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C., �1>3E/7 3/. /.,/1 67L:00/,-/, +,4/191/4:4.>, -/1 W:4/, 04/EE/, :3/1 -./ >L45.-/1091Y;<E.;</, 2600:F/, -/1 C1F/3,.00/ -:1V 2E0 816,- K:,, 7:, -./ /104 .,
nY,F/1/1 4/.4 /11/.;<4/ �6:E.4J4 3/. -/1 D`,4</0/ -/1 �8DIMC.,K1.04:EE/ :,LY<1/,]
=./E/ C1F/3,.00/ 04:77/, ,>;< =>, �>E`K1.04:EE/,V N/.4/1<., 04/EE4 -./ K/1:7.0;</
S/0;<:Z/,</.4 -/1 �1>3/, /., �1>3E/7 3/. -/1 W61;<LY<16,F =./E/1 Cm9/1.7/,4/ -:1V
D> .04 /0 3.0</1 .77/1 ,>;< /., /1,04 B6 ,/<7/,-/0 �1>3E/7] /E/K41.0;</ A>,4:K4/7.4 -/, �8DI </1B604/EE/,V W./ 2,.0>41>9./ -/1 A1.04:EE0416K461 .04 /., 5/.4/1/1
�:K4>1] -/1 B67 S/.09./E 3/. -/1 +,4/191/4:4.>, -/1 81:,09>14/.F/,0;<:L4/, -/1 �8DI
5.;<4.F .04V

[7 ,6, Cm9/1.7/,4/ ., -/, =/10;<./-/,/, W>4./16,F03/1/.;</, -61;<B6LY<1/,]
7600 -./ I:-6,F041JF/1K>,B/,41:4.>, -/1 �8DIM�1>3/, F/B./E4 /.,F/04/EE4 5/1-/,V
N./ :3/1 EJ004 0.;< -./ I:-6,F041JF/1K>,B/,41:4.>, -/1 O6P

2
MC3/,/, 3//.,H600/,�

�./1B6 F.34 /0 B:<E1/.;</ 213/.4/,] -./ -./ =/10;<./-/,/, W>4./16,F07�FE.;<K/.4/,-:104/EE/,V D> .04 /0 B67 S/.09./E ., &
1
S:

2
O6

3
P

x �&��? 7.4 &�R] D/E4/,/ C1-/,�7�FE.;<] -61;< -./ _:1.:4.>, -/0 D:6/104>ZF/<:E4/0 % >-/1 -/1 W>4./16,F 7.4 6,4/1M0;<./-E.;</, &M24>7/, -./ I:-6,F041JF/1K>,B/,41:4.>, -/1 C3/,/, B6 3//.,H600/,
�_/:5�] N.E53�V +, SDOP >-/1 IDOP K:,, 7.4 -/1 D1MA>,B/,41:4.>, -./ I:-6,F041JMF/1K>,B/,41:4.>, F/J,-/14 5/1-/, �D:E5�] 8:K$5�V 2EE/1-.,F0 0.,- :EE -./0/ ;</7.0;</
D6304.464.>,/, :,LJEE.F LY1 �1>3/,.,<>7>F/,.4J4/, 6,- _/16,1/.,.F6,F/,V C0 .04 -:M</1 J6\/104 5.;<4.F] -./ �1>3/, ., .<1/1 460:77/,0/4B6,F 0>1FLJE4.F B6 :,:E`0./1/,V

C.,/ 5/.4/1/ b�FE.;<K/.4] -./ I:-6,F041JF/1K>,B/,41:4.>, B6 3//.,H600/,] ><,/-./ 460:77/,0/4B6,F -/1 �1>3/, B6 J,-/1,] 3./4/4 -./ 2,5/,-6,F J6\/1/, W16;K0
��>,5�] �>,5,] �>15@:�V

+, -/1 L>EF/,-/, 213/.4 5/1-/, -./0/ 209/K4/ 3/1Y;K0.;<4.F4V C0 5/1-/, -./ /1ML>1-/1E.;</, _/1L:<1/, -:1F/04/EE4] -./ 3/. -/1 �1>3/,</104/EE6,F 6,- O<:1:K4/1.M0./16,F -/1 =/15/,-/4/, �8DI :,F/5:,-4 561-/,V N/.4/1<., 561-/ /.,/ b/4<>-//,45.;K/E4] 7.4 5/E;</1 0/<1 F64/ 6,- 1>3604/ /E/K41.0;</ A>,4:K4/ </1F/04/EE4 5/1-/,K�,,/,] 67 -/, /E/K41.0;</, N.-/104:,- B6=/1EJ00.F ., /.,/7 5/.4/, 8/79/1:461M3/1/.;< 6,- 6,4/1 W16;K B6 7/00/,V b.4 -./0/, b.44/E, .04 /0 ,6, 7�FE.;<] Cm9/1.M7/,4/ -61;<B6LY<1/,] 67 :600:F/K1JL4.F/ C1F/3,.00/ B6 -/, _>1FJ,F/, .7 S/1/.;<
-/1 �0/6->MC,/1F./EY;K/ B6 /1<:E4/,V



� ��� �
�������
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C.,/0 -/1 91>7.,/,4/04/, S/.09./E/ -/1 �8DI .04 5><E &
S:QO6TP
x
�&��?�] -/00/,�3/1F:,F04/79/1:461 B61 D691:E/.46,F =>, 3.0 B6 52 A -/64E.;< Y3/1 -/7 D./-/M96,K4 -/0 HY00.F/, D4.;K04>Z0 3/. U>17:E-16;K E./F4V W./0/0 D`04/7 .04 3/0>,-/105/F/, -/1 6,4/10;<./-E.;</, W>4./16,F07�FE.;<K/.4/, LY1 5.00/,0;<:L4E.;</ [,4/106M;<6,F/, =>, <></1 2441:K4.=.4J4 6,- 561-/ -/05/F/, B61 W61;<LY<16,F -/1 Cm9/1.M7/,4/ :60F/5J<E4V [7 /., 3/00/1/0 _/104J,-,.0 Y3/1 -./ _>1FJ,F/ .,,/1<:E3 -./0/1

D416K461 B6 F/5.,,/,] 0>EE B6,J;<04 -:0 &��?MD`04/7 ., 0/.,/1 460:77/,0/4B6,F
6,- 0/.,/7 26L3:6 ,J</1 3/E/6;<4/4 5/1-/,V

c

b

a

R

Cu(2)

O(4)

O(1)

Ba

O(2)
O(3)

O(5) Cu(1)

233.E-6,F �V�� W./ C.,</.40B/EE/ =>, &
1
S:

2
O6

3
P

x

7.4 -/1 S/B/.;<,6,F -/1 =/10;<./M-/,/, 24>79EJ4B/,V W:3/. 04/<4 & LY1 R441.67 >-/1 /., 24>7 -/1 D/E4/,/, C1-/,V
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W:0 &��?MD`04/7 �=FEV 233.E-6,F �V�� .04 /., ., D;<.;<4/, :6LF/3:64/1 D691:E/.M4/1 7.4 <>;< :,.0>41>9/, C.F/,0;<:L4/, 9:1:EE/E 6,- 0/,K1/;<4 B6 -/, D;<.;<4/,V
+, -/1 C.,</.40B/EE/ �,-/4 7:, B/,41:E B5/. O6PQMC3/,/,] -/,/, -./ D691:E/.46,F
B6F/0;<1./3/, 5.1-V N/F/, -./0/1 W>99/E/3/,/ BJ<E/, -./ &��? D691:E/.4/1 B6 -/,
0>F/,:,,4/, �45/.0;<.;<4/1,�V 8/41/,,4 5/1-/, -./ 3/.-/, C3/,/, -61;< /., 4/,M41:E:4>7 &V 8/<4 7:, =>, -/, 3/.-/, O6PQMC3/,/, EJ,F0 -/1 ;M2;<0/ ,:;< :6M\/,] �,-/4 7:, n/5/.E0 /.,/ S:PMC3/,/] 5/E;</ -./ _/13.,-6,F B6 /.,/1 J6\/1/,
O6PMC3/,/ </104/EE4V W./ O6PMC3/,/, 09./E/, -:3/. /.,/ 5.;<4.F/ �>EE/] -: 0./ :E0
I:-6,F01/0/1=>.1 LY1 -./ .,,/, E./F/,-/, O6PQMC3/,/, -./,/,V

+, -./0/1 �/1>=0K.40416K461 K:,, & /., R441.67:4>7 >-/1 /., 24>7 -/1 D/E4/M,/, C1-/, 0/.,] 6,- -:0 O6���M24>7 K:,, -61;< /.,/, 3/04.774/, �1>B/,40:4B
�1/7-:4>7/] 5./ B67 S/.09./E 4.,K] /10/4B4 5/1-/,V U:;< �/104/EE6,F 3/04/<4 -./
b�FE.;<K/.4 -61;< F/B./E4/ 8/79/1:4613/<:,-E6,F ., D:6/104>Z:47>09<J1/ -./ S/M0/4B6,F -/1 P���M�EJ4B/ 7.4 D:6/104>Z /.,B604/EE/,V 23 /.,/1 8/79/1:461 =>, /45:
��@ A K�,,/, -./ D:6/104>�>,/, ., -/, O6PMC3/,/, B5.0;</, 3/,:;<3:14/, L1/./,
P���M�EJ4B/, 5/;<0/E,] 6,- 5/1-/, >3/1<:E3 =>, 3@@ A n/ ,:;< D:6/104>Z9:14.:EM-16;K =>, -/1 �1>3/ :6LF/,>77/, >-/1 :3F/F/3/,V D> K:,, -/1 D:6/104>ZF/<:E4 %
=>, &��? =>, % � 3V@ 3.0 % � ,V@ 0/<1 /m:K4 =/1J,-/14 5/1-/, 6,- -:7.4] 5./ .,
,:;<L>EF/,-/7 230;<,.44 3/0;<1./3/,] -./ I:-6,F041JF/1K>,B/,41:4.>, .,,/1<:E3 -/1
C.,</.40B/EE/V C.,/ -/4:.EE./14/ S/0;<1/.36,F B67 _/1L:<1/, -/1 D:6/104>Z->4./16,F5.1- ., 230;<,.44 �V3 F/F/3/,V

�
� ��
����	
���
��
��	���
�
�

 !$"&k#j*�)&)$�j � "'+ !$"&k#j*�*k+'"')
W/1 D:6/104>ZF/<:E4 3//.,H6004 0>5><E -./ 8.44/19:1:7/4/1 :E0 :6;< -./ D691:E/.46,F
�O:053] �>15@3] A1Y5,�V W:0 61091Y,FE.;< 4/41:F>,:E/ D`04/7 7.4 04:4.04.0;< 3/0/4BM4/, D:6/104>Z9EJ4B/, /1LJ<14 3/.09./E05/.0/ ., R��? 3/. %

≈
3V?2 /.,/, 4/41:F>,:EM>14<>1<>73.0;</, �3/1F:,F 6,- D691:E/.46,F 0/4B4 /., �=FEV 233.E-6,F �V��VW./ 26L09:E46,F ., :M 6,- 3M8.44/19:1:7/4/1 3/. %

≈
3V?2 .04 3/-.,F4 -61;< -./

8/,-/,B -/1 D:6/104>Z:4>7/] 0>F/,:,,4/ D:6/104>ZK/44/, :60B63.E-/,V �./1LY1 .04
-./ N/;<0/E5.1K6,F B5.0;</, -/, D:6/104>Z:4>7/, :6L P���M 6,- P�2�M�EJ4B/, 7:\MF/3E.;<V C.,/ 4</>1/4.0;</ S/0;<1/.36,F 561-/ =>, �>,4:.,/ �� ��� ��>,$,� F/F/3/,]5/E;</ .,,/1<:E3 -/0 2DRUUU+Mb>-/EE0 �h#"7/41.; '/m4M'/:1/04M'/.F<3>61 �0.,F�<:6940J;<E.;< -1/. N/;<0/E5.1K6,F/, 3/,�4.F4V W./0/ 0.,- ., 233.E-6,F �V? -:1F/M04/EE4V 45.0;</, -/, D:6/104>�>,/, P��� 6,- P��� /m.04./14 /.,/ :304>\/,-/ N/;<M0/E5.1K6,F

V1
] 5/E;</ ., -/, <./1 6,4/106;<4/, D6304:,B/, 0> 04:1K .04] -:00 ., -/1

>14<>1<>73.0;</, �<:0/ -./ P�2�M�EJ4B/ ,.;<4 3/E/F4 5/1-/,V W:</1 K:,, 7:, -./
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233.E-6,F �V�� 8.44/19:1:7/4/1 6,- 0691:E/.4/,-/ �3/1F:,F04/79/1:461 �G ., 23M<J,F.FK/.4 -/1 D:6/104>Z->4./16,F % =>, R
S:QO6TP
x

V

D:6/104>Z:,>1-,6,F 7.4 -/1 S.E-6,F =>, D:6/104>ZK/44/, ., -/1 S:0.0/3/,/ FE/.;<M0/4B/,V N./ 04:1K -./0/ D:6/104>ZK/44/, L1:F7/,4./14 0.,-] 5.1- -61;< -./ :,B./</,-/
N/;<0/E5.1K6,F

V2
/,4E:,F -/1 A/44/,1.;<46,F 3/0;<1./3/,V +04

V2
.7 _/1FE/.;< B61

8/79/1:461 F1>\] 5/1-/, 0.;< E:,F/ A/44/, :603.E-/,V �/ <�</1 -./ 8/79/1:461 .04]
-/04> L1:F7/,4./14/1 0.,- -./ A/44/, �O/-5�] b>,55�V

W/�,.4.>,0F/7J\ 5.1- .7 A1.04:EE ., -/1 O6PMC3/,/ -./ A/44/,1.;<46,F :E0 3M2;<0/ 6,- 0/,K1/;<4 -:B6 -./ :M2;<0/ 3/B/.;<,/4V 2EE/1-.,F0 7600 -./ 2601.;<46,F
-/1 A/44/, ,.;<4 .7 F/0:74/, A1.04:EE -./ FE/.;</ 0/.,V D> K�,,/, :M 6,- 3M2;<0/,/,4E:,F /.,/1 �.;<46,F 5/;<0/E,] 0> -:00 0.;< .,,/1<:E3 -/1 A1.04:EE0 W>7J,/, 7.4
S/1/.;</, FE/.;</1 A/44/,:601.;<46,F 3.E-/,V A1.04:EE/ 7.4 0>E;</, W>7J,/, ,/,,4
7:, =/1B5.EE.,F4V [7 1.;<46,F0:3<J,F.F/ [,4/106;<6,F/, -61;<B6LY<1/,] 7Y00/,
-./ A1.04:EE/ /,4B5.EE.,F4 5/1-/,V W:0 -:LY1 ,>45/,-.F/ _/1L:<1/, 5.1- .7 230;<,.44



 � ��� ���������
x �	
����

233.E-6,F �V?� W./ LY1 -./ D:6/104>Z>1-,6,F 7:\F/3E.;</, N/;<0/E5.1K6,F/,
V1

]
V2

6,-
V3

V

�V� 3/0;<1./3/,V C,4B5.EE.,F4/ A1.04:EE/ <:3/, .7 +-/:EL:EE A/44/,] -./ .7 F/0:74/,
A1.04:EE=>E67/, /,4E:,F /.,/1 A1.04:EEK:,4/ :60F/1.;<4/4 0.,-V D>7.4 K:,, 7:, -./
:,.0>41>9/, C.F/,0;<:L4/, 6,4/106;</,V

N./ ,6, 7.44/E0 D:6/104>Z->4./16,F I:-6,F041JF/1 /1B/6F4 5/1-/,] .04 =>, _/:E
�� ����_/:5�� 3/0;<1./3/, 5>1-/, 6,- .04 ., 233.E-6,F �V� -:1F/04/EE4V S/F.,,/,- 7.4
6,3/0/4B4/, D:6/104>Z9>0.4.>,/, 5/1-/, -./ D:6/104>Z:4>7/ -./0/ �EJ4B/ B6,J;<04
04:4.04.0;< ><,/ ,J;<04/ U:;<3:1, 3/E/F/,V W:3/. 5.1- -./ _:E/,B -/1 6,7.44/E3:1
:,F1/,B/,-/, A69L/1:4>7/ -61;< 23F:3/ n/ /.,/0 CE/K41>,0 =>, �� ,:;< �� /1M<�<4] 6,- /0 5/1-/, ,>;< K/.,/ L1/./, I:-6,F041JF/1 ., -/1 C.,</.40B/EE/ /1B/6F4V
b.4 5:;<0/,-/1 S/0/4B6,F -/1 D:6/104>Z9EJ4B/ 5/1-/, B6,/<7/,- �>0.4.>,/, 7.4
3/,:;<3:14/, D:6/104>Z:4>7/, /.,F/,>77/,] 6,- 7:, K:,, P��� 6,- P�2�M�EJ4B/6,4/10;</.-/,V W./ P�2�M�EJ4B/ 5/1-/, -:3/. =/17./-/,V W:0 A69L/1:4>7 ><,/ =>1M</1.F/, D:6/104>ZMU:;<3:1, K:,, -:3/. 0/.,/ _:E/,B =>, �� ,:;< �� J,-/1,V W:
:EE/1-.,F0 -:0 A69L/1:4>7 7.4 ,6, B5/. 3/,:;<3:14/, D:6/104>Z:4>7/, K/., 5/.M4/1/0 CE/K41>, :3F/3/, K:,,] 5.1- -./0 :60 -/1 C.,</.40B/EE/ F/,>77/,] 6,- B67
260FE/.;< -/1 I:-6,F /., I>;< ., -./ C.,</.40B/EE/ ->4./14V 8/<4 7:, B6 /.,/7 D:6M/104>ZF/<:E4 ,:</ %�,V@ 5/1-/, <:6940J;<E.;< L1/./ P���M�EJ4B/ B5.0;</, 3/1/.40
3/0/4B4/, �EJ4B/, :6LF/LYEE4V W: <./1 3/.-/ 3/,:;<3:14/, A69L/1:4>7/ -./ _:E/,B�� 3/0.4B/,] 5/1-/, B5/. CE/K41>,/, :60 -/1 C.,</.40B/EE/ F/,>77/,] 6,- .7 8/MF/,B6F B5/. I�;</1 ., -./ C.,</.40B/EE/ ->4./14V �>17:E EJ004 0.;< -/1 460:77/,<:,F
-/1 I:-6,F041JF/1B:<E ., 23<J,F.FK/.4 =>, D:6/104>ZF/<:E4 % 6,- -/1 7.44E/1/,
A/44/,EJ,F/

< L >
., /.,/7 A1.04:EE 7.4 � P���M�EJ4B/, /3/,0> /1L:00/,V D> 5/1-/,3/. /.,/7 3/04.774/, %]

Z · (
%
−

3
)/ < L > MD:6/104>ZK/44/, ., 3M2;<0/,1.;<46,F=/14/.E4V +7 A1.04:EE 5/1-/, -:7.4
< L − 1 > ·Z · (

%
−

3
)/ < L > MI:-6,F041JF/1



��� ����'���
���
��

��
�' 

/1B/6F4] 5:0
< L−1 > ·(

%
−

3
)/ < L > MI:-6,F041JF/1, 91> C.,</.40B/EE/ /,4091.;<4V

233.E-6,F �V�� W./ C1B/6F6,F =>, I:-6,F041JF/1, -61;< D:6/104>Z->4./16,F ,:;<
_/:E �� ����_/:5��

�
�
� ��'�"## +&# � �*'&'k$+�"#
W:0 C.,3:6/, /.,/0 4/,41:E.>,0 & 7.4 /.,/7 3/04.774/, +>,/,1:-.60 3//.,H6004
., /104/1 I.,./ -./ 8.44/19:1:7/4/1 6,- -./ 1/E:4.=/, 24>79>0.4.>,/, .,,/1<:E3 -/1
C.,</.40B/EE/V W:-61;< 6,4/10;</.-/, 0.;< -./ 9<`0.K:E.0;</, C.F/,0;<:L4/, 41>4B FE/.M;</, D:6/104>ZF/<:E40 %V 467 S/.09./E �,-/4 7:, /.,/, 460:77/,<:,F B5.0;</,
-/1 7:m.7:E /11/.;<3:1/, �3/1F:,F04/79/1:461 B61 D691:E/.46,F �G���� 6,- -/7 +>M,/,1:-.60� n/ F1�\/1 -/1 �:-.60] -/04> <�</1 .04 �G���� �N.E53�V +,0F/0:74 5.1- :6;<
-:0 C.,0/4B/, -/1 D691:E/.46,F 6,- -:0 C11/.;</, =>, �G���� B6 <�</1/, D:6/104>ZMF/<:E4/, % =/10;<>3/,V W./ _/10;<./36,F B6 <�</1/7 % EJ004 0.;< 1/;<4 /.,L:;< -61;<
/.,/ 26L5/.46,F -/1 C.,</.40B/EE/ 6,- -/1 -:7.4 =/136,-/,/, 0;<5J;</1/, N/;<M0/E5.1K6,F LY1 -./ D:6/104>Z>1-,6,F =/104/</,V D> .04 ., R��? /.,/ 04:1K/ 8/,-/,B
B61 A/44/,3.E-6,F =>1<:,-/,] 5:0 0.;< 3/. -/1 I:-6,F041JF/1/1B/6F6,F 3/7/1K3:1
7:;<4V +, U-��? n/->;< .04 -./0/ 8/,-/,B 6,4/1-1Y;K4 6,- 0/4B4 /104 7:00.= 3/.
<�</1/7 D:6/104>ZF/<:E4 /.,V +, 233.E-6,F �V2 .04 -./0/1 CZ/K4 7.4 W:4/, =>, IY4MF/7/./1 �� ��� �IY453� 6,- N.--/1 �� ��� �N.-52� -:1F/04/EE4V
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233.E-6,F �V2� b.44E/1/ A/44/,EJ,F/
< L >

., R��? 6,- U-��? ,:;< IY4F/7/./1 ��
��� �IY453� 6,- 1/E:4.=/ I:-6,F041JF/1K>,B/,41:4.>, '�'� ,:;< N.--/1 �� ��� �N.-52�
., 23<J,F.FK/.4 =>7 -/7 D:6/104>ZF/<:E4 %V

�
�
� ��'�"## �*' �k"l<
W./ 3.0</1 F/,:,,4/, b�FE.;<K/.4/, ., -./ D416K461 /.,B6F1/.L/,] 5:1/, 3.0</1 1/.,
;</7.0;</1 U:461 6,- 3/.,<:E4/4/, -./ _/1J,-/16,F -/1 :4>7:1/, 460:77/,0/4MB6,FV NY,0;</,05/14 .04 /0 :3/1] ., -./ D416K461 /.,F1/.L/, B6 K�,,/,] ><,/ -./
460:77/,0/4B6,F J,-/1, B6 7Y00/,V Cm4/1,/1 <`-1>04:4.0;</1 W16;K /17�FE.;<4
2;<0/,9:1:7/4/1 6,- 24>79>0.4.>,/, -61;< -:0 A>791.7./1/, -/1 C.,</.40B/EE/ B6
J,-/1,V a,-/16,F/, -/1 4</17>-`,:7.0;</, C.F/,0;<:L4/, -/0 A1.04:EE0 K�,,/, 0>-.1/K4 :6L -./ 0416K461/EE/, a,-/16,F/, B61Y;KF/LY<14 5/1-/,V

+7 8/F/,0:4B B67 ;</7.0;</, W16;K -61;< F1�\/1/, &M+>,/,1:-.60 5.1- 3/.7
260Y3/, =>, <`-1>04:4.0;</7 W16;K :6L -/, 0691:E/.4/,-/, A1.04:EE -./ C.,</.40B/EE/
K>791.7./14V[,4/1<:E3 =>, ��@ A5/1-/, B6,J;<04 K/.,/ B60J4BE.;</, I:-6,F041JF/1
/1B/6F4] 0>,-/1, ,61 /.,/ _/1E:F/16,F =>, I:-6,F041JF/1, =>, -/, O6PMS:0.0/3/,/,B6 -/, O6PQMC3/,/, =/1610:;<4 ��>15@:] I6-5��V W61;< -:0 460:77/,1Y;K/, -/1
24>79>0.4.>,/, ., -/1 O6PMS:0.0/3/,/ =/104J1K4 0.;< :6;< -./ N/;<0/E5.1K6,F B5.M0;</, -/, D:6/104>�>,/,V W./ 8/,-/,B B61 D:6/104>Z>1-,6,F .04 0>7.4 /1<�<4] 6,-
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233.E-6,F �V3�
TGMa,-/16,F =>, R
S:QO6TP

6.58
6,4/1 W16;KV N.1- 6,4/1<:E3 =>,

�@@A W16;K :,F/E/F4 >-/1 :3F/E:00/,] J,-/14 0.;< -./ �3/1F:,F04/79/1:461 -61;<
-/, .,41.,0.0;</, W16;K/Z/K4

(
-
TG/-p����)V N.1- -./ �1>3/ ,:;< -/1 W16;KJ,-/16,F

3/. ?@@ A F/E:F/14] LY<1/, D:6/104>Z67>1-,6,F091>B/00/ B6 /.,/1 5/.4/1/, a,-/16,F
=>, TG ��6/52�V

3/. 8/79/1:461/, >3/1<:E3 =>, ��@ A 3.E-/, 0.;< 6,4/1 <`-1>04:4.0;</7 W16;K EJ,MF/1/ D:6/104>ZK/44/,] -./ B60J4BE.;</ I:-6,F041JF/1 B61 �>EF/ <:3/,V b.4 -/1 a,M-/16,F -/1 I:-6,F041JF/1K>,B/,41:4.>, 5.1- :3/1 F/7J\ -/7 �<:0/,-.:F1:77 -/1
�8DI -./ 0691:E/.4/,-/ �3/1F:,F04/79/1:461

TG 3//.,H6\4 �=FEV 233.E-6,F �V3�V +,-/1 213/.4 =>, �./4B �� ��� ��./53� 561-/ -./0/1 C.,H6\ /m4/1,/, W16;K/0 :6L
TG .,R��? 0`04/7:4.0;< Y3/1 /.,/, F1>\/, W>4./16,F03/1/.;< 6,4/106;<4V +, 233.E-6,F �V,

.04 -/1 W16;K/Z/K4 LY1 6,4/10;<./-E.;</ D:6/104>Z->4./16,F/, % -:1F/04/EE4V N./ B6
/15:14/, .04 -./ a,-/16,F =>, TG ><,/ D:6/104>Z>1-,6,F091>B/00/ KE/.,/1 :E0 7.4 -/1
B60J4BE.;</, D:6/104>Z>1-,6,FV [,4/10;<./-/, 5.1- -:</1 .7 �>EF/,-/, B5.0;</, /.M,/7 A:E4-16;K/Z/K4

(
-
TG/-p����) 3/. 2,E/F/, -/0 W16;K/0 6,4/1<:E3 -/1 8/79/1:461

=>, �@@ A 6,- /.,/7 N:17-16;K/Z/K4
(
-
TG/-p����)

] 3/. -/7 -./ D:6/104>Z>1-,6,F6,4/1 W16;K 3/. ?@@ A B6F/E:00/, 5.1-V
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233.E-6,F �V,� _/1FE/.;< -/0 A:E4M 6,- N:17-16;K/Z/K4/0 =>, R
S:QO6TP
x

,:;<
�./4B �� ��� ��./53�V

�
� ���	������ 
�
 ��
����	
���
������	
�	��� ��

N./ 0;<>, ., 230;<,.44 �V� 3/0;<1./3/,] 0.,- -./ �<:0/, -/1 �8DI -61;< 8/7M9/1:461 6,- I:-6,F041JF/1 ., -/, O6PQMC3/,/, 3/04.774V +, -/7 0691:E/.4/,-/,
b:4/1.:E I:Q�x �S:�D1�xO6P� �I:���� .04 -./ S/04.776,F =>, 'X /.,L:;<] -: 'X F/M1:-/ -/1 S:M 3B5V -/1 D1MA>,B/,41:4.>, % /,4091.;<4V D;<5./1.F/1 F/04:E4/4 0.;< -./
S/04.776,F =>, 'X ., -/, &��?MD`04/7/,V S/. /.,/1 D:6/104>ZK>,B/,41:4.>, =>,
%�3V@ .04 'X FE/.;< U6EEV N.1- ,6, -./ D:6/104>Z->4./16,F /1<�<4] .04 -./ 8/0:74MB:<E -/1 I:-6,F041JF/1 .,,/1<:E3 -/1 C.,</.40B/EE/ -61;< -./ D:6/104>Z>1-,6,F 04:1K3//.,H6004 �=FEV 230;<,.44 �V�V��V 460J4BE.;< 5.1- -./ 230;<J4B6,F -61;< -./ _/14/.ME6,F -/1 /1B/6F4/, I:-6,F041JF/1 :6L -./ O6PMA/44/, 6,- O6PQMC3/,/, /10;<5/14V
W./ I:-6,F041JF/1K>,B/,41:4.>, ., -/,O6PQMC3/,/, K:,, -/,,>;< .,-.1/K4 -61;<
S.,-6,F0=:E/,B0677/, �S_D� 3/1/;<,/4 5/1-/,V W./ -:LY1 3/,�4.F4/, D416K461-:M4/, /1<JE4 7:, :60 U/641>,/,3/6F6,F0/m9/1.7/,4/,V �Y1 /., 24>7 
 3/41JF4 -./
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S.,-6,F0=:E/,B
Vi =

∑

j

e
r0−rij

B , ��V��
-:3/. .04

rij

-/1 2304:,- -/0 24>70 
 B6 -/7 U:;<3:1, � V �Y1 /.,/ _./EB:<E =>,D6304:,B/, �,-/4 7:, ., �2E4$2] S1>$2] S1>$$� N/14/ LY1 � 6,-
r0
V W./ I>;<K>,MB/,41:4.>, 0/E304 K:,, 0;<E./\E.;< :60 -/, S.,-6,F0=:E/,B0677/, -/1 24>7/ O6���]P��� 6,- P�?� -/1 O6PQMC3/,/, /11/;<,/4 5/1-/, �8:E52��

nX ≈ V− ≡ 2 + V���Q� − V
��Q� − V

��T�. ��V��
S/. -/1 26L41:F6,F -/1 ,>17./14/, �3/1F:,F04/79/1:461

TG/TG���� =/10;<./-/,/1A691:40691:E/.4/1 Y3/1 -/1 I>;<K>,B/,41:4.>, 'X ., -/, O6PQMC3/,/, /1F:3 0.;< LY1
:EE/ D6304:,B/, /.,/ ,:;< 6,4/, F/�Z,/4/ �:1:3/E �8:E52] �1/5��

TG
TG���� = 1 − c · (nX − nX�	
�)2, ��V?�

7.4
c = 82.6

6,- /.,/1 >94.7:E/, I>;<K>,B/,41:4.>, 'X�	
� = 0.16
] 3/. -/1

TG 0/.,/,7:m.7:E/, N/14 /11/.;<4V W./0/
TG/TG���� �'X�M23<J,F.FK/.4 /15./0 0.;< LY1 -./ E>;<M->4./14/, �8DI :E0 0;</.,3:1 6,.=/10/EE/ S/B./<6,FV N:1 :E0> -./ I>;<K>,B/,41:4.>,., -/, O6PQMC3/,/, /.,/1 D6304:,B ,.;<4 -.1/K4 /m9/1.7/,4/EE 3/04.773:1] 561-/

-./0/ 3.0</1 Y3/1 8E/.;<6,F �V? /17.44/E4V
�/->;< B/.F4 0.;< ., nY,F04/1 4/.4 .77/1 -/64E.;</1] -:00 -./0/ �6,.=/10/EE/� �:M1:3/E /., B6 /.,L:;</0 S.E- -/0 �<:0/,-.:F1:770 B/.;<,/4V 45/. �6,K4/ /15/.0/,

0.;< -:3/. :E0 D;<5:;<04/EE/,V D> 5.1- ., -/1 I.4/1:461 7>7/,4:, K>,41>=/10 Y3/1
-/, /m:K4/, N/14 =>, 'X�	
� -.0K64./14] 6,- /0 E:00/, 0.;< N/14/ =>, 'X�	
� = 0.105�O<7@�� Y3/1 @V�3 �8:E52� 3.0 <., B6 'X�	
� = 0.24

�86455� I�;</1 91> O6PQMC3/,/
�,-/,V 2EE/1-.,F0 .04 -./0/0 �1>3E/7 5/,.F/1 0;<5/15./F/,-] 6,- EJ004 0.;< /.,L:;<
67F/</,] 5/,, 04:44 -/1 :30>E64/, 'XMN/14/ -./ 1/E:4.=/, 'X�'X�	
�MN/14/ =/15/,-/4
5/1-/,V [7 :3/1 -/, _/1FE/.;< 7.4 W:4/, :60 -/1 I.4/1:461 B6 =/1/.,L:;</,] 5.1-
., -./0/1 213/.4 -/1 :EEF/7/., F/31J6;<E.;</] =>, 8:EE>, �� ��� =>1F/0;<E:F/,/] N/14
=>, 'X�	
� = 0.16

=/15/,-/4V
N/.4/1<., �,-/, 0.;< .77/1 7/<1 �.,5/.0/] -:00 -./

TG/TG����(nX)M23<J,F.FK/.4.7 6,4/1->4./14/, S/1/.;< ,.;<4 7.4 /.,/7 9:1:3/EL�17.F/, _/1E:6L ., C.,KE:,F B6
31.,F/, .04V D> �,-/4 7:, 3/. -/1 I:���M�:7.E./ 3/. /.,/1 W>4./16,F =>, nX ≈
0.125

B67 8/.E 04:1K/
TGM230/,K6,F/, �b>>$$] 81:5,] R:75$�] 6,- 0/E304 ., &��?M

_/13.,-6,F/, �,-/, 0.;< 235/.;<6,F/, =>, /.,/7 9:1:3/EL�17.F/,
TG/TG����(nX)M_/1E:6L �8:E5,�V N61-/ 3.0</1 LY1 R��? -./0/0 :6;< ., -/1

TG(x)M26L41:F6,F 0.;<43:1/��E:4/:6� 7.4 /.,/1 P14<> ++M�<:0/ -/1 D:6/104>Z>1-,6,F ., _/13.,-6,F F/31:;<4]
0;</.-/4 -./0/ C1KEJ16,F ., :,-/1/, &��?MD`04/7/, ,:</B6 :60 ��.05,] S6;5@�V D>E./F4 -./0/0 ��E:4/:6�] B67 S/.09./E 3/. U-��?] 3/. /.,/7 D:6/104>ZF/<:E4 =>, /45:
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x �	
����

x = 6.75
�D;<@?�V �./1 .04 -./ D:6/104>Z>1-,6,F ,61 0;<5:;< :60F/91JF4] 6,- /0 .04

K/.,/ P14<> ++M�<:0/ B6 /15:14/,V +, 233.E-6,F �V$ .04 -/1
TG/TG����(nX)M_/1E:6L 7.4

:K46/EE/, W:4/, =>, R��? 6,- U-��? :6LF/41:F/,V W./ F/041.;</E4/ I.,./ B/.F4 -/,
3.0</1.F/, �:1:3/E=/1E:6L 6,- -./ -61;<F/B>F/,/ I.,./ -/, K>11.F./14/, _/1E:6L] 3/.-/7 =>, 8E/.;<6,F �V? /.,/ 8:600=/14/.E6,F :3F/B>F/, 5.1-�

TG
TG���� = 1 − c · (nX − nX�	
�)2 −

A

ω ·
√

π
2

· e−2(
n�−n�

ω
)2 . ��V��

b.4
nG ≈ 0.11

.04 -:0 4/,4167 -/1 8:600=/14/.E6,F L/04F/E/F4 6,- LY1 -./ 5/.4/1/,
�:1:7/4/1 /1F/3/, -./ N/14/

ω ≈ 0.03
6,-

A ≈ 0.006
V b.4 8E/.;<6,F �V� 5.1- .,

-./0/1 213/.4 -./ I:-6,F041JF/1K>,B/,41:4.>, 'X 3/04.774V

233.E-6,F �V$� W./ -61;<F/B>F/,/ I.,./ B/.F4 -./ K>11.F./14/ TG/TG���� �'X�M23<J,F.FK/.4 7.4
TGMC.,316;< .7 6,4/1->4./14/, S/1/.;< 7.4 :K46/EE/, W:4/, LY1

R��? 3B5V U-��? �F/0;<E>00/,/ D`73>E/ :60 �D;<@?�] >Z/,/ D`73>E/ :60 �8:E5,��VW./
TGMN/14/ 561-/, 7.4 �.EL/ =>, b/006,F/, -/1 09/B.�0;</, NJ17/ /17.44/E4

�864@��] 'XMN/14/ 561-/, -61;< S_DM�/;<,6,F/, :60 D416K461-:4/, =>, U/641>M,/,041/6/m9/1.7/,4/, F/5>,,/, �D;<55�V W./ F/041.;</E4/ I.,./ B/.F4 -/, 3.0</1.F/,
�:1:3/E=/1E:6L ,:;< -/, 213/.4/, =>, 8:EE>, �� ��� �8:E52� 6,- �1/0E:,- �� ��� ��1/5��V
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U:;<-/7 .7 =>1:,F/F:,F/,/, A:9.4/E -./ .,,/1/ D416K461 -/1 &��?M�:7.E./ 3/0;<1./M3/, 5>1-/, .04] 5.1- ., -./0/7 A:9.4/E :6L -./ 816,-E:F/, -/1 b/006,F -/0 E>,MF.46-.,:E/, /E/K41.0;</, N.-/104:,-/0 /.,F/F:,F/,V 2,0;<E./\/,- 5/1-/, 7�FE.;</
A>,4:K4F/>7/41./, 6,- -./ -:7.4 =/1K,Y9L4/, _>1M 6,- U:;<4/.E/ :60 -/1 I.4/1:461
=>1F/04/EE4V

�
	 ��
�
�	��
��������
W./ b/006,F -/0 :30>E64/, -;MN.-/104:,-/0

R��
/1L>EF4 Y3/1 -:0 P<70;</ 8/0/4B]

3/. -/7 B5.0;</, B5/. A>,4:K4/, -/1 D9:,,6,F0:3L:EE :, /.,/7 =>, /.,/7 K>,04:,M4/, 8E/.;<041>7 -61;<H>00/,/, b:4/1.:E F/7/00/, 5.1-V [7 7�FE.;</ 8</17>09:,M,6,F
(U�X) -/1 b/00:,>1-,6,F B6 /E.7.,./1/,] 5.1- -/1 D9:,,6,F0:3L:EE 0>5><E .,9>0.4.=/1 D41>71.;<46,F

(U+)
] :E0 :6;< ., ,/F:4.=/1 D41>71.;<46,F

(U−)
F/7/00/,V

�Y1 -/, N.-/104:,- /1F.34 0.;< -:,,

R�G =
(U+ + U�X) − (U− + U�X)

|2 · I�G| . �?V��
b.4 -./0/7 N/14 5.1- 0;<E./\E.;< -/1 7:4/1.:E09/B.�0;</ N.-/104:,-

ρ
/11/;<,/4�

ρ =
A

l
· R�G. �?V��

W:3/. .04 � -./ 041>7-61;<H>00/,/ �6/10;<,.440HJ;</ 6,- � -/1 2304:,- -/1 D9:,M,6,F0K>,4:K4/V
[7 -/, 8/>7/41./L:K4>1 A/l

L/04E/F/, B6 K�,,/,] 7600 -./ �1>3/ ., /.,/ -/M
�,./14/ �>17 F/31:;<4 5/1-/,V S/. -/, <./1 =/15/,-/4/, C.,K1.04:EE/, 5.1- -61;<
-./ A1.04:EE0416K461 =>, U:461 :60 /.,/ ,:</B6 9/1L/K4/ �6:-/1L>17 =>1F/F/3/,] -./1:0;< -61;< D;<E/.L/, ., -./ F/5Y,0;<4/ 8/>7/41./ F/31:;<4 5/1-/, K:,,V

�
� ���

���� 
�
 ���	��	�
S/. -/1 2605:<E /.,/1 F//.F,/4/, 2,>1-,6,F -/1 A>,4:K4/ LY1 -./ D41>7B6LY<16,F
3B5V -/1 D9:,,6,F0:3F1.Z/] B/.F4 /., SE.;K ., -./ I.4/1:461 -./ _./EB:<E -/1 =/10;<./M-/,/, A>,4:K4F/>7/41./,V N/E;</ LY1 -./ <./1 -61;<B6LY<1/,-/ b/006,F 0.;< :7
3/04/, /.F,/4] 0>EE ,6, /1�14/14 5/1-/,V

+, 233.E-6,F ?V� 0.,- -./ FJ,F.F04/, _:1.:,4/, 0;</7:4.0;< -:1F/04/EE4 �b:153�V
W./ 45/.M�6,K4Mb/4<>-/ .04 /.,/ /.,L:;</ b�FE.;<K/.4] /.,/ �1>3/ B6 K>,4:K4./1/,]-: D9:,,6,F0M 6,- D41>7K>,4:K4/ n/5/.E0 F/7/.,0:7 F/,64B4 5/1-/,V _>, U:;<4/.E
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U, I

U U

I I

A A

C C

B B

D D

a) b) c)

d) e)

233.E-6,F ?V�� _/10;<./-/,/ A>,4:K4F/>7/41./,] 5./ 0./ <J6�F ., -/1 I.4/1:461 B6
�,-/, 0.,- �b:153��
:� 6,- 3� -./ 45/.M 3B5V -./ _./1M�6,K4Mb/4<>-/ ]
;� -./ ., -./0/1 213/.4 =/15/,-/4/ /15/.4/14/ _./1MA>,4:K4Mb/4<>-/]-� 6,- /� -./ b/4<>-/ ,:;< _:,M-/1M�:65 ��:62$� 3B5V b>,4F>7/1` �b>,,��],J</1/ C1EJ64/16,F .7 8/m4V

.04 :3/1 3/. -./0/1 214 -/1 A>,4:K4./16,F] -:00 -./ D9:,,6,F0K>,4:K4/ 041>7-61;<MH>00/, 0.,-] 6,- -/1 F/7/00/,/ D9:,,6,F0:3L:EE ,.;<4 :EE/., Y3/1 -./ �1>3/ /1L>EF4V
S/00/1 .04 -./ _./1M�6,K4Mb/4<>-/] 3/. -/1 -/1 D9:,,6,F0:3F1.Z F/41/,,4 =>,-/, J6\/1/, D41>7K>,4:K4/, /1L>EF4V [7 /.,/ <>7>F/,/ D41>7=/14/.E6,F 6,- b.4M4/E6,F -/0 D9:,,6,F0:3L:EE0 Y3/1 -:0 _>E67/, -/1 �1>3/ B6 /11/.;</,] K:,, -./

/15/.4/14/ _./1MA>,4:K4Mb/4<>-/ =/15/,-/4 5/1-/,V W:3/. 5/1-/, 04:44 -/1 96,K4ML�17.F/, A>,4:K4/ 0/,K1/;<4 B61 b/001.;<46,F :60F/-/<,4/ A>,4:K4041/.L/, :6LF/M31:;<4V W:7.4 K:,, 7.4 <></1 8/,:6.FK/.4 -/1 /E/K41.0;</ N.-/104:,- /,4E:,F /.,/1
A1.04:EE1.;<46,F F/7/00/, 5/1-/,V

_>, U:;<4/.E .04 -./ _./1MA>,4:K4Mb/4<>-/] 5/,, -/1 N.-/104:,- ., =/10;<./-/,/
A1.04:EE1.;<46,F/, :, /.,/1 /.,B.F/, :,.0>41>9/, �1>3/ F/7/00/, 5/1-/, 0>EEV �./1
3./4/4 -./ _:,M-/1M�:65 ��:62$] U.15�� 3B5V b>,4F>7/1` �b>,,�] O</5$� A>,�MF61:4.>, /.,/, 2605/F :,V C., N/;<0/E ., -/1 F/7/00/,/, A1.04:EE1.;<46,F 5.1-
-:-61;< /11/.;<4] -:00 -/1 D41>7H600 /.,7:E -61;< -./ A>,4:K4/ �� 3B5V �� 6,-
-/1 D9:,,6,F0:3F1.Z Y3/1 -./ A>,4:K4/ �� 3B5V �� /1L>EF4V �/->;< 0.,- -./0/ _/1ML:<1/, /m41/7 L/<E/1:,LJEE.F LY1 KE/.,04/ [,F/,:6.FK/.4/, .7 8/>7/41./L:K4>1 >-/1-/1 �>0.4.>,./16,F -/1 A>,4:K4/ :6L -/1 �1>3/ �O<:5�] O>15�] 8>,55] U:-@��] 6,--/1 F/7/00/,/ N.-/104:,- K:,, 0.;< -/64E.;< =>, -/7 4:40J;<E.;</, N.-/104:,- -/1
�1>3/ /,4E:,F /.,/1 A1.04:EE1.;<46,F 6,4/10;</.-/, �A>9$5] +4>5�] �>15��V
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+04 ,61 /.,/ A1.04:EE1.;<46,F =>, +,4/1/00/] .04 /0 0>7.4 :7 0.,,=>EE04/,] 5/,,-./ /15/.4/14/ _./1MA>,4:K4Mb/4<>-/ B61 2,5/,-6,F K>774V W: ., -./0/1 213/.4
:EE/., -/1 O6PQMC3/,/, N.-/104:,- 6,4/106;<4 5/1-/, 0>EE] 7600 -./ b/001.;<46,F
0/,K1/;<4 B6 -/, O6PMA/44/, F/5J<E4 5/1-/,] 67 /.,/, I/.4LJ<.FK/.403/.41:F -/1
A/44/, B6 =/17/.-/, �N/E5@�V

+7 W/4:.E .04 .04 -./0/ b/00:,>1-,6,F 7.4 -/7 C10:4B0;<:E43.E- ., 233.E-6,F ?V�
F/B/.F4V D> H./\4 /., K>,04:,4/1 D41>7 I

� Y3/1 -./ 46E/.46,F0-1J<4/ 7.4 N.-/104:,-
R��

6,- -/, A>,4:K4/, R�
-61;< -./ �1>3/V W/1 D9:,,6,F0:3L:EE U��

/1L>EF4 Y3/1-/, N.-/104:,- -/1 �1>3/ R��
V W./0/1 5.1- -61;< B5/. b/00-1J<4/

(2 ·R��)
Y3/1 -./

D9:,,6,F0K>,4:K4/ (2·R�)
:3F/F1.Z/,V +7 b/00F/1J4 5.1- Y3/1 -/, +,,/,5.-/104:,-

R�
-./0/1 D9:,,6,F0:3L:EE F/7/00/,V
W/1 4`9.0;</ N/14 LY1 -/, +,,/,5.-/104:,- -/1 =/15/,-/4/, <>;<:6H�0/,-/,D9:,,6,F07/00F/1J4/ E./F4 3/.

R� > 10 8Ω
] 5:0 7/<1/1/ 81�\/,>1-,6,F/, Y3/1

-/7 N.-/104:,- -/1 b/00-1J<4/ 6,- -/1 ,>17:EE/.4/,-/, &��?M�1>3/ E./F4V W:</1
K:,, -/1 N.-/104:,-

R�� = R�G ,:;< 8E/.;<6,F ?V� 3/1/;<,/4 5/1-/,V

l

Ui

I = konstant
0

I = konstant
0

U

Ri

i

R

U
SL

SL
R

SL'
R

SL'' R
K

R
K

R
K

R
K

RCuRCu

RCu RCu

233.E-6,F ?V�� A>,�F61:4.>, 6,- C10:4B0;<:E43.E- -/1 _./1M�6,K4Mb/4<>-/V
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C., Cm9/1.7/,4 K:,, ,.;<4 /1L>EF1/.;< 0/.,] 5/,, -./ =/15/,-/4/, �8DIM�1>3/,,.;<4 0>1FLJE4.F04 </1F/04/EE4 6,- :,0;<E./\/,- ;<:1:K4/1.0./14 5/1-/,V �./13/. .04 7:,
:E0 Cm9/1.7/,4:4>1 :6L -./ 460:77/,:13/.4 B:<E1/.;</1 A>EE/F/, :,F/5./0/,V

+7 �>EF/,-/, 5.1- B6,J;<04 :6L -./ �/104/EE6,F -/1 ., -./0/1 213/.4 =/15/,-/4/,
C.,K1.04:EE/ /.,F/F:,F/, 6,- -./ _/1L:<1/, B61 �1>3/,;<:1:K4/1.0./16,F 0>5./ -/1/,C1F/3,.00/ =>1F/04/EE4V 2,0;<E./\/,- 5/1-/, -./ B61 W61;<LY<16,F -/1 Cm9/1.7/,4/
3/,�4.F4/, �1J9:1:4.>,00;<1.44/ :, -/, �1>3/, /1EJ64/14V

�
	 ��
�	������
W./ ., -./0/1 213/.4 =/15/,-/4/, U-��?M�1>3/, 561-/, =>, 8<VN>EL �+���


 B61
_/1LYF6,F F/04/EE4V W./ =/15/,-/4/, R��?M�1>3/, 04:77/, :60 -/1 81699/ 67 DV
8:n.7: �+D8CO�Q VW./ U-��? A1.04:EE/ 561-/, ,:;< -/7 �E6007.44/E=/1L:<1/, </1F/04/EE4 �N>E5,�VW:3/. 5/1-/, -./ 260F:,F004>Z/ U-QPT] S:OPT 6,- O6P ., /.,/7 R441.67M04:3.E.0./14/, 41PQM8./F/E �R4P� 6,4/1 1/-6B./14/7 D:6/104>Z9:14.:E-16;K 3/.
�@?@

◦
O K:EB.,./14 6,- :6LF/0;<7>EB/,V 2,0;<E./\/,- �,-/4 -:0 A1.04:EE5:;<0467

3/.7 E:,F0:7/, 23KY<E/, -/1 D;<7/EB/ :6L 52@
◦
O 04:44V W./ 1/04E.;</ �EY00.FK/.4

5.1- -/K:,4./14] 6,- -./ A1.04:EE/ 5/1-/, :6L �:674/79/1:461 :3F/KY<E4V �:EE0 -./
�/104/EE6,F ,.;<4 6,4/1 /.,/7 1/-6B./14/, D:6/104>Z9:14.:E-16;K /1L>EF4] K:,, /0 5/MF/, -/1 81�\/ -/0 U-T�M+>,0 -:B6 K>77/,] -:00 /.,.F/ S:1.679EJ4B/ ., -/1 D416K461
-61;< U/>-`7.>,/, 3/0/4B4 5/1-/,V W./0/ U-�S:M�/<E3/0/4B6,F <:4 /.,/, F1>\/,C.,H600 :6L -./ �3/1F:,F04/79/1:461] -: -:0 S:T�M+>, -./ I>;<K>,B/,41:4.>, ., -/1
C.,</.40B/EE/ =/11.,F/14 �A1:5�] D.,5�] �.05,�V S/. -/1 ., -./0/1 213/.4 =/15/,-/4/,
�/104/EE6,F07/4<>-/ K>,,4/ -./ U-�S:M�/<E3/0/4B6,F :EE/1-.,F0 =/17./-/, 5/1-/,V

C., 5/.4/1/0 �1>3E/7 3/. -/1 �/104/EE6,F -/1 A1.04:EE/ /,404/<4 -61;< -:0 _/1M5/,-/, =>, R4PM8./F/EV W./0/ 8./F/E K>11>-./1/, 6,- R441.67 -.Z6,-./14 ., -./
D;<7/EB/V W:-61;< K>774 /0 B6 /.,/1 F/1.,F/, C10/4B6,F -/1 U-T�M+>,/, -61;<
RT�M+>,/,V S/00/1 5J1/ -./ _/15/,-6,F =>, S:41PTM8./F/E] 5/E;</ ,.;<4 K>11>-./M1/,V 2EE/1-.,F0 0.,- -./0/ 8./F/E ,.;<4 0/<1 -.;<4 F/0.,4/14] 5:0 B61 �>EF/ <:4] -:00
0;<>, ,:;< K61B/1 4/.4 -./ D;<7/EB/ -61;< -./ 8./F/E5:,- 0.;K/14V W:7.4 .04 -./
A1.04:EE5:;<04670B/.4 3/F1/,B4] 6,- /0 K�,,/, ,61 0/<1 KE/.,/ A1.04:EE/

(< 1
773)</1F/04/EE4 5/1-/,] 5/E;</ LY1 -./ b/006,F -/0 /E/K41.0;</, N.-/104:,-/0 6,F//.F,/4

0.,-V C.,/ 0`04/7:4.0;</ [,4/106;<6,F -/1 U-�RMC10/4B6,F �,-/4 0.;< ., -/1 213/.4
=>, AVM�V N/.00 �N/.55�V
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C., :,-/1/0 _/1L:<1/, K:7 3/. -/1 �/104/EE6,F -/1 R��?M�1>3/, B61 2,5/,-6,FV
S/. -/7 7>-.�B./14/, OB>;<1:E0K.M_/1L:<1/,] -/7 �!>E64/ �.;< �.o6.-M�1`04:E
.6EE.,F� �D�IMO��] 5/1-/, 5./-/167 -./ 260F:,F004>Z/ RQPT] S:OPT 6,- O6P .,
/.,/7 RQPTM8./F/E 3/. �@?@

◦
O F/0;<7>EB/, �R:75?] R:>53�V 2,0;<E./\/,- 5.1- /.,

1>4./1/,-/1 D::4K1.04:EE �R��? >-/1 bFP� ., -./ D;<7/EB/ F/4:6;<4 6,- 7.4 K>,04:,M4/1 8/0;<5.,-.FK/.4 </1:60F/B>F/,V 26L -./0/ N/.0/ 5:;<0/, K>,.0;</ C.,K1.04:EE/
7.4 F1>\/, 237/006,F/, :6;< ., �.;<46,F -/1 ;M2;<0/V

�
� ���
��	�
����
���
[7 -./ 8Y4/ -/1 =/15/,-/4/, A1.04:EE/ B6 3/04.77/,] 561-/, =/10;<./-/,/ 2,:E`M0/=/1L:<1/, =/15/,-/4V _>, SV P304 �+8��

T 561-/, 7.44/E0 <>;<:6H�0/,-/1 CW�
�C,/1F./-.09/10.=/ ��,4F/,:,:E`0/� o6:,4.4:4.=/ 2600:F/, Y3/1 D4�;<.>7/41./]
_/16,1/.,.F6,F/, >-/1 U-�S:M 3B5V U-�RMC10/4B6,F/, F/7:;<4 �P3055�V �./1,:;<
B/.;<,/4/, 0.;< -./ �1>3/, -61;< /.,/ <></ �/.,</.4 :60V I/-.FE.;< 3/. -/, .,
R4PM8./F/E, F/B>F/,/, U-��?MA1.04:EE/, 561-/ /.,/ ,�M.F/ C10/4B6,F =>, U-M-61;< RM+>,/, L/04F/04/EE4V +7 _/1FE/.;< =>, R��?M 7.4 U-��?M�1>3/, ><,/ U-�RMC10/4B6,F .04 -/1 CZ/K4 :6L -./ 4</17>-`,:7.0;</, C.F/,0;<:L4/, 7.,.7:E 6,-
5.1- .7 5/.4/1/, _/1E:6L -/1 213/.4 ,.;<4 5/.4/1 /15J<,4VU/641>,/,3/6F6,F0/m9/1.7/,4/] -61;<F/LY<14 =>, �V D;<5/.00 �+��� :7
_./1K1/.0MW.Z1:K4>7/4/1 2O� -/0 P���CCM�/:K4>10� ] /1F:3/, 8.44/19:1:7/M4/1 6,- 24>79>0.4.>,/, �D;<55�] 5./ 0./ B67 S/.09./E LY1 S_DM�/;<,6,F/, �=FEV230;<,.44 �V?� 3/,�4.F4 5/1-/,V W/05/.4/1/, K>,,4/ -/1 D:6/104>ZF/<:E4 % -/1
�1>3/, 0/<1 F/,:6 3/04.774 5/1-/,V

W./ 460:77/,0/4B6,F -/1 =/15/,-/4/, �1>3/, .04 ., 8:3/EE/ �V� B60:77/,F/M04/EE4V
2, :EE/, �1>3/,] 5/E;</ LY1 -./ <./1 -61;<F/LY<14/, b/006,F/, ., �1:F/ K:7/,]

561-/ B6,J;<04 7.44/E0 :;MD60B/94.3.E.4J4 -./ �3/1F:,F04/79:1:461 B61 D691:E/.46,F
TG ., 23<J,F.FK/.4 -/0 D:6/14>ZF/<:E4/0 % /17.44/E4 6,- 7.4 =>1:,F/F:,F/, [,4/1M06;<6,F/, =/1FE.;</, �N/.55] D;<@?�V 260 -/1 S1/.4/ -/0 �3/1F:,F0 K>,,4/, �Y;KM0;<EY00/ :6L -./ �1>3/,<>7>F/,.4J4 F/B>F/, 5/1-/,V
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 �
��	������
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N./ 0;<>, ., A:9.4/E ? /15J<,4] .04 /0 LY1 -./ C,4B5.EE.,F6,F �=FEV 230;<,.44 �V�� -/1�1>3/, ,>45/,-.F] -./ �1>3/ ., -./ F/5Y,0;<4/ �6:-/1L>17 B6 31.,F/,V W:7.4 .04
LY1 -./ b/006,F -/0 09/B.�0;</, N.-/104:,-/0 -/1 8/>7/41./L:K4>1 L/04F/E/F4V W./
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�/1K6,L4 460:77/,0/4B6,F C,4B5.EE.,F4 S/B/.;<,6,F

8<V N>EL �+��� U-���TR����S:QO6TP
x

n: U-��?/
U-���TR����S:QO6TP

x

0V>V ,/., U-��?
DV 8:n.7: �+D8CO� R
S:QO6TP

x

n: R��?/

8:3/EE/ �V�� �/1K6,L4 6,- 460:77/,0/4B6,F -/1 �1>3/,

�1>3/, 561-/, -:B6 =>1 :EE/, 5/.4/1/, S/<:,-E6,F0;<1.44/, /,4E:,F -/1 -1/. =/1M0;<./-/,/, A1.04:EE1.;<46,F/, F/0;<E.Z/,V N/F/, -/1 /m41/7 091�-/, S/0;<:Z/,</.4
-/1 �1>3/,>3/1HJ;</ 7600 -./0/ �1>B/-61 0/<1 0>1FLJE4.F :60F/LY<14 5/1-/,V

46,J;<04 561-/, -./ �1>3/, 7.4 4</17>9E:04.0;</7 N:;<0� :6L /.,/, �1>3/,M<:E4/1	 B67 7:,6/EE/, D;<E/.L/, F/KE/34V 2EE/ S/:13/.46,F00;<1.44/ 561-/, 41>;K/,:60F/LY<14] 67 /.,/ ;</7.0;</ _/16,1/.,.F6,F -/1 �1>3/,>3/1HJ;</ B6 =/17/.-/,
�4:,$$] 4<:5�] 4<>5�] 4<>52�V +, /.,/7 /104/, D;<1.44 561-/ -./ P3/1HJ;</ 7.4 /.M,/7 D.OMD;<E/.L9:9./1 -/1 A�1,6,F � ��@@ 9E:,9:1:EE/E B6F/0;<E.Z/,V W:1:, 0;<E>000.;< -:0 �>E./1/, -/1 A1.04:EE>3/1HJ;</ 7.4 /.,/1 W.:7:,4L>E./ -/1 A�1,6,F ?

µ
7

6,- �
µ
7 :,V 2,0;<E./\/,- 561-/, -./ A1.04:EE/ 7.4 2;/4>, 6,- C4<:,>E] -./ K/.,/0;<J-.F/,-/ 2605.1K6,F :6L -./ �1>3/ <:3/, �S:1$,�] =>, -/7 �1>3/,<:E4/1 F/E�046,- :EE/ D961/, -/0 N:;<0/0 /,4L/1,4V W./ :6L -./0/ 214 3/<:,-/E4/, P3/1HJ;</,

/.F,/, 0.;< </1=>11:F/,- LY1 [,4/106;<6,F/, .7 I.;<47.K1>0K>9 >-/1 7.44/E0 CW�V

�
� ��	�f��������� ��� R
��
����

x�����
��	�����
[7 ,6, -/, /E/K41.0;</, O6PQMC3/,/,5.-/104:,- 3/04.77/, B6 K�,,/,] 7Y00/,
-./ D:6/104>ZK/44/, .7 F/0:74/, A1.04:EE /,4E:,F /.,/1 A1.04:EEK:,4/ :60F/1.;<4/4
0/.,V S/5/1K04/EE.F/, EJ004 0.;< -./0] .,-/7 -./ �1>3/ :6L /.,/ 8/79/1:461 =>, /45:
�@@

◦
O F/31:;<4 5.1-V �./1 0.,- -./ D:6/104>�>,/, .,,/1<:E3 -/1 O6PMS:0.0/3/,/3/5/FE.;< 6,- K�,,/, E/.;<4 67F/>1-,/4 5/1-/,V W61;< -:0 2,E/F/, /.,/0 J6\/1/,

6,.:m.:E/, W16;K/0 =>, /45: �@ b�: 5.1- -/, D:6/104>�>,/, /.,/ _>1B6F01.;<46,FB61 2,>1-,6,F =>1F/F/3/,V W: -/1 3M2;<0/,9:1:7/4/1 /,4E:,F -/1 A/44/ /45:0 F1�M\/1 .04 :E0 -/1 :M2;<0/,9:1:7/4/1] .04 /0 LY1 -/, A1.04:EE /,/1F/4.0;< FY,04.F/1] :EE/
D:6/104>ZK/44/, 0/,K1/;<4 B6 -/1 W16;K1.;<46,F :,B6>1-,/, 6,- -/1 A1.04:EE .04
/,4B5.EE.,F4V

+, 233.E-6,F �V� .04 -./0/0 _/1L:<1/, 0;</7:4.0;< -:1F/04/EE4V +7 E.,K/, 8/.E .04
-./ =/1/.,L:;<4/ W:104/EE6,F /.,/0 A1.04:EE0 =>1 -/1 C,4B5.EE.,F6,FV +, 9>E:1.0./14/7I.;<4 K�,,/, -./ /.,B/E,/, W>7J,/, 0.;<43:1 F/7:;<4 5/1-/,V 8</>1/4.0;< F.34 -:0
_/1<JE4,.0 -/1 �/EEM B6 W6,K/EM�EJ;</ 26L0;<E600 Y3/1 -/, _/1B5.EE.,F6,F0F1:-V D>
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Uniaxialer Druck

Verzwillingt Entzwillingt

b

a

233.E-6,F �V�� _/1/.,L:;<4/ W:104/EE6,F -/0 �1.,B.90 -/1 C,4B5.EE.,F6,F =>, &��?MC.,K1.04:EE/,V +7 E.,K/, S.E- /., A1.04:EE 7.4 W>7J,/, 7.4 -/, B5/. 7�FE.;</, 260M1.;<46,F -/1 D:6/104>ZK/44/, 3/. 5/;<0/E,-/1 3M2;<0/V W61;< 6,.:m.:E/, W16;K] 3/.
F/,YF/,- F1>\/1 8/79/1:461] 5/1-/, 0.;< -./ D:6/104>ZK/44/, 0/,K1/;<4 B61 W16;KM1.;<46,F :,>1-,/,V

0>EE4/ 3/. /.,/1 =>EE04J,-.F =/1B5.EE.,F4/, �1>3/ -:0 _/1<JE4,.0 3/. ��� E./F/,V N/,,
-./ �1>3/ =>EE04J,-.F /,4B5.EE.,F4 .04] K:,, ,61 ,>;< /.,/ �/EEM 3B5V W6,K/EM�EJ;<//.,/ /.,B.F/, W>7J,/ ., -/7 F/0:74/, A1.04:EE :60F/7:;<4 5/1-/,V 2E0 S/.09./E /.M,/1 1/:E/, �1>3/ .04 /.,/ 2600;<,.440=/1F�\/16,F -/1 P3/1HJ;</ /.,/1 =/1B5.EE.,F4/,
�1>3/ ., 9>E:1.0./14/7 I.;<4 ., 233.E-6,F �V� -:1F/04/EE4V �./1 .04 -./ LY1 =/1B5.EME.,F4/ �1>3/, 4`9.0;</ W>7J,/,0416K461 -/64E.;< 0.;<43:1V

�Y1 -./ C,4B5.EE.,F6,F =>, ���?MA1.04:EE/, 561-/, B5/. 299:1:461/, :6LF/M3:64V 46,J;<04 561-/ 7.4 �V I/.31>;K �+8��] :,:E>F B6 /.,/1 3/1/.40 3/04/</,-/,
2,E:F/ =>, bV AEJ0/1�] /.,/ /.,L:;</ 299:1:461 :6LF/3:64] 7.4 -/1 C,4B5.EE.,F6,MF/, 3/. 8/79/1:461/, 3.0 B6 �@@

◦
O -61;<F/LY<14 5/1-/, K�,,/, �=FEV 233.E-6,F�V?�V W/1 _>14/.E -./0/1 2,>1-,6,F .04] -:00 -/1 C,4B5.EE.,F6,F0=>1F:,F 6,4/1 /.M,/7 b.K1>0K>9 ., 9>E:1.0./14/7 I.;<4 3/>3:;<4/4 5/1-/, K:,, 6,- 0>7.4 E/.;<4 B6

K>,41>EE./1/, .04V W:B6 5.1- -./ o6:-/1L�17.F B6F/0;<E.Z/,/ �1>3/ B5.0;</, B5/.
9E:,9:1:EE/E F/0;<E.Z/,/ �6:1B9E:44/, F/E/F4V W./0/ 5/1-/, 7.44/E0 /.,/1 W16;KL/-/1
Y3/1 -./ W16;K04:,F/ 6,- -./ �6:1BFE:004:,F/ B60:77/,F/91/004V W:7.4 5.1- /.,
6,.:m.:E/1 W16;K :6L -./ �1>3/ :60F/Y34] -/1 Y3/1 -./ 2,B./<0;<1:63/ 6,- -./ :60MF/5J<E4/ �/-/1K1:L4 =>, @ 3.0 ��, U/54>, n604./14 5/1-/, K:,,V b.4 -./0/1 2,E:F/
K>,,4/ n/->;< K/.,/ B6L1./-/,04/EE/,-/ C,4B5.EE.,F6,F -/1 �1>3/, /11/.;<4 5/1-/,V
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a

b

233.E-6,F �V�� 26L -/1 E.,K/, D/.4/ /., S/.09./E LY1 /.,/, A1.04:EE] -/1 LY1 /.,/ C,4MB5.EE.,F6,F =>13/1/.4/4 561-/ (3.02 · 1.3
772)

V �/;<40 /.,/ 2600;<,.440=/1F1�\/16,F
�;:V 2@@L:;<� 6,4/1 9>E:1.0./14/7 I.;<4] ., -/7 -./ 45.EE.,F0->7J,/, /1K/,,3:1 0.,-
�=FEV 233.E-6,F �V�� V

467 /.,/, .04 -./ /11/.;<3:1/ 8/79/1:461 B6 F/1.,F] 6,- B67 :,-/1/, K:,, -./ -/,
A1.04:EE 67F/3/,-/ 247>09<J1/ 0;<E/;<4 K>,41>EE./14 5/1-/,V

S/00/1/ C1F/3,.00/ 561-/, 7.4 /.,/7 :,-/1/, A>,B/94 /1B./E4V W./ C,4B5.EE.,MF6,F0:,E:F/ 3/04/<4 :60 /.,/7 F/0;<E>00/,/, D`04/7] 0> -:00 -./ 247>09<J1/ 67 -./
�1>3/ -/�,./14 /.,F/04/EE4 5/1-/, K:,,V W/05/.4/1/, 561-/ :6L /.,/ /.F/,/ �/.B6,F
., -/1 299:1:461 =/1B.;<4/4] 6,- 04:44-/00/, /., 0/9:1:4/1 �><1>L/, =/15/,-/4] .,
-/, -/1 8/.E -/1 299:1:461 7.4 -/1 B6 /,4B5.EE.,F/,-/, �1>3/ /.,F/31:;<4 5.1-V W/1
_>14/.E E./F4 -:3/. ., /.,/1 FE/.;<7J\.F/1/, 8/79/1:461=/14/.E6,F 6,- /.,/1 <�</1/,
/11/.;<3:1/, 8/79/1:461 �$@@◦O�V 460J4BE.;< K�,,/, -./ �1>3/, -.1/K4 :,0;<E./\/,-
:6L /.,/, F/5Y,0;<4/, D:6/104>ZF/<:E4 % 3/E:-/, 5/1-/,V

N./ ., 233.E-6,F �V� B6 0/</,] <:4 0.;< -:0 �1.,B.9 -/1 C,4B5.EE.,F6,F .7 _/1MFE/.;< B61 =>1</1.F/, 299:1:461 5/,.F F/J,-/14V 26\/1<:E3 -/0 �><1>L/,0 3/�,-/40.;< -./ �/-/1=>11.;<46,F B61 C1B/6F6,F /.,/0 6,.:m.:E/, W16;K/0] -/1 5./-/167
Y3/1 -./ W16;K04:,F/ 6,- /.,/ �6:1BFE:004:,F/ :6L -./ �1>3/] -./ 0.;< .7 �><1>L/,3/�,-/4] Y3/141:F/, 5.1-V W: <./1 7.4 0/<1 <></, 8/79/1:461/, F/:13/.4/4 5.1-]
7Y00/, :EE/ S:64/.E/ ., -/1 [7F/36,F -/1 �1>3/ :60 �6:1BFE:0 F/L/14.F4 0/.,] 67
7�FE.;</ _/16,1/.,.F6,F/, B6 =/17/.-/,V

8`9.0;</ N/14/ LY1 -/, C,4B5.EE.,F6,F0F1:- =>, R��? E:00/, 0.;< -/1 I.4/1:461
/,4,/<7/, �8.:$5] A:.$5] D;<$5] N/E$5] I.65@] 4.35@] S1>5�] b/.5�] �`K5?] _>15?]�`K53�V +7 8/F/,0:4B B6 R��? /m.04./1/, B6 U-��? K:67 �/06E4:4/ Y3/1 /.,/ /1L>EFM1/.;</ C,4B5.EE.,F6,F ��1:-5$�V U:;< /.,.F/, _/106;</, K>,,4/ n/->;< /.,/ �1>B/-61B61 C,4B5.EE.,F6,F =>, U-��?MA1.04:EE/, F/L6,-/, 5/1-/,V 46,J;<04 5.1- /., 6,M.:m.:E/1 W16;K =>, �@ b�: :6L -/, A1.04:EE :60F/Y34] /.,/ 8/79/1:461 =>, 3@@

◦
O

/.,F/04/EE4 6,- :E0 247>09<J1/ 1/.,/0 21F>,F:0 F/5J<E4V W:-61;< 5.1- -/1 D:6/1M04>ZF/<:E4 -/1 �1>3/ :6L %
≈ 6.0

1/-6B./14 6,- -/1 A1.04:EE ., -./ 4/41:F>,:E/ �<:0/
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Anziehschraube

DruckfederHeizung

Probe

Quarzglasstange

Haltefeder

Quarzplatten

Druckstange

233.E-6,F �V?� C,4B5.EE.,F6,F0:,E:F/ LY1 8/79/1:461/, 3.0 �@@
◦
OV

Y3/1LY<14V U:;< /.,/7 8:F N:14/B/.4 5.1- =>7 21F>,F:0 :6L -:0 S/E:-6,F0F:0 F/M5/;<0/E4 6,- -./ 8/79/1:461 ,:;< /.,/7 5/.4/1/, 8:F :6L -/, LY1 -./ F/5Y,0;<4/
S/E:-6,F /,4091/;</,-/, N/14 F/1/F/E4V

C.,/ A>,41>EE/ -/1 C,4B5.EE.,F6,F 3./4/4 -./ [,4/106;<6,F -/1 �1>3/, 7.44/E0
U/641>,/,3/6F6,FV W./0/ 561-/, B60:77/, 7.4 �V D;<5/.00 �+��� :7 _./1K1/.0MW.Z1:K4>7/4/1 2O� -/0 P���CCM�/:K4>10 -61;<F/LY<14V

260F/,64B4 5.1- -:3/. /.,/ _/1K.996,F -/1 A1.04:EE0416K461] 5/E;</ B5.0;</,
-/, W>7J,/, =/10;<./-/,/1 D:6/104>ZK/44/,:601.;<46,F =>1E./F4 �=FEV 233.E-6,F�V2�V W: -./ :M 3B5V 3M2;<0/,9:1:7/4/1 ., -/1 >14<>1<>73.0;</, �<:0/ 6,4/10;<./-ME.;< F1>\ 0.,-] 7Y00/, -./ W>7J,/, ., -/1 :3MC3/,/ 67 /.,/, KE/.,/, N.,K/E F/MF/,/.,:,-/1 F/-1/<4 0/.,V S/. -/1 S/6F6,F 4</17.0;</1 U/641>,/, :, 0>E;< /.,/1
=/1B5.EE.,F4/, A1.04:EE0416K461 K>774 /0] -61;< FE/.;<B/.4.F/ S/.41JF/ -/1 :M 6,-
3M2;<0/,9:1:7/4/1] B6 /.,/1 B5/.L:;</, 26L09:E46,F -/0 +,4/,0.4J407:m.7670 .,
�.;<46,F -/0 1/B.91>K/, 8.44/1=/K4>10 ��@@� >-/1 �@�@� 6,- B6 /.,/1 -1/.L:;</, 26LM09:E46,F ., �.;<46,F ���@�V W:3/. /,4091.;<4 -/1 N.,K/E:304:,-

∆ω
-/1 3/.-/,

b:m.7: ., �.;<46,F ��@@� >-/1 �@�@� F/1:-/ -/7 _/1K.996,F05.,K/E B5.0;</, -/,
3/.-/, W>7J,/,V W61;< -./ +,4/,0.4J40=/14/.E6,F :6L -./ S/6F6,F01/H/m/] K:,, -/1

AnziehschraubeDruckstange

DruckfederQuarzglasstangeFührungsrohr

OfenrohrProbe

Haltestift

233.E-6,F �V�� 2,E:F/ B61 C,4B5.EE.,F6,F 6,- :,0;<E./\/,-/, D:6/104>Z3/E:-6,F=>, C.,K1.04:EE/, 3.0 B6 8/79/1:461/, =>, 3@@
◦
OV
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_>E67/,:,4/.E -/1 3/.-/, W>7J,/, 3/04.774 5/1-/,V N/,, ,6, /., A1.04:EE =>EEM04J,-.F >14<>1<>73.0;< /,4B5.EE.,F4 .04] F.34 /0 ,61 ,>;< -/, S/.41:F /.,/0 2;<0/,9:M1:7/4/10 :, -/1 /,4091/;</,-/, �>0.4.>,] 6,- -./ 26L09:E46,F/, 0.,- =/10;<56,-/,V

a

a

b

b

Dw

200

0
2
0

220

233.E-6,F �V2� +7 E.,K/, S.E- .04 /.,/ 0;</7:4.0;</ W:104/EE6,F -/1 _/1K.996,F B5/.M/1 W>7J,/, 6,4/10;<./-E.;</1 D:6/104>ZK/44/,:601.;<46,F F/F/3/,V C., �/;<4/;K
/,4091.;<4 /.,/1 O6PMC3/,/V b:, 3/:;<4/ -/, N/;<0/E -/1 :M 3B5V 3M2;<0/,1.;<46,FVW./ F/041.;</E4/ I.,./ 7:1K./14 -./ W>7J,/,F1/,B/V +,L>EF/ -/1 E/.;<4/, _/1K.996,F41.44 /.,/ B5/.L:;</ 26L09:E46,F -/1 +,4/,0.4J407:m.7: ., �.;<46,F ��@@� 6,- �@�@�:6L �>Z/,/ A1/.0/ /,4091/;</, -/7 :M2;<0/,3/.41:F 6,- -./ F/0;<E>00/,/, A1/.0/
-/7 3M2;<0/,3/.41:F�V +, �.;<46,F ���@� /1L>EF4 /.,/ -1/.L:;</ 26L09:E46,F] 5/E;</-61;< -./ b.0;<6,F =>, :M 6,- 3M 2;<0/,3/.41JF/, /,404/<4V W./ N.,K/E 0.,- B61
3/00/1/, W:104/EE6,F Y3/141./3/, -:1F/04/EE4V

�
� ��
�	������ ����	
�����
 ���	��	�
W./ �/104/EE6,F F64/1 6,- 1>3604/1 A>,4:K4/ 0.,- LY1 b/006,F/, -/0 /E/K41.0;</,
N.-/104:,-/0 =>, �8DIMC.,K1.04:EE/, 6,=/1B.;<43:1V C10;<5/1/,- .04 -:3/. -./ 8:4M0:;</] -:00 -./ P3/1HJ;</ -/1 &��?MA1.04:EE/ 0/<1 .,04:3.E .04V S/. 6,0:;<F/7J\/1
S/<:,-E6,F ., I6L4 B/10/4B4 0.;< :6LF16,- -/1 I6L4L/6;<4.FK/.4 -./ P3/1HJ;</V W./0/0
�1>3E/7 561-/ 0;<>, L1Y< /1K:,,4] 6,- ., B:<E1/.;</, 213/.4/, 5/1-/, -./ �/:KM4.>,00;<1.44/ -/1 4/10/4B6,F :, I6L4 >-/1 ., A>,4:K4 7.4 �/6;<4.FK/.4 3/<:,-/E4
�R:,$,] 4:,$$] 4<:5�] 4<>5�] 4<>52] 4<>5,] �/,55�V

W: -./ /E/K41.0;</, A>,4:K4/ 8/79/1:461/, =>, �@ A 3.0 B6 5@@ A :60F/0/4B4
5/1-/, 6,- B60J4BE.;< /.,/7 <`-1>04:4.0;</, W16;K =>, 3.0 B6 � 8�: 04:,-<:EM4/, 7Y00/,] 5/1-/, <></ 2,L>1-/16,F/, :, -./ �/104/EE6,F0=/1L:<1/, F/04/EE4V 467
/.,/, -:1L K/.,/ _/16,1/.,.F6,F >-/1 D;<J-.F6,F -/1 =/15/,-/4/, &��?MA1.04:EE/-61;< -./ =/15/,-/4/, b:4/1.:E./, :6L41/4/,] -V<V /.,/ <></ �/.,</.4 -/1 A>,4:K4/.04 ,>45/,-.FV W/05/.4/1/, 7600 -/1 A>,4:K45.-/104:,- F/,YF/,- KE/., 0/.,

(< 1 Ω)
]

6,- -:1L ,.;<4 ,:;< 5./-/1<>E4/1 D:6/104>Z3/E:-6,F 3/. <></, 8/79/1:461/, -/F/M
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,/1./1/,V 26\/1-/7 7600 -./ �:L46,F -/1 A>,4:K4-1J<4/ :601/.;</,- F1>\ 0/.,] 67
7/;<:,.0;</, S/:,0916;<6,F/, 3/. -/1 W61;<LY<16,F -/1 Cm9/1.7/,4/ 04:,-B6<:EM4/,V [7 -./0/, 2,L>1-/16,F/, F/1/;<4 B6 5/1-/,] 561-/, -:</1 .7 �:<7/, -./0/1
213/.4 /,4091/;</,-/ _/1L:<1/, F/06;<4 6,- /,45.;K/E4V

-
6

 ($j&k�$�$"#�$)�
W./ 7/.04/, -/1 ., -/1 I.4/1:461 :,F/F/3/,/, b:4/1.:E./, 5./ 2E] +,] 8.] O6] D,] �3]
�-] U3] O>] �/ 6,- 8:] 0;</.-/, 5/F/, .<1/1 �/:K4.>,0L1/6-.FK/.4 :60V D./ 3.E-/,
:, -/1 81/,BHJ;</ B67 A1.04:EE <:E3E/.4/,-/ Pm.-0;<.;<4/, 7.4 /,4091/;</,- <></7A>,4:K45.-/104:,-V C0 K>77/, 0>7.4 ,61 .,/14/ b:4/1.:E./, 5./ 8>E- >-/1 D.E3/1
., �1:F/ �8:K$,] CK.$$:] CK.$$3] CK.$$;] �.E$$] b/`$$:] b/`$$3] N./$$] A695@]
b:5�] S:65�] 8065?�V

D.E3/1 <:4 -/, _>14/.E F/F/,Y3/1 8>E-] -:00 -./ 2-<J0.>, 67 /.,.F/0 F1�\/1 .04 6,-
:6L -./ �1>3/,>3/1HJ;</ :6LF/31:;<4/ D.E3/10;<.;<4/, K/.,/1 B60J4BE.;</, S/<:,-ME6,F091>B/-61 3/-Y1L/, �CK.$$:] CK.$$3] CK.$$;] 8065?�V 2EE/1-.,F0 -.Z6,-./14 D.E3/10/<1 E/.;<4 ., -./ �1>3/ 6,- 3//.,41J;<4.F4 ., F1>\/7 2607:\ -./ 0691:E/.4/,-/, C.MF/,0;<:L4/,V W/05/.4/1/, 3.E-/, 0.;< Pm.-/ -/1 �>17 2FP 6,- 2FQPV S/00/1 .04 -./
_/15/,-6,F =>, 8>E-] -: <./1 -./ 0691:E/.4/,-/, C.F/,0;<:L4/, 0> F64 5./ ,.;<4
3//.,H6004 5/1-/, �b/`$$3] b/`$5] S/E5�] O6;5�] A>E5�] OE:5?] b:K5�] D4:5��V
W./0 E./F4 6,4/1 :,-/1/7 -:1:,] -:00 8>E- ,61 -/, O6MA/44/,9E:4B 3/0/4B/, K:,,
6,- -./ D416K461 -/1 &��?MA1.04:EE/ ., K/.,/1 N/.0/ 0;<J-.F4V 460J4BE.;< 5.1- -:0
/.,B.F/ 8>E->m.- 26QPT 0;<>, 3/. 0/<1 ,./-1.F/, 8/79/1:461/, �;:V �3@◦O� B/10/4B4�O./5@] �/,5@] S:65�] 8:E5?] 8>752�V 2EE/1-.,F0 5/1-/, Y3E.;</15/.0/ B6=>1 0>F/M,:,,4/ �:L4=/17.44E/1 5./ 8.4:, >-/1 A>3:E4 :6LF/31:;<4] 67 -./ �:L46,F -/1 8>E-M0;<.;<4 :6L -/1 P3/1HJ;</ B6 F/5J<1E/.04/,V W./0/ �:L4=/17.44E/1 0.,- :3/1 J6\/104
0;<J-E.;< LY1 -./ A1.04:EE>3/1HJ;</ �b/`$$3� 6,- 7Y00/, =/17./-/, 5/1-/,V

-
6
� h"(ik�')&' �*' ;*'j$<j#l)�l)j&'
2E0 A>,4:K4F/>7/41./ 561-/] 5./ ., A:9.4/E ? /1EJ64/14] -./ /15/.4/14/ _./1MA>,4:K4Mb/4<>-/ F/5J<E4V [7 ., -/1 D;<.;<40416K461 -/1 O6PQMC3/,/, /.,/, <>7>F/,/,D41>7H600 0.;</1B604/EE/,] 561-/, :6;< -./ D4.1,0/.4/, -/1 �1>3/ 7.4 8>E- 3/-/;K4V

467 26L31.,F/, -/1 A>,4:K40;<.;<4/, 561-/ -:0 D9644/1M_/1L:<1/,� =/15/,-/4VW./0/0 _/1L:<1/, .04] .7 _/1FE/.;< B6 ;</7.0;</, 230;</.-/=/1L:<1/,] 0;<>,/,- LY1
-./ P3/1HJ;</ -/1 &��?MA1.04:EE/ �CK.$$:] CK.$$3] CK.$$;�V �./1B6 5.1- -./ �1>M3/ 7.4 /.,/1 b:0K/ 3/-/;K4 �233V �V3�] :6L /.,/7 �1>3/,4.0;< 9>0.4.>,./14 �233V�V,� 6,- -./ A>,4:K40;<.;<4/, :6LF/09644/14V W:3/. 5.1- ., /.,/1 /=:K6./14/, 21M3/.40K:77/1 Y3/1 /., 8:0MW>0./1=/,4.E /., 21F>,M�:14.:E-16;K =>, ;:V @V@2 73:1

������	#���
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Maske

Probe

a

b

c

Goldkontaktflächen

233.E-6,F �V3� �1.,B.9 -/0 b:0K/,=/1L:<1/,0 B67 26L31.,F/, -/�,./14/1 A>,4:K4M0;<.;<4/, :6L -/1 �1>3/,>3/1HJ;</V 26L -/1 E.,K/, D/.4/ .04 -./ �1>3/ 7.4 -/1 b:0K/
=>1 -/7 D9644/1, F/B/.F4] 1/;<40 -./ �1>3/ ,:;< -/7 D9644/1=>1F:,FV

/.,F/04/EE4 6,- B5.0;</, /.,/1 2,>-/ ��1>3/,4.0;<� 6,- /.,/1 A:4<>-/ �8:1F/4� 7.4M4/E0 �>;<09:,,6,F /.,/ 8E.77/,4E:-6,F F/BY,-/4V W./ -:3/. /,404/</,-/, 9>0.4.=F/E:-/,/, 21F>,M+>,/, 5/1-/, B61 A:4<>-/ <., 3/0;<E/6,.F4 6,- 0;<E:F/, 3/.7 26LM91:EE b/4:EE:4>7/ :60 -/7 8:1F/4V W./ b/4:EE:4>7/ -.Z6,-./1/, B67 �1>3/,4.0;<6,- E:F/1, 0.;< FE/.;<7J\.F :6L -/, L1/./, �EJ;</, -/0 &��?MA1.04:EE0 :3V W./ W.;K/-/1 0.;< 3.E-/,-/, b/4:EE0;<.;<4 5.1- Y3/1 -./ �:1:7/4/1 213/.40:304:,-] 8:0-16;K]
8E.77041>7 6,- �1>B/00-:6/1 /.,F/04/EE4V

[7 _/16,1/.,.F6,F/, :6L -/1 �1>3/,>3/1HJ;</ B6 /,4L/1,/,] 5/E;</ -./ �:LM46,F -/1 b/4:EE0;<.;<4 3//.,41J;<4.F/, K�,,/,] K:,, =>1 -/7 26L31.,F/, -/1 b/M4:EE0;<.;<4 -./ �>;<09:,,6,F 67F/K/<14 5/1-/,V W./ 21F>,M+>,/, 41/Z/, :6L -./
�1>3/,>3/1HJ;</ 6,- 41:F/, ->14 /.,/ -Y,,/ D;<.;<4 -/1 P3/1HJ;</ :3 �b/`$$3]A695@�V

+7 �:<7/, -./0/1 213/.4 561-/ /., _/1L:<1/, /,45.;K/E4] 67 A>,4:K40;<.;<4/,3.0 B6 /.,.F/, b.K1>7/4/1, W.;K/ 7.4 /.,/1 </1=>11:F/,-/, �:L46,F B6 /11/.;</,]
-./ :601/.;</,- LY1 -./ FJ,F.F04/, _/13.,-6,F04/;<,.K/, -/1 b.K1>/E/K41>,.K .04V

2EEF/7/., .04 ,:;< -/7 26L31.,F/, -/1 8>E-0;<.;<4 /.,/ 8/79/1:4613/<:,-E6,F
,>45/,-.F] 67 -/, A>,4:K45.-/104:,- B6 =/11.,F/1, �N./$$] A/15�] _/15�] �1/5�]W:E5,�V W./0 5.1- -:-61;< /11/.;<4] -:00 8>E- 3/. 8/79/1:461/, Y3/1 �@@

◦
O -61;< -./

A1.04:EE>3/1HJ;</ ., -./ �1>3/ -.Z6,-./14V D`04/7:4.0;< 561-/ -./0 ., /.,/1 213/.4
=>, _/1/4,.K �� ��� 6,4/106;<4 �_/15��V 460J4BE.;< B6 -/1 _/11.,F/16,F -/0 A>,4:K4M5.-/104:,-/0 5.1- :3/1 :6;< -./ �:L46,F -/1 8>E-0;<.;<4 :6L -/1 P3/1HJ;</ -/1
&��?MA1.04:EE/ =/13/00/14V

S.0 B6 /.,/1 D;<.;<4-.;K/ =>, �@@ ,7 K:,, -:0 8>E- ., /.,/7 D;<1.44 ., -/1 F/M5Y,0;<4/, W.;K/ :6LF/09644/14 5/1-/,V 2,0;<E./\/,- 5.1- -./ �1>3/ 7.4 -/, A>,M4:K40;<.;<4/, 3/. ;:V 2@@
◦
O Y3/1 /.,/, 4/.41:67 =>, �@ D46,-/, F/</.B4V [7 -/,

D:6/104>ZF/<:E4 % -/1 �1>3/ ,.;<4 B6 =/1J,-/1,] F/0;<./<4 -./0 ., /.,/7 PL/, 7.4
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Ar+Ar+

Au

+

-mA

Magnetsystem

Kathode
(z.B. Goldtarget)

Glaszylinder

Anode
(Probentisch)

V
ak

u
u

m
p

u
m

p
e

Polung für
Sputterbetrieb

Dosierventil

Argon

233.E-6,F �V,� W:104/EE6,F -/1 D9644/1:,E:F/ B67 26L31.,F/, -/1 8>E-K>,4:K4M0;<.;<4/,
/,4091/;</,-/7 D:6/104>Z9:14.:E-16;K 5./ ., 230;<,.44 �V3 3/0;<1./3/,V S/. D;<.;<4M-.;K/, >3/1<:E3 =>, �@@ ,7 5.1- B6,J;<04 /.,/ D;<.;<4 =>, /45: �2@ ,7 :6LF/0964M4/14 6,- 5./ =>1</1 3/0;<1./3/, 3/<:,-/E4V W./0 .04 ,>45/,-.F] -: >3/1<:E3 =>,
�@@ ,7 D;<.;<4-.;K/ -./ .,4/1,/, _/109:,,6,F/, -/1 8>E-0;<.;<4 -:B6 LY<1/,] -:00
-./0/ 04/EE/,5/.0/ :33EJ44/14V C104 :6L -/, 0> =>13/1/.4/4/, A>,4:K4HJ;</, K:,, ,6,
-./ 1/04E.;</ 8>E-0;<.;<4 3.0 B6 -/1 F/5Y,0;<4/, W.;K/ �<./1 7:mV � µ

7� :6LF/0964M4/14 5/1-/,V 230;<E./\/,- /1L>EF4 /.,/ /1,/64/ 8/79/1:4613/<:,-E6,F 6,4/1 FE/.;</,
S/-.,F6,F/, 5./ .7 /104/, D;<1.44V +, 233.E-6,F �V$ 0.,- B5/. S/.09./E/ LY1 :6LF/M09644/14 8>E-K>,4:K40;<.;<4/, F/F/3/,V

-
6
� �&ki�'+"') +&k &�&<jk�#l)&' !"�&�j"')&'
C.,/ Y3E.;</ b/4<>-/] -./ 0.;< ., -/1 I.4/1:461 3/. -/1 b/006,F -/0 /E/K41.0;</,
N.-/104:,-/0 :, �8DIMb:4/1.:E./, �,-/4] .04 -:0 AE/3/, -/1 W1J<4/ 7.44/E0 0>F/M,:,,4/1 C9>m.-/ >-/1 :6;< I/.49:04/, :6L 8>E-K>,4:K4HJ;</,V W./0/ C9>m.-/ 0.,-
>1F:,.0;</ �:04/, >-/1 �EY00.FK/.4/,] 5/E;</ 7.4 7/4:EE.0;</, �:14.K/E, :,F/1/.;</14
0.,- ���752�V 2,L:,F0 561-/ /., 8>E- C9>m.-MAE/3/1� =/15/,-/4] 67 :6;< <./1
�&����� # ����
 #�� ����� 	������	
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a

b

233.E-6,F �V$� 2,0.;<4 -/1 :3M�EJ;</ (1.6 · 1.1
772)

/.,/0 A1.04:EE0V I.,K0 :6LF/M09644/14/ A>,4:K40;<.;<4/, ><,/ 8/79/1:4613/<:,-E6,F ,:;< /.,/7 K61B/, [E41:M0;<:EE3:-V +7 1/;<4/, S.E- A>,4:K4HJ;</, �W.;K/ ;:V �
µ
7�] </1F/04/EE4 ,:;< -/7

>94.7./14/, _/1L:<1/,] /3/,L:EE0 ,:;< �/.,.F6,F .7 [E41:0;<:EE3:-V

,/3/, -/, >1F:,.0;</, S/04:,-4/.E/, 5/.4/1/ �1/7-7:4/1.:E./, B6 =/17/.-/,V N.1-
-/1 >1F:,.0;</ 8/.E =/1-6,04/4 >-/1 =/131:,,4] 3E/.3/, F1�\4/,4/.E0 ,61 ,>;< 7/4:EE.M0;</ �:14.K/E] 5/E;</ ., /,F/, /E/K41.0;</, A>,4:K4 41/4/, 6,- :, -/1 A>,4:K4HJ;</<:L4/,V W./0/0 _/1L:<1/, <:4 B5:1 -/, _>14/.E] -:00 C9>m.-/ E/.;<4 B6 =/1:13/.4/,
0.,- 6,- A>,4:K4-1J<4/ 0;<,/EE 6,4/1 /.,/7 b.K1>0K>9 :6L -./ �1>3/ F/31:;<4 5/1M-/, K�,,/,V 2EE/1-.,F0 /.F,/, 0.;< :6L -./0/7 N/F </1F/04/EE4/ A>,4:K4/ ,.;<4 LY1
:,0;<E./\/,-/ 8/79/1:4613/<:,-E6,F/,] 67 -/, D:6/104>ZF/<:E4 % -/1 �1>3/, B6
J,-/1,V _./E7/<1 7Y00/, -./ C9>m.-/ 7.4 -/, A>,4:K4-1J<4/, 5./-/1 /,4L/1,4 5/1M-/,V C104 ,:;< 230;<E600 -/1 D:6/104>Z3/E:-6,F K:,, -./ �1>3/ /1,/64 K>,4:K4./145/1-/,V

D.,- -./ A>,4:K4-1J<4/ ><,/ /., _/131/,,/, -/0 >1F:,.0;</, S/04:,-4/.E0 F/KE/34
5>1-/,] K:,, -/1 C9>m.-MAE/3/1 7.44/E0 2;/4>, 6,- C4<:,>E E/.;<4 F/E�04 5/1-/,
�8:1$,�V 2EE/1-.,F0 0.,- -./ A>,4:K45.-/104J,-/ 1/E:4.= <>;< 6,- -./ �:L46,F -/1 0>F/KE/34/, W1J<4/ 6,4/1 <`-1>04:4.0;</7 W16;K 3.0 � 8�: .04 ,.;<4 :601/.;</,-V C.,
2605/F 5J1/ -:0 C.,31/,,/, -/0 C9>m.-0] 67 /.,/ 3/00/1/ �:L46,F 6,- /.,/, KE/.M,/1/, A>,4:K45.-/104:,- B6 /1B./E/, �b::$,�V 2EE/1-.,F0 7600 -:,, -/1 =/15/,-/4/
C9>m.-MAE/3/1 =>1 /.,/1 D:6/104>Z3/E:-6,F -61;< 23J4B/, /,4L/1,4 5/1-/, �O>>@��VN.1- -/1 C9>m.-MAE/3/1 ,.;<4 /,4L/1,4 6,- =/13E/.34 5J<1/,- -/, D:6/104>Z3/E:M-6,F/, :6L -/1 �1>3/] .04 /.,/ B6,/<7/,-/ W/F1:-:4.>, -/0 A>,4:K45.-/104:,-/0B6 3/>3:;<4/, �4/,5,] S1.5,�V W/1 A>,4:K45.-/104:,- 04/.F4 ., -./0/, �JEE/, 3.0
:6L /.,.F/ A.E>><7V 81>4B -./0/1 U:;<4/.E/ 5/1-/, ., :K46/EE/, 213/.4/, 5/.4/1<.,
A>,4:K4/ 7.44/E0 C9>m`MAE/3/1 </1F/04/EE4 �N:,@@] 86.@��V U/3/, -./0/7 _/1L:<1/,5.1- 0/E4/,/1 -:0 C,4E:-6,F00;<5/.00/, /.,F/0/4B4] 5/E;</0 :3/1 -./ P3/1HJ;</ -/0
A1.04:EE0 /m41/7 0;<J-.F4 6,- <./1 ,.;<4 ,J</1 3/<:,-/E4 5.1- �D6B$5�V
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D>EE/, 7/<1/1/ D:6/104>Z3/E:-6,F/, :, �1>3/, 6,4/10;<./-E.;</1 460:77/,0/4MB6,F -61;<F/LY<14 5/1-/,] F/04:E4/4 0.;< 0>7.4 -./ �1>3/,91J9:1:4.>, =>1 n/-/1 b/0M06,F J6\/104 B/.4:6L5/,-.FV C0 561-/ -:</1 /.,/ _/13.,-6,F07/4<>-/ F/06;<4] 5/EM;</ =>EE04J,-.F :6L 460:4B7:4/1.:E./, =/1B.;<4/4 6,- 3/. -/1 -./ A>,4:K4-1J<4/ :6;<5J<1/,- /.,/1 D:6/104>Z3/E:-6,F :6L -/1 �1>3/ 3/L/04.F4 3E/.3/, K�,,/,V

W:0 0>F/,:,,4/ �N.1/MS>,-.,F�M_/1L:<1/,] -:0 3/. -/1 �/104/EE6,F =>,+,4/F1./14/,MD;<:E4K1/.0/, ., -/1 b.K1>/E/K4>,.K B67 C.,0:4B K>774] /1LYEE4 /3/,
-./0/ _>1:600/4B6,F ��:15,�V S/. -./0/7 _/1L:<1/, 5.1- -/1 A>,4:K4-1:<4 �� �2

µ
7�7.44/E0 /.,/1 N/1KB/6F09.4B/ ��N/-F/M8>>E�� :6L /.,/ A>,4:K4HJ;</ F/91/004 �233V�V5�V W61;< -:0 C.,5.1K/, =>, [E4:0;<:EEMC,/1F./ Y3/1 -./0/ D9.4B/ =/10;<7.EB4

-/1 W1:<4 7.4 -/1 A>,4:K40;<.;<4 .7 S/1Y<16,F03/1/.;<V W./ N/1KB/6F09.4B/ 5.1-
:,F/<>3/, 6,- B67 B5/.4/, A>,4:K4 F/LY<14] 5>3/. -/1 W1:<4 /.,/, S>F/, 3.E-/4V
W./ _/13.,-6,F B67 B5/.4/, A>,4:K4 5.1- 5./ 3/.7 /104/, A>,4:K4 </1F04/EE4V
230;<E./\/,- 5.1- -/1 W1:<4 -61;< /.,/ AE:77/1 <.,4/1 -/7 B5/.4/, A>,4:K4:3F/41/,,4V

1. Kontaktfläche

WB-Werkzeug1) 3)

4) 5)

2)

Bewegung zum
2. Kontakt

Druck &
Ultraschall-Energie

Druck &
Ultraschall-Energie

1. WB-Kontakt 2. WB-Kontakt Klammer reißt Draht
vom 2. Kontakt

233.E-6,F �V5� 23E:6L -/0 �N/-F/MN/-F/MS>,-.,F�M_/1L:<1/,0V
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2,91/00K1:L4 -/1 D9.4B/ �2 ;U

213/.404/79/1:461 �@@
◦
O

[E41:0;<:EEM�6E0-:6/1 �@@ 70
[E41:0;<:EEMC,/1F./ �@�

8:3/EE/ �V�� S/41./30/.,04/EE6,F/, LY1 -:0 �N.1/MS>,-.,F� 8/1J4 ,�@@2 -/1 �.17:
NCD8 SPUWV

45/. _:1.:,4/, /m.04./1/, 3/.7 �N.1/MS>,-.,F�V C.,7:E -:0 ., 233.E-6,F �V5
F/B/.F4/ /.,L:;</ _/1L:<1/, -/0 �N/-F/MN/-F/MS>,-.,F�] 3/. -/7 -./ 2601.;<46,F
-/0 A>,4:K4-1:<4/0 -61;< -./ 8/>7/41./ -/1 N/1KB/6F09.4B/ =>1F/F/3/, 5.1-V C.M,/ H/m.3E/1/ _:1.:,4/ .04 -:0 �S:EEMN/-F/MS>,-.,F�] 3/. -/7 -./ W1:<409.4B/ -61;<
/.,/ �6,K/,/,4E:-6,F B6,J;<04 B6 /.,/7 KE/.,/, S:EE F/0;<7>EB/, 5.1-V W./0 <:4
-/, _>14/.E] -:00 -./ D`77/41./:;<0/ -/0 /104/, A>,4:K4/0 0/,K1/;<4 B61 A>,4:KM4/3/,/ E./F4 6,- 0>7.4 -/1 A>,4:K4-1:<4 ., n/-/ 3/E./3.F/ �.;<46,F =>7 �S:EEMS>,-�5/FF/LY<14 5/1-/, K:,,V W/1 B5/.4/ A>,4:K4 /1L>EF4 ., -/7 Y3E.;</, �N/-F/MS>,-�
_/1L:<1/,VD4:,-:1-7J\.F 5/1-/, ., -/1 b.K1>/E/K41>,.K 2E67.,.67-1J<4/ 6,- 7.4 2E67.M,.67 3/0;<.;<4/4/ A>,4:K4HJ;</, =/15/,-/4V +, /.,.F/, �JEE/, K>77/, :6;< 7.4 -/,
�:L4=/17.44E/1, A>3:E4 >-/1 8.4:, </1F/04/EE4/ 8>E-K>,4:K40;<.;<4/, =>1V 2EE/1-.,F03/04/<4] ,/3/, -/1 _/16,1/.,.F6,F -/0 A1.04:EE0] -:0 F1>\/ �.0.K> /.,/1 �/:K4.>, B5.M0;</, 2E67.,.67 6,- 8>E- �D:,53�V W./0/ �/:K4.>,00;<.;<4] 5/F/, 0/.,/1 �J136,F
6,4/1 -/7 U:7/, ��619E/M�E:F6/� F/EJ6�F] 0;<5J;<4 -./ �:L46,F -/0 W1:<4/0 :6L
-/1 A>,4:K4HJ;</ ., 04:1K/7 b:\/V W:0 �N.1/MS>,-.,F� _/1L:<1/, 561-/ -:</1 :6L
-./ :600;<E./\E.;</ _/15/,-6,F =>, 8>E- >94.7./14V W./0/ A>73.,:4.>, =>, b:4/1.:E
3/0.4B4 B60J4BE.;< -./ 5Y,0;</,05/14/ C.F/,0;<:L4] -:00 -./ A>,4:K4/ 7.4 4/.4 6,-
8/79/1:461 3/00/1 5/1-/, 6,- ,.;<4 -/F/,/1./1/, ��:15,�V W: -/1 8>E--1:<4 :EE/.,/B6 5/.;< LY1 -./ _/1:13/.46,F 3/. �N.1/MS>,-.,F� A>,4:K4/, .04] 5.1- ., -/1 �/F/E
S/11`EE.67 7.4 /.,/7 b:00/,:,4/.E =>, /45: 2 997 3/.F/7.0;<4V W/1 2,4/.E -./0/0
�1/7-7:4/1.:E0 .04 :EE/1-.,F0 B6 F/1.,F] 67 -./ A1.04:EE/.F/,0;<:L4/, B6 3//.,H600/,V

N.;<4.F .04 <./13/.] -:00 -./ >94.7:E/ D;<.;<4-.;K/ -/0 8>E-K>,4:K4/0 F/L6,-/,5.1-V N.1- -./ D;<.;<4-.;K/ B6 KE/., F/5J<E4] 5.1- 3/.7 �N.1/MS>,-.,F� �1>B/00 -./
8>E-0;<.;<4 -61;<04>\/, 6,- -/1 W1:<4 41.Z4 7.4 -/1 [E41:0;<:EEMC,/1F./ -.1/K4 :6L-./ A1.04:EE>3/1HJ;</] -:0 0>F/,:,,4/ �;1:4/1.,F�V W/1 W1:<4 <:L4/4 ,.;<4 :6L -/1
P3/1HJ;</] 0>,-/1, B/104�14 0./ �D:E5$�V

+, 460:77/,:13/.4 7.4 SV P005:E- �+�C�

� 561-/ ., 7/<1/1/, 8/041/.</, 7.4

2E67.,.67-1:<4 LY1 -./ 8>E-0;<.;<4 /.,/ >94.7:E/ W.;K/ =>, �
µ
7 /17.44/E4V W./

[70/4B6,F -/1 �/104/EE6,F =>, /E/K41.0;</, A>,4:K4/, 7.44/E0 8>E--1J<4/, /1L>EF4/
���	
���
� ��� �����

#���	$����'���
	� 
	# + �����	��� ���
��
	�
��	��
� ��� 
�
��
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233.E-6,F �V�@� _/106;< B61 �/104/EE6,F =>, �N.1/MS>,-.,F� A>,4:K4/,V I.,K0 -./W/4:.E:,0.;<4 /.,/0 D9:,,6,F0K>,4:K4/0 3/. B6 KE/.,/1 D;<.;<4-.;K/ �;:V 2@@ ,7�]3/. -/1 -./ 8>E-0;<.;<4 7.4 -/7 W1:<4 -61;<04>\/, 561-/V �/;<40 -/1 /1L>EF1/.;</
_/106;< 3/. /.,/1 D;<.;<4-.;K/ =>, /45: �

µ
7V 46 0/</, .04 /., D41>7M 6,- D9:,M,6,F0K>,4:K4 7.4 n/5/.E0 -1/. :,F/31:;<4/, A>,4:K4-1J<4/,V W/1 =/15/,-/4/ 8>E-M-1:<4 <:4 /.,/, W61;<7/00/1 =>, �2

µ
7 6,- -./ A>,4:K4HJ;</ /.,/0 �N.1/MS>,-.,F�A>,4:K40 3/41JF4 /45: 40 · 70 µ

72 V

B60:77/, 7.4 �V S�<7 �+b8�


 :, /.,/7 �N/-F/MN/-F/MS>,-.,F� 8/1J4 ,�@@2

-/1 �.17: NCD8 SPUWV W./ =/1EJ00E.;<04/, A>,4:K4/ 561-/, 6,4/1 -/, ., 8:3/EE/
�V� F/,:,,4/, S/-.,F6,F/, /11/.;<4V +, 233.E-6,F �V�@ 0.,- C1F/3,.00/ -/1 A>,4:KM4./16,F 3/. B6 KE/.,/1 6,- 3/. >94.7:E/1 W.;K/ -/1 8>E-0;<.;<4 F/B/.F4V

[7 ,6, -./ �N.1/MS>,-.,F� A>,4:K4/ -:6/1<:L4 :6L -/1 �1>3/ B6 .,04:EE./1/,]
561-/ 67 /.,/ D:9<.10;</.3/ �� 77 :6L $ 77] W.;K/ 2@@

µ
7� =./1 D4/F/ :60 8>E-M3E/;< F/E/F4V W./ �1>3/ 5.1- B5.0;</, -/, 8>E-04/F/, 9E:4B./14 6,- -./ A>,4:K4M-1J<4/ =>, -/1 �1>3/ B6 -/, /,4091/;</,-/, 8>E-04/F/, F/LY<14V W./ _/13.,-6,F/,

���	
���
� ��� �����
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233.E-6,F �V��� 2,0.;<4 /.,/1 7.4 �N.1/MS>,-.,F� K>,4:K4./14/, �1>3/V +7 E.,K/,
S.E- /.,/ 7�FE.;</ �/:E.0./16,F /E/K41.0;</1 A>,4:K4/ 7.4 /.,/1 D:9<.10;</.3/ �4 ·
8
772� 6,- 8>E-04/F/,] :, -/,/, -./ 46E/.46,F0-1J<4/ -/1 b/00F/1J4/ 3/L/04.F4

5/1-/,V �/;<40 -./ W/4:.E:,0.;<4 -/1 �1>3/ 7.4 -/, J6\/1/, D41>7K>,4:K4/, 6,-
-/, .,,/1/, D9:,,6,F0:3F1.Z/,V �./1 0.,- :EE/ A>,4:K4/ =./1L:;< :60F/LY<14V
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561-/, n/ A>,4:K4 1/-6,-:,4 -1/.M 3.0 =./1L:;< :60F/LY<14V C.,7:E 0>EE -:-61;< -./
b/006,F B6=/1EJ00.F/1 F/04:E4/4 6,- B67 :,-/1/, -./ �1>3/ :6L -/1 D:9<.10;</.3/
3/00/1 �m./14 5/1-/,V W./0/ _/1-1:<46,F 3E/.34 3/. :EE/, b/006,F/, 6,- D:6/104>ZM3/E:-6,F/, -./0/E3/ 6,- 5.1- ,.;<4 7/<1 /,4L/1,4V W61;< -./ _/15/,-6,F =>, D:M9<.10;</.3/, :E0 �1>3/,<:E4/1 0.,- :6;< KE/.,/ �1>3/, E/.;<4/1 B6 <:,-<:3/, 6,-
-./ A>,4:K4./16,F -/1 46E/.46,F0-1J<4/ =>, -/1 D41>7=/10>1F6,F 3B5V -/, b/00F/M1J4/, :, -/, 8>E-04/F/, /.,L:;</1V +, 233.E-6,F �V�� .04 /., 0>E;</1 �1>3/,<:E4/1-:1F/04/EE4V

D4:44 -/1 _/15/,-6,F -/1 8>E-04/F/ 67 -./ D:9<.10;</.3/] 5J1/ /., ,>17./14/0
D4/;K/10`04/7 /.,/ 5/.4/1/ _/13/00/16,FV W./ �1>3/,<:E4/1 K�,,4/, -:,, ,:;< /.M,/1 D:6/104>Z3/E:-6,F 0;<,/EE 6,- /.,L:;< :6L /.,/ S6;<0/ ., -/1 b/00:99:1:461
:6LF/04/;K4 5/1-/,V 45:1 561-/, �EJ,/ LY1 /., 0>E;</0 D`04/7 /,45.;K/E4] K>,,4/,:EE/1-.,F0 ,.;<4 7/<1 .7 �:<7/, -./0/1 213/.4 1/:E.0./14 5/1-/,V

-
6
- :&#j +&k &�&<jk�#l)&' ;*'j$<j&
[7 -./ �6:E.4J4 -/1 /E/K41.0;</, A>,4:K4/ ,:;< -/7 >3/, 3/0;<1./3/,/, �N.1/MS>,-.,F�M_/1L:<1/, B6 4/04/,] 561-/ -/1 A>,4:K45.-/104:,- /17.44/E4 6,- -./ 7/M;<:,.0;</ S/E:043:1K/.4 F/91YL4V

+,0F/0:74 /1F:3 0.;< 3/. :EE/, �1>3/, /., A>,4:K45.-/104:,- =>, ρ� ≈ 5 ·
10−5 Ω

;72 V W./0 .04 /., .-/:E/1 N.-/104:,-] -: /1 .7 _/1FE/.;< B67 N.-/104:,- -/1
8>E-0;<.;<4 �ρ�� ≈ 1.3 · 10−5 Ω

;72� /45:0 <�</1 E./F4 6,- /.,/ FE/.;<7J\.F/ _/14/.ME6,F -/0 D41>7H600/0 Y3/1 -./ F/0:74/ A>,4:K4HJ;</ F/5J<1E/.04/4 ��0.5�] �B;@@�V

H
Q

F

Q

ed (1- )de

2

2

1

1

F

f

f

h

233.E-6,F �V���8/>7/41.0;</ _:1.:3E/, 3/. /.,/7 �N.1/MS>,-�M46F4/04 ., -/1 C3/,/-/0 A>,4:K4-1:<4/0V
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W/1 8/04 -/1 7/;<:,.0;</ S/E:043:1K/.4 /1L>EF4/ ,:;< -/1 =>, 8V8V �:17:, B.M4./14/, -/0416K4.=/, 46F7/4<>-/ ��:15,�V W:3/. 5.1- :, -/7 W1:<4 B5.0;</, B5/.
�N.1/MS>,-.,F�MA>,4:K4/, 7.44/E0 /.,/0 �:K/,0 F/B>F/,] 3.0 /1 1/.004V W./ -:B6 ,>4M5/,-.F/ A1:L4 5.1- F/7/00/, 6,- /1E:634 2600:F/, Y3/1 -./ 8Y4/ -/1 A>,4:K4/V+, 233.E-6,F �V�� 0.,- -./ :EEF/7/., :6L41/4/,-/, F/>7/41.0;</, _:1.:3E/, F/B/.F4V
[7 -/, 8/04 B6 =/1/.,L:;</,] 5/1-/, -./ A>,4:K4/ :6L FE/.;</1 ��</ :,F/31:;<4
���@� 6,- -/1 46F<:K/, ., -/1 b.44/ B5.0;</, -/, 3/.-/, A>,4:K4/, (ε = 0

6,-
θ = θ1 = θ2)

0/,K1/;<4
(φ = 0)

7.4 -/1 A1:L4 � ,:;< >3/, F/B>F/,V �Y1 -./ A1:L4 :,3/.-/, A>,4:K4/, /1<JE4 7:,

f1 = f2 =
F

2

√

1 + (
d

2h
)2 =

F

2 sin θ
. ��V��

W./ A1:L4] -./ B67 231/.\/, -/1 W1J<4/ =>, -/, A>,4:K4/, LY<14] /,4091.;<4 ., -/1
�/F/E /45: 3@ 3.0 ,2 � -/1 =>7 W1:<4</104/EE/1 :,F/F/3/,/, 7:m.7:E/, S16;<K1:L4]
-: -/1 W1:<4 -61;< -./ W/L>17:4.>, 3/.7 �N.1/MS>,-.,F� F/0;<5J;<4 5.1-Vb.4 /.,/7 b.;1>4/04/1 S8�� -/1 �.17: b+O�P8�PU+O 561-/, /.,.F/ �N.1/MS>,-.,F�MA>,4:K4/ :6L -/, �1>3/, F/4/04/4V W./ 7:m.7:E/ A1:L4 =>1 /.,/7 W1:<4M316;< /1F:3 0.;< B6

3.84 ± 0.54
;U 3/. _/15/,-6,F /.,/0 8>E--1:<4/0 7.4 /.,/7

W61;<7/00/1 =>, �2
µ
7V S/. -/, Y3E.;</, D4:,-:1-0 ., -/1 b.K1>/E/K41>,.K LY1

�N.1/MS>,-.,F�MA>,4:K4/] 5./ B67 S/.09./E b+IMD8WM$$?C
Q >-/1 2D8b ��25
T]
5.1- /.,/ 7.,.7:E/ A1:L4 =>, � ;U =/1E:,F4V W./ A>,4:K4/ -/0 <./1 =>1F/04/EE4/,
_/1L:<1/,0 /1LYEE/, -./0/ 2,L>1-/16,F </1=>11:F/,-V

�
� ����
�	������
���
W/1 D:6/104>ZF/<:E4 561-/ 7.4 �.EL/ -/1 +0>3:1/, =>, I.,-/7/1 �� ��� /.,F/04/EE4
�I.,$5] I.,52� �233V �V�?�V W:B6 561-/, -./ �1>3/, ., �><1�L/, 3/. /,4091/;</,-/,
8/79/1:461/, 6,- D:6/104>Z9:14.:E-1Y;K/, 3/E:-/,V U:;< -/1 S/E:-6,F 561-/, -./
�1>3/, ., HY00.F/7 D4.;K04>Z :3F/0;<1/;K4] 67 /.,/ 5/.4/1/ D:6/104>Z:6L,:<7/ B6
=/1<.,-/1,V 2,0;<E./\/,- 561-/, -./ �1>3/, /45: �@ 3.0 �� 8:F/ ., /.,/7 Cm0.MK:4>1 F/E:F/14] 67 -./ 2,>1-,6,F -/1 D:6/104>Z:4>7/ ., -/1 O6PMS:0.0/3/,/ 3/.
�:674/79/1:461 ., /.,/, 8E/.;<F/5.;<40B604:,- K>77/, B6 E:00/, �OE:5@�V

+, U/641>,/,3/6F6,F0/m9/1.7/,4/, =>, �V D;<5/.00 �+��� 561-/, -./ 0> /.,F/M04/EE4/, D:6/104>ZF/<:E4/ -/1 �1>3/, F/91YL4V W:3/. /1F:3 0.;< LY1 R��? /.,/ 0/<1
F64/ �3/1/.,04.776,F 7.4 -/, ,:;< 233.E-6,F �V�? /.,F/04/EE4/, D:6/104>ZF/<:EM4/,V S/. -/, U-��?M�1>3/, E:F/,] 3/. ,./-1.F/, D:6/104>ZF/<:E4/,] -./ 4:40J;<E.;<
F/7/00/,/, D:6/104>ZF/<:E4/ -/64E.;< 6,4/1 -/,] ,:;< I.,-/7/1 �� ��� /.,F/04/EE4/,]N/14/,V D./ 561-/, /,4091/;</,- 233.E-6,F �V�� K>11.F./14 �D;<55] D;<@?�V

�!	���	
� "
�� � )�	��� )� 
�'

� �"
 *����#
���# ���� ,��
������	 "������ ��� (�
��	� �	# ������� 
� �"
 *�����
������,
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233.E-6,F �V�?�S/E:-6,F0.0>3:1/, LY1 R��? 6,- U-��? ,:;< 213/.4/, =>, I.,-/7/1
�� ��� �I.,$5] I.,52�V

233.E-6,F �V��� _/1FE/.;< -/1 :,<:,- =>, U/641>,/,3/6F6,F0/m9/1.7/,4/, /17.4M4/E4/, D:6/104>ZF/<:E4/ =>, U-��? �D;<55] D;<@?� 7.4 -/, N/14/,] -./ 7:, 7.44/E0
-/1 S/E:-6,F0.0>3:1/, =>, I.,-/7/1 �� ��� �I.,52� /1<JE4V
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W./ 235/.;<6,F K:,, /=/,46/EE -61;< -./ >3/, F/,:,,4/ C10/4B6,F =>, U/>M-`7 -61;< , � R441.67 /1KEJ14 5/1-/,V W:3/. 41/4/, E/.;<4/ 8.44/1=/1B/116,F/,
:6L] 5/E;</ -./ D:6/104>Z:6L,:<7/ 1/-6B./1/, K�,,4/V N/F/, -/1 F/1.,F/, 81�\/
-/1 RML1/./, U-��?MA1.04:EE/ K>,,4/ 7.44/E0 U/641>,/,3/6F6,F0/m9/1.7/,4/, -./0/
_/17646,F ,.;<4 Y3/191YL4 5/1-/,V +7 5/.4/1/, _/1E:6L -./0/1 213/.4 09./E4 -/1 D:6M/104>ZF/<:E4 -/1 �1>3/, /.,/ 6,4/1F/>1-,/4/ �>EE/ 6,- <:4 K/.,/, C.,H600 :6L -./
A/1,:600:F/,V
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�Y1 -./ [,4/106;<6,F/, :, -/, &��?M�1>3/, K:7/, B5/. b/007/4<>-/, B67 C.,M0:4BV W./ b/006,F -/1 :;MD60B/94.3.E.4J4] 67 -./ 0691:E/.4/,-/, C.F/,0;<:L4/, -/1
<./1 =/15/,-/4/, �1>3/, 7.4 3.0</1.F/, C1F/3,.00/, B6

TG 6,- -/00/, W16;K:3<J,MF.FK/.4 -
TG/-p =/1FE/.;</, B6 K�,,/,V U:;< /,4091/;</,-/1 _>13/1/.46,F -/1 �1>3/,/1L>EF4/ -./ b/006,F -/0 /E/K41.0;</, O6P

2
MC3/,/,5.-/104:,-/0 ρ� ., 23<J,F.FK/.4

-/1 8/79/1:461 � 6,- -/0 <`-1>04:4.0;</, W16;K/0 � V W./0 /17�FE.;<4 -/, ,>1M7:EE/.4/,-/, S/1/.;< >3/1<:E3 =>, TG B6 6,4/106;</,V +, 3/.-/, �JEE/, K:7 -./ .7
�>EF/,-/, 3/0;<1./3/,/] 3/1/.40 3/04/</,-/ 8:0-16;K:99:1:461 B67 C.,0:4BV [7
-/, b/00:3E:6L 3/.-/1 b/4<>-/, /.,L:;</1 B6 F/04:E4/,] 561-/ LY1 -./0/ 213/.4 /.,/
,/6/ 8:0-16;KB/EE/ /,45>1L/, 6,- F/3:64V

Druckverstärker

P Manometer

Ventil

Berstscheibe

Pumpe

P P
Hochdruckbereich

Niederdruckbereich

20 MPa

bis 150 MPa

bis 1000 MPa

Druckzelle

He-Durchfluss
KryostatHe-Flasche

Membrankompressor

1 3 4

Öldruckbereich
bis 80 MPa

Ölpumpe

2
P

233.E-6,F 2V�� D;</7:4.0;</ W:104/EE6,F -/1 2,E:F/ B61 W16;K/1B/6F6,F 3.0 � 8�:V
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W: -./0/ 8:0-16;K:99:1:461 3/1/.40 ., /.,.F/, 213/.4/, =/15/,-/4 6,- ,.;<4 5/0/,4ME.;< =/1J,-/14 561-/] 0>EE <./1 ,61 K61B :6L -./ 5.;<4.F04/, CE/7/,4/ /.,F/F:,F/,
5/1-/,V W/4:.EE./14/1/ S/0;<1/.36,F/, �,-/, 0.;< ., -/, 213/.4/, =>, �S/,5�] b/45�]
N/35�] �6/52] D;<5,] N/.55�V

+, 233.E-6,F 2V� .04 -/1 0;</7:4.0;</ 26L3:6 -/1 �/M8:0-16;K:99:1:461 -:1F/M04/EE4V 46 0/</, .04 -:0 W16;K/1B/6F6,F00`04/7 6,- -/1 A1`>04:4] -/1 -./ A69L/1MS/1`EE.67 W16;KB/EE/ :6L,.774] ., 5/E;</1 -./ /.F/,4E.;</ b/006,F 04:44�,-/4V _/1M5/,-/4 5.1- /., �/E.67MW61;<H600K1`>04:4 7.4 /.,/7 8/79/1:4613/1/.;< =>, , A
3.0 /45: ?�@ AV W./ 8/79/1:461 -/1 W16;KB/EE/ 5.1- Y3/1 /.,/, O/1,>mMN.-/104:,-
/17.44/E4V W./0/1 8/79/1:4610/,0>1 .04 E/-.FE.;< 3/. 247>09<J1/,-16;K F//.;<4 6,-
-:</1 :6\/1<:E3 -/0 W16;K3/1/.;<0 :3/1 .,,/1<:E3 -/0 W16;KB/EE/,K�19/10 6,4/1F/M31:;<4V 2E0 W16;K7/-.67 5.1- �/E.67F:0 =/15/,-/4] 5/E;</0 :60 /.,/1 8:0H:0;</
7.44/E0 /.,/0 b/731:,K>791/00>10 .7 F/0:74/, W16;K3/1/.;< :6L /.,/, W16;K =>,/45: �?@ b�: K>791.7./14 5.1-V U:;< 2341/,,/, -/0 U./-/1-16;K3/1/.;<0 K�,,/,
,6, Y3/1 /.,/, W16;K=/104J1K/1 W1Y;K/ 3.0 7:m.7:E � 8�: /11/.;<4 5/1-/,V

C., 7�FE.;</1 D;<5:;<96,K4 -/0 W16;K0`04/70 .04 -./ W1:<4-61;<LY<16,F]
3/. -/1 -./ b/00-1J<4/ :60 -/1 W16;KB/EE/ -/, �>;<-16;K3/1/.;< =/1E:00/,V +,
233.E-6,F 2V� .04 /.,/ 0>E;</ W1:<4-61;<LY<16,F F/B/.F4V b.44/E0 /.,/0 45/.MA>79>,/,4/,KE/3/10 5.1- -./0/ W61;<LY<16,F </E.67-.;<4 =/10;<E>00/,] 5>3/. -./
�/104/EE6,F -./0/1 W1:<4-61;<LY<16,F J6\/104 :6L5/,-.F .04V

Schraube

Spulendrähte (zur Druckzelle)

Kleber

Drahtdurchführung

T-Stück

233.E-6,F 2V�� 2,0.;<4 -/1 F/KE/34/, W1:<4-61;<LY<16,F] 7.44/E0 -/1/1 -./
b/00-1J<4/ :60 -/7 �>;<-16;K3/1/.;< F/LY<14 5/1-/,V
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Teil G
Anpress-Schraube 3

Teil F
Druck-Adapter

Teil E
Andruckring

Teil D
Anpress-Schraube 2

Teil C
Anpress-Schraube 1

Teil B
Kegelstopfen

Teil A
Druckzelle

94 mm

34 mm

70 mm

233.E-6,F 2V?� 4/.;<,6,F -/1 W16;KB/EE/ 7.4 2,0;<E600:-:94/1 :, -/, �>;<-16;KM3/1/.;<V UJ</1/ C1EJ64/16,F .7 8/m4V
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[7 -:0 W16;K0`04/7 .,0F/0:74 ,.;<4 :EEB60/<1 B6 3/E:04/,] 561-/, E/-.FE.;<
W1Y;K/ 3.0 7:m.7:E @V3 8�: /.,F/04/EE4V W./ W16;K7/006,F /1L>EF4 Y3/1 /.,/, K:EME.31./14/, b:,F:,.,-1:<4MD/,0>1] -/1 0/.,/, N.-/104:,- ., 23<J,F.FK/.4 -/0 :,MF/E/F4/, W16;K/0 J,-/14V W./0/1 D/,0>1 3/�,-/4 0.;< :6\/1<:E3 -/0 A1`>04:4/, 3/.
�:674/79/1:461V

W:0 A/1,04Y;K -/1 299:1:461 .04 -./ W16;KB/EE/ 7.4 /.,/7 �1>3/,/,1:67 =>,/45: �@ 77 IJ,F/ 6,- /.,/7 W61;<7/00/1 =>, ,V2 77V +, -./0/7 5:1 3.0</1 -:0
D96E/,0`04/7 B61 b/006,F -/1 :;MD60B/94.3.E.4J4 .,4/F1./14V W./ W16;KB/EE/ 0/E304
561-/ L/04 :, -/7 C.,0:4B LY1 -/, A1`>04:4/, :,F/31:;<4V W: -./ S/04.776,F
-/1 :;MD60B/94.3.E.4J4 /.,/ LY1 -./ �1>3/ 3/1Y<16,F0E>0/ b/007/4<>-/ .04] 5:1 /.M,/ KE/.,/ �Z,6,F ., -/1 W16;KB/EE/ :601/.;</,-] 67 -./ �1>3/ LY1 -./ b/006,F .,
-/7 D96E/,0`04/7 B6 9E:4B./1/,V _/10;<E>00/, 561-/ -./0/ �Z,6,F 7.4 /.,/7 /.,ML:;</, A/F/E04>9L/,V 81:4 n/->;< :7 D96E/,0`04/7 /., W/L/K4 :6L] 76004/, :6;<
-./ 46E/.46,F0-1J<4/ /1,/6/14 6,- /.,/ ,/6/ AE/3/-.;<46,F LY1 -./ 46E/.46,F0-1J<4/
</1F/04/EE4 5/1-/,V

[7 -/, �1>3/,1:67 -/1 W16;KB/EE/ B6FJ,FE.;</1 B6 F/04:E4/, 6,- /=/,46/EE/
�/9:1:461/, 0;<,/EE/1 6,- /.,L:;</1 :60LY<1/, B6 K�,,/,] 561-/ /.,/ ,/6/ W16;KB/EE/
K>,0416./14V +, 233.E-6,F 2V? 0.,- -./ A>79>,/,4/, F/B/.F4] 5/E;</ -./ 3.0</1.F/
W16;KB/EE/ /10/4B/,V W./ 8/.E/ 561-/, :60 A69L/1 7.4 � � S/1`EE.67:,4/.E �O6S/�F/L/14.F4V 2,0;<E./\/,- 561-/, -/1 W16;KB/EE/,K�19/1 �8/.E 2�] -/1 W16;K:-:94/1
�8/.E �� 6,- -./ 2,-16;KMD;<1:63/, �8/.E/ O] W] 8� 3/. ?�2

◦
O] B5/. D46,-/, .,

21F>,F:0 F/<J14/4 6,- /.,/1 �J14/91YL6,F ,:;< _.;K/10 �W+U 2@�??� 6,4/1B>F/,VS/. -/, F/<J14/4/, S:64/.E/, /1F:3 0.;< -/1 /15:14/4/ N/14 =>, 460
KF�77 2 �_>E33�VW/1 :60 /.,/7 O6S/M4`E.,-/1 F/-1/<4/ A/F/E04>9L/, �8/.E S� <:4 /.,/ _.;K/10M�J14/

Kegelstopfen
Vierfach-Stecker

Zuleitungsdrähte

ac-Suszeptibilität

Widerstandsmessung

oder

233.E-6,F 2V�� W/4:.E:,0.;<4 -/0 A/F/E04>9L/,0 �8/.E S :60 233.E-6,F 2V?�7.4 7>,4./14/7 _./1L:;<04/;K/1V N:<E5/.0/ K:,, /.,/ N.-/104:,-0M >-/1 :;MD60B/94.3.E.4J407/006,F -6;<F/LY<14 5/1-/,V
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=>, 180
KF�77 2 .7 _/1FE/.;< B6 6,3/<:,-/E4/, O6S/M8/.E/, 7.4 /.,/1 �J14/ =>,

90
KF�77 2 V
S/. -./0/1 A>,B/94.>, .04 -/1 A/F/E04>9L/, �8/.E S� Y3/1 /.,/, W16;K:-:94/1 �8/.E�� L/04 7.4 -/7 A1`>04:4/,/.,0:4B =/136,-/,V N><.,F/F/, -/1 W16;KB/EE/,K�19/1

�8/.E 2� B67 2604:60;< -/1 �1>3/ >-/1 �/9:1:461:13/.4/, K>79E/44 /,4L/1,4 5/1-/,
K:,,V C., /E/K41.0;</1 _./1L:;<04/;K/1 :7 6,4/1/, C,-/ -/0 A/F/E04>9L/,0 /1E:634
-./ 7>-6E:1/ _/15/,-6,F -/1 W16;KB/EE/V N:<E5/.0/ K:,, /., D96E/,0`04/7 B61 :;MD60B/94.3.E.4J407/006,F >-/1 /., �1>3/,<:E4/1 B61 N.-/104:,-07/006,F =/15/,-/4
5/1-/,V �3/1 -./ A:9.EE:1/ -/0 A/F/E04>9L/,0 5.1- -/1 �/E.67MW16;K :6LF/3:64 6,-
-./ 46E/.46,F0-1J<4/ 5/1-/, :60 -/7 A1`>04:4/, B61 AE/3/-.;<46,F F/LY<14V

233.E-6,F 2V� B/.F4 /.,/ W/4:.E:,0.;<4 -/0 A/F/E04>9L/,0 7.4 -/7 /E/K41.0;</,
_./1L:;<04/;K/1 6,- -/, 3/.-/, b/00>94.>,/,V S/. /.,/1 5/.4/1/, b.,/:461.0./16,F
-/0 D4/;K/10 K�,,4/, 5/.4/1/ 46E/.46,F0-1J<4/ ., -/, �1>3/,1:67 F/31:;<4 5/1-/,]
67 B67 S/.09./E 5/.4/1/ D9:,,6,F0:3F1.Z/ :, -/1 �1>3/, B6 1/:E.0./1/, >-/1 7/<1/1/
�1>3/, FE/.;<B/.4.F B6 7/00/,V

�
� ��� ���	������ ��� T�

S/. -/, 3.0</1.F/, 213/.4/, :, -./0/1 �/MW16;K:99:1:461 561-/ E/-.FE.;< -./
�3/1F:,F04/79/1:461

TG 6,- -/1/, 23<J,F.FK/.4 =>, D:6/104>Z->4./16,F % 6,-
<`-1>04:4.0;</7 W16;K � 6,4/106;<4V W./0 F/0;<:< 7.44/E0 -/1 b/006,F -/1
:;MD60B/94.3.E.4J4 Y3/1 /., D`04/7 B5/./1 D96E/, �233V 2V��V 26L -/, J6\/1/,
D96E/,K�19/1 .04 -./ C11/F/1096E/ 7.4 ��@@ N.,-6,F/, ., =./1 I:F/, /.,/0 3@

µ
7

04:1K/, W1:<4 F/5.;K/E4V W:0 .,,/,E./F/,-/ D96E/,0`04/7 3/04/<4 :60 B5/. F/F/,0.,M,.F F/5.;K/E4/, �.;K69MD96E/, 7.4 n/5/.E0 ;:V �@@@ N.,-6,F/, ., B5�EL I:F/, /.,/0
W1:<4/0 7.4 ?@

µ
7 W61;<7/00/1V W:0 �.;K69MD96E/,0`04/7 7.004 0>7.4 -:0 W.Z/M1/,B0.F,:E B5.0;</, -/1 E.,K/, 6,- 1/;<4/, �JEL4/ -/1 C11/F/1096E/ 6,- 5.1- :6L U6EE

:3F/FE.;</,V N.1- ., /.,/ -/1 3/.-/, �.;K69MD96E/, /.,/ �1>3/ F/31:;<4] 5/.;<4 -:02,45>140.F,:E /,4091/;</,- -/1 :;MD60B/94.3.E.4J4 -/1 �1>3/ :3V W./ 8/>7/41./ -/1
�1>3/ /10;<5/14 :EE/1-.,F0 /.,/ :30>E64/ S/04.776,F -/1 :;MD60B/94.3.E.4J4 6,- /0
5.1- E/-.FE.;< /., -:B6 91>9>14.>,:E/0 D9:,,6,F00.F,:E F/7/00/,V 461 S/04.776,F
-/1 �3/1F:,F04/79/1:461

TG .04 -./0 n/->;< =�EE.F :601/.;</,-V
�Y1 -./ b/006,F/, -/0 /E/K41.0;</, N.-/104:,-/0 5.1-] 5./ ., 233.E-6,F 2V�

B6 0/</,] -:0 D96E/,0`04/7 -61;< /.,/, �1>3/,<:E4/1 7.4 -/1 /,4091/;</,- K>,M4:K4./14/, �1>3/ /10/4B4V W./ N.-/104:,-07/006,F /1L>EF4 ,:;< -/1 ., A:9.4/E ?
3/0;<1./3/,/, /15/.4/14/, _./1MA>,4:K4Mb/4<>-/V 2E0 D41>7=/10>1F6,F -./,4 /.,/
A>,04:,4041>7o6/EE/ ��2� -/1 �.17: AU+OAV W/1 D9:,,6,F0:3L:EE :, -/1 �1>3/5.1- 7.44/E0 /.,/0 U:,>=>E47/4/10 ?���@2 -/1 �.17: �/5E/44 �:;K:1- F/7/00/,V

[7 /., /,4091/;</,- F1>\/0 D9:,,6,F00.F,:E F/F/,Y3/1 -/7 6,=/17/.-3:1/,
�:60;</, B6 /1<:E4/,] 0>EE4/ -/1 D41>7 7�FE.;<04 F1>\ F/5J<E4 5/1-/,V �/->;< LY<14
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233.E-6,F 2V2� 8/7/00/,/1 D9:,,6,F0:3L:EE .7 S/1/.;< -/0 �3/1F:,F0 B61 D691:ME/.46,F ., 23<J,F.FK/.4 6,4/10;<./-E.;</1 D41�7/ /.,/1 U-��? �1>3/ 7.4 /.,/7 D:6M/104>ZF/<:E4 =>, %�,V@V

-./ ., -/1 ,>17:EE/.4/,-/, �1>3/ -.00.9./14/ I/.046,F B6 /.,/1 8/79/1:461/1<�<6,F
-/1 �1>3/ F/F/,Y3/1 -/7 8/79/1:4610/,0>1V W:0 D.F,:E 5.1- 0;</.,3:1 B6 KE/.,/1/,
8/79/1:461/, =/10;<>3/,V

+7 E.,K/, 8/.E -/1 233.E-6,F 2V2 0.,- 1/0.04.=/ �3/1FJ,F/ B61 D691:E/.46,F LY1
=/10;<./-/,/ D41�7/ F/B/.F4V W:0 D9:,,6,F0.F,:E 5.1- 670> -/64E.;</1 n/ <�</1
-/1 D41>7 � F/5J<E4 5.1-V W./0/0 _/1<:E4/, EJ004 0.;< Y3/1 -:0 5:;<0/,-/ D.F,:EM�:60;<=/1<JE4,.0 �r = U(96

A
)/U����GX 7.4

U����GX ≈ 0.2µ_� :60-1Y;K/,V [,4/1<:E3=>, TG LJEE4 -/1 N.-/104:,- :6L U6EE 6,- E/-.FE.;< -:0 �:60;<0.F,:E .04 0.;<43:1V
460J4BE.;< .04 ., -./0/1 233.E-6,F -./ 0;</.,3:1/ _/10;<./36,F -/0 D9:,,6,F0.F,:E0
6,-

TG B6 KE/.,/1/, 8/79/1:461/, 7.4 5:;<0/,-/7 D41>7 B6 0/</,V +7 1/;<4/,
8/.E -/1 233.E-6,F 2V2 0.,- -./0/ 3/.-/, CZ/K4/ Y3/1 -./ I/.046,F

P = U · I:6LF/41:F/,V 2E0 .-/:E/, 213/.4096,K4 -/0 D41>7/0 0>EE ,6, /., 7�FE.;<04 F1>\/0D.F,:EM��:60;<=/1<JE4,.0 
 7.4 /.,/1 FE/.;<B/.4.F F/1.,F/, _/10;<./36,F -/0 D9:,M,6,F00.F,:E0 3B5V
TG F/5J<E4 5/1-/,V W./0 .04 3/. /45: � 7N -/1 �:EE] 5:0 3/. -/,

=/15/,-/4/, �1>3/, /.,/7 D41>7 =>, � 72 /,4091.;<4V
+, 233.E-6,F 2V3 0.,- -./ C1F/3,.00/ /.,/1 .,-6K4.=/, 6,- 1/0.04.=/, b/006,F

F/F/,Y3/1 F/04/EE4V _>, -/1 K>79E/m/, :;MD60B/94.3.E.4J4 .04 -/1 �/:E4/.E χ′
6,- -/1

+7:F.,J14/.E
χ′′

-/1 �V �:17>,.0;</, B6 0/</,V W/1 �3/1F:,F B61 D691:E/.46,F /1ML>EF4 ., /.,/7 /,F/, 8/79/1:4613/1/.;<
∆T = 2

AV 460:77/, 7.4 -/, ., A:9.4/E



 � ��������	���	

233.E-6,F 2V3�_/1FE/.;< -/1 /E/K41.0;</, N.-/104:,-07/006,F 6,- -/1 B6=>1 -61;<MF/LY<14/, :;MD60B/94.3.E.4J407/006,F :, /.,/1 U-��? �1>3/ 7.4 /.,/7 D:6/104>ZF/M<:E4 =>, %�,V@V
F/,:,,4/, O<:1:K4/1.0./16,F7/4<>-/, K:,, <./1 :6L /.,/ <>7>F/,/ �1>3/ F/0;<E>0M0/, 5/1-/,V W./0/ 561-/ B61 b/006,F -/0 /E/K41.0;</, N.-/104:,-/0 91J9:1./14V

W./ 1/0.04.= 3/04.774/ �3/1F:,F04/79/1:461 .04 =>1 :EE/7 ., -/1 23E/.46,F
-
ρ��/-T ., F64/1 �3/1/.,04.776,F 7.4 -/1 .,-6K4.= 3/04.774/,V 2E0

TGMA1.4/1.675.1- 3/. -/1 :;MD60B/94.3.E.4J47/006,F -:0 b:m.767 .7 +7:F.,J14/.E
χ′′

=/15/,-/4V
S/. -/1 N.-/104:,-07/006,F 5.1- -./ 8/79/1:461] 3/. 5/E;</1 -/1 /E/K41.0;</
N.-/104:,- =/10;<5.,-/4] :E0 A1.4/1.67 =/15/,-/4 6,- EJ004 0.;< E/.;<4 :60 -/1
23E/.46,F -

ρ��/-T :3E/0/,V D>7.4 K>,,4/, .7 5/.4/1/, _/1E:6L -./0/1 213/.4
-./ 3.0</1.F/, �/06E4:4/ -/1 :;MD60B/94.3.E.4J4 3/. -/1 W.0K600.>, -/1 C1F/3,.00/
</1:,F/B>F/, 5/1-/,V



� ���		�����	����� ��		����	�� ��� ���
�������
����	�������

ρ

W/1 B61 S/1/;<,6,F -/0 09/B.�0;</, N.-/104:,-/0 3/,�4.F4/ 8/>7/41./L:K4>1 ���5.1- 3/. �:674/79/1:461 �;:V ?@@ A� 6,- K>,04:,4/7 W16;K �;:V @ b�:� 3/04.774V
S/. -/, <./1 -61;<F/LY<14/, b/006,F/, 5/1-/, :EE/1-.,F0 F/1:-/ -./0/ 3/.-/, 81�\/,
� 6,- � =:1../14V W:7.4 .04 KE:1] -:00 -./ a,-/16,F -/0 8/>7/41./L:K4>10 -61;< -./
4</17.0;</ 260-/<,6,F 0>5./ -./ A>791/00.3.E.4J4 3/1Y;K0.;<4.F4 5/1-/, 0>EE4/V

S/1/.40 D6,-o=.04 �� ��� �D6,5@� LY<14/ ., 0/.,/1 213/.4 :,] -:00 /.,/ [7L>176,F
-/0 F/7/00/,/, N.-/104:,-/0 6,4/1 W16;K =>, .0>3:1/, B6 .0>;<>1/, S/-.,F6,F/,
,>45/,-.F 0/.] 67 -/, 4:40J;<E.;</, 09/B.�0;</, N.-/104:,- 3/. K>,04:,4/7 _>E6M7/, B6 /1<:E4/,V �Y1 R��? L:,- /1 -:3/. 3/41J;<4E.;</ a,-/16,F/, -/0 09/B.�0;</,N.-/104:,-=/1E:6L/0 =>, 3.0 B6 �� � .7 F/0:74/, 8/79/1:4613/1/.;< =>, �G 3.0
2@@ AV 26;< 8.,03/1F �� ��� �8.,5?� /1<./E4 3/. 0/.,/1 S/1/;<,6,F -/1 A>11/K461L:KM4>1/, LY1 -/, N.-/104:,- =>, R��? 6,4/1 K>,04:,4/7 _>E67/, /1</3E.;</ a,-/16,MF/, 6,- 04/EE4/ -:7.4 -./ 3.0</1.F/, b>-/EE/ B67 N.-/104:,-0=/1E:6L -/1 �8DI .,
�1:F/V

�/->;< 561-/ 3/. -/, >3.F/, S/41:;<46,F/, /.,/ 7�FE.;</ a,-/16,F -/0 N.M-/104:,-/0 -61;< -16;K.,-6B./14/, I:-6,F041:,0L/1 =>, -/, O6PMA/44/, B6 -/,
O6PQMC3/,/, =�EE.F =/1,:;<EJ00.F4V N./ ., 230;<,.44 �V�V? 3/1/.40 3/091>;</,] .04:3/1 F/1:-/ -./0/1 I:-6,F041:,0L/1 6,4/1 W16;K /., 5/0/,4E.;</0 b/1K7:E -/1 &��?M�:7.E./V

+, -/, 3/.-/, L>EF/,-/, 230;<,.44/, 0>EE ,6, 3/091>;</, 5/1-/,] .,5./5/.4 4</1M7.0;</ 260-/<,6,F 6,- E.,/:1/ A>791/00.3.E.4J4 -/1 8.44/19:1:7/4/1 :] 3 6,- ;
-/, 8/>7/41./L:K4>1 ��� 3//.,H600/,V C0 B/.F4 0.;<] -:00 :6L /.,/ [7L>176,F -/0
09/B.�0;</, N.-/104:,-/0 :6L /., K>,04:,4/0 _>E67/, =/1B.;<4/4 5/1-/, K:,,V

�
	 ��

��	�
 
�
�� 	��
������ ���
������
N.1- /.,/ �1>3/ =>, -/1 8/79/1:461 �� :6L -./ 8/79/1:461 � F/31:;<4] 0> J,-/14
0.;< -/1/, 260-/<,6,F /,4E:,F /.,/1 2;<0/,1.;<46,F =>, l0i

:6L
li � 
 � :] 3] ;�

li − l0i
l0i

≡
∆li
l0i

= αi(T − T0) ≡ αi∆T, �3V��
7.4 -/, 4</17.0;</, 260-/<,6,F0K>/�B./,4/,

αi � 
 � :] 3] ;�V [7 :60 -./0/1
1/E:4.=/, IJ,F/,J,-/16,F /.,/ :30>E64/ B6 /1<:E4/,] 0;<1/.3/, 5.1 /,4091/;</,- -/1
W/�,.4.>, LY1

αi

αi |
��	���
�

=
1

li

∂li
∂T

=
∂ ln li
∂T

�3V��
αi

-
T =

-
ln li(T ). �3V?�



 � ���	���
�������� ��		����	�� ��� ���
������� �
�
��	������� ρ

233.E-6,F 3V�� 8</17.0;</ 260-/<,6,F EJ,F0 -/1 -1/. 2;<0/,1.;<46,F/, =>, R��?
7.4 /.,/7 D:6/104>ZF/<:E4 =>, %�3V55 �U:F@�] I>1@��V

C.,/ +,4/F1:4.>, -/0 4</17.0;</, 260-/<,6,F0K>/�B./,4/, Y3/1 -./ 8/79/1:461 E./ML/14
2

i(T ) =
∫

αi(T )
-
T2

i(T ) = ln
I0

i + ln li(T )

= ln(
I0

i · li(T )). �3V��
W:7.4 EJ004 0.;< -./ :30>E64/ IJ,F/,J,-/16,F li(T )

7.4
l0i = 1�

0

i

0;<1/.3/, :E0

li(T ) = l0i · exp(
2

i(T )). �3V2�
W/1 _>1L:K4>1 l0i

K:,, 7.4 -/1 A/,,4,.0 -/0 +,4/F1:E0 =>, αi(T )
E/.;<4 3/04.774

5/1-/,] .,-/7 -./ IJ,F/
li

B67 S/.09./E 3/. �:674/79/1:461 �?@@ A� /17.44/E4
5.1- 6,- -:7.4

l0i = li(300
A

) · exp(−
2

i(300
A

)),

li(T ) = li(300
A

) · exp(
2

i(T ) −
2

i(300
A

)). �3V3�



��� ��

����
 ��
�� ���
	
���� ������'�'� 

�Y1 -./ 8/79/1:461:3<J,F.FK/.4 -/0 8/>7/41./L:K4>10 ��� /.,/1 N.-/104:,-07/0M06,F ., �.;<46,F -/1 :M2;<0/ F.E4

A

l
(T ) =

l�(T ) · lG(T )

l�(T )

=
l�(300

A
) · lG(300

A
)

l�(300
A

)
·
exp(

2
�(T ) −

2
�(300

A
)) · exp(

2G(T ) −
2G(300

A
))

exp(
2�(T ) −

2�(300
A

))

=
A

l
(300

A
) · K(T ). �3V,�

D>7.4 5.1- -/1 3/. �:674/79/1:461 3/04.774/ 8/>7/41./L:K4>1 67 /.,/, A>11/KM461L:K4>1 K(T )
7>-.�B./14 6,- LY1 -/, K>11.F./14/, 09/B.�0;</, N.-/104:,-

ρ
�	���K:,, 7:, 0;<1/.3/,

ρ
�	��� (T ) = R�(T ) ·

A

l
(T )

= R�(T ) ·
A

l
(300

A
) · K(T )

= ρ�(T ) · K(T ). �3V$�
W/, 8/79/1:461=/1E:6L -/0 K>11.F./14/, 09/B.�0;</, N.-/104:,-

ρ
�	��� /1<JE4 7:,

-/7,:;< Y3/1 -./ b6E4.9E.K:4.>, -/0 6,K>11.F./14/, 09/B.�0;</, N.-/104:,-
ρ�(T )7.4 -/7 A>11/K461L:K4>1 K(T )

V +, 233.E-6,F 3V� 0.,- 4</17.0;</ 260-/<,6,F0MK>/�B./,4/, LY1 R��? 7.4 /.,/1 D:6/104>Z3/E:-6,F =>, %�,V@ :6LF/41:F/, �U:F@�]
I>1@��] :60 -/,/, -/1 A>11/K461L:K4>1 K(T )

/11/;<,/4 561-/V
[7 ,6, -/, C.,H600 -/1 4</17.0;</, 260-/<,6,F :6L -/, 09/B.�0;</, N.-/1M04:,-

ρ�(T )
-/64E.;< B6 7:;</,] 0.,- ., 233.E-6,F 3V� -/1 K>11.F./14/ 09/B.�0;</N.-/104:,-
ρ
�	��� (T )

6,- -./ n/5/.E.F/, 23E/.46,F/, -
ρ��-T 3B5V -

ρ
�	��� �-T -:1F/M04/EE4V W:3/. B/.F4 0.;<] -:00 /.,/ 235/.;<6,F /,409/;</,-

K(T )
=>, 5/,.F/1 :E0

@V? � -/, 8/79/1:461=/1E:6L -/0 09/B.�0;</, N.-/104:,-/0 0> F64 5./ ,.;<4 3//.,MH6004 6,- -:</1 ><,/ 5/.4/1/0 =/1,:;<EJ00.F3:1 .04V
W./ 2600:F/ .04 5/.4/1<., FYE4.F LY1 b/006,F/, :, �1>3/, 7.4 KE/.,/1/7 D:6M/104>ZF/<:E4 %] -: 0.;< -./ 4</17.0;</, 260-/<,6,F0K>/�B./,4/, 3/. =/10;<./-/,/,

D:6/104>ZF/<:E4/, ,61 5/,.F J,-/1, 6,- =>, FE/.;</1 81�\/,>1-,6,F 0.,- �U:F@�]
I>1@��V

26LF16,- J<,E.;</1 4</17.0;</1 260-/<,6,F0K>/�B./,4/,
αi

E:00/, 0.;< -./ >3.MF/, �3/1E/F6,F/, LY1 R��? /3/,0> :6L N.-/104:,-07/006,F/, :, U-��?MA1.04:EE/,Y3/141:F/, �I/.@?�V



 � ���	���
�������� ��		����	�� ��� ���
������� �
�
��	������� ρ

233.E-6,F 3V�� S/1/;<,/4/1 A>11/K461L:K4>1 K(T )
6,- -/1 C.,H600 :6L -/, 09/B.�M0;</, N.-/104:,-

ρ� 3B5V -/00/, 23E/.46,F -
ρ��-T :7 S/.09./E /.,/1 R��?M�1>3/7.4 D:6/104>ZF/<:E4 %�3V55V



��� ��

����
 ��
�� �
'��
� ��	�
���
�
�
��� 

�
� ��

��	�
 
�
�� �����
� ���e
��������	�	
W: 3/. -/, =>1E./F/,-/, [,4/106;<6,F/, :6;< -/1 W16;K � /., �:1:7/4/1 .04] 7600
:6;< -/00/, C.,H600 :6L -/, 09/B.�0;</, N.-/104:,- 3/41:;<4/4 5/1-/,V

[,4/1 <`-1>04:4.0;</7 W16;K � ] 5.1- -./ IJ,F/
l0i

:6L -./ ,/6/ IJ,F/
li
K>791.M7./14 � 
 � :] 3] ;�

li − l0i
l0i

≡
∆li
l0i

= −κi(p − p0) ≡ −κi∆p, �3V5�
5>3/. 7.4

κi

-./ A>791/00.3.E.4J4 -/1 n/5/.E.F/, 2;<0/ 6,4/1 W16;K :,F/F/3/, 5.1-
6,- F/7J\ -/1 W/�,.4.>, LY1

κi

F.E4

−κi =
1

li

∂li
∂p

=
∂ ln li
∂p

�3V�@�
−κi

-
p =

-
ln li(p). �3V���

W: LY1 -./ <./1 F/04/EE4/, S/41:;<46,F/, =>1 :EE/7 -./ 81�\/,>1-,6,F -/1 E.,/:1/,
A>791/00.3.E.4J4 /.,/ �>EE/ 09./E4] .04 /0 :601/.;</,- LY1 -./ n/5/.E.F/ 2;<0/,1.;<46,F
κi(T, p) =

K>,04V :,B6,/<7/, �I/.@?�V �Y1 /.,/ W16;KJ,-/16,F =>, � � @ :6L � � @
/1<JE4 7:, -:</1

−κi · p = ln
I0

i + ln li(p)

= ln(
I0

i · li(p)). �3V���
2,:E>F B6 8E/.;<6,F 3V2 F.E4 LY1 -./ :30>E64/ IJ,F/ li(p)

7.4
l0i = 1�

0

i

:E0

li(p) = l0i · exp(−κi · p). �3V�?�
W/1 _>1L:K4>1 l0i

/,4091.;<4 F/1:-/ -/1 260F:,F0EJ,F/
li(p = 0

b�:
)
]

l0i = li(0
b�:

),

li(T ) = li(0
b�:

) · exp(−κi · p). �3V���
S/. /.,/1 b/006,F ., :M2;<0/,1.;<46,F /1F.34 0.;< 0>7.4 LY1 -./ W16;K:3<J,F.FK/.4
-/0 8/>7/41./L:K4>10

A

l
(p) =

l�(p) · lG(p)

l�(p)

=
l�(0

b�:
) · lG(0 b�:

)

l�(0 b�:
)

· exp((κ� − κ� − κG) · p)

=
A

l
(0

b�:
) · K(p). �3V�2�



 � ���	���
�������� ��		����	�� ��� ���
������� �
�
��	������� ρ

2,:E>F B6 -/, �3/1E/F6,F/, .7 =>1:,F/F:,F/,/, 230;<,.44 5.1- -/1 3/. U6EE-16;K
3/04.774/ 8/>7/41./L:K4>1 67 /.,/, A>11/K461L:K4>1 K(p)

7>-.�B./14 6,- LY1 -/,
K>11.F./14/, 09/B.�0;</, N.-/104:,-

ρ
�	��� L>EF4

ρ
�	��� (p) = R�(p) ·

A

l
(p)

= R�(p) ·
A

l
(0

b�:
) · K(p)

= ρ�(p) · K(p). �3V�3�
27 S/.09./E /.,/1 /,4B5.EE.,F4/, 6,- =>EE04J,-.F 3/E:-/,/, R��?MA1.04:EE0 �%�,V@�0>EE -/1 C.,H600 -/0 A>11/K461L:K4>10 6,4/106;<4 5/1-/,V �Y1 -./ E.,/:1/, A>791/0M0.3.E.4J4/, -/1 -1/. 2;<0/, F.E4 �I/.@?�

κ� = 2.3 · 10−6 b�:
−1

κ� = 2.0 · 10−6 b�:
−1

κG = 4.7 · 10−6 b�:
−1 . �3V�,�

S/1Y;K0.;<4.F4 7:,] -:00 ., -/, <./1 -61;<F/LY<14/, Cm9/1.7/,4/, E/-.FE.;< /., 7:Mm.7:E/1 W16;K =>, � � 2@@ b�: :6L -./ �1>3/, :60F/Y34 561-/] /1<JE4 7:, /.,/
� �2@@ b�:� /,4091/;</,-/ 7:m.7:E/ A>11/K461 =>, @V� �V N./ 0;<>, .7 =>1.F/,230;<,.44 F/B/.F4] K:,, /.,/ 0>E;< F/1.,F/ a,-/16,F -/0 N.-/104:,-/0 ><,/ 5/.M4/1/0 =/1,:;<EJ00.F4 5/1-/,V C104 3/. <></, W1Y;K/, .7 8�:MS/1/.;< /11/.;<4 -/1
A>11/K461L:K4>1 N/14/ =>, Y3/1 � �V

S/04J4.F4 5/1-/, -./ �3/1E/F6,F/, B61 A>11/K461 -/0 8/79/1:461=/1E:6L/0 -/0
09/B.�0;</, N.-/104:,-/0 -61;< 213/.4/, =>, D6,-o=.04 �� ��� �D6,5�] D6,52� 6,-
S6;</1 �� ��� �S6;53� :, I2DOPV �./1 0>EE4/ -/1 -16;K.,-6B./14/ I:-6,F041:,0L/1
K/.,/ 0>E;< ->7.,./1/,-/ �>EE/ 09./E/, 5./ ., -/1 &��?M�:7.E./ 6,- 4:40J;<E.;< 0.,-
/104 >3/1<:E3 =>, �@@ A F1:=./1/,-/ a,-/16,F/, 0.;<43:1V D> .04 /.,/ [7L>176,F -/0
09/B.�0;</, N.-/104:,-/0 LY1 -/, <./1 6,4/106;<4/, W16;KM 6,- 8/79/1:4613/1/.;<
=>, .0>3:1/, B6 .0>;<>1/, S/-.,F6,F/, ,.;<4 ,>45/,-.FV



� ��	 ���
������ ����	����� ρ$i ��� ρ$ ��� ����

+, 233.E-6,F ,V� 0.,- B6,J;<04 -./ 3/. U6EE-16;K -61;<F/LY<14/, b/006,F/, 7.4
=/10;<./-/,/, D:6/104>ZF/<:E4/, % F/B/.F4V W/1 C.,H600 <`-1>04:4.0;</, W16;K/0
5.1- ., -/, ,:;<L>EF/,-/, A:9.4/E, /1�14/14V

+7 N.-/104:,-0=/1E:6L 5.1- -/1 �3/1F:,F B61 0691:E/.4/,-/, �<:0/ -61;< -./
�3/1F:,F04/79/1:461

TG ] 6,4/1<:E3 -/1/1 -/1 N.-/104:,- =/10;<5.,-/4] F/K/,,MB/.;<,/4V W/1 �3/1F:,F /1L>EF4 :EE/1-.,F0 ,.;<4 :31694] 0>,-/1, 5.1- -61;< �E6K46:M4.>,/, 6,- �1>3/,.,<>7>F/,.4J4/, =/131/.4/14V [,4/106;<6,F/, -/1 �E6K46:4.>,/,B/.F/, /.,/ B6,J;<04 B5/.-.7/,0.>,:E/ �>17 6,- /104 ,:</
TG 5.1- /., -1/.-.7/,0.>M,:E/1 O<:1:K4/1 -/1 �E6K46:4.>,/, 0.;<43:1 �S>15�] �.;5�] b:K5��V

P3/1<:E3 -/1 �3/1F:,F04/79/1:461
TG 0;<E./\4 0.;< -/1 ,>17:EE/.4/,-/ S/1/.;<

:,V b.4 0.,K/,-/7 D:6/104>ZF/<:E4 04/.F4 -/1 N.-/104:,- /15:146,F0F/7J\ 5/F/,
-/1 :3,/<7/,-/, I:-6,F041JF/1B:<E :, �=FEV 230;<,.44 �V�V��V 460J4BE.;< .04 ., -/1
233.E-6,F -./ 8/79/1:461

T
��� ≈ 240

A 7:1K./14V P3/1<:E3 -./0/1 8/79/1:461
0/4B4 -./ D:6/104>Z>1-,6,F /.,] 5/E;</ -./ I:-6,F041JF/1B:<E 3/04.774 6,- -:7.4
-/, N.-/104:,-V

+, 233.E-6,F ,V� 0.,- ., -/, 3/.-/, 6,4/1/, 8/.E3.E-/1, -./ N.-/104J,-/
ρ� ., :M2;<0/,1.;<46,F :, /,4B5.EE.,F4/7 U-��? 6,- R��? F/B/.F4V 26ZJEE.F .04 3/. U-��?/

7.4 /.,/7 D:6/104>ZF/<:E4 =>, % � 3V$� /., KE/.,/1 �/:K K,:99 >3/1<:E3 =>, TG V P3M5><E 7:, =/106;<4 .04] -./0 :6L /.,/ .,<>7>F/,/ D:6/104>Z3/E:-6,F B61Y;KB6LY<1/,]7600 7:, -:B6 3/7/1K/,] -:00 ., -/1 I.4/1:461 3/1/.40 0>E;< /., �/:K0 ., R��? 6,-
I2DOP 3/>3:;<4/4 561-/ �_:F5?] b>05�] 8>,@@�V 2EE/., -61;< /.,/ 6,FE/.;<7J\.F/
D:6/104>Z=/14/.E6,F >-/1 S/.41JF/ -/0 N.-/104:,-/0 EJ,F0 -/1 ;M2;<0/ K:,, -./0/1
�/:K n/->;< ,.;<4 /1KEJ14 5/1-/,] 6,- D9/K6E:4.>,/, Y3/1 /.,/ <./1 :6L41/4/,-/ ,/6/
/E/K41>,.0;</ �<:0/ 5/1-/, B61 C1KEJ16,F :,F/LY<14V

23F/0/</, =>, -./0/7 �/:K] B/.F4 -./ b/006,F -/, LY1 -./0/, D:6/104>ZF/<:E4/15:14/4/, N/14 LY1 -./ K1.4.0;</ 8/79/1:461
TG 6,- :6;< -:0 ,>17:EE/.4/,-/ N.M-/104:,-0=/1<:E4/, 5/.04 K/.,/ 5/.4/1/, 6,F/5�<,E.;</, C.F/,0;<:L4/, :6LV W: .,

-./0/1 213/.4 n/->;< -:0 �:694:6F/,7/1K :6L -/, N.-/104:,-0=/1E:6L =>, U-��?
6,- R��? 3/. =/10;<./-/,/, D:6/104>ZF/<:E4/, E./F4] 5.1- <./1 ,.;<4 5/.4/1 -:1:6L
/.,F/F:,F/,V 213/.4/,] 5/E;</ 0.;< :6L -./0/, D:6/104>ZF/<:E4 K>,B/,41./1/,] K�,,M4/, 5/.4/1/ 26L0;<EY00/ /131.,F/,V

+7 >3/1/, 8/.E3.E- .04
ρ�� =>, =/1B5.EE.,F4/7 U-��? ., :3M2;<0/,1.;<46,F 5./M-/1F/F/3/,V W./0/ b/006,F/, 561-/, .7 460:77/,<:,F 7.4 -/1 D6;</ ,:;< -/1

>94.7:E/, /E/K41.0;</, A>,4:K4./16,F -61;<F/LY<14V S/. -/, b/006,F/, 7.4 /.,/7
D:6/104>ZF/<:E4 =>, % � 3V52 6,- 3V5� .04 /., -/64E.;</0 �:60;</, /1K/,,3:1] -:
-./0/ Cm9/1.7/,4/ ,>;< 7.4 8>E-MC9>m` F/KE/34/, A>,4:K4/, -61;<F/LY<14 561-/,V



 � ��	 ���
������ ��
��	����� ρ��

��� ρ� ��� ����

233.E-6,F ,V�� �3/10.;<4 -/1 C1F/3,.00/ =>, N.-/104:,-07/006,F/, 3/. U6EE-16;K
:, =/1B5.EE.,F4/7 U-��? ., :3M2;<0/,1.;<46,F 3B5V ., :M2;<0/,1.;<46,F =>, /,4MB5.EE.,F4/7 U-��? 6,- R��? 3/. =/10;<./-/,/, D:6/104>ZF/<:E4/, %�





26LF16,- -/1 :,0;<E./\/,-/, D:6/104>Z673/E:-6,F K>,,4/, -./ C9>m`K>,4:K4/,.;<4 /.,F/31:,,4 5/1-/,] 5:0 /.,/, 1/E:4.= <></, A>,4:K45.-/104:,- �> 10 Ω� B61�>EF/ <:44/V S/. -/, Y31.F/,] 7.4 �N.1/MS>,-.,F�MA>,4:K4/, -61;<F/LY<14/, b/0M06,F/,] .04 -./0/0 �:60;</, =/1FE/.;<05/.0/ F/1.,FV



� ��	 ���	���� 
�	 ���	���������� �����

+, -./0/7 A:9.4/E 5.1- -/1 C.,H600 =>, D:6/104>Z->4./16,F 0>5./ <`-1>04:4.0;</,W16;K/0 :6L -./ 0691:E/.4/,-/ �3/1F:,F04/79/1:461
TG 3/091>;</,V W: 3/1/.40 B:<EM1/.;</ Cm9/1.7/,4/ B6 -./0/7 _/1<:E4/, =>, TG -61;<F/LY<14 561-/,] 5.1- :, -./0/1

D4/EE/ ,61 K61B :6L -/1/, C1F/3,.00/ .7 _/1FE/.;< 7.4 /.F/,/, b/006,F/, /.,F/F:,MF/,V
+, /104/1 I.,./ 3./4/, 0.;< <./1 :;MD60B/94.3.E.4J407/006,F/, :,] 5/E;</ =>, 6,M0/1/1 81699/ 0/.4 F/1:67/1 4/.4 :, =/10;<./-/,/, &��?MA1.04:EE/, 6,4/1 <`-1>04:4.M0;</7 W16;K -61;<F/LY<14 5>1-/, 0.,- ��6/52] �./53] N/.55] I/.@?] D;<@?�V

�
	 ��
�
��� ��� T�


�
�� ����
�	��
�	��
���
b.4 -/1 _:1.:4.>, -/0 D:6/104>ZF/<:E4/0 % 5.1- -./ I:-6,F041JF/1B:<E F/J,-/14 6,-
-:7.4 F/7J\ -/7 �<:0/,-.:F1:77 -/1 �8DI �233V �V?� -./ �3/1F:,F04/79:1:461
B61 D691:E/.46,FV 233.E-6,F $V� B/.F4

TG ., 23<J,F.FK/.4 =>, % LY1 U-��? 6,- R��?
3/. U6EE-16;KV W./ S/04.776,F =>, TG /1L>EF4/ -:3/. ,:;< -/7 ., 230;<,.44 2V�
F/B/.F4/, A1.4/1.67V W./ ., -./0/1 213/.4 1/0.04.= /17.44/E4/,

TGMN/14/ 04.77/, 0/<1
F64 7.4 -/,/, -/1 :;MD60B/94.3.E.4J4 Y3/1/.,V

2EEF/7/., .04 /., 2,5:;<0/, -/1 �3/1F:,F04/79/1:461 7.4 04/.F/,-/7 D:6/1M

233.E-6,F $V�� �3/1F:,F04/79/1:461 �G 3/. =/10;<./-/,/, D:6/104>ZF/<:E4/, % 3/M04.774 -61;< b/006,F/, -/1 :;MD60B/94.3.E.4J4 6,- -/0 N.-/104:,-0 �-./0/ 213/.4�V



��� �'��
�'� ��' T�
�'��
 �
��� ��'� ����
�����
�'�'� ��
 � � ���� 

04>ZF/<:E4 B6 /1K/,,/,] 5>3/. TG =>, R��? 3/. /45: % � 3V5� /., b:m.767 -61;<MEJ6L4 6,- 5./-/1 :30.,K4V W:F/F/, 04/.F4 3/. U-��?
TG 3.0 B6 /.,/7 D:6/104>ZF/<:E4=>, % � ,V@ K>,4.,6./1E.;< :, 6,- EJ004 /., b:m.767 K,:99 >3/1<:E3 -/1 <�;<04M7�FE.;</, W>4./16,F =>, ,V@ =/1764/,V W./ <>1.B>,4:E/ _/10;<./36,F -/1 b:m.7:

3/BYFE.;< -/0 D:6/104>ZF/<:E4/0 =>, U-��? 6,- R��? .04] 5./ 3/1/.40 ., 230;<,.44
�V�V� /1EJ64/14] -61;< -./ 6,4/10;<./-E.;</ I:-6,F041JF/1->4./16,F 3/. FE/.;</7 D:6M/104>ZF/<:E4 B6 =/104/</,V

D>7.4 5.1- ., U-��? 3.0 % � ,V@ E/-.FE.;< -/1 6,4/1->4./14/ S/1/.;< /10;<E>00/,]5><.,F/F/, 3/. R��? 3/. % � 3V5� -./ >94.7:E/ W>4./16,F /11/.;<4 5.1- 6,- 0.;< 3/.
% � 3V5� -/1 Y3/1->4./14/ S/1/.;< :,0;<E./\4V

�
� ��
�
��� ��� T�

��	�
 �
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�	���
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233.E-6,F $V�� S/.09./E LY1 -./ _/10;<./36,F =>, TG 6,4/1 W16;K .7 09/B.�0;</, N.M-/104:,- 3B5V -/00/, 23E/.46,FV +7 /.,F/LYF4/, S.E- .04 -/1 E.,/:1/ 460:77/,<:,F
=>, �G ��� B6 0/</,V



 � ��	 ���	���� 
�	 ���	���������� �����

+7 �>EF/,-/, 5.1- ,6, -/1 C.,H600 J6\/1/, <`-1>04:4.0;</, W16;K/0 3/091>;</,]5>3/. :, -./0/1 D4/EE/ B6 3/7/1K/, .04] -:00 3/. :EE/, -61;<F/LY<14/, Cm9/1.7/,M4/, -./ a,-/16,F -/0 <`-1>04:4.0;</, W16;K/0 3/. 4./L/, 8/79/1:461/, 6,4/1<:E3
=>, TG /1L>EF4/V N.1- 3/. -./0/, b/006,F/, -./ 8/79/1:461

T
��� ,.;<4 Y3/10;<1.4M4/,] K:,, /.,/ -16;K.,-6B./14/ D:6/104>Z>1-,6,F :60F/0;<E>00/, 5/1-/,] 6,- -./

TGM_/10;<./36,F 561-/ 3.0</1 :6L /.,/ _/1E:F/16,F =>, I:-6,F041JF/1, =>, -/,
O6PMS:0.0/3/,/, B6 -/, O6PQMC3/,/, B61Y;KF/LY<14 �=FEV -:B6 230;<,.44 �V�V?�V+, 233.E-6,F $V� .04 :7 S/.09./E /.,/1 U-��?M�1>3/ -./ _/10;<./36,F -/0 N.M-/104:,-=/1E:6L/0

ρ��(T )
6,- -/00/, 23E/.46,F -

ρ��/-T 7.4 04/.F/,-/7 W16;K 3/.
/.,/7 D:6/104>ZF/<:E4 =>, % � 3V5� F/B/.F4V W./ 23,:<7/ -/0 N.-/104:,-/0 .7
,>17:EE/.4/,-/, S/1/.;< 5.1- ., A:9.4/E 5 ,J</1 3/091>;</,V 260 -/7 E.,/:1/, 46M0:77/,<:,F =>, TG ��� EJ004 0.;< -/1 A:E4-16;K/Z/K4 -

TG/-p���� 3/04.77/,V C1 .04
., 233.E-6,F $V? LY1 U-��? 6,- R��? 3/. =/10;<./-/,/, D:6/104>ZF/<:E4/, % :6LF/M41:F/,V C0 B/.F4 0.;< /1,/64 -./ F64/ �3/1/.,04.776,F B5.0;</, -/, C1F/3,.00/, -/1
:;MD60B/94.3.E.4J40M 6,- -/1 N.-/104:,-07/006,F/,V _>, ,./-1.F/, D:6/104>ZF/<:E4</1 K>77/,- �,-/4 0.;< 3/. U-��? 6,- R��? /., =/1FE/.;<3:1/1 _/1E:6L 7.4 /.,/7
B6,J;<04 9>0.4.=/, W16;K/Z/K4] -/1 ,:;< C11/.;</, /.,/0 b:m.7670 5./-/1 :3LJEE4
6,- .7 �:EE/ =>, R��? >3/1<:E3 =>, % � 3V5� ,/F:4.=/ N/14/ :6L5/.04V N./-/167
5.1- -./ 6,4/10;<./-E.;</ I:-6,F041JF/1->4./16,F ., -/, 3/.-/, _/13.,-6,F/, -61;<
-./ _/10;<./36,F -/0 W16;K/Z/K4=/1E:6L/0 3/. U-��? B6 <�</1/, D:6/104>ZF/<:E4/,-/64E.;<V

233.E-6,F $V?� _/1FE/.;< -/0 A:E4-16;K/Z/K4/0 -
TG/-p���� :60 :;MD60B/94.3.E.4J407/006,F/, 7.4 N/14/, :60 N.-/104:,-07/006,F/, 3/. =/10;<./-/,/,

D:6/104>ZF/<:E4/, %V
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233.E-6,F $V�� S/04.776,F -/0 N:17-16;K/Z/K4/0 -
TG/-p���� :7 S/.09./E /.,/1

N.-/104:,-07/006,F :, U-��?V W./ 1>4/ A61=/ B/.F4 -./ N.-/104:,-0=/10;<./36,F
:6LF16,- B60J4BE.;</1 D:6/104>Z>1-,6,F 6,4/1 W16;KV W./ F/041.;</E4/ I.,./ B/.F4 -/,N.-/104:,-0=/1E:6L 6,4/1 W16;K ><,/ D:6/104>Z>1-,6,F �/,4091.;<4 A:E4-16;K/Z/K4-
TG/-p�����V

N61-/ .7 =>1:,F/F:,F/, 230;<,.44 3/. -/, Cm9/1.7/,4/, -./ 8/79/1:461
T
��� ,.;<4Y3/10;<1.44/,] 0>EE <./1 -/1 CZ/K4 -/1 -16;K.,-6B./14/, D:6/104>Z>1-,6,F :6L

TG/.,3/B>F/, 5/1-/,V
+, 233.E-6,F $V� .04 -/1 C.,H600 :6L -/, 0691:E/.4/,-/, �3/1F:,F 6,4/1 W16;K

><,/ D:6/104>Z>1-,6,F -61;< -./ F/041.;</E4/ I.,./ F/B/.F4V N.1- ,6, D:6/104>Z67M>1-,6,F -61;< 26L5J17/, :6L ?@@ A B6F/E:00/,] B/.F4 0.;< 3/. /.,/1 /1,/64/,
TGMb/006,F /.,/ B60J4BE.;</ _/10;<./36,F =>, TG ] F/K/,,B/.;<,/4 -61;< -./ 1>4/ A61=/VC15:146,F0F/7J\ E./F4 -/1 N:17-16;K/Z/K4 -

TG/-p���� Y3/1 -/7 /,4091/;</,-/,



 � ��	 ���	���� 
�	 ���	���������� �����

233.E-6,F $V2� N:17-16;K/Z/K4 -
TG/-p���� :60 :;MD60B/94.3.E.4J407/006,F/, 7.4

N/14/, :60 N.-/104:,-07/006,F 3/. =/10;<./-/,/, D:6/104>ZF/<:E4/, %V 467 _/1MFE/.;< .04 F/041.;</E4 -/1 A:E4-16;K/Z/K4 -
TG/-p���� /.,F/B/.;<,/4V

A:E4-16;K/Z/K4] 5./ :6;< ., 230;<,.44 �V�V? /1�14/14] 6,- .04 ., 233.E-6,F $V2 Y3/1
-/7 D:6/104>ZF/<:E4 % :6LF/41:F/,V

N./ 3/.7 A:E4-16;K/Z/K4 .04 /., b:m.767 /1K/,,3:1 7.4 -/1 FE/.;</, _/10;<./M36,F -/0 W16;K/Z/K4=/1E:6L/0 =>, U-��? B6 <�</1/, D:6/104>ZF/<:E4/, .7 _/1FE/.;<B6 R��?V



� ��	 ��		���������� ��	����

+, -./0/7 A:9.4/E 5.1- ,6, -./ S/41:;<46,F :6L -/, ,>17:EE/.4/,-/ S/1/.;< -/0
09/B.�0;</, N.-/104:,-/0 >3/1<:E3 -/1 0691:E/.4/,-/, �<:0/ /15/.4/14V W:3/. 5.1-
B6,J;<04 -:0 N.-/104:,-0=/1<:E4/, 3/. =/10;<./-/,/, D:6/104>ZF/<:E4/, 3/091>;</,6,- :,0;<E./\/,- -/1 C.,H600 <`-1>04:4.0;</, W16;K/0V

�
	 �����������	 
�� ������f�
�
�	��
�� ��� 
��e�
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 ����
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46 -/, 81:,09>14/.F/,0;<:L4/, -/1 O6P
2
MC3/,/, F.34 /0 -.=/10/ b>-/EE:,0J4B/] -./=/106;</,] -/, 8/79/1:461=/1E:6L -/0 09/B.�0;</, N.-/104:,-/0 3/. 6,4/10;<./-E.M;</1 W>4./16,F B6 /1KEJ1/,V �/->;< K�,,/, -./0/ ,.;<4 ><,/ 5/.4/1/0 -:0 _/1<:E4/,-/0 09/B.�0;</, N.-/104:,-/0 .7 F/0:74/, W>4./16,F03/1/.;< 5./-/1F/3/, �8/152�V

2EEF/7/., 7600 3/. -/1 S/41:;<46,F -/1 ,>17:EE/.4/,-/, 81:,09>14/.F/,0;<:L4/,-/1 �8DI -/1 B5/.-.7/,0.>,:E/ O<:1:K4/1 -/1 O6P
2
MC3/,/, 3/1Y;K0.;<4.F4 5/1-/,V

W./0/0 �WM_/1<:E4/, K>774 =>1 :EE/7 ., -/1 <></, 2,.0>41>9./ B5.0;</, -/7 N.M-/104:,-
ρG 0/,K1/;<4 B6 -/, C3/,/, 6,- -/7 C3/,/,5.-/104:,-

ρ� 0/,K1/;<4 B6
-/, A/44/, -/1 O6PMS:0.0/3/,/ B67 260-16;K �+4>5��V

C., =./E=/1091/;</,-/1 2,0:4B .04 -:0 0>F/,:,,4/ �1/0>,:4.,FM=:E/,;/M3>,-�
��_S� b>-/EE =>, �VNV 2,-/10>, �2,-$$] 2,-52�V 2EEF/7/., 5/1-/, <./1 ., 2,:E>MF./ B61 �WMI644.,F/1M�EY00.FK/.4 -./ �1/.</.40F1:-/ =>, D9., 6,- I:-6,F .,,/1<:E3
-/1 B5/.-.7/,0.>,:E/, O6P

2
MC3/,/, F/41/,,4 6,- 7.44/E0 B5/./1 �6:0.4/.E;</,] -/7

D9.,>, �I:-6,F�@] D9.,����� 6,- -/7 �>E>, �I:-6,F�/] D9.,�@�] 3/0;<1./3/,VW/, CE/K41>,/,MO<:1:K4/1 /1E:,F/, -./ �6:0.4/.E;</, -61;< -./ _/13.,-6,F /.,/0
D9.,>,0 7.4 /.,/7 �>E>, 5./-/1] 5./ B67 S/.09./E :, -/, A>,4:K4/,] 3/. -/,/,/., /E/K41.0;</1 D41>7 ., -./ C3/,/, .,n.B./14 5.1-V C3/,0> 7Y00/, 0.;< LY1 -/,
81:,09>14 0/,K1/;<4 B6 -/, O6P

2
MC3/,/, B5/. �6:0.4/.E;</, B6 /.,/7 CE/K41>,=/13.,-/,] 67 B61 ,J;<04/, C3/,/ B6 F/E:,F/,V 8/,/1/EE 5.1- 0>7.4 -:0 N.-/1M04:,-0=/1<:E4/, -/1 O6P

2
MC3/,/, -61;< -./ 09/B./EE/, C.F/,0;<:L4/, -./0/1 3/.-/,

�6:0.4/.E;</, 3/0;<1./3/,V
�Y1 -./ 6,4/10;<./-E.;</, W>4./16,F03/1/.;</ F/7J\ -/7 �<:0/,-.:F1:77 -/1

�8DI ,:;< 233.E-6,F �V? /1F.34 0.;< LY1 -/, 09/B.�0;</, N.-/104:,-
ρ�(T )

L>EF/,-/0L>17:E/0 S.E-V +7 Y3/1->4./14/, S/1/.;< ->7.,./14 -:0 �/17.M�EY00.FK/.40=/1<:E4/,-/1 D9.,>,/,] 5:0 /.,/ o6:-1:4.0;</ 8/79/1:461:3<J,F.FK/.4 .7 C3/,/,5.-/104:,-
B61 �>EF/ <:4

ρ�(T ) ∝ T 2. �5V��
b.4 :3,/<7/,-/1 W>4./16,F /1F.34 0.;< :60 -./0/1 8</>1./ .7 >94.7:E ->4./14/,



 � ��	 ��	����������� ��	����

S/1/.;< -:0 =./EL:;< 3/>3:;<4/4/ E.,/:1/ _/1<:E4/, -/0 N.-/104:,-/0V

ρ�(T ) ∝ T. �5V��
N.1- -./ W>4./16,F 5/.4/1 1/-6B./14] 41/4/, -./ C.F/,0;<:L4/, -/1 �>E>,/, B6,/<M7/,- ., -/, _>1-/1F16,-V S//.,H6004 5.1- <./1 -./ D.46:4.>, -61;< /.,/ 0.;< �Z,/,-/
IY;K/ ., -/, D9.,:,1/F6,F/, ��D9.,F:9�� -/1 O6P

2
MC3/,/, 3/. /.,/1 8/79/1:461

�� >3/1<:E3 -/1 0691:E/.4/,-/, �<:0/ ��>05�] 8:K5��V W./0/0 �260L1./1/,� -/1 D9.,M:,1/F6,F/, <:4 B61 �>EF/] -:00 -./ D9.,>,/, :E0 7�FE.;</ D41/6B/,41/, 5/FL:EE/, 6,-
-:7.4 -./ I/.4LJ<.FK/.4 .,,/1<:E3 -/1 O6P

2
MC3/,/, B6,.774 �S6;5?] 8.755�V W./0

0>EE4/ 6,4/1<:E3 �� -61;< /., 235/.;</, =>7 E.,/:1/, _/1E:6L -/0 C3/,/,5.-/104:,M-/0 /1K/,,3:1 0/.,V +7 8/F/,0:4B -:B6 5.1- -/1 /E/K41.0;</ 81:,09>14 0/,K1/;<4 B6-/, O6P
2
MC3/,/, B6,/<7/,- F/</774 6,- /., .0>E./1/,-/0 _/1<:E4/, 5.1- 0.;<43:1]

-: <./1 -./ D9.,>,/, :E0 �:14,/1 LY1 -./ CE/K41>,MS.E-6,F 7.4 -/, �>E>,/, =/17/<14
:60L:EE/,V

+, -/1 I.4/1:461 5.1- Y3E.;</15/.0/ B61 [,4/106;<6,F -/1 8/79/1:461:3<J,F.FMK/.4 -/0 09/B.�0;</, N.-/104:,-/0 -/1 O6P
2
MC3/,/, ρ�(T )

.7 >94.7:E 6,- 6,4/1M->4./14/, S/1/.;< /.,/ E.,/:1/ �6,K4.>, >3/1<:E3 -/1 =/1764/4/, 8/79/1:461 ��
:,F/9:004 �+4>5?] 8:K5��V

ρ���(T ) = ρ
�

+ a · T �5V?�2,0;<E./\/,- 5.1- -/1 F/7/00/,/ 09/B.�0;</ N.-/104:,- 7.44/E0 -/1 �6,K4.>, 5V?
,>17./14

f(T ) =
ρ�(T ) − ρ

�

a · T
. �5V��

D>E:,F/ -/1 N.-/104:,- -/7 E.,/:1/, _/1<:E4/, L>EF4] .04 f(T ) = 1
6,- 5/.;<4 =>,-./0/7N/14 :3] 0>3:E- -/1 N.-/104:,- -/, E.,/:1/, 8/79/1:461=/1E:6L =/1EJ004V W./

8/79/1:461] 3/. -/7 -./0/ 235/.;<6,F :6L41.44] 0>EE4/ -:7.4 F/1:-/ �� K/,,B/.;<M,/,V
C., �1>3E/7 3/. -./0/1 214 -/1 2605/146,F .04 :EE/1-.,F0] -:00 -/1 U6EE5.-/1M04:,-

ρ
� 6,- -./ D4/.F6,F

a
0/<1 04:1K =>, -/7 B61 2,9:006,F F/5J<E4/, 8/7M9/1:4613/1/.;< :3<J,F/,V [7 -./0/ �1>3E/7:4.K B6 =/17/.-/,] 5.1- .7 �>EF/,-/,B61 S/41:;<46,F -/1 8/79/1:461:3<J,F.FK/.4 -/0 09/B.�0;</, C3/,/,5.-/104:,-/0

ρ� -./ 23E/.46,F -
ρ�/-T Y3/1 -./ 8/79/1:461 =/15/,-/4V W:3/. 5/1-/, ., -./0/7

230;<,.44 -./ b/006,F/, :, -/1 =/1B5.EE.,F4/, U-��?M�1>3/ :60F/KE:77/14] -: <./1
-./ A/44/, -/1 O6PMS:0.0/3/,/ /.,/, 6,/15Y,0;<4/, S/.41:F B67 C3/,/,5.-/104:,-
E./L/1,V

�&k �i&k+*j�&kj& �&k&�l)
�./1 K�,,/,] 5./ ., 230;<,.44 $V� :,F/091>;</,] E/-.FE.;< N.-/104:,-07/006,F/, :,
R��? B61 S/41:;<46,F </1:,F/B>F/, 5/1-/,] -: ,61 <./1 -/1 Y3/1->4./14/ S/1/.;<
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233.E-6,F 5V�� W./ 23E/.46,F -/0 O6P
2
MC3/,/,5.-/104:,-/0 ρ�(T )

,:;< -/1 8/7M9/1:461 .7 Y3/1->4./14/, S/1/.;<V

>3/1<:E3 =>, % � 3V5� B6FJ,FE.;< .04V +, 233.E-6,F 5V� 0.,- ,6, -./ 23E/.46,F/, -/1
b/006,F/, -

ρ�/-T 7.4 /.,/7 D:6/104>ZF/<:E4 =>, % � 3V55 6,- % � 3V52 F/B/.F4V
W./ :EEF/7/., /15:14/4/ o6:-1:4.0;</ 8/79/1:461:3<J,F.FK/.4 -/0 N.-/104:,-/0

0>EE4/ -61;< /., E.,/:1/0 2,5:;<0/, -/1 23E/.46,F -
ρ�/-T 5./-/1F/F/3/, 5/1-/,V

8:40J;<E.;< 5.1- -./0/0 _/1<:E4/, ., -/1 233.E-6,F 3/04J4.F4V
N/.4/1<., .04 <./1 -/1 4`9.0;< FE:0:14.F/ CZ/K4 -/1 D:6/104>Z>1-,6,F >3/1<:E3

T
��� 0.;<43:1V S/. =>EE04J,-.F/1 D:6/104>Z3/E:-6,F .04 -./0/1 CZ/K4 :6LF16,- ,:</B6

=>EE04J,-.F 3/0/4B4/1 A/44/, ., -/1 O6PMS:0.0/3/,/ 0/<1 F/1.,FV b.4 :3,/<7/,M-/, D:6/104>ZF/<:E4 5.1- -./0/1 CZ/K4 .7 N.-/104:,-0=/1<:E4/, n/->;< B6,/<7/,-
-/64E.;</1V

�&k&�l) +&k */j�%$�&' �*j�&k"')
W/1 >94.7:E/ S/1/.;< 5.1- :7 3/04/, -61;< R��? 7.4 /.,/7 D:6/104>ZF/<:E4 =>,
% � 3V5� 5./-/1F/F/3/,] 3/. -/7 -./ 7:m.7:E/ �3/1F:,F04/79/1:461

TG /11/.;<4
5.1-V +, 233.E-6,F 5V� .04 0>5><E -./ 23E/.46,F -/0 C3/,/,5.-/104:,-/0 -./0/1 �1>3/



 � ��	 ��	����������� ��	����

233.E-6,F 5V�� W./ 23E/.46,F -/0 O6P
2
MC3/,/,5.-/104:,-/0 ρ�(T )

,:;< -/1 8/7M9/1:461 =>, R��? .7 >94.7:E ->4./14/, S/1/.;<V 467 _/1FE/.;< .04 /3/,L:EE0 -./ 23ME/.46,F -/1 U-��?M�1>3/ F/B/.F4] -./ 7.4 .<1/7 D:6/104>ZF/<:E4 ,61 /45:0 6,4/1<:E3-/1 >94.7:E/, W>4./16,F E./F4V

F/B/.F4 :E0 :6;< -./ -/1 /,4B5.EE.,F4/, U-��?M�1>3/V b.4 /.,/7 D:6/104>ZF/<:E4 =>,
% � 3V5$ 0>EE4/ 0./ K,:99 6,4/1<:E3 -/1 >94.7:E/, W>4./16,F E./F/,V

260 -/7 >3/, /15J<,4/, E.,/:1/, _/1<:E4/, 3/. >94.7:E/1 W>4./16,F 0>EE4/ /1M5:146,F0F/7J\ -
ρ�/-T =

K>,04 L>EF/,V �Y1 -./ R��?M�1>3/ 41.Z4 -./0/0] 5./ ., -/1
233.E-6,F B6 0/</,] :6;< B6V W/1 E/.;<4 6,4/1->4./14/ O<:1:K4/1 -/1 U-��?M�1>3/5.1- -61;< /.,/ K>,4.,6./1E.;</ 23,:<7/ -/1 D4/.F6,F =>, ρ�(T )

5./-/1F/F/3/,V
W/1 CZ/K4 -/1 D:6/104>Z>1-,6,F >3/1<:E3 =>, T

��� .04 5./-/167 -/64E.;< .,
-/1 R��?M�1>3/ 7.4 6,=>EE04J,-.F 3/0/4B4/, D:6/104>ZK/44/, 0.;<43:1] 5><.,F/F/,3/. -/1 U-��?M�1>3/ 7.4 /.,/7 ,:</B6 7:m.7:E/, D:6/104>ZF/<:E4 -/1 CZ/K4 ,.;<4/1K/,,3:1 .04V

2, -./0/1 D4/EE/ 5.1- :6;< F/1:-/ :,<:,- -/1 R��?M�1>3/ KE:1] 5>-61;< -./ >3/,/15J<,4/ 2605/14/7/4<>-/ 7.44/E0 E.,/:1/1 2,9:006,F /.,F/0;<1J,K4 5.1-V 8/,:6MF/,>77/, 0>EE4/ ., -./0/7 �:EE ,61 .7 8/79/1:461.,4/1=:EE =>, /45: �2@ A 3.0 7:m.M7:E
T
��� /.,/ 0>E;</ 2,9:006,F /1L>EF/,V 460J4BE.;< 5.1- .7 6,4/1->4./14/, S/1/.;<
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-:0 235/.;</, -/0 N.-/104:,-/0 =>7 E.,/:1/, _/1<:E4/, B6 .77/1 <�</1/, 8/7M9/1:461/, =/10;<>3/, 6,- 0;<1J,K4 -./0/0 /1E:634/ 8/79/1:461.,4/1=:EE 5/.4/1 /.,V
+, -/1 I.4/1:461 n/->;< /1L>EF4 -./ E.,/:1/ 2,9:006,F Y3/1

T
��� <.,5/F B6 <�</1/,

8/79/1:461/, 6,- LY<14 0> B6 ,.;<4 6,/1</3E.;</, �/<E/1,V

�&k "'j&k+*j�&kj& �&k&�l)
+, 233.E-6,F 5V? 0.,- 0;<E./\E.;< -./ 23E/.46,F/, -/1 /,4B5.EE.,F4/, U-��?M 6,-
R��?M�1>3/, .7 6,4/1->4./14/, S/1/.;< F/B/.F4V b.4 :3,/<7/,-/7 D:6/104>ZF/<:E45.1- /., B6,/<7/,- 0ML�17.F/1 _/1E:6L =>, -

ρ�/-T 0.;<43:1V +, R��? K:,,] =/1MFE/.;<3:1 7.4 -/1 >94.7:E ->4./14/, R��?M�1>3/] 3/. % � 3V$2 F/1:-/ ,>;< /., 8/7M9/1:4613/1/.;< 7.4 -
ρ�/-T =

K>,04V :60F/7:;<4 5/1-/,V W./ �1>3/, 7.4 KE/.,/1/7
D:6/104>ZF/<:E4 3B5V -./ U-��?M�1>3/, B/.F/, B5:1 :6;< ,>;< 8/79/1:4613/1/.;</]
., -/,/, /.,/ 2,9:006,F ,:;< -

ρ�/-T =
K>,04V 7�FE.;< 5J1/] n/->;< 7Y004/ <./1 -./

2,9:006,F 3.0 B6 8/79/1:461/, =>, /45: �$@ A /1L>EF/,V �./1 ->7.,./14 :3/1 -./
D:6/104>Z>1-,6,F -:0 N.-/104:,-0=/1<:E4/, 6,- =/1LJE0;<4 -:</1 -./ 2605/146,FV

233.E-6,F 5V?� W./ 23E/.46,F -/0 O6P
2
MC3/,/,5.-/104:,-/0 ρ�(T )

,:;< -/1 8/7M9/1:461 =>, R��? 6,- U-��? .7 6,4/1->4./14/, S/1/.;<V



 � ��	 ��	����������� ��	����

+,0F/0:74 .04 0>7.4 /.,/ E.,/:1/ 2,9:006,F 6,4/1<:E3
T
��� 0> F64 5./ 6,7�FE.;<

6,- -./0/ b/4<>-/ B61 S/04.776,F =>, �� -Y1L4/ -/05/F/, 3/. -/1 &��?M�:7.E./
,.;<4 :,F/5/,-/4 5/1-/,V I/-.FE.;< 3/. _/13.,-6,F/,] 5./ B67 S/.09./E RS:QO6�P� ]3/. -/,/, -/1 N.-/104:,-0=/1E:6L ,.;<4 -61;< D:6/104>Z>1-,6,F091>B/00/ 3//.,H60045.1-] K:,, -./0/0 _/1L:<1/, ><,/ 5/.4/1/0 :,F/5:,-4 5/1-/, �S6;5?�V

�
� ������� ��� �c

��	�	������ �
��� ��d 
�� ������f��
�
�	��

U:;<-/7 -:0 :EEF/7/.,/ N.-/104:,-0=/1<:E4/, 3/. U6EE-16;K 3/41:;<4/4 5>1-/, .04]
5.1- <./1 ,6, -/1 C.,H600 <`-1>04:4.0;</, W16;K/0 :6L -/, 09/B.�0;</, N.-/104:,-
ρ(T )

6,4/106;<4V
�./1B6 561-/ -/1 N.-/104:,- E/-.FE.;< 3.0 B6 /.,/1 8/79/1:461 =>, /45: �5@ A

F/7/00/, 6,- 0>7.4 -./ -16;K.,-6B./14/ D:6/104>Z>1-,6,F >3/1<:E3 =>, T
��� =/1M7./-/,V

+, 233.E-6,F 5V� K:,, /., 23,/<7/, -/0 09/B.�0;</, N.-/104:,-/0 7.4 5:;<0/,M

233.E-6,F 5V�� C.,H600 <`-1>04:4.0;</, W16;K/0 :6L -/, 09/B.�0;</, N.-/104:,- LY1
T < T

��� ] :7 S/.09./E /.,/1 =/1B5.EE.,F4/, U-��?M�1>3/ 7.4 /.,/7 D:6/104>ZF/<:E4=>, m � 3V5�V
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-/7 W16;K 3/>3:;<4/4 5/1-/,V S/. -/7 <./1 7:m.7:E :,F/5:,-4/, <`-1>04:4.0;</,W16;K =>, 2@@ b�: 5.1- -./ 8/79/1:461:3<J,F.FK/.4 -/0 09/B.�0;</, N.-/104:,M-/0 ,.;<4 F/J,-/14] 0>,-/1, ,61 9:1:EE/E B6 ,./-1.F/1/, N/14/, =/10;<>3/,V +, 23M3.E-6,F 5V2 .04 -./0/ 23,:<7/ =>, ρ��(p)
LY1 -./ ., 233.E-6,F 5V� F/K/,,B/.;<,/4/,

8/79/1:461/, =>, ��@ A 6,- �2@ A F/B/.F4V N./-/167 K:,, <./1 /., 81:,0L/1 =>,I:-6,F041JF/1, =>, -/, O6PMA/44/, B6 -/, O6P
2
MC3/,/, :E0 �:694610:;</ LY1 -./M0/ _/10;<./36,F :,F/,>77/, 5/1-/,V +, -/1 26L41:F6,F

ρ�� Y3/1 -/, B6F/<�1.F/,
TG(p)MN/14] /1F.34 0.;< /., B6

ρ��(p)
=/1FE/.;<3:1/1 E.,/:1/1 _/1E:6L ρ��(TG)V S/=>1<./1 n/->;< 5/.4/1/ D;<EY00/ F/B>F/, 5/1-/,] 0>EE .7 ,J;<04/, D;<1.44 -/1 CZ/K4 -/1

-16;K.,-6B./14/, D:6/104>Z>1-,6,F :6L -/, 09/B.�0;</, N.-/104:,- 3/1Y;K0.;<4.F4
5/1-/,V

233.E-6,F 5V2� C3/,/,5.-/104:,-
ρ�� ., 23<J,F.FK/.4 =>, -/7 <`-1>04:4.0;</,A:E4-16;K � 6,- 1/;<40 ., 23<J,F.FK/.4 =>, -/7 B6F/<�1.F/,

TGMN/14 :60 233.E-6,F
5V�V

�
� ������� 
�
 ����
�	���

���� ��d 
�� ������f�
�
�	��

+, C1FJ,B6,F B67 =>1</1.F/, 230;<,.44 5.1- <./1 09/B./EE -/1 N.-/104:,- >3/1<:E3=>, T

��� -.0K64./14V +, 233.E-6,F 5V3 .04 F/1:-/ -./0/1 8/79/1:461:600;<,.44 F/MB/.F4V S/41:;<4/4 7:, B6,J;<04 -./ 0;<5:1B/ b/00K61=/ 3/. U6EE-16;K] .04 >3/1<:E3=>, T
��� /., 235/.;</, -/0 09/B.�0;</, N.-/104:,-/0 B6 <�</1/, N/14/, B6 3/>3M:;<4/,V �./1 5/1-/, -./ D:6/104>Z:4>7/ .,,/1<:E3 -/1 O6PMS:0.0/3/,/ B6,/<7/,-

3/5/FE.;<V b.4 04/.F/,-/1 8/79/1:461 5/1-/, -./ O6PMA/44/, .77/1 04J1K/1 L1:FM7/,4./14] 0> -:00 -./ I:-6,F041JF/1K>,B/,41:4.>, :3,.774 �=FEV 230;<,.44 �V�V��6,- -/1 09/B.�0;</ N.-/104:,- :,04/.F4V
8/<4 7:, ,6, B6 4./L/, 8/79/1:461/, 6,- Y34 <`-1>04:4.0;</, W16;K :6L -./



 � ��	 ��	����������� ��	����

233.E-6,F 5V3� >3/1/0 S.E-� C3/,/,5.-/104:,- ρ��(T )
/.,/1 U-��?M�1>3/ 3/. U6EEM-16;K 6,- ,:;< 260Y3/, <`-1>04:4.0;</, W16;K/0 LY1
T > T

��� V6,4/1/0 S.E-� 0691:E/.4/,-/1 �3/1F:,F LY1 -./ =/10;<./-/,/, .7 >3/1/, S.E- /.,F/M04/EE4/, 4604J,-/ �V� M �V�V

�1>3/ :60] 5.1- 7.4 04/.F/,-/1 8/79/1:461 -./ 3E:6/ A61=/ F/7/00/,V 46,J;<04 .04
-./ .7 =>1:,F/F:,F/,/, 230;<,.44 3/0;<1./3/,/ 230/,K6,F -/0 N.-/104:,-/0 -61;<
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233.E-6,F 5V,� _/1FE/.;< -/0 A:E4-16;K/Z/K4/0 :60 233.E-6,F 5V2 7.4 -/1 B60J4BME.;</, 230/,K6,F -/0 N.-/104:,-/0 -61;< -16;K.,-6B./14/ D:6/104>Z>1-,6,FV W./
�:13/, /,4091/;</, -:3/. -/,n/,.F/, ., 233.E-6,F 5V3V

-/, I:-6,F041:,0L/1 3/. A:E4-16;K B6 0/</,V S/.7 �3/10;<1/.4/, =>, T
��� 5.1- <./1

n/->;< .7 _/1FE/.;< B61 A61=/ 6,4/1 U6EE-16;K /., 67F/K/<14/1 CZ/K4 3/>3:;<4/4]-/1 N.-/104:,- 5/.;<4 B6 KE/.,/1/, N/14/, :3V W./0 K:,, -61;< /.,/ -16;K.,-6MB./14/ D:6/104>Z>1-,6,F =/104:,-/, 5/1-/,] 3/. -/1 0.;< ., -/1 O6PMS:0.0/3/,/ B6M,/<7/,- EJ,F/1/ A/44/, 3.E-/,V W./0 <:4 B61 �>EF/] -:00 B60J4BE.;</ I:-6,F041JF/1
/1B/6F4 5/1-/, 6,- -:7.4 -/1 N.-/104:,- :3,.774V b.4 B6,/<7/,-/1 8/79/1:M461 Y3/15./F4 n/->;< 5./-/1 -/1 CZ/K4 -/1 A/44/,L1:F7/,4./16,F 6,- -:0 =>1</1.F/2,5:;<0/, -/0 N.-/104:,-/0 .04 B6 3/>3:;<4/,V

U:;< 23KY<E/, -/1 �1>3/ 6,4/1 FE/.;<3E/.3/,-/7 W16;K 5.1-] 3/. 3/. /.,/1 /1M,/64/, b/006,F] -./ 1>4/ A61=/ /1<:E4/,V S/. 4./L/1 8/79/1:461 .04
ρ�� .,L>EF/ -/1

B60J4BE.;< /1B/6F4/, I:-6,F041JF/1 :3F/0/,K4V b.4 04/.F/,-/1 8/79/1:461 .04 /1,/64
-/1 CZ/K4 -/1 A/44/,L1:F7/,4./16,F B6 3/>3:;<4/,V

N.1- ,6, -/1 W16;K 3/. 4./L/, 8/79/1:461/, 5./-/1 :6L U6EE :3F/0/,K4] B/.F4 -/1
N.-/104:,- -/, _/1E:6L -/1 F1Y,/, A61=/V�./1 L/<E4 -./ �/-6B./16,F -/0 N.-/104:,M-/0 -61;< -/, I:-6,F041:,0L/1 3/. A:E4-16;K 6,- E/-.FE.;< -./ B60J4BE.;< /1B/6F4/,
I:-6,F041JF/1 =/1610:;</, -/, .7 _/1FE/.;< B61 0;<5:1B/, A61=/ :3F/0/,K4/, N.M-/104:,-0=/1E:6LV P3/1<:E3 =>, T

��� LJEE4 -./ F1Y,/ A61=/ 7.4 -/1 61091Y,FE.;< 3/.
U6EE-16;K F/7/00/,/, 0;<5:1B/, A61=/ B60:77/, 6,- -/1 260F:,F0B604:,- 5.1-
/11/.;<4V

+, 233.E-6,F 5V, .04 .7 E.,K/, S.E- -./ 230/,K6,F -/0 N.-/104:,-/0 -61;< -16;KM.,-6B./14/ D:6/104>Z>1-,6,F �N:17-16;K/Z/K4� -61;< -./ 1>4/ I.,./ F/K/,,B/.;<,/46,- .7 _/1FE/.;< B67 A:E4-16;K/Z/K4 :6LF/41:F/,V _>, S/-/646,F .04 -:3/. -:0



 � ��	 ��	����������� ��	����

233.E-6,F 5V$�_/1FE/.;< B5/./1 b/006,F/, =>, ρ�(T )
] /.,7:E 6,4/1 A:E4-16;K �3E:6/A61=/� 6,- 6,4/1 U6EE-16;K 7.4 B60J4BE.;</, I:-6,F041JF/1, ,:;< /1L>EF4/1 D:6/1M04>Z>1-,6,F �F1Y,/ A61=/�V 467 _/1FE/.;< .04 -./ 61091Y,FE.;</ U6EE-16;K7/006,F

�0;<5:1B F/041.;</E4� :E0 :6;< -./ 6,4/1 N:17-16;K 1/E:m./14/ N.-/104:,-07/006,F
�1>4 F/041.;</E4� F/B/.F4V W/1 C.,0:4B -/7>,041./14 -./ F64/ TG �3/1/.,04.776,F =>,
4604:,- �V� 6,- �V�V

1/;<4/ S.E- 7.4 -/1 26L41:F6,F =>, ρ��(TG)V C0 7:;<4 -/64E.;<] -:00 /0 ,.;<4 B6
6,4/10;</.-/, .04] :6L 5/E;</ N/.0/ -/1 n/5/.E.F/ N.-/104:,- 3B5V

TGMN/14 /11/.;<4
561-/] 0/. /0 -61;< A:E4-16;K �0;<5:1B/ �6,K4/�] N:17-16;K 7.4 D:6/104>Z>1-,6,F
�1>4/ �6,K4/� >-/1 :EE/., -61;< D:6/104>Z>1-,6,F ><,/ W16;K �F1Y,/ �6,K4/�V [,M:3<J,F.F =>, -/1 :,F/5:,-4/, b/4<>-/ 5.1- E/-.FE.;< -/1 I:-6,F041JF/1F/<:E4 -/1
O6P

2
MC3/,/, F/J,-/14 6,- 3/04.774 -:-61;<

ρ
6,-

TG V W./0/1 D:;<=/1<:E4 5.1-
,>;<7:E0 ., 233.E-6,F 5V$ -/64E.;<V �./1 5.1- -61;< F/0;<.;K4/ N:<E -/0 :,F/E/F4/,
W16;K0 -./0/E3/ N.-/104:,-0K61=/ 1/91>-6B./14] 0/. /0 :EE/., -61;< -16;K.,-6B./14/,
�$+"')#jk$'#(&k �3E:6/ A61=/� >-/1 0/. /0 :600;<E./\E.;< -61;< �$+"')#jk0)&k &k=&")"') -61;< D:6/104>Z>1-,6,F ><,/ -16;K.,-6B./14/, I:-6,F041JF/141:,0L/1
�F1Y,/ A61=/�VW./0/ C1F/3,.00/ B/.F/,] -:00 >Z/,3:1 ρ

6,-
TG Y3/1 /.,/ F/7/.,0:7/ 81�\/
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233.E-6,F 5V5� 26L41:F6,F =>, -
ρ/

-
p
Y3/1 -/, D:6/104>ZF/<:E4 %V

0;<5:1B� A:E4-16;K/Z/K4 �:60 233V 5V2�]1>4�N:17-16;K/Z/K4 7.4 B60J4BE.;</1 D:6/104>Z>1-,6,F 6,4/1 W16;K �:60 233V 5V,�]n/5/.E0 F/7/00/, 3/. /.,/1 K>,04:,4/, 8/79/1:461 =>, ��@ A 3B5V �@@ AV

=/1K,Y9L4 0.,-V W./ ,:</E./F/,-04/ 81�\/ .04 -./ I:-6,F041JF/1K>,B/,41:4.>, 'X -/1O6P
2
MC3/,/,V W:</1 5.1- .7 ,J;<04/, A:9.4/E -./ W.0K600.>, 6,4/1 S/1Y;K0.;<4.MF6,F -/1 I:-6,F041JF/1 L>14F/0/4B4V

460:77/,L:00/,- .04 ., 233.E-6,F 5V5 LY1 :EE/ �1>3/, -/1 W16;K/Z/K4 -
ρ/
-
pY3/1 -/, D:6/104>ZF/<:E4 m F/B/.F4V S/. 7:m.7:E/7 D:6/104>ZF/<:E4 6,4/10;</.-/,0.;< A:E4M 6,- N:17-16;K K:67 =>,/.,:,-/1] -: -./ A/44/, ,:</B6 =>EE04J,-.F 7.4

D:6/104>Z:4>7/, 3/0/4B4 0.,- 6,- -./ -16;K.,-6B./14/ D:6/104>Z>1-,6,F ,.;<4 .,0
8/5.;<4 LJEE4V b.4 :3,/<7/,-/7 D:6/104>ZF/<:E4 0.,- -./ O6PMA/44/, B6,/<7/,-
L1:F7/,4./14 6,- I:-6,F041JF/1 K�,,/, /Z/K4.=/1 -61;< D:6/104>Z>1-,6,F /1B/6F4
5/1-/,V W./0 09./F/E4 0.;< -61;< /.,/, B6,/<7/,-/, N:17-16;K/Z/K4 5.-/1V +, R��?
.04 -./0/1 CZ/K4 F/1.,F/1 :E0 ., U-��?] -: <./1 -./ A/44/, 3/. FE/.;</7 D:6/104>ZF/M<:E4 5/,.F/1 04:1K L1:F7/,4./14 0.,- �=FEV 233.E-6,F �V2�V
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N./ .7 =>1:,F/F:,F/,/, A:9.4/E F/B/.F4 561-/] K:,, 3/. -/1 26L41:F6,F =>, ρ(TG),.;<4 6,4/10;<./-/, 5/1-/,] >3 A:E4M >-/1 N:17-16;K :,F/5:,-4 561-/] 67 -/, n/M5/.E.F/, N.-/104:,-0M 3B5V TGMN/14 B6 /11/.;</,V W./0/ 8:40:;</ E/F4 ,:</] -:00 -/1
N.-/104:,- 7.4 -/7 B6F16,-/E./F/,-/, /E/K41>,.0;</, _/1<:E4/, -/1 O6PQMC3/,/,=/1K,Y9L4 .04] 5/E;</0 :6;< -/, �3/1F:,F B61 D691:E/.46,F 3/04.774V [7 7/<1
AE:1</.4 Y3/1 -./0/, D:;<=/1<:E4 B6 /1E:,F/, 6,- /.,/, 3/00/1/, _/1FE/.;< B5.0;</,
-/, 3/.-/, D`04/7/, R��? 3B5V U-��? B6 /17�FE.;</,] 5.1- .7 �>EF/,-/, -./ 26LM41:F6,F Y3/1 -./ I:-6,F041JF/1K>,B/,41:4.>, 'X :E0 =/13.,-/,-/ 81�\/ F/5J<E4V

	�
	
ρ

�� �����������	 ��� ��

8/7J\ 8E/.;<6,F �V� K:,, :60
TG -./ /,4091/;</,-/ I:-6,F041JF/1K>,B/,41:4.>,3/04.774 5/1-/,V W/1 :60

ρ(TG) :6L -./0/ N/.0/ /1<:E4/,/
ρ�'X�M_/1E:6L .04 ., 233.EM-6,F �@V� LY1 -./ 8/79/1:461/, =>, ��@ A 6,- �@@ A -:1F/04/EE4V W:3/. /,4091/;</,

-./ n/5/.E0 /,F B60:77/,E./F/,-/, �6,K4/ -/1 _/10;<./36,F 6,4/1 A:E4M 6,- N:17M-16;K 3/. FE/.;</7 D:6/104>ZF/<:E4V
S/41:;<4/4 7:, -/, _/1E:6L -/0 C3/,/,5.-/104:,-/0

ρ
-/1 n/5/.E.F/, �1>3/3/. �@@ A =>, <></1 W>4./16,F 3.0 B6 /.,/1 K1.4.0;</, I:-6,F041JF/1K>,B/,41:4.>,

'X� ���� ≈ 0.12
] B/.F/, :EE/ N.-/104:,-05/14/ -:0 FE/.;</ E.,/:1/ _/1<:E4/,V W:1M:60 K:,, 7:, L>EF/1,] -:00 -61;< D:6/104>Z->4./16,F 6,- <`-1>04:4.0;</, W16;K

E/-.FE.;< -./ I:-6,F041JF/1K>,B/,41:4.>, -/1 O6PQMC3/,/, F/J,-/14 5.1-V
_/1L>EF4 7:, -/, _/1E:6L -/1 N.-/104:,-/0 3/. �@@ A 3.0 6,4/1<:E3 =>, 'X� ���� ]J,-/14 0.;< 7.4 /.,/7 1:9.-/, 2,5:;<0/, -/0 C3/,/,5.-/104:,-/0 :31694 -/1 3.0M</1.F/ E.,/:1/ _/1E:6LV W/1 N.-/104:,- 7600 0>7.4 ,/3/, -/1 I:-6,F041JF/1K>,B/,M41:4.>, 'X -61;< 5/.4/1/ CZ/K4/ ., -/, O6PQMC3/,/, 3//.,H6004 5/1-/,V S/. -/7

=/1B5.EE.,F4/, U-��?MA1.04:EE .04 -./0/1 CZ/K4 >Z/,3:1 :6LF16,- -/1 5/;<0/E,-/, :M6,- 3M�.;<46,F/, 5/,.F/1 04:1K :60F/3.E-/4V
W/1 C3/,/,5.-/104:,- 3/. ��@ A B/.F4 ,:</B6 -:0 FE/.;</ _/1<:E4/,V 26ZJEE.F .04:3/1] -:00 7.4 :3,/<7/,-/1 I:-6,F041JF/1K>,B/,41:4.>, -/1 N.-/104:,- 6,4/1 -/,

E.,/:1/, _/1E:6L <></1 W>4./16,F/, LJEE4V W./0 .04 7.4 -/1 ., 230;<,.44 5V� /15J<,4/,
230/,K6,F -/0 C3/,/,5.-/104:,-/0 .7 S/1/.;< -/0 �D9.,F:90� �D8� B6 /1KEJ1/,V

+,0F/0:74 0;</.,4 6,4/1<:E3 'X� ���� /.,/ -1:04.0;</ C.,0;<1J,K6,F -/0 I:-6,F0M41:,09>140 ., -/, O6PQMC3/,/, /.,B641/4/,VN/E;</ A>,0/o6/,B/, -./0/ �C.,0;<1J,MK6,F� :6L -./ �3/1F:,F04/79/1:461
TG <:4] 0>EE .7 ,J;<04/, 230;<,.44 :,<:,- -/0

W16;K/Z/K4/0 -�G�-� 3/091>;</, 5/1-/,] 3/=>1 :30;<E./\/,- -./ [10:;</ /.,/0 0>E;<:31694/, 2,04./F0 -/0 N.-/104:,-/0 -/1 O6PQMC3/,/, /1�14/14 5.1-V
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233.E-6,F �@V�� 26L41:F6,F -/0 09/B.�0;</, N.-/104:,-/0 3/. /.,/1 L/04/, 8/79/M1:461 ���@ A 3B5V �@@ A� Y3/1 -/1 I:-6,F041JF/1K>,B/,41:4.>, 'X V

	�
� ��
������� 
�� �
�������	�� 
��H��I�
�
NJ1/ E/-.FE.;< -./ I:-6,F01JF/1K>,B/,41:4.>, LY1 -:0 _/1<:E4/, =>, TG =/1:,45>14ME.;<] 0>EE4/ -./ 23E/.46,F =>, 8E/.;<6,F �V� ,:;< -/7 W16;K � F/1:-/ -/, F/7/00/,/,
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W16;K/Z/K4 -
TG �'X��-� ,:;<B/.;<,/,]

-
TG(nX)-

p
=

-
TG-
nX ·

-
nX-
p

. ��@V��
+04 -./ 23E/.46,F -

TG�-'X ,>;< /.,L:;< :60 8E/.;<6,F �V� B6 /11/;<,/,] F/04:EM4/4 0.;< -./ S/04.776,F -/0 -16;K:3<J,F.F/, I:-6,F041:,0L/10 -'X�-� -61;<:60 :E0
0;<5./1.FV C.,/ :60LY<1E.;</ S/41:;<46,F -./0/0 �1>3E/70 �,-/4 0.;< ., -/1 213/.4
=>, DV D;<E:;<4/1 �D;<@?�V 2E0 C1F/3,.0 �,-/4 0.;< /.,/ -/1 W>4./16,F 'X 91>9>14.>M,:E/ I:-6,F041:,0L/11:4/ -'X�-� 7.4

-
nX-
p

=
3.1 · 10−3 8�:

−1

0.16
· nX. ��@V��

D> .04 -/1 I:-6,F041:,0L/1 3/. % � 3V@ F/1:-/ U6EE] -: <./1 K/.,/ I:-6,F041JF/1
'X =>1<:,-/, 0.,- 6,- 3/. >94.7:E/1 W>4./16,F 'X� 	
� � @V�3 /1<JE4 7:, -/, :60

233.E-6,F �@V�� _/1FE/.;< -/0 F/7/00/,/, W16;K/Z/K4/0 -
TG�-� �-61;<F/B>F/,/ I.M,./� 7.4 -/7 /11/;<,/4/, W16;K/Z/K4 ,:;< 8E/.;<6,F �@V� 6,4/1 2,,:<7/ /.,/1

K>,04:,4/, I:-6,F041:,0L/11:4/ -'X�-� �F/96,K4/4/ I.,./�] 0>5./ /.,/1 'X 91>9>1M4.>,:E/, I:-6,F041:,0L/11:4/ �F/041.;</E4/ I.,./�V
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233.E-6,F �@V?� C11/;<,/4/ A:E4M 6,- N:17-16;K/Z/K4/ 7.44/E0 -/1 N.-/104:,-0M-:4/, 3/. ��@ A 6,- �@@ A .7 _/1FE/.;< B6 /m9/1.7/,4/EE/, W:4/, 6,0/1/1 81699/]
1/91J0/,4./14 -61;< -./ -61;<F/B>F/,/, I.,./, �=FEV 233V $V? 6,- 233V $V2�V

Cm9/1.7/,4/, /17.44/E4/, N/14 =>, /45:
3.1 · 10−3 8�:

−1 �A1:5?] b/.53] I6-5$]
�:055�V

D/4B4 7:, ., 8E/.;<6,F �@V� -./0/0 C1F/3,.0 LY1 -/, I:-6,F041:,0L/1 -'X�-�/.,] /1<JE4 7:, LY1 -/, W16;K/Z/K4 -/, ., 233.E-6,F �@V� -:1F/04/EE4/, _/1E:6LV
_/1FE/.;<4 7:, -/, 0> /17.44/E4/, W16;K/Z/K4 7.4 F/7/00/,/, N/14/,] LJEE4 0>L>14:6L] -:00 -./ N/14/ B6 ,./-1.F 0.,-V D/E304 7.4 -/1 2,,:<7/ /.,/1 K>,04:,4/, I:M-6,F041:,0L/11:4/ -'X�-� �

3.1·10−3 8�:
−1 K:,, -/1 4:40J;<E.;< F/7/00/,/ -

TG�-�M_/1E:6L ,.;<4 1/91>-6B./14 5/1-/,V
D>7.4 .04 -/1 W16;K/Z/K4 ,.;<4 :EE/., -61;< -16;K.,-6B./14/, I:-6,F041:,0L/1 B6

3/0;<1/.3/, 6,- /0 .04 0.,,=>EE/1] 04:44-/00/, -:0 N.-/104:,-0=/1<:E4/,
ρ�'X� :60
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233.E-6,F �@V� B6 =/15/,-/,] -: <./1 -:0 B6F16,-/E./F/,-/ /E/K41>,.0;</ _/1<:E4/,-/1 O6PQMC3/,/, 3/00/1 3/1Y;K0.;<4.F4 5.1-V b:, /1<JE4 LY1 -./ -16;K:3<J,F.F/
I:-6,F041:,0L/11:4/

-
nX(ρ)-

p
=

-
nX-
ρ

·

-
ρ-
p
. ��@V?�

�Y1 -'X�-ρ 5.1- -/1 A/<15/14 -/1 n/5/.E.F/, D4/.F6,F >3/1<:E3 6,- 6,4/1<:E3
=>, 'X� ���� =/15/,-/4V W./ a,-/16,F -/0 09/B.�0;</, N.-/104:,-/0 6,4/1 W16;K
-
ρ�-� 5.1- :60 233.E-6,F 5V5 :3F/E/0/,V D/4B4 7:, -./ N/14/ ., 8E/.;<6,F �@V?

/.,] /1<JE4 7:, ,:;< 8E/.;<6,F �@V� -/, A:E4M 6,- N:17-16;K/Z/K4 -
TG�-� -/1

233.E-6,F �@V?V D./ 0.,- ., 0/<1 F64/1 �3/1/.,04.776,F 7.4 -/, /m9/1.7/,4/EE/,
N/14/, :60 b/006,F/, -/1 :;MD60B/94.3.E.4J4 6,- -/0 C3/,/,5.-/104:,-/0] -/1/,
7.44E/1/1 _/1E:6L -61;< -./ -61;<F/B>F/,/, I.,./, 1/91J0/,4./14 5/1-/, �=FEV 233V$V? 6,- 233V $V2�V+7 _/1FE/.;< B67 -16;K.,-6B./14/, I:-6,F041:,0L/17>-/EE 5.1- 7.4 :3,/<7/,M-/1 I:-6,F041JF/1K>,B/,4:4.>, -/1 04/.E/ 2,04./F -/0 W16;K/Z/K40 1.;<4.F 5./-/1F/MF/3/, 6,- -:0 b:m.767 .04 -61;< -./ -1:04.0;</ �C.,0;<1J,K6,F� -/0 /E/K41>,.0;</,D`04/70 6,4/1<:E3 =>, 'X� ���� /1KEJ13:1VW:7.4 5.1- -/64E.;<] -:00 -:0 _/1<:E4/, =>, TG 6,- -/0 C3/,/,5.-/104:,-/0
,.;<4 5./ 3.0</1 :,F/,>77/, :EE/., =>, -/1 I:-6,041JF/1K>,B/,41:4.>, :3<J,F4V
C.,/ 7�FE.;</ C1KEJ16,F LY1 -:0 /E/K41>,.0;</, _/1<:E4/, -/1 O6PQMC3/,/, 0>EE:,<:,- -/0 �<:0/,-.:F1:770 -/1 �8DI F/F/3/, 5/1-/,V

	�
� ��� ������
���
��� 
�
 �
��
+, 233.E-6,F �@V� 0.,- -./ C1F/3,.00/ -./0/1 213/.4 ., /.,/7 �3/10.;<403.E- :6LF/M41:F/,V +7 >3/1/, S.E- 0.,- -./ F/7/00/,/,

TGMN/14/ 7.4 -/7 C.,316;< 67 'X� ���� B60/</,] -/1 -61;< -./ F/041.;</E4/ �:1:3/E ,:;< 8E/.;<6,F �V? =/1-/64E.;<4 .04V W:16,M4/1 .04 -/1 F/7/00/,/ A:E4-16;K/Z/K4 -
TG�-� ,:;< 233.E-6,F $V? :60 N.-/104:,-0M6,- :;MD60B/94.3.E.4J407/006,F/, F/B/.F4V �Y1 -./ W:104/EE6,F -/0

ρ�'X�M_/1E:6L0 -/1U-��?M 3B5V R��?M�1>3/, 561-/, -./ N.-/104:,-0-:4/, 7.4 -/7 E.,/:1/, _/1E:6L3/. W>4./16,F/, =>, 'X � 'X� ���� ,>17./14 �=FEV F/041.;</E4/ I.,./, ., 233.E-6,F
�@V��VW./0/ 460:77/,04/EE6,F E/F4 ,:</] -:00 -:0 F/7/.,0:7/ 26L41/4/, -/0

TGMC.,316;<0] -/0 b:m.7670 .7 W16;K/Z/K4 6,- -/0 1:9.-/, 2,5:;<0/,0 -/0
09/B.�0;</, C3/,/,5.-/104:,-/0 /.,/ F/7/.,0:7/ [10:;</ <:4V N./ 0;<>, ., 23M0;<,.44 �V? :,F/091>;</,] �,-/4 0.;< 3/. =./E/, �8DI D6304:,B/, /., =/1FE/.;<3:1/1
TGMC.,316;< .7 6,4/1->4./14/, S/1/.;< 67 'X� ���� ≈ 0.12

V 2E0 [10:;</ <./1LY1 5.1-
-./ S.E-6,F 0>F/,:,,4/1 D9.,MI:-6,F0041/.L/, :,F/LY<14V
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233.E-6,F �@V�� �3/10.;<4 -/1 F/7/00/,/,
TGMN/14/ F/7/.,0:7 7.4 -/7 A:E4-16;KM/Z/K4 LY1 U-��? 6,- R��? :60 b/006,F/, -/1 :;MD60B/94.3.E.4J4 6,- -/0 N.-/1M04:,-/0V W:16,4/1 -/1 ,>17./14/ 09/B.�0;</ C3/,/,5.-/104:,-

ρ
�	�� 3/. ��@ A 6,-

�@@ AV
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81>4B K>,41>=/10/1 W.0K600.>,/, 0;</.,4 -/1 B6F16,-/E./F/,-/ �1>B/00 B61 S.EM-6,F 0>E;</1 D41/.L/, KE:1 B6 0/., 6,- .04 ,.;<4 .7 N.-/10916;< B6 -/7 .7 =>1.F/,A:9.4/E :,F/LY<14/, �_SMb>-/EE �C7/5,] O:1@��V
260F/</,- =>, /.,/7 B5/.-.7/,0.>,:E/, D`04/7] ., -/7 -./ �1/.</.40F1:-/ =>,D9., 6,- I:-6,F F/41/,,4 0.,-] 5.1- I:-6,F :60 S/1/.;</, :,4.L/11>7:F,/4.0;< F/M>1-,/4/1 b>7/,4/ :60F/0;<E>00/,V W61;< -./ E:,F1/.;<5/.4.F/ O>6E>735/;<0/E5.1MK6,F] -./ -:F/F/, /.,/ <>7>F/,/ _/14/.E6,F -/1 I:-6,F 3/FY,04.F4] 3.E-/, 0.;< :E0

A>791>7.00 5/;<0/E5/.0/ D41/.L/, 7.4 D9.,0 6,- I:-6,F/,V W./ -:3/. 7�FE.;</,
D41/.L/,9<:0/, 0.,- ., 233.E-6,F �@V2 -:1F/04/EE4V D>E:,F/ 0.;< -./0/ D41/.L/,9<:0/,
L1/. ., -/, B5/.-.7/,0.>,:E/, O6PQMC3/,/, 3/5/F/, K�,,/,] 5.1- -:0 /E/K41>,.0;</D`04/7 ,.;<4 5/.4/1 /.,F/0;<1J,K4V N/1-/, -./ D41/.L/, -61;< /., �C.,1:04/,� :,
0416K461/EE/, 8/F/3/,</.4/, 04:4.0;<] LY<14 -./0 B6 /.,/1 [,4/1-1Y;K6,F -/1 0691:ME/.4/,-/, �3/1F:,F04/79/1:461

TG ] 5./ /0 3/.09./E05/.0/ 3/. I:
1.6−x

U-
0.4

D1
x

O6P
4>-/1 I:

1.875
S:

0.125−x

D1
x

O6P
4
B6 3/>3:;<4/, .04 �81:52] +;<@@] �6n@��V

2K46/EE/ 213/.4/, :, R��?MA1.04:EE/, -/64/, /3/,L:EE0 :6L /.,/ 2603.E-6,F =>,,:</B6 04:4.0;</, D41/.L/, <., �b>>@��] -./ /.,/ C1KEJ16,F07�FE.;<K/.4 -/1 C1F/3M,.00/ -./0/1 213/.4 E./L/1,V 2E0 B6F16,-/E./F/,-/ D416K461] -./ B6 /.,/7 �C.,1:04/,�
-/1 D41/.L/, LY<14] -./,/, -./ D:6/104>ZK/44/, ., -/1 O6PMS:0.0/3/,/V W./0/ =/1M610:;</, 8.44/1=/1B/116,F/, �81`@@�] 5/E;</ 7.4 I:-6,F0.,<>7>F/,.4J4/, ., -/,
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