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V̄ = (N/V )
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1/(−α−1 − ik) = −α/(1 + iαk

Ú �Â×å��yC{,y
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u,�����gy |S| < 1
o<�!�	yKyCw�zIu,v7�����C{,tlu7u���u7yg�gv7��tl���Mu

σe = 4π |α|2 �1×å���Mw�y�v}��yÑ����ygw]zIuXv}�M� Ù {7yCzI�gv7��tl� Ú�C{,tlu7u���u7yg�gv7��tl����u<�l�MØIyC�jÛ±�
σr = 4π |α′′| /k �Dtl{ |α| k � 1
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ψi = eikiz + fii ·
eikir

r
,
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zI��Öê�r{,yCu,s¢yg�gv}��ØlygwM�l�
ψf = ffi

√

mf/mi ·
eikfr

r
,

Ù � Ú
×å��yC{,y�v}��y!{,yCw�zAv}��Øly�|ÕzIu,u7yCu

mi,f

zI{,y�����v7{7t"Ö����CygÖK�Dtl{¯��tI{7|ÕzIw��2,:zAv7��tl��{7yCzIu7tI��uCo¯���	Ö�yCygÖê��v}��y!�g{7tlu,uX��u,yC�'v}��tI��u
{7yCzIÖ

dσii = |fii|2 dΩi

zI��Ö
dσfi = (pf/pi) |ffi|2 dΩf

�ÂzIuåÖ�y'àr��yCÖ�Û��Þv}��y�{7zAv}�MttI�mv7��yDCrt3×åuCo
����tl{7Ö	yC{�v}tÊ����v}{,t�Ö��	�Cy�v7��y��lyC�	yC{}zAw��E,gyCÖ

S
�ë| zAv7{7�¾����zI�æzI�	�lw�y�����v}yg�l{}zAv7��tl�Õ|K��uXv!Û¢y�s1yC{X�Dtl{7|~yCÖ ��� Ù76 Ú ��zAu

���æyCç±�rz%v}��tI��u Ù �)Ú v7t Ù � Ú oGFßy��lygv

ψi =
e−ikir

√
vir
− (1 + 2ikifii) ·

eikir

√
vir

,
Ù � Ú

zI��Ö
ψf = 2ikiffi

√

mf/mi ·
eikir

√
vir

,
ÙIH Ú

×å��yC{,yz~�D�	{,v}�	yC{ √
vi

�SzI�'v}tl{å��u<����v7{7t"Ö����CygÖ��Dtl{å�rz:Ø"�����Õ������vJCrt3×åugo��ëv<�Dtlw�wMt3×åu<�M|Õ|~yCÖ	�]zAv7yCwM�~v}�	yÊ�lyg��yC{��
zIw��2,CygÖ

S
��|ÕzAv}{,���

Sfi = δif + 2i
√

kikfffi .
ÙLK Ú

�!��y�������v\zI{,�Mv��Þ�gtl��Ö���v}�Mtl��{7yCzIÖ�u
ffi − f ∗

if = 2i
∑

knffnf
∗
nf ,

ÙLM Ú
×å��yC{,yÑu,��|~| zAv7��tl� ��u!t3Ølyg{�zIwMw�u,�:zAv,v}yC{,�����~u,v}zAv}yguCo
értl{KsrzI{Xv}��zIw��E×�z:Øly yCw]zAu,v}�M�Þu7�CzAv7v7yC{,������v}�	y�{7yCwMygØAzI��v�SzI�'v}tl{,u��� �C{,tlu7u���u,yC�gv7��tl�	uÕzA{7y |1− Sii|2

��×å���Mw�y �DtI{
{7yCzI�gv7��tl���g{7tlu,uX�ëu7yC�'v}�Mtl��u.v}�	yg��zA{7y |Sfi|2

o � �M���CyÑv}��y|ÕzAv}{,���j�Mu.������v\zI{X�l� ∑ |Sfi|2 = 1 − |Sii|2
�êu,tÞv}�rz%v

×�y§{7yg�Ct3Ølyg{<v7��y�{7yCzI�gv7��tl�æ�C{,tlu7u���u,yC�gv7��tl�
σr =

∑′ σfi = (π/k2
i )(1− |Sii|2)

o
�!��y�zI|~s�wM�Mv}�	Ö�yCu�zI{,y�u,�"|~|Õy'v}{,���<����Ö�yg{�v}�M|Õyå{7y'Ølyg{7u}zAw

t
��×å��yg{7ygÛ±�

i←→ f
zA��ÖÞ|~tl|Õyg��v\zÊzA��ÖÞ����v7yC{7��zIw

zI���l�	w]zI{�|~tl|~yC��v\z�\�rzA���ly�u7�M�l�êo��!���Mu<uX�"|Õ|~ygv7{,�Þ�M|Õs	w���ygu
p2

idσfidΩf = p2
fdσ

t
ifdΩi ,
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tI�@v}��y��C{,tlu7u���u,yC�gv7��tl�	u�zI{,y�u7tl|~ygv7��|~y.��u,yg�D��w6o
O.d�Ë3f)hDdrcP# h7Q�f É eAÓ�!��y×�ygw�w��ëã±��t3×å�í��{7yg�Mv,�IF ���l�	yC{��DtI{7|K��w�zÕ�Dtl{.{,yCu,tl�rzI���gyu7�CzAv7v7yC{7�M����R§�rzIu�Û1yCyg�í{7yCÖ"�
yC{,�MØlygÖ�S�×å��v}��v}�	y§{,yCu,��wMv

f = − Γ/2k

E − E0 + iΓ/2
.
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Ö���u,�C{,ygv}y�wMygØIyCw�utA��z��gtl|Õs	w�y'�ðsrzI{Xv}�M�Cw�yA�¯w��MãIyA���DtI{K����uXv\zI�	�CyÞv}�	y��Ctl|~s¢tI����Ö �±���CwMyC��ugo*T �!��y'� zI{,y�Û¢tIv7�
yCw�zIu,v7��� Ù Ö	�]zI�ltI�rzIw��M�Þv}��y��M��s��	vå�\�rzA����yCw Ú zI��Öj����ygw]zIuXv}��� Ù ��tl�"��Ö���zI�ltl�rzAw Ú zI|Õs	w��Mv7��Ö�yguCo
Fðy�Ö�y'àr��y�v}��y��lyg��yC{7zIw��2,CygÖ Ù |K��w�v}���ë�\�rzI���	yCw Ú zI|~s�w���v}��Ö�ygu!zIu

fab =
1

2ika
(e2iδa − 1)δab −

1

2
√
kakb

ei(δa+δb)
ΓMab

E − E0 + iΓ/2
,
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Γ
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l
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Mab

{7yC|ÕzI�M�ív7t�Û1y�Ö�ygv7yC{,|Õ�M��yCÖêo
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M

��uz�uX�"|Õ|~ygv7{7���
| z%v}{7�¾� ×å��v}�æ������v���yC�M�lyC��ØAzIwM��yCug��u7t~�Mvå�CzI�æÛ¢y�y'��s�{,yCu,u7yCÖ�zIu

Mab =
√

ΓaΓb/Γ
��×å��yg{7y

∑

Γa = Γ
Ù � � Ú

zI{7y�srzA{,v}��zIw¢×å�MÖ	v}�	u Ù �Dtl{åz��tl���ëÖ�yC�IyC��yg{}zAv7y§ç±�rzAu7���ëÖ���u,�C{,ygv}y�wMygØlygw Ú o
4�ygv

Γe

Û¢yjv}��y�srzI{,v7�]zIw�×å�MÖ	v}� tI��v}��y�����s	�	vÞygw]zIuXv}���j�\�rzI�	��yCw�zI��Ö
Γr1,2,...

v}��y�srzI{,v7�]zIw!×å�MÖ	v}��uÕtI�.v7��y
{7yCzI�gv7��tl�æ�\�rzI�	��yCwMuCo��!��y�v}tIv}zIwêyCw�zIu,v7����zA|Õs�wM�Mv7��Ö�y.�l��Ølyg�jÛ�� Ù � ä Ú {7yCzIÖ�u

fe = f (0) − 2l + 1

2k
e2iδ Γe

E − E0 + iΓ/2
Pl(cos θ) ,

Ù � 6 Ú
×å��yC{,y

f (0) ��u�v7��yås¢tIv7yC��v}��zIw�zA|Õs�wM�Mv7��Ö�y�zA��Ö Pl
zI{7y�v7��y'4byg�lyC�	Ö�{7y!s1tlwM�"��tI|Õ��zIw�ugo@�!�	y<{,y:zI�'v}�Mtl�s�{7t"�Cygu7u,yCu

zI{7y�s��	{7yCw��ÞtI�m{7ygu7tl��zI���Cy�v��"s¢yA�Âu7tv}�rz%v<v7��y��Ctl{,{7ygu7s1tl��Ö��M�����C{7tIu7uX�ëu7yg�gv}�Mtl�j{7y:zAÖ�u

dσra =
(2l + 1)2

4k2

ΓeΓra

(E − E0)2 + Γ2/4
P 2

l (cos θ)dΩ .
Ù � � Ú

� ��|~��w�zI{7w��l�lv7��y�����v}yg�l{}zIw��C{7tIu7uX�ëu7yg�gv}�Mtl�j��uå�l�MØIyC�æÛ��

σra = (2l + 1)
π

k2

ΓeΓra

(E − E0)2 + Γ2/4
,
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zI��Öæv}��y�v7tIv\zIw�{7y:zA�gv}�Mtl���C{,tlu7u���u,yC�gv7��tl��{7yCzIÖ�u

σr = (2l + 1)
π

k2

ΓeΓr

(E − E0)2 + Γ2/4
,

Ù � H Ú
×å��yC{,y

Γr = Γ− Γe

o��ëv<�:zA��zAw�u7t�Û1y�����v}yg�l{}zAv7yCÖæt3Ølyg{<yg��yC{,�I��v}t��l��Øly
∫

dE · σr = (2l + 1)
2π2

k2
· ΓeΓr

Γ
.
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� w�t3×á��yC��v}{7tI��uCo � w�t3×á��yC��v}{7tI��uåu7�:z%v7v}yg{<�D{,tl| �±���gw�yg��u��M�
s
�ë×�z3ØIyI�Âu7t�v}�	y§ygw]zIuXv}�M��zI|Õs	w��Mv7��Ö�y Ù � 6 Ú {7y:zAÖ�u

fe = −a− Γe

2k(E − E0 + iΓ/2)
,

Ù � M Ú
×å��yC{,y −a �Mu�v}��y�u,�:zAv,v}yC{,������wMyC���Iv7�êo��!��y�v}tIv}zIwêygw]zIuXv}����u7�:z%v7v}yg{7�M�����C{7tIu7uX�ëu7yg�gv}�Mtl���Mu!�l�MØIyC�æÛ��

σe = 4πa2 +
π

k2
· Γ

2
e + 4akΓe(E − E0)

(E − E0)2 + Γ2/4
.
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�!��y�àr{,u,v�v}yg{7| ��u�v7��y�s1tIv}yg��v}�]zAw	u7�CzAv7v7yC{,�������A×å����wMyÔv}�	y!u7yC�gtl��Ö�tl��y!{,yCs�{,yCu,yC��v}u�v}�	y!{7yCu,tl�rzI�	�Cy!u7�CzAv7v7yC{,������o
�!��yC{,y.��u�zI�Þ�M�±v7yC{X�DyC{7yg���Cy�Û¢y'v�×�ygyC�æv}��ygu7y�v�×ÔtKv}yg{7|~uC�	�M�Õv7��y.{7ygu7tl��zI���Cy�{7yC�I��tl�êo�&�w�tlu,y�v}tÊ{7yCu,tl�rzI�	�Cy�v7��y
s¢tAv}yC��v7�]zIwêu,�:zAv,v}yg{7���	�~|Õz:�ÞÛ1y���yC�lwMyC�'v}yCÖ��ÂzI��Öæ×�y��ly'v

σe =
π

k2
· Γ2

e

(E − E0)2 + Γ2/4
.
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�!��y�����ygw]zIuXv}�M�.�C{,tlu7u���u7yg�gv7��tl�j��u!�l��Ølyg��Û��

σr =
π

k2
· ΓeΓr

(E − E0)2 + Γ2/4
,
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zI��Öæv}��y�v7tIv\zIw��C{7tIu7uX�ëu7yg�gv}�Mtl�j{7y:zAÖ�u

σt = σe + σr =
π

k2
· ΓeΓ

(E − E0)2 + Γ2/4
,

ÙEä � Ú
u7�M���Cy

Γ = Γe + Γr

o��!��ygu7yÑ�C{7tIu7uX�ëu7yg�gv}�Mtl��uå�:zA��zIwMu7t�Û1y�{7yCs	{7yCu,yC��v}ygÖ�zIu

σe = σtΓe/Γ , σr = σtΓr/Γ ,
ÙEä=6 Ú

×å�����\�ju7�	t)×åuåv}��zAv!v}��y�srzA{,v}��zIw�×å�MÖ	v}��uåzA{7y�s�{7tIÛrzIÛ��Mw��Mv7��yguC�"���jzI�l{,yCyC|~yC��v!×å��v}��v}��yg��{!Ö�y'àr����v}��tI�êo
�!��yCu,yp�DtI{7|K��w�zIy�zA{7y�ØAzIw��MÖÎ�Dtl{ |E − E0| � D

�å×å��yC{,y
D

�MuÞv}��y�u,yCsrzA{}zAv7��tl� ���Îv7��yíç±�rzIu7�¾��Ö��Mu7�g{7ygv7y
{7ygu7tl�rzA���CyÞwMygØIyCw�ugo � ��|~��w]zA{7wM�I�êv}��y'�pÖ�t���tIvÊzIs�s	wM�í�Dtl{Ñz�{7ygu7tl�rzA���Cy ×å��v}�pØIzA����u,�������jyC�	yC{7�A�lo��!�	yC{7yA��z
u7s1yC�g�]zIw��Dtl{,| tI�¯v}�	y�F �M�l��yC{�����{,yC��v<�DtI{7|K��w�z|K��u,v�Û1yÊ��u,yCÖê�Â×å�����\��zI�l{7ygyCu<×å�Mv}�æv}�	yÊ�lyg��yC{7zIwm{,yCu,tl�rzI���gy
yCw�zIu,v7����u7�CzAv7v7yC{,������o*b
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j = i±1/2
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i
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��u�v7��yåu7s��M� tI�¢v}��yå��yg�	v}{,tl�êo�értl{�{}zI�	Ö�tl|óu,s�����ug�"v7��yå×�yg���l��v

g = (2j + 1)/2(2i + 1)
|K��uXvÊÛ1y �M���CwM��Ö�yCÖß���ív}��yÕ�C{,tlu7u���u7yg�gv7��tl��ug�¯���	�Cw��	Ö�������v7��y s1tIv}y'v}��zIw�u7�CzAv7v7yC{,�����Ù ×å��yg{7y§Û¢tAv}�

j
�ëØAzIw��	yCu!�CtI�±v7{7�MÛ��	v}y Ú o
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σe = (π/k2)
∣

∣1− S̄
∣

∣

2 �Dtl{�v}��y�yCw�zIu,v7�����C{,tlu7u���u,yC�gv7��tl���
σr = (π/k2)(1−

∣

∣S̄
∣

∣

2
)
�Dtl{bv}��y�{7yCzI�gv7��tl� Ù ���	yCw]zAu,v}�M� Ú �g{7tlu,uX��u,yC�'v}��tI�ê��zI��Ö

σt = σe+σr = (2π/k2)(1−ReS̄)�Dtl{�v}��yv7tIv\zIw��g{7tlu,uX�ëu7yC�'v}�Mtl�êoÞx�ygv\zA��w�u�tA��v}�	y~ygw]zIuXv}�M��C{7tIu7uX�ëu7yg�gv}�Mtl�VzA{7y�w�tluXv:�@zI�g�Ctl{,Ö������æv}t�v7��y z:ØIyC{}zA�ly
s�{7t"�CygÖ���{,yI��×å���M�\�kj,�	u,v}���ì� v7��y�v}yg{7| tI�mlg�gtl��yC{,yC��v�l�u7�CzAv7v7yC{,������oî���ásrzA{,v}�M�C��w�zI{C�!v7��yísrzI{,vætA�Êygw]zIuXv}���
u7�CzAv7v7yC{7�M���ðv7��{7tl�	�l�Îv}��y��Dtl{7|ÕzAv}�Mtl�ñtI��v}��y��Ctl|~s¢tI����ÖÜ�±���CwMyC��u ��u �	t)× v}{7zI��uX�DyC{7{,yCÖÎv7tVv}��y��M��yCw�zIu,v7���
�C{,tlu7u���u7yg�gv7��tl�êo
értl{!w�t3×áyC��yg{7�l�MyCuC��×å�	yC{7y�v}�	y§ç±�rzAu7���ëÖ���u,�C{,ygv}y�wMygØIyCw�u<zI{,y.×�ygw�w¾��{7ygu7tlw�ØlygÖê��v}��y

S
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S = e2iδ(1− iΓe

E − E0 + iΓ/2
) ,
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S = 1 + 2ikf
o�qbØlyC{7zI�l�M����t)ØIyC{<yC��yg{7�l�MyCuå�l��ØlyCu

S̄ = e2iδ(1− πΓ̄e/D) ,
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σt =
π

k2
· 2πΓ̄e

D
;
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σt
�I�MØlyg��Û�� Ù6ä � Ú o<q�v����M�l��yg��yC{,�l��ygu�v}�	yz:ØlyC{7zI�lygÖ�ç"��zI��v}�Mv7��ygu

�lygv��gw�tlu,yv}t�v}��y�y/��zA�gv§tl��yguCo�q��py�¢yC�'v}�MØIyI�@�Ctl|~s�wMy'��|ÕzIyg���ëàrygw�Ö�s1tIv}yg��v}�]zAw¯| z:��u7yC{XØly~����v}�	y~tIs	v}�M�:zIw
|Õt"Ö�ygw�v}t�{7ygs�{7ygu7yg�±v�v}��y§z:Ølyg{}zI�Iy

S
�ë| zAv7{7�¾����zI�g�Ctl{,Ö������v7t�v7��y��Dtl{7|Ê��w]zIy��l�MØIyC��zIÛ¢t3ØIyIo

3Þa±driIf)hDk1`Üf É Ë)a"e É k¢c7Q�Ó.�!��yÊàr��zIwm{,y:zI�'v}�Mtl��s	{7t"Ö����gv7u.|Õz3�æ{,yCç±���M{7yKz~�Cyg{,v\zA����v7��{7ygu7��tIw�Ö�yg��yC{,�I�
Et

v7t
Û¢ys	{7t"Ö����CygÖêo§q!�C�CtI{7Ö��M���Þv}tÞv7��ys�{7�M���C�Ms�w�yÑtI��v}��yÖ	ygv\zA��w�ygÖ�ÛrzIw�zI���g�������Â�Dtl{.yg��yC{,�l��ygu

E
u7wM���l��v7wM��zIÛ1t)ØIy

v}���Mu¯v}��{,yCu,��tlw�Öv7��y!�C{,tlu7u���u7yg�gv7��tl�~��u¯s	{7tls1tl{,v7��tl��zIw�v7t
v′2

|K�	wMv}�Ms�w��MyCÖ§Û��Kv}��y!v7��|~y'��{,ygØIyC{7u,yCÖ��C{,tlu7u���u,yC�gv7��tl���
v}��y~w]z%v7v}yg{��ltl�M���æw���ãAy

1/v′
��×å��yg{7y

v′ ∼
√
E − Et

��u.v7��yÕ{,yCw�zAv}��ØlyKØlygw�t"�C��v���tI��v7��y~{7y:zA�gv}�Mtl�ís�{7t"Ö����'v}ugo
n ;=%>@?A$CBD4E$'F�ú:9A=�;êý)+X$gø,= üÂý:93BX=êG)þ:<KJ�L/N'NgOgP�=
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�!��yC{,yg�Dtl{,yI���Dtl{¯u,��tl{Xv,��{7zI���ly�s¢tIv7yC��v}��zIw�ug�Av7��y�v}��{,yCu,��tlw�Ö�{,y:zI�'v}��tI�K�C{,tlu7u���u7yg�gv7��tl����u
σr ∼ 1/v′ ∼

√
E − Et

o
&�tl|~srzI{7�M����Mv�×å�Mv}�

σr ∼ (π/k2)(1− |S|2) �Dtl{ s �ë×�z:Øly§u7�:z%v7v}yg{7�M�����rtl��y�tIÛ	v\zI�M��yCu

|S| = 1− A(k2
t /2π)

√

E − Et ,
ÙEä�K Ú

×å��yC{,y
Et = ~

2k2
t /2m

zI��Ö
A
�Mu�zÞ�CtI��u,v}zI��v:o04by'v���u�u,��s�s1tlu7yv}��zAv.Û1yCwMt)×âv7��yKv}��{,yCu,��tlw�Ö�v7��yC{,yy'����uXv}u

tl��w���yCw]zAu,v}�M��u,�:zAv,v}yg{7���	���	zAuC�±�Dtl{��M��u,v}zI���CyA���M� s�{,t�Ö	���gv7��tl�ÕtI��u7wMt3× ��yC�	v7{7tl�	uCo��!��yg�ê� |S| = 1
�Dtl{

E < Et
�

zI��Ö
S = e2iδ[1− A(k2

t /2π)
√

E − Et]
ÙEä�M Ú

�Dtl{åzIwMw�yC�	yC{7�I��yCuå�gw�tlu,y�v7t
Et

��v7t�v7��y�u}zI|~y�zI�g�C��{7zI�g�IoÔ�!��y�u,�:zAv,v}yC{,�����~zI|~s�wM�Mv}�	Ö�y.��u�v7��yC{,yg�Dtl{,y��l�MØIyC�jÛ±�

f = ft −
kt

4πi
A

√

E − Ete
2iδ ,

Ù � N�Ú
×å��yC{,y

ft

��u!v7��yÑu,�:zAv,v}yg{7���	� zI|~s�wM�Mv}�	Ö�y�zAvåv}��y�v}�	{7yCu,��tlwMÖêo��!��yÑÖ��2�¢yC{,yC��v}��zIwê�g{7tlu,uX��u,yC�'v}��tI����u!v}�	yC���I�MØlyg�
Û��

dσ/dΩ = |ft|2 +
kt

2π
A

√

E − EtIm(fte
−2iδ) , E > Et ,

Ù � �)Ú
zI��Ö

dσ/dΩ = |ft|2 −
kt

2π
A

√

E − EtRe(fte
−2iδ) , E < Et .
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x�yCs1yC�	Ö������ætl��v7��yK{,y:zIw�zI��Ö���|ÕzI�l�M�rzI{X�æsrzI{,v7u.��� Ù � ä Ú v}��yK�g{7tlu,uX�ëu7yC�'v}�Mtl�íy'������Û	�Mv}u��\�rzI{}zA�gv}yg{7�Mu,v}�M�K�C�	s�u
zAv�v7��yÊv7��{7ygu7��tlwMÖêo��ë��u7s��M����u������gw���Ö	yCÖê�1v}��yK{,yCu,��wMv7�����

s
�E×�z:Øly|Õz:��zI{7�Mu7yÑ�D{,tl| ØIzA{7��tI��u

j
�EØAzIw���ygu�tI��v7��y

tl{7�M�l����zIw¯{7yCzI�gv7������srzI{Xv}���gw�yguC�@Û��	v§v}��yÕ�lyC��yg{}zIw��C�	u7s��ëw���ãAyÕÛ1yC��z3Ø"�Mtl��{§tI��v}�	y �C{,tlu7u���u,yC�gv7��tl�ß��u§s�{7ygu7yg{,ØlygÖêo
�!����uå��tIw�Ö�uåzIwMu7t�Dtl{�ØAzI�Mtl��u�tIv7��yC{å{,y:zI�'v}��tI��u!Û¢ygw�t3× v7��y�v}��{,yCu,��tlw�Ö�o
q�wMw�tI�<v}���Mu�zIÛ¢t3ØIyj�	tlw�Ö�u�Dtl{u,��tl{Xv,��{7zI���ly�s1tIv7yC��v}��zIw�ugo értl{o&�tl��wMtl|KÛ s¢tAv}yC��v7�]zIwMuC��zIu�Dtl{�M��u,v}zI���CyA���M�
s�{7t"Ö����'v}�Mtl� tI�.s�{,tIv}tI��u Ù {7ygs���wMu7�MØIy(&�tl��w�tI|KÛ ����v}yg{}zI�'v}��tI� Ú v}��yj�C{,tlu7u���u,yC�gv7��tl� v}yg��Ö�u~y'��s1tl��yC��v7�]zIwMwM�ðv7t
,Cyg{7tÕzIÛ¢t3ØIy�v7��y�v}��{,yCu,��tlw�Ö Ù

σr ∼ e−2/kD/k2 �ru,yCyÑzIÛ¢t3ØIy Ú �ÂzA��Öjv7��yC{,y���u!��t�u7�M���l��w�zI{7��v��lo
értl{�z%v7v}{7zI�gv7�MØIyP&�tl��wMtl|KÛ§����v}yg{}zI�'v}�Mtl�ê�Av7��y��g{7tlu,uX�ëu7yC�'v}�Mtl�K�rzIu�z�u7�	Ö�Ö�yC�����Ctl��uXv\zI��vYj,��|ÕsKzIÛ¢t3ØIyÔv}�	y�v}{,yCu7�"�
tlw�Ö Ù

σr ∼ 1/k2 �%u7yCyÔzIÛ1t3Øly Ú o���ygw�t3×ðv7��y�v7��{7ygu7��tIw�Öê�)v}��yg{7y�|K��uXv�Û1y�{7yCu,tl�rzI�	�CyCu Ù u,��|~��w]zA{¢v}t'F ���l�	yC{X����{7yg�Mv
tl��ygu Ú �!Ö	��y�v7tðç±�rzIu,����Ö	��u7�g{7y'v}y�wMygØIyCw�u~�CtI{7{7ygs¢tI��Ö����	�ßv}tßÛ¢tI����ÖÎuXv\zAv7yCu �M�ÎzAv,v}{7zI�gv7�MØlyp&�tl��wMtl|KÛñs¢tAv}yC�"�
v}��zIwEo n�zIã±�����ð��u7y�tA��v}��y�s	{7���	�C��s	w�yjtI�§Ö�ygv}zI��wMyCÖ Û�zIw]zI�	�C���	�VzI��ÖÜtA��v}��y��g{7tlu,uX�ëu7yC�'v}�Mtl�Î�Dtl{Þz%v7v}{7zI�gv7�MØIy
&�tl��wMtl|KÛð�M��v}yC{7zI�gv7��tl� Ù

σr ∼ 1/k2(e2/kD − 1)
��u,yCy�zIÛ1t3Øly Ú �¯×ÔyÞ�lygv

σ ∼ 1/ sin(1/κD)
��Û��ð�\��zI���l�M���

k → iκ ∼ i
√
Et − E

o��!���Mu��C{,tlu7u���u,yC�gv7��tl�æy/�	�	��Û���v}u�tIu7�C�Mw�w�zAv}�Mtl��u�Û¢ygw�t3× v}��{,yCu,��tlw�Ö���v}�	y.�SzIu,v7yC{�v7��y.�CwMtlu7yg{
v}��y�v7��{7ygu7��tlwMÖêorq
_C`1f3a±Ë%d�iIf)hSk1` hS` f É ats¯`bdrcæegf3d�f3a kY!�Ë)a±driIf)hDk¢`�Ó �ë�Ñv�×Ôt u7wMt)× �±���CwMyCtl�	u�zA{7y��C{,y:zAv7yCÖ ���Îv7��y�àr�rzIw
u,v}zAv}yA�Âv7��y��±���CwMy:zI{!�Dtl{,�CyCuå|Õz:�æz=�¢yC�gvåv7��yC�M{<�g{7tlu,uX�ëu7yC�'v}�Mtl� Ù s�{7tIÛrzIÛ��Mw��Mv��ÕtI�@v}��yg��{åt"�C�C�	{7{7yg���Cy Ú �ÂyC��v}��yg{åÛ±�
v}��yg��{�s1tlu7u,��Û�wMyKÖ��Mu7�C{,ygv7y~tI{.Ø��M{,v7�rzIw¯wMygØlygwEoK�!�	y~s	{7tlÛrzAÛ���wM�Mv��j��u��l��Ølyg�pÛ��

dw = |ψ|2 dp ����v}�	y~{,y:zI�'v}�Mtl�
{7yg�l��tl���1×å��yg{7y

p
��u�v7��yC�M{�{,yCw]z%v}�MØIyÊ|~tl|~yC��v}��|j�Â|K���\��u,| zIwMw�yg{<v7�rzI��v7��yK|~tl|Õyg��v}��|

p0
tA��v}��yK�gyC��v}yg{

tI��|ÕzIu7ugoá�!��y��Ctl{,{7yCu,s¢tI��Ö����	�VyC��yg{7�l�MyCu�zA{7y
E

zI��Öê�!{,yCu,s¢yg�gv}��ØlygwM�l�
E0

o �!��y�×�z:Øly'�D�����'v}��tI�Ü��u �I�MØlyg�
Û��

[1/(κ + ik)]eikr/r
��×å�	yC{7y�v}�	yK×�ygw�w��ëã±��t3×å�p{,yCu,tl�rzI���gy�u7�:z%v7v}yg{7�M���jzI|Õs	w��Mv7��Ö�y§�Dtl{.u7|ÕzIwMw�yC�	yC{7�I��yCu��Mu

yC|~s�w�t3�IyCÖêoK�ëv§wMy:zIÖ�u.v7t
dw ∼ dp/(|ε| + E)

�ê×å��yC{,y
ε < 0

��u�z�Ö��Mu7�g{7ygv7y�w�ygØIyCw�zA��Ö
ε > 0

�Mu�z Ø��M{,v7�rzIw
w�y'ØlyCw6o¯q�wMw1v7��y�u7zI|~yI�

dw ∼
√
EdE/(|ε|+E)

oGFßy��CzI�Þu,yCy.v}��zAvÔv7��y.�g{7tlu,uX��u,yC�'v}��tI���rzIu�zÑ| z%���M|K��|î�Dtl{
E ∼ |ε| o
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I
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α ' 1
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���jv7��y§w]zIÛ1tl{}z%v}tl{X�Õ�D{7zI|Õy.v7��y§|Õtl|~yC��v}z~zA{7y
p0 = p1 + p2

zA��Ö
p = (p2 − p1)/2

o~FßyÑ��z3ØIy
p0 × p =

p1 × p2

�êzI�	Ö
p0p⊥ = p1p2 sin θ = p2

0θ/4
��u,�����gy

p0 � p � θ = 4p⊥/p0 � 1
�Mu�v7��y�zI���lwMyÊÛ1ygv�×ÔyCyg�ív7��y

v�×�tÑ|ÕtI|Õyg�±v}z
p1,2

zA��Ö
p⊥

��u�v}�	y<v7{}zI��uXØlyg{7u7y��Ctl|~s¢tI��yC��vÔtI�
p
o¯�!��y�s�{7tlÛ�zIÛ���wM�Mv��ÊÖ���uXv}{7�MÛ��	v7��tl�Û1yC�gtl|Õygu

dw ∼ p⊥dp⊥dp‖
(p2

⊥ + p2
‖)/m+ |ε|

Ù �l� Ú
tl{C�	����v}yg�l{}zAv7�����t3ØIyC{

p‖
��×Ôy§�Iygv

dw ∼ θdθ
√

θ2 + 4 |ε| /E0

;
Ù � 6 Ú

�Mvå�rzAuåz~|Õz%����|K�	| �Dtl{!�	y:zI{,wM���ë�Dtl{X×�zA{7Öæu7�CzAv7v7yC{7�M���
θ ∼

√

|ε| /E0

o��ëv<| z:� �l�MØIy |ε| o
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