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GIHKJ6LNM6LNOQP6RTS>UVJ6LWOQX6Y[Z\L^]`_ Z6O^a#R�Xcb\Z\S>Ued^f�S>UVJ6Lgd^YhH)S>J6ShijL^Yhd^kgJ6H6ijYlXVOhm nob
Z\L^p`_ SqZ\S>UqJ6LNO^HVr>s\MVM6LNOtHom=H>]QijseJ6LuO^Scf�]hb6YhS

(Ḃ/B << Ω). v f�S>UVJ6LuP6plXH>YhH>w+d^]hLtmxbVOhmynoH\OlsKOQX6Yzn�_ YlX6R�X)w+S>]lOh_ S>UcJ6d^RTH�RTL[S>J6ShijL^Yhd^k{noHomAR�O^H\Ohm nob
J6H6ijYlXVOhm nob|Z\L^p`_ S|U`Z\s>]hf�S>UVYyph}VSIS`M6S\n>MVX6]l~#J6H\OtH�OQX6k#n�_ YlX6R�X6k`�

(1/2mv2
⊥)
noHom

(1/2mv2
‖) � GIHgphLt_ �hS\UVJ6L|bVOhm+bVO^H>Y�OtSWJ6H6ijYlXVOhm nobWZ\L^p`_ SWJ6LNO^HVr>s\MVM6LNOtHomTH>]QijsJ6L�OtSqf�]hb6YhSj�+X�J6H6ijYlXVOhm n>P�]hS\Z6PgOtS>U{w+S>]lOh_ S>UWLt_ YhHom�J\m H[noH\Ols�Z\]hS>RTd�i�i+m R�X

R�OtH6�+L^]hsuOQX6k�n�_ YQX6R�X6k �� S�f�]hS6Y`m nosgJ6LNOtHVr>H\MVM6b>J6L^YhSgJ6H6ijYlXVOhm nob{Z\L^p`_ SgZ\]hS\noH\M6Lt_jOQX{plX6J\m S>UV]Qi+_ H
L^Yhb>k�XVM6LNn>Ol]`m noS>}gZ\L^p`_ S>U

(Ḃ = −c∇ × E)
Z\S>U�JVZ\S>]hLt_-YhHeLNZ>m OtH>f�}VYhLtm9OtH

w+S>]lOh_ H � � S�XVM6LNn>Ol]`m nob�Z\L^p`_ S E
R�O^S�noL^Yhb�Lt_ YhHomynos6�+LNOtS�R�OtS'J6H6ijYlXVOhm nob

Z\L^p`_ S[S\Z\bVOlL�X{O^H>f�}`OQXVOtH[Z\H>]hs\MVMVXVM6H�Z\]hS>k�O^SqJ6H6ijYlXVOhm nob[Z\L^p`_ S�Z\H>]hH>J6d^YhLtm
R�OtH6�+L^]lP��6L^Yl~zR�OQX6Y�nos6�+LNOQX�p`m L^}h�+UVYhR�X��6LNZ\Ltm plP

mv̇⊥ = qE,
�+H�d^f�S>UVJ6Lh�6bVOhm

d

dt

(

1

2
mv2

⊥

)

= qE · v⊥. ���T�1�l�
� S�w+S>]lOh_ SKJ6LNO^HVr>s\MVM6LtmxOQX6Yqnos6�+LNOQX)L^Yhd^]QijLtm scOtS>UcRTL�J\m HKZ\L^]`m R�Ol]hS>wjP

noH\Ols

δ

(

1

2
mv2

⊥

)

= q

∮

Edr⊥ = q

∫

S
(∇ × E)dS

= −(q/c)

∫

S
ḂdS ���T� �6�

b\Z\S>U
dr⊥ = v⊥dt

noHom
dS
Lt_ YhHomVOtS�p`m s>YhUVRTJ6H�OQX6k�R�OtSom f�Ltm ~#phS>UVk�LNZ>m w+s>YhLtm H>k

Z\S>UzZ\L^]`m n>M6Lt_ LNO^Hom#H\Z\b)OQX6YqOl]hSVfTm s � SVM6S\n>MVX6]l~#RTH>J6LWH6ijYhS\~#YlO^H>kWOQX)p`m H\OtHV�]hH>foP �N� � SuZ\L^p`_ SuH\MVM6s>�hLtmTH>]QijsuRTLIJ\m HWZ\L^]`m R�Ol]hS>wjP��Ts>]lH Ḃ = δB Ω
2π

noHom

δ(µB) ≡ δ

(

1

2
mv2

⊥

)

=

(

mv2
⊥

2B

)

δB = µδB
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s>]hH
Bδµ = 0,

P

δ(µ) = δ(
mv2

⊥

2B
) = 0.

§ ¨ ]hHuXuJ6H6ijYlXVOhm n>Pu]hS\Z6P�Z\H>]hH>J6d^YhLtm�R�OtH6�+L^]lP���bVOtH>Y�O^S
δB/B << Ω �© w+UVRjm n>PªL^]hJVX6YhLt_ HuOQX6k�p`m H\OQP6]lX6R�X6k�OQX6k�J6H6ijYlXVOhm n>P6k�]hS\Z6P6k�Lt_ YhHomTL^}`noSV�

MVXKH>YqOQXKRTUVYhphd^RTS>UVJ6L{J6L{OQX6YeJ6H6ijYlXVOhm n>PK]hS\PzZ\S>UcZ\L^]hYhs�JVd^RTH�H\Z\bKOQX6Y
LNZ>m w+s>YhLtm HuZ\S>U�Z\L^]`m n>M6Lt_ LtmoX�Ol]hS6fTm suOtS>U�R�a#J6H\Ohm p`_ S>U

Φ = B · S = Bπr2
L = Bπv2

⊥/Ω2 =

(

2πmc2

q2

)

µm,

s>]hHg«�¬9/®:¯6«/°T± ²+³µ´o¶j³
Φ · ¶/¸ ·/¹ ´o¯oº�¬9»V¼:� ·/½ °6«�¯K²�¸j²�¾�± ²+³µ°o´o¶j¿À ±Áº'°6¶/¸�Â#¶�´>°TÃ ¶/¸ · �´o�¬9»V¯ ¹ ±x¼=°6jÄ ¹ ´6³=Åy²9-±=«�¬9/®:¯6«/°T± ²+³'´o¶ · ³ µm· �´o�¬9»V¯ ¹ ±:¼=°6jÄ ¹ ´6³ �© p`m H\OQP6]lX6R�XªOQX6k�J6H6ijYlXVOhm n>P6k�]hS\Z6P6k�RTL�f�]hS6Y`m nosWJ6LNO^HVr>H\MVM6b>J6L^YhSªZ\L^p`_ S

d^f�Ltm6H>�`m S\Z\Som X`�+Lt_hi+m H�OQX6Y�Æ H>p`m HVr>H\Ohm n>P�RTUVJVZ>_ L^R�X�ÇVO^S>UIZ6M6s>RTJ6H\O^S>kAnoHomVH\Z\SVOlL��
M6Lt_hd^YhH>YxH\Z\b|O^S>UVkDOl]hb\Z\S>UVk:�+d^]hJ6H>YhR�P6k:OtS>U � ¨ UV�hs>YhSVYlO^H>kxÆ H>]QijsjÇtOQX6YAd^YlOtH>R�XOtS>UgJ6H6ijYlXVOhm noS>}WZ\L^p`_ S>UWRTL�J\m HqJVX6f�H>YlPgZ6M6s>RTJ6H\O^S>k`��X{nos6�+LNOQX{RTUVY`m R�OQ~#RTH
OQX6k�OtH>f�}`OQXVO^H>k�H>UV�hs>YhLtm1�/s>]hH{noHom/X{SVM\m n>P{L^Yhd^]QijLtm H{ONa#Yªw+S>]lOh_ a#YuH>UV�hs>YhLtm �
v s>Y�R�OQXgRTUVYhd^f�Ltm HgXWOhm JVPWOtS>UªJ6H6ijYlXVOhm noS>}uZ\L^p`_ S>UuLNZ\H>YhdNM`�+Ltm+R�OQX6YuH>]hfTm n>POhm JVP��DXqnos6�+LNOQXeL^Yhd^]QijLtm H[�+HcLNZ>m R�Ol]hd^È+Ltm:LNZ>_ R�X6kWR�OQX6Y�H>]hfTm n>PqOhm JVP��DLNn>Olb>k
noHomTH>Y�SomjRTUhiTno]hS>}VRTLtm k�m RTS\noH\O^H>YhLt_ J6S>UVY�OQX6Y�L^Yhd^]QijLtm HªJ6LNOtH>�h}�OQX6k�nos6�+LNOQX6k
noHom>Z\H>]hs\MVMVXVMVX6k�RTUVY`m R�OQ~#RTH>k � © H>}V�lX6R�X�OQX6k|Z\H>]hs\MVMVXVMVX6k�RTUVY`m R�OQ~#RTH>k|OQX6kOtH>f�}`OQXVOtH>k�Lt_ YhHomjJVXWH>YlOhm R�Oh]lLNZ6OQP��/bVO^H>Y�LNM6H\OQONa:�+Lt_+O^S{J6H6ijYlXVOhm nobWZ\L^p`_ Sj�TJ6L
H\Z\SVOldNM6L^RTJ6HªOQXuR�OtH>p`m H\n>P�H>}V�lX6R�X�OQX6k|�+L^]hJ6S\no]hH>Rj_ H\k�OtS>U�Z6M6s>RTJ6H\O^S>k �© H>p`m HVr>H\Ohm n>P�¬9/®:¯6«/°T± ²+³�¼=¸+¬ · Ã ¹ ¼9«�Lt_ YhHom9d^YhH>k�Ol]hb\Z\S>UVk��+d^]hJ6H>YhR�X6kOtS>UWZ6M6s>RTJ6H\O^S>k�R�OtS[L^]QijH>R�OQP6]`m S{noHom�JVZ\S>]lLt_9YlH�L^]hJVX6YhL^}VRTLtm/Z\S`MVM6s[H>R�Ol]hSV�
w+UVRjm nosWw+Hom Yhb>J6L^YhH �
É ´ ½+Ê ¾�«�¬9ÌË/ÍÏÎ/Ð¦GILNa#]lP6R�OlLªd^YhHzRT}VR�OQX6J6H)H\Z\b N

H\MVMVXVM6LNZ\m ph]l~#YlOtHeXVM6L��
n>Ol]hb6Y`m HuJ6d^RTHªRTL|d^YhH�S>J6Som b>J6S>]hw+S�J6H6ijYlXVOhm nobuZ\L^p`_ S ��Ñ Z\S6�+d^R�OlL|bVOhm�H>]hfTm nosOtHWXVM6LNn>Ol]hb6Y`m HWd^f�S>UVY�m RTSVOl]hS\Z>m n>PunoH\OtH>YhS>JVP�O^H>f�U`OQPVO^a#Y\�TOtSgJ6dNOl]hSWOQX6k�O^HV�
f�}`OQXVOls>kWO^S>UVkWLt_ YhHom

v0
i+m Hcb`M6HzO^HzXVM6LNn>Ol]hb6Y`m H �-v s>YgOtScJ6H6ijYlXVOhm nobeZ\L^p`_ SH\MVM6s>�hLtm=H>p`m HVr>H\Ohm nos � H>]Qijs � H\Z\beOQX6YgOhm JVP B1

R�OQX6Y{Ohm JVP
αB1
J6L

α > 1 �
Ñ Z\SVM6Shi+_ R�OlL�Ohm k�H\MVM6H6ijd^k|OQX6k�L^Yhd^]QijLtm H>k�OtS>U�RTUVR�OQP6J6H\O^S>k �Ò�Ó ¼9«=Ð © J6LNOtHVr>S`MVP|Lt_ YhHomhH>phm HVr>H\Ohm n>P|s>]hH|X|J6H6ijYlXVOhm n>P|]hS\Z6P|p`m H\OQX6]hLt_ O^HomlnoHomXcnos6�+LNOQXcR�OtSKJ6H6ijYlXVOhm nob)Z\L^p`_ S)RTUVY`m R�OQ~#RTH�OQX6k{O^H>f�}`OQXVOtH>k{O^S>Ucw+S>]lOh_ S>U
i
�+H'H\MVM6s>�hLtmyH\Z\b�OQX6Y)H>]hfTm n>PKOhm JVP

vi
⊥0

R�OQX6YzOlLNM\m n>P
vi
⊥ =

√
avi

⊥0.
©

J6LNOtHVr>S`MVP�OQX6kIL^Yhd^]QijLtm H>k�O^S>U�w+S>]lOh_ S>U
i
�+HuLt_ YhHom

∆Ei = m(a− 1)vi
⊥0/2 =

Ei
0(a − 1) sin2 θ.

© RTUVYhs>]lOQX6R�X�noH\OtH>YhS>JVP6kILt_ YhHomTH>]hfTm nosWm RTSVOl]hS\Z>m n>PunoHomjS
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H>]`m �+J6b>k#ONa#Y¦w+S>]lOh_ a#YxZ\S>UAr>]`_ R�noLNO^HomlJ6LNOtH>�h}¦O^a#YAO^H>f�U`OQPVO^a#Y
v0
noHom

v0+dv0noHom�ONa#Y�iTa#Y`m ~#Y
θ
noHom

θ + dθ
Lt_ YhHom

N

4πv2
0

2πv2
0 sin θdθ ���T� é6�

i+m HeYhHqLt_ J6H>R�OlL�Rj_ ijS>UV]hSom�SVOhm9X�Z\H>]hH\Z\s>Yla�LNnow+]hH>R�X{Lt_ YhHom9R�a#R�OQPqS`M6S\n>MVXh�
]l~#YhS>UVJ6L|H\Z\bWê�LNa#k

π
∫ π

0
(N/2) sin θdθ = N

s>]hHuXuSVM\m n>P�L^Yhd^]QijLtm H��+HªLt_ YhHom
∆E = (N/2)Ei

0(a − 1)

∫ π

0
sin3 θdθ = (2/3)E0(a − 1) ���T� �>�

b\Z\S>U
E0 = NEi

0. ë JVX6f�H>Y`m RTJ6b>k�LNZ>m Ols>f�UVYhR�X6k�w+S>]lOh_ a#Y|Z\S>U�H>YhH>w+d^]lH>J6LARTLH>U`Olb�OtS�Z\]hbVr\MVX6J6H�f�]lX6Rjm J6S\Z\Som Lt_ OtHom\L^UV]h}`OtH\OtH�i+m H�OQX6Y�LNZ>m Ols>f�UVYhR�X�w+S>]lOh_ a#Y
R�OQX6Y�H>R�Ol]hS>w+UVRjm n>P �

!#"�ì�&)(+*-,/.10#2�3#465�798:7-;9;=<:3#4>,+*µB-;=460:5+(/.10#<�CD4>E/FÁ*
© n�_ YlX6R�Xªw+S>]lOh_ a#Y�RTL�S>J6S`ijL^Yhd^k�L^�laDOlL^]`m nobgJ6H6ijYlXVOhm nobWZ\L^p`_ S

(B = B0ez)noHom�f�]hS6Y`m nos�H>]hJ6S6Y`m nos�J6LNOtHVr>H\MVM6b>J6L^YhS�XVM6LNn>Ol]`m nob�Z\L^p`_ S
E = E0e

iωt
exZ\L^]`m ij]hs>w+LNO^HomhH\Z\bIOhm kyL^�`m R�~#RTLtm k �í�o� éVî H � noHom �í�o� éVî r � �`H>Y¦H>YlOhm noH\OtH>R�OQP6RTS>UVJ6LOtS�XVM6LNn>Ol]`m nobKZ\L^p`_ S�J6L{OlX6YzdNnow+]hH\R�X

E = E0e
iωt

ex �Aë mAL^�`m R�~#RTLtm k[OQX6kn�_ YlX6R�X6k|Z\Ho_ ]hYhS>UVY�OQXuJ6S>]hwjP

v̈xj = −Ω2
j

(

vxj ∓
iω

Ωj

Ex

B
c

)

���T� ï6�

v̈yj = −Ω2
j

(

vyj +
Ex

B
c

)

, ���T� ð6�
OtS

±
H>YhH>w+d^]hLNO^HomVR�O^S�Lt_ phS>kyO^S>U�w+S>]lOh_ S>U�noHom

Ėx = iωEx.
¨ Y�S>]`_ RTS>UVJ6L#OQX6Y

OtH>f�}`OQXVOtH
wP

D ≡ ±
iω

Ωj

Ex

B
c

Z\S>U)S6YhS>J6s>�hS>UVJ6LWSVM\_ Ro�jX6R�X)Z\bVMVa#R�X6k`�xOlbVOlL�SomxL^�`m R�~#RTLtm k ���T� ï6� noHom ���T� ð6�ij]hs>w+S6YlOtH>m
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v̈xj = −Ω2
j (vx − wP

D) ���T� ñV�
v̈yj = −Ω2

j (vy − wE
D) ���T� ò6�

b\Z\S>U
wE

D = c(E ×B)/B2 = −(Ex/B)c. ë moM6}VRTLtm k|O^a#Y�L^�`m R�~#RTLNa#Y ���T� ï6�� ���T� ð6� �+H�Z\]hdNZ\LtmoYhH�Lt_ YhHom6noH\Ols�Z\]hS>RTd�i�i+m R�X�S�ij]hH>J6J\m nob>k�RTUVYhphUVH>RTJ6b>k�OQX6knoU`n>M6SVOl]hS6Y`m n>P6k�n�_ YlX6R�X6k|noHom�OQX6k�S`M\_ Ro�jX6R�X6k`�Ts>]hHuZ\Ho_ ]hYhS>UVYIOQXªJ6S>]hwjP
vx = v⊥eiΩjt + wP

D ���T� î6�
vy = ±iv⊥eiΩjt + wE

D. ���T�1� ê �
ó H>]hH6iTa:i+_ �hSVYlO^H>kxph}VS�w+S>]hd^k#a#kyZ\]hS>kxOtS�f�]hb6YhSIOhm k¦L^�hm R�~#RTLtm k ���T� î6� � ���T�1� ê �d^f�S>UVJ6L

v̈x = −Ω2
j vx + (Ω2

j − ω2)wP
D

v̈y = −Ω2
j vy + (Ω2

j − ω2)wE
DZ\S>U�Z\]hS>RTL�i�i+_ �hS>UVY�Ohm k�L^�`m R�~#RTLtm k ���T� ñV� � ���T� ò6� J6b6YhSWR�O^Sgb>]`m SªZ\S>U Ω2

j >>

ω2 � ¨ YµOtSÌXVM6LNn>Ol]`m nobôZ\L^p`_ SõJ6LNOtHVr>s\MVM6LNO^Hom�Z\S`M6}ôH>]Qijs (ω → 0)
noHom

ω2 << Ω2
j ,
OlbVOlLªSom:L^�`m R�~#RTLtm k ���T� î6� noHom ���T�1� ê � Lt_ YhHom-Som:M6}VRTLtm kWONa#Y�L^�`m �R�~#RTLNa#Y ���T� ñV� noHom ���T� ò6�N� ¨ Z\bªOhm k�M6}VRTLtm k ���T� î6� � ���T�1� ê � RTUVJVZ\L^]hHo_ YhS>UVJ6L|bVOhmXzn�_ YlX6R�XqOtS>Uew+S>]lOh_ S>UqRTLWf�]hS6Y`m noszJ6LNOtHVr>H\MVM6b>J6L^YhSzXVM6LNn>Ol]`m nobcZ6L^p`_ Scd^f�Ltm

ph}VS{RTUVY`m R�OQ~#RTL^k`� �ö�l� J\_ Hgnos6�+LNOQXWR�O^S{XVM6LNn>Ol]`m nobWnoHom+J6H6ijYlXVOhm nobWZ\L^p`_ SWnoHom
�í�6� J\m HgYhd^HªSVM\_ Ro�jX6R�XunoH\OlsWJVPVnoS>kIO^S>Uus>�hS6YhH x � © Yhd^HªH>U`OQPªS`M\_ Ro�jX6R�XuSV�YhS>J6s>�hLNOtHom\Æ SVM\_ Ro�jX6R�X�Z\b`MVa#R�X6k`Ç � polarization drift � noHomVR�OQX�ijL^Y`m n>P�J6S>]hwjPOQX6k�p`_ YhLNO^Hom�H\Z\buOQXªRTf�d^R�X��

w
P
Dj = ± 1

ΩjB0

dE

dt c. ���T�1�V�l�
v _ YhHom6w+H>YhL^]hb�bVOhm6OtH�XVM6LNn>Ol]hb6Y`m H�noHomVZ\]laDOlb6Y`m H�SVM\m Ro�+Ho_ YhS>UVY�J6L¦p`m H>w+S>]hLNOhm n>POtH>f�}`OQXVOtH�noHom¦H>U`Olb'd^f�Ltm¦a#kzH\Z\SVOldNM6L^RTJ6H�OQX�plX6J\m S>UV]Qi+_ H�L^Yhb>ke]hL^}VJ6H\O^S>k
Z\bVMVa#R�X6k � © w+UVRjm n>PKL^]hJVX6YhLt_ H)OtS>U)]hL^}VJ6H\OtS>k{Z\bVMVa#R�X6kqLt_ YlHomxXKL^�lP6k`� ¨ YL^w+H>]hJ6b>RTS>UVJ6L��hH>w+Y`m nos[R�O^SeZ6M6s>RTJ6Hed^YhH[XVM6LNn>Ol]`m nob[Z\L^p`_ Sj��O^Hew+S>]lOh_ HqH\Z\b
H>ph]hs>YhLtm HW�+H�n�m YlX`�+S>}VY�Z\]hS>k�OQX�p`m L^}h�+UVYhR�X{O^S>UWZ\L^p`_ S>U � § ë OtH>Y�XgOtH>f�}`OQXVOlsOtS>UVk�i+_ YhLtm/R�X6J6H>YlOhm n>P��j�+H�Hom Ro�+H>YQ�+S>}VY�OQX{ph}VYhH>JVX

Lorentz v × B
noHomj�+H

H\MVM6s>�hS>UVY�Z\S>]hLt_ H � ¨ Y�OtSgXVM6LNn>Ol]`m nobWZ\L^p`_ SgH\MVM6s>�hLtm+p`m L^}h�+UVYhR�XªOlbVOlLI�+Hgn�m �YlX`�+S>}VYeH>YlOh_ �+LNOtH)n � S � n � �#s>]hH)X wP
D

Lt_ YhHomDX)SVM\_ Ro�jX6R�X)O^a#Yew+S>]lOh_ a#Y�Z\S>U
S>w+Lt_ M6LNOtHom>R�OQX6Y�Z\H>]hS>UVRj_ H�OtS>U�XVM6LNn>Ol]`m noS>}�Z\L^p`_ S>U�noHomoR�OQX6Y�H>ph]hs>YhLtm s�O^S>UVk �
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!#"�û�&)ü�(/.10=ýµ0#7D.Aþx(/*9,/.10=ý?7:,+*:3#*D.Á*+@Aÿ>,/4o.Ö7�B-;=460:5+(/.10#*���CD4>E/FÁ*��
© Z\H>]hS>UVRj_ H�foa#]`m n>P6kIH>YhS>J6Som Shijd^YhLtm H>k�noH\Ols�OQX�p`m L^}h�+UVYhR�X�p`m s>phS>R�X6k|O^S>U�Xh�
M6LNn>Ol]`m noS>}¦Z\L^p`_ S>U�H\Z\S>UVRj_ H|J6H6ijYlXVOhm noS>}¦Z\L^p`_ S>U�JVZ\S>]hLt_lLNZ>_ R�X6k#YhHIplX6J\m S>UV]QiTPh�
RTLtm\SVM\_ Ro�jX6R�X�ONa#Y�XVM6LNn>Ol]hS6Y`_ a#Y ��� m H�YhH�J6LNM6LNOQP6RTS>UVJ6LAH>U`OQP6Y�OQX6Y|S`M\_ Ro�jX6R�X��JVZ\S>]hS>}VJ6LIYhHªf�]lX6Rjm J6S\Z\Som P6RTS>UVJ6L|OQXªJVXuRTf�LNOhm n�m R�Ohm n>PªL^�`_ R�a#R�X

m
dv

dt
= qE

U`Z\S6�+dNOtS6YlO^H>kubVOhm=O^SeZ6M6s\OtS>k�OtS>U�XVM6LNn>Ol]`m noS>}gZ\L^p`_ S>U�d^f�Ltm-OQXqJ6S>]hwjP
E =

(0, E0(y) cos(ωt), 0) �¨ Y H6ijYhS\P6RTS>UVJ6L�OQX6Y foa#]`m n>P H>YhS>J6Som S`ijd^YlLtm H R�O^S Z6M6s\OtS>k OtS>U Xh�
M6LNn>Ol]`m noS>}�Z\L^p`_ S>Uo�[X n�_ YlX6R�X O^S>U XVM6LNn>Ol]hS6Y`_ S>U d^f�LtmqOQX J6S>]hwjP

y =
(−qE0/mω2) cos(ωt) �6v s>Y|R�OQX�RTUVYhd^f�Ltm H�H>YhH\Z6Ol}V�hS>UVJ6LxO^S E0(y)

RTLARTLtm ]hs
ij}V]la�H\Z\bªOQXuJ6d^R�X��+d^R�XuO^S>U�XVM6LNn>Ol]hS6Y`_ S\Uo�>Z\Ho_ ]hYhS>UVJ6L

E0(y) = E0(0) + y
∂E0(0)

∂y
+ · · ·

= E0(0) −
qE0(0)

mω2

∂E0(0)

∂y
cos(ωt) + · · ·

§ ¨ ]hHuX�n�_ YlX6R�X�OtS>U�XVM6LNn>Ol]hS6Y`_ S\U�Z\L^]`m ij]hs>w+LNO^Hom�H\Z\bªOQX6Y�L^�`_ R�a#R�X
d2y
dt2

= q
m cos(ωt)

[

E0(0) − qE0(0)
mω2

∂E0(0)
∂y cos(ωt)

]

. ���T�1�Q�6�
Ñ Z\SVM6Shi+_ �hS6YlOtH\k�OQXªJ6d^R�X�Ohm JVPªOQX6k�L^�`_ R�a#R�X6k �í�o� ðVò6� r>]`_ R�noS>UVJ6L�bVOhm

〈

d2y

dt2

〉

= −
( q

2mω

)2 ∂E2
y(0)

∂y
= Fp.

� UVJVZ\L^]hHo_ YhS>UVJ6L�plXVM6H>plP{bVOhm�X�LNZ>m Ols>f�UVYhR�X{Z\S>UgZ\L^]`m ij]hs>w+LNOtHom/H\Z\b[OQX6YªL^�`_ �
R�a#R�X ���T�1�Q�6� Z\]hS\noH\M6Lt_#J\m H�S`M\_ Ro�jX6R�X)Z\S>U)R�Z\]l~#f�YhLtmxOtHKXVM6LNn>Ol]hb6Y`m H�H\Z\bOtHgR�X6J6Lt_ HWJ6L�ijH\M6}`OlL^]lX6k�d^YlO^H>R�X6k�Z\]hS>kIOtHgR�X6J6Lt_ HgJ6m no]hbVOlL^]lX6k�d^YlO^H>R�X6k�O^S>U
XVM6LNn>Ol]`m noS>}{Z\L^p`_ S>U � © ph}VYhH>JVX[H>U`OQP�M6d�ijLNOtHom “ponderomotive force”

noHom
Z\Ho_ �hLtmjR�X6J6H>YlOhm nobg]hb`M6SgR�O^H{JVXh� ij]hH>J6J\m nosgw+Hom Yhb>J6L^YhHuO^S>UuZ6M6s>RTJ6H\O^S>k�b\Z\S>U
OtHªZ\L^p`_ HuLt_ YhHomoZ\SVM6}um RTf�UV]hsªnoHomTH>YhS>J6Som S`ijL^YQP �
!#"Ö!��cE/.Ï798:7-5/.10#ÿ	�K7:,+7-;9;=*DFÏü�5+4	�

 Lt_ �hH>J6LWR�Ohm k{Z\]hS\X`ijS>}VJ6L^YhL^kWZ\H>]hH6ij]hs>wjS>UVkWbVOhm#bVOtH>Y{OtSKJ6H6ijYlXVOhm nobcZ\L^p`_ �
S�J6LNOtHVr>s\MVM6LNO^Hom|H>]Qijs�noH\Ols�JVPVnoS>kcOQX6kcOl]hS6fTm s>k)L^Yhb>kcR�a#J6H\Ohm p`_ S>U � Z � f �
∆B/∆s << B/rL),

PqbVO^H>YWXqJ6LNO^HVr>SVMVP�O^S>U[R�O^Szf�]hb6YhSqLt_ YhHom-J\m no]lP�i+m H



� ���������������� y¡���¢|��£�£I���� y����¤� ¦¥W���

H>]lnoLNOld^k�Z\L^]`m b>phS>UVk
(∆B/B << t/T ),

XgJ6H6ijYlXVOhm n>Pg]hS\Z6PªZ\H>]hH>J6d^YhLtm+R�O^HV�
�+L^]lP � © J6H6ijYlXVOhm n>PW]hS\Z6PgLt_ YhHom+d^YhHgZ\H>]hs>phLtm ijJ6H{H>p`m HVr>H\Ohm n>P6k�H>YhH\MVM6So_ aDOQX6knoHom-p`m H>w+d^]hLtm9H\Z\bqOtHeS`M6S\n>MVX6]l~#J6H\OtH�n�_ YlX6R�X6kuR�O^SzbVOhm-X[R�OtH6�+L^]hbVOQXVOlsqOQXh�
k�RTf�LNOh_ �hLNO^Hom�J6L�O^S[]hUh�+J6b[J6LNOtHVr>S`MVP6k�J\m H>k�Z\H>]hH>J6dNOl]hS>Uo�/R�OQX6YuZ\]hS\noLt_ J6L^YlX
Z\L^]`_ Z6O^a#R�X�OtS>U�J6H6ijYlXVOhm noS>}�Z\L^p`_ S>U �
� Í � Í���õ¶j¯o¶��T±Áº�¼=°6/°6« ·/¹ ´T± ¶���±Á²j³�²=Ã ¯6«�¼9«
GIH{J6LNM6LNOQP6RTS>UVJ6L�H>YhH\M6U`Ohm nosWOQXWJ6S6YhS>p`m s>R�OtH\OQXuZ\L^]`m S>p`m n>Pun�_ YlX6R�XWL^Ylb>k�R�a=�
J6H\Ohm p`_ S>UeJ6d^RTHKRTL{d^YhH)phUVYhH>J\m nob

ϕ(x, t)
Z\S>UzJ6LNO^HVr>s\MVM6LNOtHomyÆ H>]QijsjÇDJ6LgO^S

f�]hb6YhS � plXVM6H>plPqXeJ6LNOtHVr>S`MVPeO^S>UeRTLªJ\m HcZ\L^]`_ S>phS T
Lt_ YhHom-Z\S`M6}eJ\m no]hbVOlL^]lX

H\Z\bªOQX6Y�Ohm JVPuO^S>U �N�
v s>YzO^S'phUVYhH>J\m nob�Lt_ YhHomyH>YhL^�hs>]QOQXVOtS�O^S>UKfT]lb6YhS>Uo�xOlbVOlL[XKn�_ YlX6R�XKO^S>UR�a#J6H\Ohm p`_ S>U�Z\L^]`m ij]hs>w+LNOtHomoH\Z\bªOQX6Y�L^�`_ R�a#R�X

m
d2x

dt2
+

dϕ

dx
= 0. ���T�1�Qé6�

ó SVMVM6H\Z6M6H>Rjm s>�hS6YQOtH>k|J6L|OQX6Y�O^H>f�}`OQXVOtHªnoHomTS`M6S\n>MVX6]l~#YhSVYlOtH\k|d^f�S>UVJ6L

(m/2)

(

dx

dt

)2

+ ϕ(x) = W ���T�1�^�>�
b\Z\S>U

W
Lt_ YhHomtX�L^Yhd^]QijLtm H � © Z\L^]`_ S>phS>k=O^S>U�R�a#J6H\Ohm p`_ S>U�U`Z\S`M6S`i+_ �hLNO^HomQL^}`noSVM6HH\Z\bªOQX6Y�L^� �Ö���T�1�^�>�

x

ö(x)

W

x1
x

2

�����	�	������� �"!$#&%(' )+*,' -+.�-�/ 02143�16547&3 893 #;: 8+%2< =?>@54#BAC8ED+84FEF4G+54#&0,)9*2HE028@54' -@G?I

T =

∮

dt =

∮

dx

[(2/m)(W − ϕ)]1/2
,

b\Z\S>UIX�S`M6S\n>MVP6]la#R�X|i+_ YhLNOtHomhi+m H�J\m H�n>M6Ltm R�OQP�Ol]hSVfTm s �\ë ]`_ �hS>UVJ6LxOtS�S`M6S\n>MVPh�]la#J6HWph]hs>R�X6k
J (action integral)

J6L|OQXuRTf�d^R�X
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J ≡
∮

pdq =

∮

m

[

2

m
(W − ϕ)

]1/2

dx,

b\Z\S>U
p = m(dx/dt)

noHom
q = x

Lt_ YhHomjSom+RTUV�hUhijLt_ k�J6LNOtHVr\MVXVOld^k�noHomor>H>Rjm �hbV�
J6L^YhSom6R�OQX�RTf�d^R�X ���T�1�Qé6� �+H�phLt_ �hS>UVJ6LxbVOhm6X J

Lt_ YhHomVH>p`m HVr>H\Ohm n>P�H>YhH\MVM6So_ aDOQX��
plXVM6H>plP

(dJ/dt) = 0,
bVOtH>YAm RTf�}VS>UVYASomlRTUVYQ�jPVnoL^kDZ\S>U¦Z\L^]`m ij]hs>È+H>J6L � © SVM\m n>PZ\H>]hs6iTa:ijS>k|OQX6k�RTUVYhs>]lOQX6R�X6k

J
Lt_ YhHom

dJ

dt
= 2

d

dt

∫ x2(t)

x1(t)
[2m(W − ϕ)]1/2dx ���T�1�Qï6�

b\Z\S>U
x1
noHom

x2
Lt_ YhHomoOtHWR�X6J6Lt_ HWZ\S>U�XuOtH>f�}`OQXVOtHWH>YhH>R�Ol]hd^w+LNOtH>m � � f ���T�1�l�N�

ó H>]hH6iTa:i+_ �hSVYlO^H>k�OQXªRTUVYhs>]QOlX6R�X ∫ x2(t)

x1(t)
[2m(W − ϕ)]1/2dx

Z\Ho_ ]hYhS>UVJ6L

1

2

dJ

dt
= [2m(W − ϕ)]1/2

x2

dx2

dt
− [2m(W − ϕ)]1/2

x1

dx1

dt

+

∫ x2

x1

∂

∂t
[2m(W − ϕ)]1/2dx.

ë b>]hS>k [2m(W − ϕ)]1/2 JVX6phL^Y`_ �hLNO^Hom�R�O^HWR�X6J6Lt_ H x1
noHom

x2
�TL^Yl~�OtS

∂

∂t
[2m(W − ϕ)]1/2 =

m

[2m(W − ϕ)]1/2

[

∂W

∂t
−

∂ϕ

∂t

]

. ���T�1�Qð6�
Ñ Z\SVM6Shi+_ �hS>UVJ6L|O^S6Y�b>]hS (∂W/∂t)

nos>YhS6YQOtH>kIf�]lP6R�XuONa#Y�L^�`m R�~#RTLNa#Y ���T�1�Qé6�noHom ���T�1�^�>�
∂W

∂t
= m

dx

dt

d2x

dt2
+

∂ϕ

∂t
= −ẋ

∂ϕ

∂x
+

∂ϕ

∂t
.

¨ YlOhm noH6�/m R�OQ~#YlO^H>kªR�OQX6YgL^�`_ R�a#R�X ���T�1�Qð6� noHom9fT]QX6Rjm J6S\Z\Som ~#YlOtH>k�OlX6Y ���T�1�Qé6�d^f�S>UVJ6L
∂

∂t
[2m(W − ϕ)]1/2 = −

∂ϕ

∂x
.

§ v OlRjmjZ\Ho_ ]hYhS>UVJ6L
dJ

dt
=

∫ x2

x1

(

−
∂ϕ

∂x

)

dx = 0,

p`m bVOhm
ϕ(x1) = ϕ(x2)

R�OtHgR�X6J6Lt_ H
x1
noHom

x2
RT}VJ6wja#YhHWJ6LIOQX6Y�U`Z\b6�+L^R�XªbVOhm

XuH\MVM6H6iTP�O^S>U
ϕ(x)
RTLIJ\_ HªZ\L^]`_ S>phSuLt_ YhHom�H>J6LNMVXVOld^H �
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� Í � ÍÏËgfW´o¬9¶+¯T± ² ½�h °6/¾+�¯>°�i�°6³ h
© J6LNM6dNOQX�L^Yhb>kxH>]hJ6S6Y`m noS>}�OtH\M6H>YlONaDOQP�J`Z\S>]hLt_VYhH�J6H>kApl~#RTLtm`d^YhH�Z\H>]hs>phLtm ijJ6H
H>p`m HVr>H\Ohm n>P6kIH>YhH\MVM6So_ aDOQX6k �
v _ YhHom/ijYla#R�OlbqbVOhm�X[S`M\m n>P�L^Yhd^]QijLtm H�O^S>U{H\Z6M6S>}{H>]hJ6S6Y`m noS>}ªOtH\M6H>YlO^aDOQPLt_ YhHom

W =
p2

2m
+

mω2q2

2noHom�XuH>p`m HVr>H\Ohm n>P�H>YhH\MVM6So_ aDOQX
J
U`Z\SVM6Shi+_ �hLNOtHom�H\Z\buOQXuRTf�d^R�X � r\M �9�í�o� ñ`é ))

J = 2

∫

√
2W/m/ω

−
√

2W/m/ω
(2mW − mω2q2)1/2dq =

W

ω
2π. ���T�1�lñV�

� S�H\Z6M6b�LNn>no]hL^J6d^k`�QbVOtH>YyX�iTa#Y`_ H|O^H\M6s>YlO^a#R�X6kxLt_ YhHomlJ\m no]lP��hH\Z\SVOlLNM6Lt_hd^YhH
Z\H>]hs>phLtm ijJ6HqH\Z6M6S>}�H>]hJ6S6Y`m noS>}gOtH\M6H>YlONaDOQP � ¨ YgU`Z\S6�+d^RTS>UVJ6L�bVOhm=O^SzJVPVnoS>kOtS>UqRTf�Som Y`m S>}qO^S>UeLNn>no]hL^J6S\}Vk`�=J\m no]lP6kªiTa#Y`_ H>kuOtH\M6s>YlONa#R�X6k`�DJVLNOtHVr>s\MVM6LNOtHom
Z\SVM6}zH>]Qijs � � f �:�T� �6� OlbVOlLªXcL^Yhd^]QijLtm H W

Z\H>]hH>J6d^YhLtmDH>Yhs\M6ShiTXqOQX6k�RTUVf\�
YhbVOQXVOtH>k

ω �:v _ YhHom=ijYla#R�OlbKbVOhmDXcRTUVf�YhbVOQXVO^H)O^H\M6s>YlO^a#R�X6kWOtS>UeH>]hJ6S6Y`m noS>}OtH\M6H>YlONaDOQP[Lt_ YhHom�H>YlOhm R�Ol]hb>wja#k�H>Yhs\M6ShiTXgOQX6k�OlLNOl]hH6iTa#Y`m n>P6k�]`_ �hH>k�O^S>U�JVPh�
noS>UVkgOtS>UzRTf�Som Y`m S>}eOtS>UzLNn>no]hL^J6S>}Vk`�

ω =
√

g/l,
s>]hHcnoHomDX)L^Yhd^]QijLtm Hz�+H

H\noSVM6S>Uh�+Lt_oOQX6Y�_ p`m HªH>YhH\M6Shi+_ H �© w+UVRjm n>P�noHomTm R�O^S>]`m n>PuR�X6J6H>Rj_ HªH>U`O^S>}�O^S>U�H\Z\SVOlLNM6d^RTJ6H\O^S>kILt_ YhHom>OlL^]hsV�
R�Ohm Hj�VJ\m H�noHomhR�Ohm kAH>]hf�d^kxO^S>U|Hom ~#YhH�J6H>kASomhZ\]l~DOlL^kxZ\]hS>R�Z\s6�+Ltm L^kxn6r>s>YlO^a#R�X6k
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O^a#YuH\Olb>JVa#Y�RTf�LNOh_ �hS6YlO^H>Y�J6L�OQX6Y�n6r>s>YlO^a#R�XªONa#Y�Ohm JV~#Y�OtS>UªSVM6S\n>MVX6]l~#J6HV�
OtS>kIph]hs>R�X6k � Z6]hbVOtH>R�X Wilson-Sommerfeld) � § © O^H>YIijYla#R�OlbªbVOhmTH>]Qijd^k|J6L��OtHVr>S`M6d^k�OtS>UuZ\L^]`m r>s\MVM6S6YlOtS>k�O^a#Y�H\Olb>JVa#Y�Z � f � OtS>UuXVM6LNn>Ol]`m noS>}uZ6L^p`_ S>UuphL^YZ\]hS\noH\M6S>}VY�J6LNOls\Z6ONa#R�X�H\Z\b�OQX�J\_ H�noH\Ols>R�O^H>R�X�R�OQX6Y|s\MVMVX � � S�Z\Ltm ]hH>J6H\Ohm nobH>U`Olb�w+Hom Yhb>J6L^YhS�L^]hJVX6YhL^}`OQXVnoL¦J6L¦OQX�f�]lP6R�X�OQX6k�H\Z\b>phLtm �lX6k¦Z\S>U�nos>YhH>J6Lh�\pQXh�
M6H>plP��TbVOhm�O^SWSVM6S\n>MVP6]la#J6Huph]hs>R�X6kILt_ YhHom�H>p`m HVr>H\Ohm n>P�H>YhH\MVM6So_ aDOQX �ó H>]hH\n>s\O^a��+H�U`Z\S`M6S`i+_ RTS>UVJ6LDOQX6Y�H>p`m HVr>H\Ohm n>PIH>YhH\MVM6So_ aDOQXIL^Yhb>kyw+S>]lOh_ S>U
Z\S>U�n�m YhLt_ O^Hom�J6d^RTHWRTLIJ6LNOtHVr>H\MVM6b>J6L^YhSuJ6H6ijYlXVOhm nobuZ\L^p`_ S �
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�T�1�V� � OtSuZ6M6s>RTJ6HuZ\S>U��+L^]hJ6Ho_ YhLNOtH>moJ6L|H>p`m HVr>H\Ohm n>P�RTUVJVZ>_ L^R�X�XuR�O^H6�+L^]hbVOQXVOtHOQX6kyJ6H6ijYlXVOhm n>P6ky]hS\Z6P6kyH\Z\Hom OlLt_`O^S
kBT⊥

YhH�H>UV�hs>YlLtm1�hbVOtH>YAXId^YlO^H>R�X|O^S>U
J6H6ijYlXVOhm noS>}WZ\L^p`_ S>UWH>UV�hs>YhLtm � � S[J6H6ijYlXVOhm nob�Z\L^p`_ S�b>JVa#k�Lt_ YhHomjijYla#R�OlbbVOhm+phL^Y�LNZ>m OtH>f�}VYhLtm+w+S>]lOh_ Hui+m H\Oh_jXWph}VYhH>JVX

Lorentz
Lt_ YhHom�nos6�+LNOQXªR�OlX6Y

OtH>f�}`OQXVO^H ��v �lX`iTP6R�OlLIZ6~#kIOtSªw+S>]lOh_ S�noL^]hp`_ �lLtm�L^Yhd^]QijLtm H �
�T� �o�xv s>Y�U`Z\S6�+d^RTS>UVJ6L|bVOhmoOtSªJ6H6ijYlXVOhm nob�Z\L^p`_ S�noH\OlsuJVPVnoS>k�OtS>U�s>�hS6YhH�L^Yhb>kJ6H6ijYlXVOhm noS>}unoH6�+]ld^w+OQXuLt_ YhHom

Bz = B0(1 + a2z2 � b\Z\S>U B0
noHom

a
ijYla=�

R�Old^k�R�OtH6�+L^]hd^k �
� H � � LgZ\Som b�R�X6J6Lt_ SKO^S>U z

�+H�H>YhH\n>M6H\R�OlLt_#d^YhH)XVM6LNn>Ol]hb6Y`m ScZ\S>UcR�OtS
R�X6J6Lt_ S

z = 0
d^f�Ltm�O^H>f�}`OQXVOtH

v2 = 3v2
‖0 = 1.5v2

⊥0 o� r �p� ]hs>ÈjOlLªOQX6YeL^�h_ R�a#R�XzOQX6k{n�_ YlX6R�X6kgO^S>UcS>plX`ijS>}qnod^YlOl]hS>U[i+m H)OQX6YZ\H>]hs\MVMVXVMVX�Z\]hS>kIO^SWJ6H6ijYlXVOhm nobuZ\L^p`_ Sup`m L^}h�+UVYhR�X �
� i � 
 Lt_ �lOlL�bVOhm�O^S[XVM6LNn>Ol]hb6Y`m S�LNn>OlLNM6Lt_�H>]hJ6S6Y`m n>PWOtH\M6s>YlONa#R�XgnoHom�U`Z\SV�M6Shi/_ R�OlL�OlXuRTUVf�YhbVOQXVO^HªOQX6k�O^H\M6s>YlO^a#R�X6k �
� p �9Ñ Z\SVM6Shi+_ R�OlL:OQX|p`m H>JVPVn>X|H>p`m HVr>H\Ohm n>P�H>YhH\MVM6So_ aDOQX (longitudinal adi-
abatic invariant).

�T� éo�AÑ Z\S`M6S`i+_ R�OlLgOQX6YqZ\]l~DOQXKH>p`m HVr>H\Ohm n>P)H>YhH\MVM6So_ aDOQXei+m H�w+S>]lOh_ H)Z\S>Uzn�m �YhS>}VYlO^HomjJ6L�RTf�LNOhm n�m R�O`m n>PgO^H>f�}`OQXVOtHj�jnos>YhS6YQOtH>kIfT]QP6R�XªOQX6k�RTUVYhs>]lOQX6R�X6k
Langrange

noHom:H\noSVM6S>Uh�j~#YlO^H>kuOtH)_ p`m Hqr\P6J6H\O^H)J6LªOQX6Y�H\Z\b>phLtm �lXeR�O^S
noL^w+s\M6Hom S �o�

�T� �T� � f�L^p`m s>�hS>UVJ6L�OQX�noH\OtH>R�noL^U`P{J\m H>kuJ`X6fTH>YQP6k�Z6M6s>RTJ6H\O^S>k�i+m HqYhH��+L^]hJ6sV�YhS>UVJ6L�O^SeZ6M6s>RTJ6HzJ6L�OQXqJ6d��+S>phSqOQX6kªJ6H6ijYlXVOhm n>P6kªRTUVJVZ>_ L^R�X6k �:Ñ Z\S6�+d��OtS>UVJVLubVOhm-OtSzJ6H6ijYlXVOhm nobqZ\L^p`_ Sed^f�Ltm-OQXqp`m L^}h�+UVYhR�X[O^S>U[s>�hS6YhH
Oz
noHom

H\noS`M6S>Uh�+Lt_�O`m kªf�]hS6Y`m nod^k�J6LNO^HVr>SVM6d^k�Z\S>U�Z\L^]`m ij]hs>w+S>UVJ6L�R�OQXqRTUVYhd^f�Ltm H �� SqZ6M6s>RTJ6HzH>]hfTm nosqLt_ YhHom9RTL��+L^]hJ6S\no]hH>Rj_ H
10eV
�/r>]`_ R�noLNO^Hom9RTL�noH\OlsV�

R�OtH>R�XW�+L^]hJ6S>phUVYhH>J\m n>P6k�m RTS>]h]hS\Z>_ H>k�noHom/O^SqJVH6i+YQXVO`m nob�Z\L^p`_ S�d^f�Ltm/Ohm JVP
B1 = 1kG � � SWZ6M6s>RTJ6HWRTUVJVZ>m d^�hLNOtHomjR�OQXWRTUVYhd^f�Ltm HWH>p`m HVr>H\Ohm nos�i+m H T1RTL^ktS6Yhphk

>> (2π/Ω)
noHomTOtSgJ6H6ijYlXVOhm nobWZ\L^p`_ SgwjOls>YhLtm�OlXWYhd^HªOtS>UuOhm JVP

B2 = 5kG � ó H>]hH>J6d^YhLtm>R�OQX6Y�noH\Ols>R�OtH>R�X�H>U`OQP�i+m H T2
RTL^ktS6Yhphk

>> Tc
�

b\Z\S>U
Tc
Lt_ YhHomDf�]hb6YhS>kWZ\S>UcH\Z6Hom OlLt_ O^Hom:i+m H�YhHzi+_ YhLtmDXznoH\OtH>YhS>JVPeZ\s\M\m

m RTbVOl]hS\Z6X � � dNM6S>k|OtSªJ6H6ijYlXVOhm nobªZ\L^p`_ SªLNZ>m R�Ol]hd^w+LtmjR�OQX6Y�H>]hfTm n>P�Ohm JVPªRTLf�]hb6YhS
T1,
L^Yl~�OtSqZ6M6s>RTJ6Hqi+_ YhLNO^Hom=m RTbVOl]hS\Z\S �=ë _ p`m S>k�no}`n>M6S>k�LNZ\H>YhHV�M6H>Jhr>s>YhLNO^HomTi+m Hrqõw+S>]hd^k � ó b>RTS>UVk�OldNOtSom S>UVk�no}`n>M6S>UVkI�+H{f�]hLtm H>R�OtS>}VJVLi+m HWYhHªwjOls>RTLtm�X�OlLNM\m n>P��+L^]hJ6S\no]hH>Rj_ H�O^H

10keV �


