025Wn ?21I,BA :45�AQ,BKS57021I:49@.�:4,;:@<2,C3J9I570�[E57ªE,�FB570`:4943J�Q?Q:@36570^570. K�.EM702,�:iA2,H1436M70].ER2RQX6[�3J02M�:@<2,�94?2X6, � 5�D � :@<Z?2KN��� � 1i14?2MEM7,B1>:@,BA¥�`[ 2�" ��)�� �w" .�02A �N) �#%() � �:@<Q,o3J9I570=[75EªE,oDP579�:@<2,oFH?2949I,B0`: 	�� � A2,H143JME0bFB57?2X6A��d,oXJ,�D*:G.�nu.�[=3J0�579IA2,B9�:@5�FH?Q:u:@<Q,o1@.�:4?29@.v:@3J5E03J0QA2?2FB,HAO�/,HXJA-,B949I57941H�^�G<23J1C3JA2,B.�361�9I,B1I?2X6:43J02M^DP9457K :@<2,SD�.EFH:41C:4</.�:C�/941>:@X6[T:4<2,S94,BKS5WV�.EX�5EDu:@<Q,3J9I570 [E57ªE, 94,HA2?2FH,B1;:@<2,NK=.E360 �/,HXJAmnc36:4<257?Q:xFl</.E02ME3J02M�:4<2,�FB?29I94,H0Z:�AQ,B021I36:\[m360 :@<Q,�FB5702AQ?2FH:457941H�
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�dFB?29I94,B0`:;AQ,B021I36:\[�A2,BM794.EA/. �:@3657021c.E0QA�:4<2,�3J0�
/?Q,B02FH,C5�D�:4<2,�3J945E0�[757ª�,E�

��§



� � ����� ������� � � 	�
 � � � 
 ����
 �#

� � � � ��


�G<2,-14?2Rd,B9IFB570QA2?2FH:43J02MaFB5E3JXo5EDi.E0�.EFBFH,BXJ,H9@.�:4579bK�.EM702,�:^3J1b?21I?/.EXJXe[¡1I?2949I57?202A2,HA �`[ K�.EM702,�:@3JFK�.�:@,H943t.�X �w:@<2,=3J945E0L[75EªE,
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z � A23J9I,BF�:@,BA(�:@5�52� �U570Q14,B�Z?2,H0`:@X6[^5E02X6[�:@<2,
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


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
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


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∑∞

n=1
1
n

(

ρ
rI

)n

cos (nφ) ρ < rI
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∞
∑
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(
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∞
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b3

.E02A
b5
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�E§



���Â§2�¡��:@?QAQ[b5ED � 36rp,B9I,B0`: � R2RQ945`.EFl<Q,B1

125.4 475.4
x

y

175
275

375

575
675

775

ÜeºBß�¬�®°¯&±­´�¸²±­Æ°¼µº�¸/´�¸�³H¿GÀ�³HÞ�¯YÜ·ÉH¸�º@À°ß2º�¿�»¹�®v¯YÆvÁ�¯4»o»W´ �7¯>¸�¯>¿B¹w³�Æ°¹�¯>¸wÀH³�ÞH¯�¸²º�»°´Â´JË
200 400 600 800

RYoke � mm

11.5

12

12.5

13

13.5

ÈB main
È�T

ÜeÇ�ß � ¯I¾�¯I¿v»W¯>¿�±­¯c³�¶f¹�®°¯G½Gº�´�¿iÅv¯>¼µ»N³�¿N¹�®v¯c³�ÆW¹�¯>¸ÀH³�ÞH¯�¸²º�»W´�ÆvÁIË

5000 10000 15000 20000 25000
I � A

-40

-30

-20

-10

0

b 3
�Unit

775.4
675.4
575.4
475.4
375.4
300
275.4
175.4

Ü6±Iß��+º�¸�´µºl¹�´Â³H¿�³�¶�¹�®v¯Y¸�¯I¼�º�¹�´�Ê�¯�½�Æ°¼Â¹�´�¾�³H¼Â¯Y¯I¸�¸�³�¸
b
3

Ë 5000 10000 15000 20000 25000
I � A

-0.8

-0.6

-0.4

-0.2

0

b 5
�Unit

775.4
675.4
575.4
475.4
375.4
300
275.4
175.4

Üe»vß��+º�¸�´µºl¹�´Â³H¿�³�¶j¹�®°¯#¸�¯I¼�º�¹�´�Ê�¯#½�Æ°¼Â¹�´�¾E³�¼�¯Y¯>¸�¸�³H¸
b
5

Ë
8�36M7?294, �j�	� ��� ,BRd,B02AQ,B02FH,o5ED�:4<2,�K�.E360 �2,BXJA=.E02AS:@<2,yXJ5Wns,B9�5794A2,H9UKi?QX6:@36Rp5EXJ,U,H949I57941s570S:4<2,x5E?Q:@,H9[757ª�,�94.EA23J?Q1B�

.E0T360�
/?2,H02FB,�5EDY:4<2,i:\ns5�R2.E9@.EKS,H:4,B9I1�[75EªE, 9@.EAQ3J?21;.�02AT3J9I570m1@.v:@?294.�:@36570mF�.�0T�p,i9I?2XJ,HAT57?Q:�.�02A:@<Q,NKi?2Xe:@36Rp57X6,o,B9I94579I1x.�94,CM736VE,B0m�`[�K�,B.E021y5ED#:4<2,�36K=.�M73J02M�KS,H:4<25�A��G�G<2,N1I5 � FB.EXJX6,BA�1@.�:4?29@.v:@3J5E0FB?Q9494,H0`:�361�:@<2,H0�X65jFB.�:@,HA FBX65714,m:45¥:4<2,T:@<23694A FB.EXJFH?2Xt.�:43J570_1I:@,HR .�02AhM736VE,B0h:@5¥.ER2RQ945��j3JK�.�:@,HX6[
7 kA

�C�G<23J1;361o3J0�V7,B9>[TM75�5�Ak.EM794,H,BKS,B0`:o:45�:@<2, .E02.EX6[Z:@36F�.EX6X6[^A2,�:@,H94KS3J02,HAmVE.�XJ?2,i5�D
7.4 kA � 14,H,14,HFH:43J570#�j���j� � �xM73eVj3602Mb.b0Z?2KS,B9436F�.EX�14?2RQRp579>:;:@5b:@<Q, .E0/.EXe[�:43JFB.EX�.�R2R29457.EFl<Tnc<2,B9I, :4<2, 3J9I570 [75EªE,nU.E1cK�5�A2,BX6,BA^�`[bKS,�.E021c5ED&:@<Q,C36K=.�M73J02M�K�,�:@<25�A��

�G<Q,b1I:@9I5702MTA2,�V�3t.�:43J570¤5�DG:@<2,bM794.ER2<¤DP579
175 mm

3J1i360¤M75�5jA¤.EM794,H,BKS,B0`:i:45m:@<2,^.E02.EX6[Z:@36F�.EX94,H14?2Xe:@1yR294,H14,H0Z:4,BAm360�1I,BF�:@3J5E0 �j� � �e�E� � FBFB5E94A23602MS:45S�2M2���j�e�7�N. A2,�Vj3J.�:@36570^5ED#KS579I,o:@</.E0 −1%
5ED:@<Q,�K�.E3J0��/,HXJA

B1
FH57KSR/.E94,HAS:45�:4<2,c3JK�.EM73J0QM;K�,�:@<25�A�361�,��jRp,HFH:4,BA=DP579�.�9@.�:43J5�5EDf57?Q:@,H9�:45�360202,H99@.�A23J?21G5�D

175/125 ≈ 1.4
� � :G:4<2,�1@.EKS,o:@36K�,�:@<2,;5E:4<2,B9cKi?QX6:@36Rp5EXJ,y,B949I57941	� �%$'& $ � B3

.E02A
B5
.E9I,94,HA2?2FH,BA=X6,B1I1�nc3e:@<S3J02FH94,B.E143602M�5794A2,H9B� �\0 :@<Q3J1#nU.W[�:4<2,yK�5�A2?2X6?21#5EDp:@<2,c94,HXt.�:436VE,GKi?2X6:43JRd57XJ,s,B9I94579I13J1G�Q3JM7M7,H9GFB57KSR/.E9I,BAb:@5�:4<2,�3JK�.EM73J0QMiK�,�:@<25�A��

8/579�.EXJX�14<25Wnc0 57?Q:@,H9b[757ª�,L94.EA23J3 �G:@<2,TKi?QX6:@36Rp5EXJ,�,B949I57941^Fl</.�02M7,k1I[�02Fl<29I570257?Q14X6[h?QRh:45a.E03J0QA236V�3JAQ?/.EXJXe[NK�.v�j3JKN?2K FB?29I94,H0Z:snc<2,B9I,x:@<Q,H[�XJ,�.�VE,�:@<Q,xFB5EK�KS570 :@9@.�Flªd�.
yR=:@5�:@<2361sFH?2949I,B0`:u:@<Q,V�.E943J.�:@36570�5ED�:@<2,iKN?2X6:43JRd57XJ,�,B9I94579I1o3J1�5702Xe[ A2?Q,N:@5�:4<2,i3J9I570m14.�:@?294.�:@36570T.E0QAT025E:o360�
/?2,H02FB,HAk�Z[:@<Q,�1I3J�B,c5EDp:@<2,y3J9I570 [757ª�,E�Y�G<2361�nU.�[S.�KS3J0236Ki?2K :@<236Flª�0Q,B141�DP579�.CME36V7,H0�,��jFB36:@.�:@36570SFB?29I94,B0`:s579�.K�.v�j3JKi?2KqFB?29I94,H0Z:�DP579�.�M736VE,B0S3J9I570�[757ª�,�FB.E0=�d,c,B1I:43JK�.�:@,HA��#8/579#:4<2, 	�� � 94.EA23J?Q1Y5ED 475.5 mm

� �



�j�Ã§2� �Z:@?2AQ[�5ED � 36rp,B94,H0`: � R2R29I5`.EFl<2,H1
:@<Q3J1yFB?29I94,B0`:x3J1cM736VE,B0�:@5 ≈ 17 kA

�G8/579x.�0 57?Q:4,B9c[757ª�,N94.EA23J?Q1�5ED�K�5E94,�:@</.E0
575 mm

025�,Hrp,BF�:5ED&:@<2,;[E57ªE,�:@<236FlªZ02,B1I1�FB.E0��d,�14,H,B0��
�G<Q,=94,H14?2Xe:@1�DP579

257.4 mm
.E02A

357.4 mm
1436M7023eD*[m:@<2,S,��j361I:@,H02FB,=5EDc.^FB,B9>:l.E360O57?j:@,B9C9@.�A23J?21nc<236Fl<a361�K=.°�Q36K=.�XJX6[m94,BAQ?2FB3602Mm:@<2,bV�.E9I3t.�:43J570L5EDy�p5E:4<¥Ki?2X6:43JRd57XJ, ,H94945E941B�O�G<23J1inU.E1iDP57?20QA¥:45.ER2RQ945��j3JK�.�:@,HX6[

300 mm
.E0QAmM736VE,B1;.SVE.�943t.v:@3J5E0�5ED

b3

5EDY570QX6[
8.1
?2023e:@1x.E02Ak.�:�:@<2,�1@.EKS,�:43JKS,.iV�.E943J.�:@36570�5ED

b5

5ED
0.19

?2023e:@1H�
8�3JM7?29I, ���	�L�/��14<25Wnc1�:4<2,mKS5jA2?QXJ?21S5ED;:@<Q,mK=.�3J0¨�2,BXJA¨V7,B9I14?21�:4<2,m57?j:@,B9�[757ª�,T9@.EA236?21B� �²:F�.�0-�d,i1I,B,B0(�(:4</.�:;:4<2,�K=.�3J0��2,BXJAkA2,HFB9I,�.E1I,B1�1I:4945702MEX6[�nc36:@<TAQ,BFB9I,�.E1I3J02M^57?j:@,B9o[E57ªE, 94.EA23J?Q1B� �FB5EK�Rd,B0214.�:@36570T5ED�:@<2,�KN?2X6:43JRd57XJ,�V�.E943J.�:@36570 �`[T9I,BA2?2FH3J02Mb:4<2,�[757ª�,S94.EA236?21;3J1�.EXenu.�[�1;R/.E36AT�`[k.94,HA2?2F�:@3J5E0-5�DU57�j:l.E360/.E�2X6,iK=.�3J0m�/,HXJA�� 8/579x:4<2, 1457X6?Q:@36570T5ED

300 mm
:@<2, K�.E3J0 �2,BXJA-3J1x94,BAQ?2FB,HA�`[

0.66 T
FH57K�R2.E94,HAL:@5^:@<Q,�FB.EXJFH?2Xt.�:43J570k?21I3J02M^:@<Q, 	�� � 14Rd,BFB3e�/F�.v:@3J5E021B� � 0L:4<2,S5E:@<2,H9�1I3JA2, �3J0QFB94,B.E143602M�:4<2,U1IRp,HFB3e�/,BAi5E?Q:@,H9&[E57ªE,G94.EA23J?Q1��`[

100 mm
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ρ � = 160.4 mm.E02A^:@<Q,C<Q57XJ,;94.EA23J?Q1G3J1

R � = 15 mm
�

�W�7�



���Â§2�¡��:@?QAQ[b5ED � 36rp,B9I,B0`: � R2RQ945`.EFl<Q,B1
57?Q:SDP579�.L<25EXJ,�Rp571I36:43J570¨.E02M7X6,

φ �
5ED

30◦
��8�3JM7?29I, �j�6�W�-14<Q5°nc1�:@<2,�Ki?2X6:43JRd57XJ,�V�.E9I3t.�:43J570]DP579A23erf,H94,B0`:y9@.�A23t.EXpRp5E1436:43J570Q1

ρ �
�

5000 10000 15000 20000 25000
I � A

-12.5

-10

-7.5

-5

-2.5

0

2.5

b 3
�Unit

200.4

180.4

170.4

160.4

150.4

None

ÜeºBß��+º�¸�´�º�¹�´�³�¿x³�¶�¹�®°¯Y¸�¯>¼µºl¹�´�Ê�¯#½sÆ°¼Ã¹�´Â¾E³�¼�¯Y¯>¸�¸�³�¸
b
3

Ë 5000 10000 15000 20000 25000
I � A

-0.5

-0.4

-0.3

-0.2

-0.1

0

b 5
�Unit

200.4

180.4

170.4

160.4

150.4

None

Ü·Ç�ß��+º�¸�´µºl¹�´Â³H¿�³�¶j¹�®°¯#¸�¯I¼�º�¹�´�Ê�¯#½�Æ°¼Â¹�´�¾E³�¼�¯Y¯>¸�¸�³H¸
b
5

Ë
8�36M7?294, �j�6�W� � � ,HRp,H02A2,B0QFB,S5ED�:@<2,�X65°ns,B9x5794A2,H9;Ki?2Xe:@3JRd57X6,C,H949I57941o5E0k:4<2,i94.EA23t.�X�Rd57143e:@36570m5ED�:@<Q,<257X6,;R2?202Fl<Q,BAm360Z:45i:@<2,�3694570^Xt.�K�360/.�:@3657021H�
8/579

b3

�s:4<2, 360�
/?2,H02FB,�5EDo:4<2,�<257XJ,^36021436A2,�5�Do3J9I570¥[757ª�, FBX6,�.E9IX6[]3602FB9I,�.E1I,B1Snc36:@<¨A2,BFH94,B.E143602MA2361I:l.�02FB,�� �G<Q,T1@.EKS,m,Hrp,BF�:bF�.�0 �d,m57�Q14,B9>V7,HA DP579
b5

AQ5°nc0 :45].¤A23J1>:l.E0QFB,m5EDC�d,BX65°n
30 mm� 5E9o9@.EAQ3J?21�5ED�XJ,B1I1x:@<2.E0 170.4 mm

��� � DP?29>:@<2,H9oA2,HFB94,B.E14, 5EDY:4<2,�K�.E94M7360�:45=:@<2,�360202,H9oFB570`:457?2994,HA2?2FH,B1c:@<2,�3J0 
/?2,B0QFB,�.EM`.E360���G<Q,N3J0 
/?2,B0QFB,i5ED�:@<2,�<257XJ,�9@.EAQ3J?21
R �
3J1y1I:@?QA23J,HAT.�:;.SRp5E1436:43J570Q3J02MS.E02MEXJ,

φ � = 30◦
.�02A :@<Q,FB5E021I:@.E0`:UA2361I:@.E02FB,y5ED

20 mm
���G<2,B9I,HDP579I,�:@<Q,�94.EA23t.�X/Rp571I36:43J570�361�ME36V7,H0=�`[ :@<2,y3J0Q02,B9Y[75EªE,x94.EA236?21

r � �
.�02A�:4<2,�A23J1>:l.E0QFB,o:@5 �

ρ � = r � � + 20 mm + R ��G<2,c3J0 
/?2,B0QFB,G570�:@<Q,G94,BXJ.�:@3eV7,uKN?2X6:43JRd57XJ,�,B9I94579I1�.E02A�:@<2,GK�.E360��/,BX6A 3J1#1I<25Wnc0�360��/M�� ���e� � ��gh36:4<3J0QFB94,B.E143602M�<257X6,o9@.�A23J3+:@<2,;K�.E360��/,BX6A^3J1u9I,BA2?2FH,BA�.E1uns,BXJX�.E1u:@<2,oV�.E9I3t.�:43J570�5ED&�p5�:@<bKi?2Xe:@36Rp57X6,B1��
� ?20QFl<23J02MS<257X6,B1G360Z:45�:@<2,;3694570b[75EªE,CXt.EKS3J0/.v:@3J5E021s<2.E1cA2,BKS57021>:@9@.v:@,BAb:45��d,�. 
/,
	j3J�QXJ,;nu.�[�:4594,HA2?2FH,C:4<2,CV�.E9I3t.�:43J570b5�D�:@<Q,CX65WnU,H9�579IA2,B9cKi?QX6:@36Rp5EXJ,B1��Y�G<2,C�p,H1I:�94,B1I?2X6:cnU.E1y57�Q:l.�3J02,HA^DP5E9y<Q57XJ,H15ED
40 mm

9@.�A23J?21x.�:
30◦
3J0T.�A23J1>:l.E02FH,i5ED

185.4 mm
�x�G<2,NV�.E943J.�:@36570^DP579

b3

3J1x9I,BA2?QFB,BAT:45 ≈ 5?2023e:@1unc<2,H94,B.E1y:4<2,�K=.�3J0��/,HXJA^3J1G9I,BA2?2FH,BAm�`[
0.2 T

.�:G:@<Q,C14.EKS,�:43JKS,���G<Q,y9I,BA2?QFH:@36570 5EDd:@<2,GK�.E3J0��2,BXJAS.E1#ns,BX6X+.E1YKS,BFl</.E0Q3JF�.�X23J1I14?2,H1�<2.WVE,y:45��p,G360ZVE,B1>:@3JM7.�:@,HA�KS5794,FBX65714,HX6[��

�W�j�



���Ã§�� �Z:@?2AQ[�5ED � 36rp,B94,H0`: � R2R29I5`.EFl<2,H1

125.4 475.4
x

y

ΦH

ΡH

RH

ÜeºBßY¬�®°¯s±>´Â¸²±­Æv¼�º�¸&´�¸�³H¿;À�³�ÞH¯cÜ·ÉH¸�º@À°ßwº�¿v»º;®°³H¼Â¯G¾°Æv¿v±²®°¯I»i´�¿B¹�³;¹�®°¯c´�¸�³H¿i¼�º�½U´�¿vº Í¹�´�³�¿vÁIË
10 20 30 40

Hole radius � mm

12.85

12.9

12.95

13

13.05

ÈB main
È�T

ÜeÇ�ß � ¯>¾E¯>¿v»°¯>¿v±>¯�³�¶2¹�®v¯�½Gº�´�¿�Å�¯>¼µ»o³�¿x¹�®°¯sÁ�´�Ö>¯�³�¶¾vÆ°¿v±²®°¯4»�®v³�¼�¯�Ë

5000 10000 15000 20000 25000
I � A

-12.5

-10

-7.5

-5

-2.5

0

2.5

b 3
�Unit

40

35

30

25

20

15

10

None

Ü6±Iß��+º�¸�´µºl¹�´Â³H¿�³�¶�¹�®v¯Y¸�¯I¼�º�¹�´�Ê�¯�½�Æ°¼Â¹�´�¾�³H¼Â¯Y¯I¸�¸�³�¸
b
3

Ë 5000 10000 15000 20000 25000
I � A

-0.5

-0.4

-0.3

-0.2

-0.1

0

b 5
�Unit

40

35

30

25

20

15

10

None

Üe»vß��+º�¸�´µºl¹�´Â³H¿�³�¶j¹�®°¯#¸�¯I¼�º�¹�´�Ê�¯#½�Æ°¼Â¹�´�¾E³�¼�¯Y¯>¸�¸�³H¸
b
5

Ë
8�36M7?294, ���6� � � � ,HRp,H02A2,B0QFB,C5EDw:@<2,xK=.E360 �/,HXJAb.�02A�:@<2,xXJ5WnU,H9U579IA2,B9UKi?2X6:43JRd57XJ,G,H949I57941u5E0�:@<2,o1I3 �

,5ED�:@<2,;<25EXJ,;R2?20QFl<2,BAm360`:@5�:@<2,;3694570b[E57ªE,CXt.EKS3J02.�:@3657021 �

�W�`�



� �Â§��¡��:@?QAQ[b5ED � 36rp,B9I,B0`: � R2RQ945`.EFl<Q,B1
� � ��� � %'��� ���/!0��� � �.� !$#�� �����	�	� � � ��� � ���/!+��

������1 1 � �.�5�

8/579(<23JME<�, 	QFH36:@.�:@36570�FB?29I94,B0`:41#.E02AC:@<Z?21�<23JM7< �/,HXJA21	�v:4<2,s,�rf,HFH:436V7,s14</.�Rp,�5EDQ:4<2,�<23JM7<QX6[;Rd,B9IK�,B.E�2XJ,A257K�.E36021�36021436A2,�:@<2,s3J945E0�[75EªE,uA23erf,H941�1I:@9I5702M7Xe[�DP9457K :4<2,u14<2.ERp,U.�:#X65Wn],
	jFB3e:l.�:43J570Cnc<23JFl<N3J1�ME36V7,H0�`[T:@<2, 1I</.ERd,S5�Ds:4<2,�3694570m[E57ªE, � � 1C1I<25Wnc0O360k:4<2, 1@.�:4?29@.v:@3J5E0-RQXJ5E: � �/M�� ���%�7� �(:4<2, 1@.�:4?29@.v:@3J5E01I:@.E9I:41 �2941I:�3J0¥:@<Q, .E9I,�.-.E�d5°VE,�:4<2,�FH573JX � � 0QX6[]DP579�V7,H9I[a<236M7<¥FB?29I94,B0`:41 � .E�d5WV7, ≈ 18 kA
�i36:R29I57R/.EM`.v:@,B1�:@5Wnu.�94A21i:4<2,�KS3JA2R2XJ.E02, � � 94,HA2?2F�:@3J5E0¤5EDc:@<2,=K=.�:4,B9I3t.EX�3J0L:@<2361�.E94,B. Fl</.E0QM7,B1�:@<Q,Ki?2Xe:@36Rp57X6,�,B949I57941o.�:oX65°n , 	QFH36:@.�:@36570 FH?2949I,B0`:@1�3J0m.=1436K�36Xt.E9GnU.W[m.E1x:4<2,H[ Fl</.E02M7,N�Z[ 1@.�:4?29@.v:@3J5E0.�:c<236M7< �/,BX6A21 �8/579c:@<Q,i3J020Q,B9oFH570`:@57?29o.E0m,BX6XJ36RQ:@36F�.EXw1I</.ERd,i3J1�Fl<25714,H0 ���G<2,�14,HK�3 � KS3J025E9c. 	j3J1x361o143e:@?/.v:@,BA 570:@<Q,

x � . 	j3J1 .E0QA � 	j,HAa:45k:4<2,bDP5794KS,B9IX6[L14Rd,BFH3 �/,HA_3J0Q02,B9�3694570¤[E57ªE,�9@.EAQ3J?21�5ED 125.4 mm
�]�G<2,14,HK�3 � K�.��I579y. 	j3J1�3J1�1436:4?/.�:4,BAm570�:@<2, y � . 	j3J1�.E02A V�.E9I3J,B1�3J0�:@<2361x3J0`VE,B1I:43JM`.v:@3J5E0 �x�G<2,N143JKN?2Xt.�:43J57094,H14?2Xe:@1y.E9I,;14<25Wnc0 360 �/M�� ���e��§ �

125.4

475.4

x

y

130.4125.4
135.4 140.4

120.4

145.4

ÜeºBßY¬�®°¯s±>´Â¸²±­Æv¼�º�¸&´�¸�³H¿;À�³�ÞH¯cÜ·ÉH¸�º@À°ßwº�¿v»¹�®°¯YÆ�Á�¯4»x»°´ �7¯>¸�¯>¿B¹w¯>¼�¼Â´�¾vÁ�¯IÁIË
-5 0 5 10 15 20

a - b � mm

12.9

12.95

13

13.05

13.1

ÈB main
È�T

ÜeÇ�ß � ¯I¾�¯I¿v»W¯I¿v±­¯�³�¶w¹�®v¯y½Gº�´�¿iÅv¯>¼µ»�³H¿�¹�®°¯�¯>¼�¼Â´�¾ Í¹�´�±>´Ã¹PÀHË

5000 10000 15000 20000 25000
I � A

-20

-15

-10

-5

0

5

10

b 3
�Unit

a = b+20
a = b+15
a = b+10
a = b +5
a = b
a = b -5

Ü6±Iß��+º�¸�´µºl¹�´Â³H¿�³�¶�¹�®v¯Y¸�¯I¼�º�¹�´�Ê�¯�½�Æ°¼Â¹�´�¾�³H¼Â¯Y¯I¸�¸�³�¸
b
3

Ë 5000 10000 15000 20000 25000
I � A

-0.6

-0.4

-0.2

0

b 5
�Unit

a = b+20
a = b+15
a = b+10
a = b +5
a = b
a = b -5

Üe»vß��+º�¸�´µºl¹�´Â³H¿�³�¶j¹�®°¯#¸�¯I¼�º�¹�´�Ê�¯#½�Æ°¼Â¹�´�¾E³�¼�¯Y¯>¸�¸�³H¸
b
5

Ë
8�36M7?294, ���6�B§ � � ,HRp,H02A2,B0QFB,-5ED;:@<2, K=.E360 �/,HXJAh.E0QA¡:@<2,mX65WnU,H9�5794AQ,B9�Ki?QX6:@36Rp5EXJ,^,B9I94579I1�570¡:@<Q,,BX6XJ36RQ:@36FB36:\[S5ED&:@<Q,C360202,H9u[757ª�,�FH570`:@57?29��

�²:�F�.�0 �d,�1I,B,B0�:@</.�:y:@<Q,�K�.E3J0 �/,HXJA�A2,BFH94,�.�14,B1x3J0 �/941>:o579IA2,B9yXJ3602,�.E9IX6[�nc36:@<�3J0QFB94,B.E143602MS14,BKS3 �K�.��I579 . 	j3J1��¥�G<23J1 3J1 A2?Q,^:45-:4<2,^M794,B.�:@,H9 A23J1>:l.E02FH,^�p,�:\nU,H,B0_:4<2,�FH573JXu.E02A¥:@<2,b[75EªE, FH570`:@57?Q9nc<236Fl<bF�.E?21I,B1G.�94,BAQ?2FH:43J570�5�Dw:@<2,�3J945E0�[75EªE,;FB5E0Z:49436�2?Q:@36570 � � A2,BFH94,B.E14,o5�Dw:@<2,�14,BKS3 � K=. �I579�. 	j3J1��.EXe:@<257?QM7<m025E:;.EXJX65°ns,BA �p,HF�.E?21I, .�K�36023JKN?2K FB57X6Xt.E9G:4<23JFlªZ02,H141�</.E1o:45��p,NªE,BRj: �wnU5E?2XJAT3602FB9I,�.E1I,

�W� �



���%���¡8�3J0/.EX �\94570 ��57ª�,i��</.ERd,�.�02A � Rj:@3JKS3 �
,BA �U5736X*�U945E141x�j,BF�:@3J5E0

:@<Q,CK�.E360��/,BX6A ��G<Q,�3602FB9I,�.E1I3J02M�A2361I:l.�02FB,c5EDp:@<2,cFB5E3JX+.E02A :@<Q,y3694570�[E57ªE,�FB570`:@5E?29�3J1�3J0�
2?2,B02FH3J02M�1I,BFH:457941�nc<2,B9I,:@<Q,�FH573JX/K�.E3J0QX6[�FB570`:@9I3J�2?j:@,B1s02,BM7.�:@3eV7,BXe[i:@5
b3

.E02A
b5

�#�G<23J1�FB.E?214,H1G.�94,BAQ?2FH:43J570�5EDf:4<2,�0Q,BM`.�:436VE,DP9@.�FH:@36570-.E02ALFB57021I,��Z?2,H0Z:4X6[
��:@<Q,�Ki?QX6:@36Rp5EXJ,N,H949I57941CXJ3eD*:�.�:CXJ5Wn , 	jFB36:@.�:@36570 � � :N<Q3JM7<k,
	jFH36:l.v:@3J5E0FB?Q9494,H0`:xFH57021I:@.E0`:y�2?Q:yXJ,H141c1I:4945702M 5Erp14,�:yF�.E0��p,�57�Q14,B9>V7,HA ��G<Q,xV�.E943J.�:@36570 3J1U9I,BA2?QFB,BA^�d,B1>:UDP579U.N14,HK�3 � K�.��I579�. 	j3J1�nc<23JFl<�361u.ERQR2945 	j3JK�.�:@,HX6[ 10
:@5

15 mmXt.�94M7,H9�:@<2.E0T:@<2,�1I,BKS3 � KS3J0Q579x. 	Q361 �C�G<2, 94,H14?2Xe:@3J0QM�VE.�943t.v:@3J5E0 3J1xXJ,B1I1o:@</.�0 5
?20236:41xnc<2,H94,�.�1C:4<2,K�.E3J0��/,HXJA^3J1G9I,BA2?QFB,BA��`[�.E9457?Q02A

0.1
:45

0.15 T
�

#k{�� �L�l���b� ���`�T� � � �U� � ���^��� �^� � � �C�U� � �	�y� � �h�T�@� � �`���#�
�m�����U���k�

8/579#:@<Q, �/02.EX/14</.�Rp,y5EDd:@<2,y3J9I570�[757ª�,y:4<2,�,HXJX63JRQ:43JF�.�Xj360202,B9Y[E57ªE,yFB570`:457?29�3J1Y?21I,BA �Y�G<2361U.�R2R29457.EFl<14<Q5°nc1S.T14K�.EX6XU94,HA2?2F�:@3J5E0]5ED�:4<2,bK�.E3J0 �2,BXJA¥57�j:l.E3602,BA¤nc3e:@<]5702Xe[¤570Q,b143J0QM7XJ,�R2.E9@.EKS,H:4,B9�.�02AM75�5jAb36K�RQ945WV7,HK�,H0Z:y570^Ki?QX6:@36Rp5EXJ,B1
b3

.E0QA
b5

¦ ��G<Q,S1I,BKS3 � K=.��I5E9o. 	j3J1onU.E1�57RQ:43JKS3 �
,BA DP579�.bKS3J0236Ki?2K V�.E943J.�:@36570m5ED

b3

.�02A
b5

.E02Ak3J1;ME36V7,H0:@5
138.6 mm

� � ?2,�:45�:4<2,�5�rf1I,H:�570L:4<2,�KN?2X6:43JRd57XJ,�,B949I57941CFB5EK�3602MbDP9457K :4<2,�KS5�A23 �/FB.�:@36570m5ED:@<Q,o3J9I570�[E57ªE, �2:@<2,oFH573JXdFB9I57141U14,BF�:@36570b</.EA�:45i�p,�94,H57RQ:@36K�3
�
,HA �#�G<2,o9I,B1I?2X6:43J02MiFH573JX+FH94571I1G14,BF�:@365703J1�1I<25Wnc0O3J0 �/M � � �6� � ���j.EXJ36,B0`:�K=.�M702,H:CR29I57Rd,B9I:43J,H1�.�94, 14<25Wnc0L3J0T:l.E� � � �µ�b.E02Ak:@<Q,�Ki?QX6:@36Rp5EXJ,,B9I94579I1y.�:c<23JME< �2,BXJA � 8.54%

K=.E9IM73J0b5E0^:4<2,�XJ5`.�AbXJ3J0Q,W�u.E9I,;14<25Wnc0 360b:l.E� � ��� � ��U5EK�R/.�94,BA�:45�:@<2,;9I,B14?QX6:@1c5ED(:4<2,�FB5736XfFB9I57141c1I,BFH:43J570 �¡nc36:4<^:4<2,;FB3694FH?2Xt.E9U3J945E0�[757ª�,C1I<25Wnc0 36014,HFH:43J570 $ �Ã§��2:@<Q,CKN?2X6:43JRd57XJ,�,B949I57941c1I<25Wn 14X63JM7<`:@Xe[=<Q3JM7<2,H9uV�.EXJ?2,H1 ���G<2,�Rd,�.Eª��2,BXJA�.�:
0%
K=.�94M7360570¤:4<2,bXJ5`.�A¤XJ3602,�A2,HFB94,B.E14,HA¨�d,BFB.E?21I,�5�Dy:4<2,�1IK=.EX6XJ,H9NFB5E0Z:49436�2?Q:@36570¤5EDc:4<2,b3J9I570¤3J0¤:4<2,b94,HM73J5E0.E�d5WV7,;:@<2,�FH573JX ��G<Q,�V�.E943J.�:@36570 5EDw:@<Q,xKi?2Xe:@36Rp57X6,u,B9I94579I1sVE,B941I?21G,
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