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JFN = e

∫

n(Ex)D(Ex, F )dEx, ô ��õ
íí±D®,çÇ®

D(Ex, F )
º¿ÅbÀ ±D®<å�®{³D® ÀPç�¹,À�º¼µ�³�°{µW®T� °�º¼®{³�À"¹�³DÃ

n(Ex)
º¼ÅíÀ�±D®£³�ìD¸^òé®Iç"µ�ëB®{»¿®{° ÀPç µ�³DÅ"¹�ÀbÀ�±D®>®{³D®Iç`ó�Æ

Ex
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Å`ì@çÐëÎ¹�°{® ô º¿¸N¹�ó�®CëÕµ�ç °�®õ ©�þm³3À�±D®�®�ñWÀ�®Iç ³Ü¹�»¼»¿Æ ¹�å@åD»¿º¼®{Ã�¹�°�°{®�»¼®,ç ¹�À�º¿³@óÊ®{»¿®{°�À`ç º¿°_üÜ®{»¿Ã
F
�DÀ�±D®"å�µ�À�®�³oÀ ºð¹�»u®{³D®Iç`ó�Æ

µ�ë¾À ±D®<®{»¿®{°�À`ç µd³�º¼ÅD�
V (x) = − e2

4x
− eFx, when x > 0, ô §.õ

íí±D®,çÇ®
x
ÃD®{³]µ�À�®�Å�À ±D®¥ÃDº¼ÅaÀ²¹�³]°{®qëýç µd¸LÀ�±D®¥ÅVì@çVëÎ¹�°{® ¹�³DÃ0À�±]®Gü@ç ÅÇÀ<À ®,ç ¸Y¹�°{°�µ�ìD³�À�ÅaëÕµ�ç&À ±D®Êº¼¸�¹�ód®Uåéµ�À ®{³X�
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(F ) = A
F 2

ϕ · t2(y)
exp

{

− B
ϕ3/2

F
ϑ(y)

}

, ô ��õ
íí±D®,çÇ®

J
º¿ÅnÀ�±D®6°,ì@çVç ®{³�À&ÃD®{³DÅÇº¿ÀmÆ�º¼³2�x�,°{¸ 2 � F º¿Åí®{»¼®�°�À`ç º¼°aüÜ®�»¼Ã�µ�³)À�±]®6ÅVì@çVëÎ¹�°�®>º¿³2�x��°{¸���¹�³DÃ

ϕ
º¼ÅíÀ�±]®

í µ�çÇ´9ëýìD³D° À�º¼µ�³�º¿³ ®-�£©�ön±D®aüÜ®�»¼ÃX�fº¼³DÃD®Iåé®�³DÃD®�³oÀH°�µd³DÅÇÀ�¹�³�À�Å��'¹�³DÃ)«1¹�³DÃ3À�±D®x¯�¹�ç º¼¹�òD»¿®
y
¹�ç ®

A =
e3

8πh
= 1.5414 · 10−6, B =

8π
√

2m

3eh
= 6.8309 · 107, y =

√
e3F

ϕ
= 3.7947 · 10−4

√
F

ϕ
ô ��õ
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º¼ÅbÀ�±D®£°²±D¹�ç`ód®¥µ�³�À�±D®¥®�»¼®{° ÀPçÇµd³@�

m
º¼ÅHÀ�±D®¥®�»¼®�°�ÀPçÇµd³0¸�¹�Å Åx¹�³DÃ

h
º¿Åq"_»ð¹�³]°²´��ÄÅx°{µ�³DÅÇÀ�¹�³�À�©"ön±D®

³�ì]¸�®Iç º¼°{¹�»@¯�¹�»Xì]®{ÅHµ�ë
A
¹�³DÃ

B
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À�±Ü¹�À�ì]³DÃD®,ç�üÜ®�»¼Ã3®{¸ º¼ÅÇÅ º¼µ�³ °{µd³DÃ]º¿À�º¿µd³DÅ��Ü�
< y ≤ �d©ön±]®��bµ�ç ÃD±D®�º¼¸ ëýì]³D°�À º¼µd³

ϑ(y)
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º¿³ À�±D®<ÃD®�³Dµd¸ º¼³Ü¹�À µ�ç µ�ë¾®,ï�ìÜ¹,À�º¼µ�³ ô ��õ º¼ÅnÃ]®IüÜ³D®�Ã�¹�Å

t(y) = ϑ(y) − (2y/3)(dϑ/dy). ô �.õ
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ön±D®qëýìD³D°�À º¼µd³
ϑ(y)

¯�¹�çÇº¼®�ÅCëýç µd¸
ϑ(0) = 1

À�µ
ϑ(1) = 0

ííº À�±�À ±D®¥º¼³D°Iç ®{¹�Å ®¥º¿³ÑüÜ®{»¿Ã0ÅÇÀPçÇ®{³@ó�À�±@�æ±Dµí ®�¯d®Iç
t(y)

º¼Å:ï�ìDº À�®<°{»¿µdÅ ®"À µRì]³Dº¿ÀmÆ3¹,ÀH¹�»¼»u¯�¹�»ðìD®{Ånµ�ë
y
©

� µ�ç·¹bÀmÆ�åDº¼°{¹�»W¸�® À²¹�»¿»¼º¼°
ϕ
µ�ë¦�D©ª�H®-�£�ÎüÜ®{»¿ÃDÅ·µ�ëÜÀ�±D® µ�ç ÃD®Iç·µ�ëæ��� 7 �<�,°{¸ ¹�ç ® ³D®{®�ÃD®{Ã£À µ"±Ü¹�¯d®n¸ ®�¹�ÅVì@ç�¹�òD»¼®

®{¸ º¼Å ÅÇº¼µd³�°,ìBç`ç ®�³�À�Å{©Cþm³�°{µd³]Å º¼Ã]®,ç º¿³@ó ¸N¹�ó�³Dº¿À`ìDÃD®{Å��éµ�³D®>¸<ì]ÅÇÀ&¹�»ðí ¹�ÆXÅb´�®�®,å�º¼³�¸�º¿³DÃ)À ±D®^ç ¹�åDº¿Ã�¯�¹�çÇºð¹�À º¼µd³
µ�ëæÀ�±D®"®*ñ�åéµd³]®{³�À�º¼¹�»�ëýìD³]°�À�º¿µd³@© � µ�ç º¼³DÅaÀ²¹�³D°�®��]¹�³ º¼³D°Iç ®{¹�Å ®"º¿³

F
µ�ë¾µ�³D»¿Æ�¹^ëÎ¹�° À�µ�ç µ�ëFÀMí µqëýçÇµd¸

1× 107 À µ
2×107 �x��°{¸ º¼³D°Iç ®{¹�Å ®�ÅBÀ ±D®n°,ìBç`ç ®�³�À Ã]®{³DÅÇº¿ÀmÆqò�Æt�â�xµ�ç ÃD®Iç Å_µ�ë�¸�¹�ód³Dº ÀPìDÃD® ô ëýç µ�¸ 10−18 À µ 10−3 �"��°{¸ 2 õZ�� À¡¹NüÜ®{»¿Ã¥ÅÇÀPçÇ®{³@ó�À�±Êµ�ëÜÀ�±]®nµ�ç ÃD®Içhµ�ë

Fcr = ϕ2/e3 = 6.945 ·106 ·ϕ2 �x��°{¸�À�±D® ±D®{ºðód±�À_µ�ëÜÀ�±]®:åéµ�À ®{³�À�º¼¹�»
òÜ¹�ç`çÇº¼®Içí¯�¹�³]º¼Å ±]®{Åb¹�³DÃ

ϑ(1) = 0
© � µ�çíº¼³]ÅÇÀ²¹�³D°{®��AëÕµ�çH°�µ�å@å�®,ç

ϕCu = 4.65
®-� ódº ¯Wº¼³@ó

Fcr(Cu) = 1.5 · 108�<��°�¸)�¦¹�³]Ã�ÅÇº¼¸ º¼»¼¹�ç » ÆRëÕµ�ç:ó�ç�¹�å]±Dº¿À ®��
ϕgr = 4.6

®-�>�
Fcr(gr) = 1.47 · 108 �<��°�¸)©B� ÀíÀ�±]º¼Å:üÜ®{»¿Ã3»¼®�¯�®{»æµd³D®

í µ�ì]»¼Ã�®�ñ�åé®�°�ÀíÀ�±]®�µ�ç ÃD®Iç »¿Æ9òéµ�ì]³DÃ3ÅÇÀ²¹,À�®{ÅH°²±Ü¹�ç ¹�°�À ®,çÇº¼ÅÇÀ º¼°xµ�ëÙÀ�±]®�ÅÇµd»¼º¿ÃtÀ�µÊ»¼µ�Å ®xÀ�±D®�ºXçnº¿³oÀ ®,ó�çÇº¿ÀmÆ�©
� µ�ç¾¹&»¿µd³@óíÀ�º¼¸ ®Bµd³D» ÆxÀ²¹�ò@ì]»ð¹�À ®{Ã6¯�¹�»ðìD®{Å¾µ�ë

ϑ(y)
¹�³DÃ

t(y)
� ���z��í ®,ç ®�ìDÅ ®�Ã¥º¼³>°{¹�»¼°IìD»ð¹,À�º¼µ�³DÅ{��Å ®�®q�¬��� �O� ���T�½©

	H®�°{®{³�À »¿Æ�� �����½�ÜÅ ® ¯d®,ç ¹�»�åÜ¹�ç ¹�¸�® À�®Iç ºXù{¹�À�º¿µd³DÅ µ�ë¾À ±D®�ëýìD³D°�À º¼µd³]Å
ϑ(y)

¹�³DÃ
t(y)

í ®Iç ®"å@ç µ�åéµdÅÇ®{Ã@©
ön±]®"À�±D®�µ�çÇÆNµ�ë�üÜ®{»¿Ã ®{¸ º¼ÅÇÅ º¼µ�³Qëýç µ�¸ ¸ ®�À�¹�»¼Å ±Ü¹�ÅDò�®{®�³ Å`ì@ò�+Ç®�°�À ®{Ã3À�µ<ëÎ¹�ºðç »¿ÆÊ®*ñWÀ�®{³]Å º¿¯�®x¯d®,çÇºðüÜ°{¹�À�º¿µd³@©��

¯�¹�ç º¼® ÀmÆ£µ�ë�¸ ®�À ±DµXÃ]Å_±Ü¹�¯d®�òé®�®{³Ê®{¸RåD»¿µ�Æ�®{ÃÊµâ¯d®Iç¡¸�¹�³�Æ>Æ�®�¹�çÇÅ±ëÕµ�ç·À�±]®n®�ñ�åé®Iç º¿¸�®�³oÀ�¹�»D¸ ®�¹�ÅVì@ç ®�¸�®�³�À�Å_µ�ë�À�±D®
®{¸ º¼Å ÅÇº¼µd³�°,ì@çVç ®�³oÀn¹�Å ¹Uëýì]³D°�À º¼µd³�µ�ëFÀ�±D®NüÜ®{»¿ÃtÅÇÀ`ç ®�³@ó�À�±u�XÀ�±]®dí µ�ç ´GëýìD³D° À�º¼µ�³ ¹�³DÃNÀ ±D®&®�³D®,çVó�Æ�ÃDº¼ÅaÀPç ºðò@ì]À º¼µd³
µ�ëæÀ�±D®x®�¸�º À À�®�Ãt®{»¿®{° ÀPç µ�³DÅu�ª¨�� �O� �d���Â©±ön±]® � �(�7À ±D®{µ�çÇÆ ô ��õ µ�ëÙ®�»¼®{° ÀPçÇµd³ ®{¸ º¼ÅÇÅ º¼µ�³�ëýç µd¸ÙåD»¼¹�³D®x¹�³]Ãbì]³DºðëÕµ�çÇ¸
¸�® À²¹�» Å`ì@çÐëÎ¹�°{®�Å ô Å º¿³@ód»¼® �m°IçÇÆWÅÇÀ�¹�»få]»ð¹�³D®Oõ>¹�À

T ≈ 0
¸N¹�Æ�À�±D®Iç ®�ëÕµ�ç ®Lò�® °{µd³]Å º¼Ã]®,ç ®�Ã�í ®�»¼» ®�ÅÇÀ²¹�òD»¼º¿Å ±D®�Ã(µd³

®�ñ�åé®Iç º¿¸�®�³oÀ�¹�»�òÜ¹�ÅÇº¼Åí¹�Å:í ®{»¿»æ¹�Ånµd³3À�±D®�µ�ç ® À�º¼°{¹�»�ó�çÇµ�ìD³DÃ]Å{©
� # � � r E&Eb=FPOMaEb[ � MaTU=
�bÅ º¿³@ó�À�±]®#$b®�º¼Å ®�³�òé®Iç`óÍìD³D°�®,çÇÀ�¹�º¼³�ÀmÆ6å@ç º¿³D°{ºðåD»¼® µd³D®t°{¹�³	®{ÅaÀ�º¼¸�¹�À ®�À�±]®NÀPìD³]³D®{»¿º¼³@ó�À º¼¸ ®�© � µ�ç>®{»¼®�°�À`ç µd³DÅ
³D®�¹�ç À�±D® � ®Iç ¸ ºé»¿®�¯�®{»Â�oÀ�±]®_ìD³D°�®,çÇÀ�¹�º¼³�ÀmÆ�º¼³NÀ ±D®{ºðç ¸ µd¸ ®{³�À²¹X�

∆p
�XÅ ±Dµ�ìD»¼Ãt°�µ�ç`çÇ®{ÅVåéµd³]Ã3¹^òÜ¹�çVç º¼®Iç µ�ëæ±D®{ºðód±�À

ϕ
íí±D®Iç ®

ϕ =
(∆p)2

2m
, ∆p =

√

2mϕ. ô ¨�õþ�ë·À�±]®�°�µ�ç`çÇ®{ÅVåéµd³]ÃDº¼³@óGìD³]°{®,çaÀ²¹�º¿³�ÀmÆ º¼³Zå�µdÅ º À�º¼µ�³@�
∆x ' ~

2
√

2mϕ
ô �.õ

º¼Ånµ�ëÙÀ�±D®<µ�çÇÃD®,çnÀ ±D®aòÜ¹�ç`çÇº¼®IçDííº¼Ã]À ±
∆x ∼ ϕ

eF
, ô �.õ

µd³D®<®�ñ�å�®{°�À ÅHÀ µqüÜ³DÃ�®�»¼®�°�ÀPçÇµd³DÅ:ò�®{º¿³@óÊ®{¸ º¿À À ®{Ã@©
� ³3À�±D®<µ�À ±D®,çí±Ü¹�³DÃ@�DÀ�±]®"ì]³D°{®IçÇÀ²¹�º¼³�ÀmÆ º¼³3®�³D®,çVó�Æ º¼Ånµ�ë¾À ±D®<µ�ç ÃD®Iç

∆ε ≈ eF∆x ô �â��õ
¹�³DÃ3À�±D®Iç ®IëÕµ�ç ®xÀ�±D®<®�ÅÇÀ�º¿¸N¹,À�®{Ã ¯�¹�»ðìD®xµ�ëÙÀ�±D®xÀPì]³D³D®{»¿º¼³@ó£À º¼¸ ®"º¼Å

∆t ≈
√

2mϕ

eF
≈ 3.37 · 10−8

√
ϕ

F
. ô �d��õ

$b®,çÇ®>À�±]®UüÜ®�»¼Ã�ÅaÀPç ®�³@ó�À ±
F
º¿Åbº¿³��x��°{¸���À ±D®Uí µ�çÇ´bëýìD³]°�À�º¿µd³

ϕ
º¼ÅHº¼³�®-�U¹�³DÃ�À ±D®6À`ìD³D³D®�»¼º¿³@ó�À º¼¸ ®

∆t
º¿Å

ódº¿¯�®{³ º¼³NÅ ®{°�µd³DÃDÅ�©:�&Ån¹�³N®�ñ]¹�¸RåD»¼®���ëÕµ�çfó�ç�¹�å]±Dº¿À ®"¹�³DÃt¹UüÜ®{»¿Ã µ�ë
106 �<��°�¸ À ±Dº¼Åfódº¿¯�®{Å

∆t = 7.23 · 10−14Å{��ï�ìDº¿À ®x¹¥Å ±Dµ�çÇÀnÀ�º¿¸�®bÅ °{¹�»¼®��Bíí±D®{³3À�±]®_üÜ®{»¿Ã�º¿Å »ð¹�ç`ód®�©3þ�ë¾À ±D®_üÜ®�»¼Ã3º¼Å °Iç ®{¹�À�®�Ãcò�Æ3¹<çÇ®{»ð¹,À�º¿¯Wº¿ÅÇÀ�º¿°dòBìD³D°²±�µ�ë
»¼®{³Bó�À�±

L
�ÜÀ�±D®�üÜ®�»¼Ã�º¼Åí¹�° À�º¼³Bó µ�³�¹¥°{®IçÇÀ�¹�º¼³)¹�ç ®{¹¥µ�ë·À ±D®<Å`ì@çÐëÎ¹�°{®�Ã@ì@çÇº¼³@ó¥À�±]®<À º¼¸ ®

τ = L/c
© � µ�çí¹ %$'&

ò@ìD³D°²±3µ�ë
L
�<¨X©ª�d�6°�¸ µ�³D®"µ�ò]À�¹�º¼³]Å

τ = 2.52 · 10−10 Å{��íí±Dº¼°²± º¿Å »¿µd³@ó>º¿³N°�µd¸QåD¹�ç º¿Å µd³Rííº¿À�±�À�±D®b®{¸ º¼Å ÅÇº¼µd³
À�º¼¸ ®

∆t
©
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ön±D®>¸�¹�º¼³3®Iï�ìD¹�À�º¿µd³ ô ��õ µ�ë·À ±D® � �3��À�±D®�µ�çÇÆLí ¹�Å&Ã]®,ç º ¯d®�Ã÷ëÕµ�çH¹�³�º¿ÃD®�¹�»¼ºXù�®{Ã3¸ ®�À²¹�»Fº¼³3À�±D®"ëýç�¹�¸ ®Ií µ�ç ´Nµ�ë
À�±D® ê µ�¸�¸ ®,çÐëÕ®{»¼Ã0¸ µWÃD®{»½��ííº¿À ±�¹�³�º¼ÃD®{¹�»¼» ÆZÿ¦¹�À<Å`ìBçVëÎ¹�°�®�¹�³DÃ�¹�À<¹t¯d®IçÇÆ0»¿µ�í�À�®�¸Qå�®,ç ¹�ÀPìBç ®��

T ≈ 0
©Uön±D®

À�®{¸Rå�®,ç�¹,ÀPì@çÇ®�Ã]®,å�®{³DÃD®�³D°{®)µ�ë&À ±D®LüÜ®{»¿Ãl®�¸�º¿Å ÅÇº¼µd³	°,ìBç`ç ®�³�À ô\� äc&:õ¥º¿ÅÊ°{µd¸RåD»¼® À�®�»¿Æ�°{µd³D³]®{°�À ®{Ã~ííº À�±	À�±D®
°²±Ü¹�³@ód® µ�ë À�±D® Å`å�®{° ÀPç`ì]¸ µ�ë ®�»¼®{° ÀPçÇµd³DÅ<º¼³�À�±D® ¸ ®�À²¹�»�ííº¿À ±�¹�³�º¼³]°,ç ®{¹�Å ® º¼³

T
©Rön±D®,çÇ®IëÕµ�çÇ®��h¹,À6³]µd³X�Mù�®,çÇµ

À�®{¸Rå�®,ç�¹,ÀPì@çÇ®{Å¥À�±D® � �3��À�±D®�µ�çÇÆ$¸<ìDÅÇÀRò�®3¸�µWÃDºðüD®{Ã$À�µ0À�¹�´�®�º¼³�À�µ�¹�°{°{µ�ìD³�À�À ±D® À�±D®Iç ¸�¹�» ®�ñX°�º¿À²¹,À�º¼µ�³(µ�ë
®{»¼®�°�À`ç µd³DÅÊ¹�òéµâ¯d® À ±D® � ®,ç ¸ º »¿®�¯�®{»Â© � µ�ç>À�±]® Å µ��f°�¹�»¿»¼®{Ã�®�ñWÀ�®�³DÃD®{Ã�üÜ®{»¿Ã	®{¸ º¼Å ÅÇº¼µd³6ç ®,ó�º¼µd³@��¥cìBç`åD±�Æ	¹�³]Ã
¦ µWµXÃ��¬��� ô Å ®{®�¹�»¿Å µ2�Ä�*�Â��� �d��� õ µ�ò]À²¹�º¼³D®�Ã3À ±D®�ëÕµd»¼»¿µííº¼³@ó£®�»¼®Ió�¹�³�Àí®,ï�ìÜ¹�À º¼µd³

J
FN

(F, T ) =
πω

sin πω
J

FN
(F, 0), ô ����õ

íí±Dº¼°²±)¹�°{°�µ�ìD³�ÀNëÕµ�ç À�±D®"À ®{¸Råé®Iç�¹�À`ì@ç ®<ÃD®Iåé®�³DÃD®�³D°{®6µ�ë¾À ±D® � äc&&©n$b®Iç ®
ω = k

B
T/k

B
T

0

¹�³DÃ

k
B
T

0
=

2

3

F

Bt(y)
√

ϕ
, ô �â§.õ

íí±D®,çÇ®
k

B

º¿ÅHÀ ±D®£« µd»¿À`ù{¸�¹�³D³b�ÄÅí°{µd³DÅaÀ²¹�³�À{�@¹�³DÃ
T
º¼ÅíÀ�±D®>¹�òDÅ µ�»Xì]À ®�À ®{¸Råé®Iç�¹�À`ì@ç ®6º¼³�§Ê©iþfÀb°�¹�³Ñò�®>ÅÇ±Dµíí³

�ª���FÀ ±Ü¹�Àí®Iï�ìD¹�À�º¿µd³ ô ����õ º¿Åí¹£¯�¹�»¼º¼Ã3¹�å@å@ç µOñXº¼¸�¹�À º¼µd³�íí±]®{³)À ±D®�ëÕµd»¼»¿µííº¼³@ó>ÀMí µ °{µd³DÃ]º¿À�º¿µd³DÅn¹�ç ®<Å�¹�À º¼ÅÐüÜ®{Ã@¤

ω <
[

1 +
1

Γ1

]−1

, Γ1 =
ϕ(1 − y)

k
B
T

0

− 2

π

(2

y

)1/2

t(y) ô ����õ
¹�³DÃ

ω <
[

1 +
1

Γ2

]−1

, Γ2 '
( 2ϕ

k
B
T

0
t(y)

)1/2

. ô ����õ
� À"¯d®IçÇÆ)»¼µí/À�®�¸Qå�®,ç ¹�ÀPì@çÇ®{Å���íí±D®�³

πω
º¼ÅbÅ ¸�¹�»¼»½�Ü®,ï�ìÜ¹�À º¼µd³ ô ����õ:ç ®�Ã@ìD°�®{Å"À�µ ô ��õ ©"« Æ�®�ñ�åÜ¹�³DÃDº¼³Bó

sin πωº¼³�¹¥Å ®,çÇº¼®�Å{�Üµd³D®aód® À�Å:ëÕµ�ç:å@ç ¹�°�À º¼°{¹�»�ìDÅÇ®�À ±D®�ëÕµ�ç ¸<ì]»ð¹
J

FN
(F, T )/J

FN
(F, 0) = 1 + 1.40 · 108(ϕ/F 2)T 2. ô �â�.õ

þfÀ�º¿Å�®{¹�ÅÇÆ�À µl®�ÅÇÀ º¼¸�¹�À�®ÍìDÅÇº¼³@ó ô �â��õtÀ ±Ü¹�ÀZëÕµ�ç
ϕ =

�D©ª�(®-� ¹�ÀbçÇµXµd¸ À�®{¸Rå�®,ç�¹,ÀPì@çÇ®��
T = 300

§¥�í¹�³DÃ
F = 1 × 107 �<��°�¸ ¹�³]Ã

2 × 107 �x��°{¸��nÀ�±D®)À�®{¸Rå�®,ç�¹,ÀPì@çÇ®÷ëÎ¹�°�À µ�çNº¿³ ô �â��õ ®Iï�ìD¹�»¼Å���© �d¨$¹�³DÃ/�d© ���D�
ç ®{ÅVåé®�°�À º¿¯d®�»¿Æ�©ön±�ìDÅ���À ±D®xÀ�®�¸Qå�®,ç ¹�ÀPì@çÇ®_ëÎ¹�°�À µ�çí¹�å@å�®�¹�ç À�µRòé®<¹ÊÅ ºðù{®�¹�òD»¼®x°�µ�ç`çÇ®{°�À º¼µd³u©

ön±]®>®{³]®,ç`ó�Æ)Ã]º¼ÅÇÀ`ç ºðò@ì]À�º¿µd³3µ�ë·À ±D®�®{¸ º¿À À ®{Ã�®{»¿®{°�À`ç µd³]Åbº¿ÅHÃ]®�À�®Iç ¸ º¼³D®�Ã÷ò�Æ ÀMí µt®T�é®{° À�Å{¤ À�±D®�»¼µí �m®�³D®,çVó�Æ
Å »¼µ�åé®<ò�Æ�À�±D®£À`ìD³D³D®�»¼º¿³@ó�å@çÇµ�òÜ¹�ò]º¼»¼º ÀmÆd�é¹�³DÃ�À ±D®£±Dºðód±X�m®�³D®,çVó�Æ)Å »¼µ�åé®UòoÆ)À�±D®>®{»¼®�°�À`ç µd³0ÃDº¿ÅÇÀ`ç ºXòBì]À�º¿µd³)º¿³�À�±D®
¸�® À²¹�»½�d¹�³DÃ¥À ±�ì]Å±òoÆ6À�±D® À ®{¸Råé®Iç�¹�À`ì@ç ®

T
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ÃDº¼ÅaÀPç ºðò@ì]À º¼µd³Gííº¼»¿»ió�ç µí7¹�å@å@çÇµOñ]º¿¸N¹,À�®{» Æqííº¿À ±NÀ�±D®NüÜ®{»¿Ã@��íí±]º¼»¼®íÀ�±]®_åéµ�Å º¿À º¼µd³ µ�ëFÀ ±D®&ÅVåé®�°�ÀPçVìD¸�ÅaÀ²¹�ÆWÅ °{»¿µdÅ ®
À�µ¥À�±D® � ®,çÇ¸�ºu»¼®�¯�®{»½� E

F
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J
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e k
B
T

0
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B
T

0
)
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B
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F
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E
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(x̄, ȳ, z̄)
©±ön±D®�³)À ±D®aåéµ�À ®{³�À�º¼¹�»'ëýçÇµd¸ À ±D®xÀMí µ °²±Ü¹�çVód®{Å ô ¹¥ÃDºðåéµd»¿®õ º¿Å:ódº¿¯�®{³bò�Æ

ϕ(x̄, ȳ, z̄) = κ
{ q

√

(x̄ − h)2 + ȳ2 + z̄2
− q

√

(x̄ + h)2 + ȳ2 + z̄2

}

. ô �í�²��õ
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~F = − ~∇ϕ ô �í�a��õ
µ�çnº¼³3°{µ�¸Qå�µd³D®�³oÀ Å

F̄x = κq
[ x̄ − h

D̄3
−

− x̄ + h

D̄3
+

]

, F̄y = κq
[ 1

D̄3
−

− 1

D̄3
+

]

ȳ, F̄z = κq
[ 1

D̄3
−

− 1

D̄3
+

]

z̄, ô �í�O§.õ
íí±D®,çÇ®

D̄± =
√

(x̄ ± h)2 + ȳ2 + z̄2. ô �í�m��õ
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v
©±ön±D®{³ À�±]®

Å`åÜ¹�°�®6°�µXµ�ç ÃDº¿³Ü¹�À�®�Ånº¼³
S
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S̄
¹�çÇ®�ç ®�»ð¹�À ®{ÃZò�Æ À�±D®�Fµ�ç ®�³�ÀPù<®,ï�ìÜ¹�À º¼µd³]Å
x̄ = x, ȳ = y, z̄ = γ(z − vt), ô �H�a��õ
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Fx = γF̄x, Fy = γF̄y, Fz = F̄z. ô �í�O�.õ

ê ì@òDÅaÀ�º¿À`ì]À�º¿³@óÊ®�ñ�å@çÇ®{Å ÅÇº¼µd³]Åbµ�ë
F̄

ëýçÇµd¸ ô �í�O§.õ¡º¼³�À�µ ô �í�O�.õ ¹�³DÃ�¹�°{°�µ�ìD³�À ô �H�O��õ �Bí ®�¹�ç`çÇº¿¯�®6¹,À

Fx = κqγ
[x − h

D3
−

− x + h

D3
+

] ô �í�a¨�õ

Fy = κqγ
[ 1

D3
−

− 1

D3
+

]

y ô �í�O�.õ

Fz = κqγ
[ 1

D3
−

− 1

D3
+

]

(z − vt), ô �H�(��õ
íí±D®,çÇ®

D± =
√

(x ± h)2 + y2 + γ2(z − vt)2. ô �H���â�.õ
� ³3À�±]®"å]»ð¹�³D®

x = 0

Fx = − 2κqγh

[h2 + y2 + γ2(z − vt)2 ]3/2
, Fy = Fz = 0. ô �í�²�d��õ
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