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Exp. 2, ∆ ρo = 0.75 % , T = 40 s , Qo = 1.68 L/s
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s = D

W  � �p*S4J:K&2:<���809&9*L3'*e�["%&-,/"%.6,/�
f = 2Ω = 4 π

T  � �t:BF<&2:>�G,602��&9�73+$',609*L,/)',102,?:K./*
g′o = g ∆ρo

ρs

"%¡
∆ρo = ρf − ρs
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N/f ∼ (0.02/3000)1/2 / 10−4 ∼ 26
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D/W ∼ 0.025

�'�-"%,60)�W$ ∼ 0.42
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N = 0.683 s−1.
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r =
ho

dN
= c1 (2Bo f)1/4N g′o
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�p:e�7"<)��JF%$'&9:K02,6"%)I*r�Q4��8&9,/��*7)D02:<./*�*7�N0Y*A�+:<�A02*7��*7)D0Y./:e���7��*��=$'*��7*7.6./*�3'�7�8&9,102*�3':<)'�h.6*��7:<�
3���$')O��,/./,6*7$��'"%��"%F%�8)'*�, !#,/F'���'� ¤ 2A���9*8$'.X./*H�5,6./,/*8$ :K�BV',?:K)=0�3',�$��7&-*B*7)��A0�:<)D0S$')+,6¢M"%&-�5�8�5*8)=0
�N02&2:\02,��'�L*7)�3'*7)'�-,609�<�

cameraf/2 o
ρQ  ,o

1030 g/L

ρ

laser

miroir

1000 g/L

x
y

z

o

o

α
W

D
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�#"%$+&��802:<V'./,6&�$+)'*B�-09&2:K09,��J�7:K02,6"%) .6,/)'�7:<,/&-*S*7)O3'*7)+�9,609�<��3'*7$Q� &9�8�9*7&N�%"%,6&9���-"%)D0S$+02,6./,6�9�7�8� .���$')
*8�-0e&9*7��4'.6,X3���*>:<$
��./:@3'*7)'�-,609���5:\�Q,/�5:<.6*H�9"<$'�J:<,102�7*K��.���:<$+09&9*E3���*>:<$ �@.?:@3'*7)+�9,609�(�5,6)',/�5:<./*K�
��.6�[�9"<)=0[���J:<$�$��7�*�e.?:S02*8�54	�7&9:K02$'&-*�:K�BV',?:K)=09*�3+$�.?:<V	"%&9:K02"%,6&9*K�
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' �)( B�CFEh�)I���{>s�fgl)Ru_as�biX>l�\FNUsyv�f�X)T�X)TSb�VS_HRy^�L>lecWs�l)NUV�X>l$RyTSPK\�V�\�s�l)N�f�L VSR�NOL>R�_ vMcOL>R�_as�b�NU^OL>fg_hV�^WT"E
L��|J�NUsyv�f!G��ts�l)N LS\FNWQWV�fhT/NUTSPK\Ffg_hVWV"L��)T"E o���J�NUsyv�f
	��ts�l�NUV|TSRnG)�wT3[]\�^SN`_aTSbdcWTWVM\Ffgl
V/R L>N3X
E

��"%$'�(:>�%"%)+�B¢£:<,60H./*����'"<,1� 3'*@4'&9*8)'3'&-*@.?: 3'*8)'�9,102�@3'$ �8"%$'&9:<)D0(,/) 8-*8�802�I�7FD:<.6* � �7*8./.6*I3'$
¢M"<)'3�3'*�.?:e�8$+�%*K�'3'*��9"%&N02*��=$���,/.	�7� �I�8�=$',/.6,/V'&-*7&2:K,60U*7);:KV'�9*8)'�7*�3+*��5�8.?:<)+F%*k*80Y3'*�&9"<02:K02,6"%)��Q�[*
���+"%,1���8"%&9&-*7�94	"%)'3 ��./:E�7"%)��'F%$'&2:\02,/"<) (�
&#e* *A0�*8�-0�&9�7:<./,6�-02*L4':<&k&2:<4'4	"%&N0�:K$Q���7�8"%$'./*8�5*8)D02�
"G�7�7:<)',6�G$+*7�7� # :<,/�e3���$') 4�"%,6)D0H3'*��G$'*@�8"%)'�8*74+09$'*7.��R./*5VJ:<�E3'*I.?:
4	*7)D09*@*80E./: �-09&2:K09,��J�7:K02,6"%)
:KF%,/�-�9*7)D0h:<$����7��*�*8)'3'&9"<,60W�7*��=$',�)���*7�-0[4�*8$+0Y�A02&9*�4J:<�W"%4+02,6�B$'� 4	"%$'&T.?:x�7.?:K&-02��3'*�.���:<)J:<.��Q�-*
3+*7��&9�7�-$'.602:K02�8�

�p:B3'*8)'�9,102��3'*��9$'&N¢£:<�7*�*8�-0Y3+*
ρs = 1000g/L

*80h./:H3', $Z�8&9*7)+�7*�3'*�3'*7)'�-,609��,/)',102,/:<./*Y*8)=09&9*�./:
�-$'&-¢£:K�7*S*80�./*�¢M"<)'3
*8�-0�3'* ρs−ρf

ρs
= 3.0 � �

����� �$� ����������������� ����� �!� ���#"�� �

�t"%$'&��802$+3',/*8&�.6*7�E4'&-"%4'&-,/�809�7�(3'$��5�8.?:<)+F%*�02$'&-V'$'.6*7)D0>�P,6.h*7�N0I)'�8�7*8�9�2:K,/&9*�3'*;��*7�9$+&9*7&(.6*7�
���':<�54+�P,/)'�N0�:<)D0�:K)'�7�U3'*h�G,609*7�-�9*k*80U3'*Y�8"%)'�8*7)D02&9:K02,6"%)��D�P��,/3'�7:<.':<$+&2:<,10P�809�Y3�� :>�<"%,/&P3'*8�P�5*8�9$'&-*7�
�-,/�B$+.60�:K)'�7*8�t3+*T�8*7�#�G$':<)D02,609�7�8�\�5:<,6���7*8.?:k)�� :k4J:<�t4'$x�809&9*T&9�>:K./,/�-�P3J:<)'�t./*U�7:<3'&9*U3'*T�7*A0909*T09�'�7�-*<�

�t"%$'&B�8*7�E*A�Q4	�7&-,/*7)+�7*7�8�X./*8�H�7:<&2:<�A02�8&9,/�N02,6�G$+*7�BF%�8)'�7&9:<./*8�H3'$ �8"%$'&9:<)D0E3'*IF<&2:>�G,602�5�9"%)D0E3+�A�
3+$',609*7�k4J:<&Y.6*7�Y02*8���')',/�=$'*8��3+*x��*7�-$'&9*8�k�9$',1�<:K)=09*7�x�
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.6*L�7"%$'&9:<)D0>�

���[*7�p&-�7�9$+.60�:\02��"%)D0�4'$x�809&9*P�8"%�54+./�809�7��4':<&�3'*7����*7�-$'&9*8�p3'*P�7"%)+�7*7)D09&2:K09,/"%)S4J:<&�,6�I:KF%*7&-,/*t3'*
�J$+"%&9*8�9�7*8)'�7*x,/)+3'$',609*�4J:K&h.?:<�-*7& ,£��� ! 2W4	"%$'&h$')+*L*A�Q4��8&9,6*7)'�8*L*7);4J:<&N02,/�8$'./,6*7&8�+�[*8�k*A�Q4��8&9,6*7)'�8*7�
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�8"%$'���'*L.6,/��,609*Y3'*�¢M"%)'3Z�	*P./.6*�*8)'F%*7)+3'&9*L.6*����7��*�0��G4�*�3���,6)'�-02:<V',6./,609�7�T./,6�7*7�[:<$I¢M&-"<0909*7��*7)D0h�=$'*
3':<)'�P./*W�>:<�P�+"%�5"<F%�7)'*K�\�G,6�9,/V+./*7�#4J:<&X.6*7�R�K:<&-,?:K09,/"%)+�#3'*Y.����84J:<,6�9�9*8$'&R3+*Y�7*80-02*Y�8"%$'���'*h�G,/�-�=$'*7$'�-*<�

�["%)D09&2:<,6&9*7��*7)D0�:<$��>:<��3���$') �8"%$'&9:<)D0�3+*eF%&9:>�Q,102�L�8���8�7"%$'./:<)D0��-$'&k$')'*x4�*8)D02*x3J:<)'��$')��5, �
.6,/*8$��-09&2:K09,��J���5:<,6�h�2:<)+�Y&9"<02:K02,6"%)��G./*��8"%$'&2:K)=0k)Z� :K0-02*8,/)D0Y4J:<�Y./:H4'&-"<¢M"%)'3'*8$'&Y"%¡;�2:E3'*8)'�9,102�L*8�-0
�8FD:<.6*��E�7*7.6./*�3+$
��,/.6,/*7$I:<�BV',/:<)D0>��(�:<)'�Y.6*7�Y*A�Q4	�7&-,/*7)+�7*7��*7)���,/./,6*7$�02"%$'&-)J:<)D0>�+./*��8"%$'&2:K)=0�*8�-0
�N0�:<V+,/./,6�9�h4':<&U.?:�¢M"%&9�8*k3'*��["%&9,6"%./,6� �x$+)'*k4'&9"<¢M"<)'3'*7$+&T4+./$'�P¢£:<,6V'./*K�
�+:S3'*7)+�9,609��&-*7�N02*��9$'4	�7&-,/*7$+&9*
�B./:B3'*7)+�9,609�L3'$;�5,6./,6*7$5:¦�<"%,/�-,/)J:K)=0k�8"%���5*�./*���"%)D02&-*L./*7�[�7"%$'&-V�*8�Y3'*7�Y�K:<&-,?:K09,/"%)'�W3'*L3'*8)'�9,102�
3+*H.?: �JF%$+&9* �+� 0+� # :K,/���7*80-02*B3+,�$��7&9*8)'�7*e3'*H3+*7)'�-,602�e./"G�>:<.6*L�7"%)D09,/)=$'*H3+*H3',6�5,6)G$+*7&k./*8)=09*7��*7)D0
.6"%&9�-�=$'*H.6*e�8"%$'&2:K)=0��9*e4'&9"%4':<F%*H.6*e.6"%)'F�3'*H./:54	*7)D02* �I�>:K$'�9*B3+*7���8���J:<)'F<*7���8"%)D02,/)=$'��:¦�<*7�B.6*
��,/.6,/*8$@:<�BV',/:<)D0>�

(�*L./:<&9F<*7�[�N02&-$'�809$'&9*8�Y�]�G�7.6"%)',/�=$'*8�Y�9"%)D0Y�8FD:<.6*7��*7)D0h"%V+�9*7&N�%�8*7�7�	�[*8�h02"%$+&9V',6././"<)'�W"<&9FD:<)+,/�9�8�
�-"%)D0�F%�7)'�8&9�8��4	�7&-,/"G3',/�=$'*8�5*8)=0k*A0k�9*x3'�74+.?:<�8*7)D0�./*L./"<)'FE3'*S.?:B4	*7)D02*K�
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' �)( BdCFE 	>IM��s�l�\�TWV/{>TSN`R�_acOL>fhTWV X>l�cWs�l�N3L>b�RnX)T��>N3L>{�_HRy^pL>l cWs�l)NWVpX>l�R�TSPK\�V�� \�s�l)N/fOk �A[]\dE����)E

' �)( BACFE ��I J 	�s�R�s�{�l�T$X>l�X)TWVWVSl
V$X>l cWs�l)N3L>b�R�X)Tp�>N3L>{�_HR�^4{�_hVSl	L>fg_hV�^�\�L>N~f�L�m�l�s�NWTWV�cW^S_HbdT � l�k _Hf
cWs�b�R�_aTSb�R��pX
L>b�V�fhTYcOL�ViX�k l�b P|_Hfg_aTSl}L>P4o"_�L>b�R/VSR�N3L>Ru_ vM^iL>{>TWc

∆ρ/ρo = 3.0%
�
T = 40s

TSR
Qo = 0.77L/s

�
M = 4.48

�	� T
= 2.20 103 
 �A[]\dE���� �>E
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�'� �'� ' �7�-$'.602:K02�k*A�Q4	�7&-,/��*7)D0�:<$G�
]@^�] � {kjps;qrgtaLgtjmi���
�{hc#o8d i��(gtaxs �

��� ��� � � � � � ������� ���������
	�� � � ��
 "�
 � �%� � ��� ��"�� � ���$#�
 #%� ��� � ��� ����� ��# "�
��
#%������
�� ������� ��
!� � � � ���������

��*7��*A�Q4	�7&-,/*7)+�7*7��3J:<)'�k$')
�5,6./,/*8$;:<�BV',/:<)D0k�-09&2:K09,��J�S�802:<)D0��9*7�HV'.?:<V+./*7�:�(�7*8././*8�k*7) ��,/.6,/*8$
�+"%�5"<F%�7)'*K�X./*8�(�5�8�5*8�E�>:<&9:<�809�7&9,6�-09,/�=$'*7��3'*;.����7�8"%$'.6*7��*7)D0(4�*8$+�%*8)D0I�A02&9*��809$'3',6�7*7�8�U��*7��./"%,6�
3Z���8���'*7.6./*B4'&-"%4	"%�9�8*7�L4	"%$'&�.6*H�7:<���'"%��"%F%�8)'*H�-*B&9*A02&-"%$+�%*8)D0e*8)��5,6./,6*7$;�-09&2:K09,��J�K��.6"%&9�-�G$+*B.���"%)
4+&9*7)+3 *7) �8"%��4+02*S3'*8��3',�$��7&-*7)'�8*7��./"G�>:<.6*7�Y3'*e3'*7)'�-,609�����-*7$'.6��.6*7���7"G* ���7,6*7)D02��3'*e4+&9"%4	"%&-09,/"%)G�
)':<./,102�����J:K)'F%*7)D07�

*P)�* $�*80>�P./:�4�"%�-,609,/"%)z3Z���8�G$+,/./,6V'&9*@F<�7"%�N02&9"<4'�',/�=$'*�:K0-02*8,/)D02*@4J:K&E./*@�7"<$'&2:<)D0�4'&-,/)'�8,/4J:<.[�9*
��*7�-$'&9* 3'*�.?: �5�8�5*�¢£:+*7"%) 4':<&�.?: 4�"<�9,609,/"%) 3'$ �5:\�Q,/�B$'� 3'*
�Q,102*8�9�9*�4':<&2:<.6./�8./*�:<$Q��,/�-"K�
V':K02�'*8�7�G*7)

x = Lo

3+$��>:<)':<. 3���,6) 8-*7�A02,6"%)-, !R,/F+� �'�,;12A�Q�[*80-02*�3+,/�-02:<)'�8*��8� :98-$+�-02*��9$'&T./*�&2:t�%"<)�3'*
3+�8¢M"%&-�I:K09,/"%)@3+* ' "%�-�9V
�
,

Lo c1 = (2Bo f  "! ) #%$'& = c  #1 Vo f  # 2[*80

ydes = (0.81± 0.02)Lo.
, �'� ¤ 2
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y 
[c

m
]

Lo [cm]

Milieu homogene
dist = 1.16 Lo
Milieu stratifie
dist = 0.81 Lo

')( ( B�CFE'*&I���s�PK\�L>N3L>_hV�s�b X)TWV�NU^WVSl)fgR L>RHVZTSb P|_Hfg_aTSl�	�s�P$sO�)QSbdT TSR/VSRuN3L>R�_ vM^4\�s�l)N�f�L�\�s�VS_HRu_as�b
L>R�R�TS_Hb�RyT|\�L>N fhT�cWs�l)NOL>b�R~TSb NU^a�>_HP$T�^SR L
o"fg_�ED�/k L �`l
VSRyTSP$TSb�R/fg_Hbd^OL>_HNUTiX)TWV P$TWVSl)NUTWV�TSb P|_Hfg_aTSl
VSR�N3L>Ru_ vM^pX)s�b�bdT�l�bdT X>_hVSRaL>bdcWT

ydes = (0.81± 0.02)Lo

E

��*+�J$+,/3'*54��8)'�809&9*���"%,/)+�e4'&-"<¢M"%)'3+�7��*7)D0B3J:K)'�B./*���,/./,6*7$ :<�BV+,?:<)D0e�G$+*�3J:<)'�H./*��>:<�B�+"K�
��"%F%�8)'*<���+:�3'*7�-�7*8)=09*@*7�N0H4'.6$'�e¢£:K,/V'.6*E4'$',/�-�=$'*I.6*7�x3',�$��7&-*7)'�8*7�H3+*I3'*8)'�9,102�7�e./"G�>:<.6*7�S*7)D09&9*I.6*
�8"%$'&9:<)D0e*A0x./*E��,/./,6*7$ :<�BV',/:<)D0&�;./:��5�8�5*E4+&9"<¢M"%)+3'*7$'&S�-"%)D0e4+./$'��¢£:<,6V'./*8�7���8*(�G$+,P&9�73+$',60S.6*7�
*%$Z*A02��3'*7�Y¢M"%&-�7*8��3+*xF<&2:>�G,602�K�
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# :<,6��3J:<)'��$')O�5,6./,/*8$
�N02&9:K02, �J�<���7*80-02*E3',6�-02:<)'�7*E3+*E�-0�:KV',/.6,/�2:\02,/"<)
3'*A�G&2:<,10�02*8)'3'&9*(:K�3�G�54G�
09"<02,6�G$+*7��*7)D0Y�%*8&9��.?:E4'&9"K¢M"%)'3'*8$'&Y"%¡�.?:B3'*8)'�9,102�S3'$��5,6./,/*8$�*7�N0��7FD:<.6* �E.?:B3'*8)'�9,102�S,/)',102,/:<./*�3'$
�8"%$'&2:K)=07� (�:<)+�B)'"<09&9*��8"%)��JF%$+&2:K09,/"%)��#�7*A0902*I3',/�N0�:<)'�8*��7"<&9&9*8�94	"%)'3�:<$ VJ:K�B3'*@.?:�4�*8)D02*<�R�9"%,10
y = 194

�8�
�&�G,J.���"%)("%V+09,/*7)D0T$')'*k4	"%�9,102,6"%)E3'*��-0�:KV',/.6,/�2:\02,/"<)H�=$',J�K:<&9,6*Y./,/)+�>:<,6&9*7��*7)D07�<�<��*7�N0[�=$'*
.6*7�x* $�*802�e3'*�.?:@�-09&2:K09,��J�7:K02,6"%)C)+*5�-"%)D0H4J:K�e�-$ ���2:<���5*8)D0B,/��4	"%&-02:<)D02�S:>�%*8�I./*8�e4':<&2:<���809&9*8�
:<3+"%4+02�8�L./"%&-��3+*E)'"%��*r�+4	�7&-,/*8)'�7*8�7���P���7�7"<$'./*8�5*8)=0�*7�-0�4'&9,6)'�7,64J:<./*8�5*8)D0�3'"<�5,6)'�H4J:K&�./*8��* $�*809�
3'*@./: &9"<02:K02,6"%)z3J:K)'�E.?: 4+./$'4J:K&-0E3'*8�E*A�Q4	�7&9,6*7)'�8*7��4�"<$'&B./*8�9�=$'*8././*8� �[$

< 1
*80 ' " � 1

�R��.
¢£:<$+3'&2:<,10k3'"%)'�x&9�7:<./,6�9*8&Y3'*e)+"%$+�%*8./.6*7��*A�Q4��8&9,6*7)'�8*7��:>�<*7�H$+)'*e�N02&9:K02, �J�>:K09,/"%)@4+./$'�k¢M"%&-09*x: �J)�3'*
09*7�-09*7&�4'./$+�Y* ���>:<�8*7��*7)D0��9*7��* $�*809�7�

�[*7�k�7"<�5��*7)D0�:K,/&9*8�Y�9"%)D0��7"<)��J&9���7�k4J:K&Y./*L�>:K./�7$+.��9$',1�<:K)=0S�
�P&9*8)'"%)'�Y.���*r�Q4��8&9,/*8)'�7*�+49B:t�%:<)D0k4�"%$+&[4J:<&9:<���802&-*7�h,6)',609,?:<$G�

T = 40
�8�

0.77
��2K�[*80

∆ρ/ρo =

3 � �X�t:
./"%)'F<$'*7$'&e0��Q4+,/�=$'*@*7�N0 Lo = 70
�8� *80B./*�4J:K&2:<���809&9*I3+$����7./:<)'F%*

M = 4.42
�R�p:

4	"%�9,102,6"%)@3'*S�-02:<V',/.6,/�9:K02,6"%)I3'*S�8*80�*A�Q*7��4'.6*x*8�-0
ys = 0.81Lo = 57

�7���
�t"%$'&��8*80-02* ���7��*b*r�Q4��8&9,/*8)'�7*b*7)u��,/.6,/*7$ �+"%�5"<F%�7)'*K�5.6*b���7./:<)'F%* "%VQ02*7)=$ *8�-0�09*7.��=$'*
g′ = 0.28 g′o

�U�p:�4	"%�9,102,/"<) 3����8�=$',/.6,/V'&-*��7"%&-&9*8�94	"%)'3J:<)D0+���7*;�5�8.?:<)+F%*�3J:<)+��.6*@�5,6./,6*7$z�N02&2: �
09,��J�L*8�-0

ym =
g′

sN2
=
g′

g′o

g′o
sN2

=
g′

g′o

D

s
= 55

�8�
�
�[*L&-�7�9$+.60�:\0h*7�N0Y4'&-"Q���'*�3'*

ys

*80h4'&9"%$Q�%*L�=$'*�.6*7�h*%$Z*A02�h3'*�.?:e�N02&9:K02, �J�>:K09,/"%)5)'*�3'"<�5,6)'*7)D0h4':<�
.����8�7"%$'.6*7��*7)D0>� # :<,/�P,6./� 8-"%$+*7)D0U02"%$+0U3+*����7��*Y$')�&9�%.6*Y4'$',6�9�=$'*k./*Y&9:<4'4	"%&-0U*8)=09&9*k./*8�U4�"%�-,609,/"%)'�
3����7�=$',6./,6V'&9*L*8)
��,/.6,/*7$5�-09&2:K09,��J� ,

ys

2[*80��'"%��"%F%�8)'* ,
yh

2h*7�-0

ys

yh
=

1.63

2.32
= 0.70

, �'�,912

�[*8�7,�4	*7&-�5*A0h3���*A�Q4'.6,/�=$'*7&[./*k¢£:<,60W�=$'*L./*8�[./"<,/�T3����8���'*7.6./*8�h"%V+09*7)=$'*7�Y4	"%$'&W$')@�7�8"%$'.6*7��*7)D0h3J:K)'�
$');��,/.6,/*7$5�'"%��"%F%�8)'*�&9*8�-09*7)D0k�<:K.?:<V'.6*7�h3':<)'�Y)'"<09&9*L��,/.6,/*7$5$')',1¢M"%&9���7��*7)D0h�N02&9:K02, �J�<�'����*8�-0�3'$
��"%,/)+�Y�7*S�=$'*S./*7�k&-�7�9$+.60�:\02�Y*A�Q4	�7&-,/��*7)D0�:<$G�@�%"%)D0��5"<)=09&9*8&Y3J:<)'�k.?:B�-$',609*S3'*S�7*80-02*S�9*8�809,/"%)��

�P� :<)':<. �G�9*@3+�7�7&-,6�K:<)D0(�7*8�(./"%,6�H3����7���'*8./.6*7�(�9$'4+4�"%�-*;�G$+*�./:
�G,609*7�9�-*;./"%)'F<*>:<)D0E./: 4�*8)=09*;*7)
&-�7F%,6�5*W�80�:KV'./,Q*7�-0U4+&9"%4	"%&-09,/"%)+)'*7.6./* ��.?:��G,609*7�-�9*k3'* ��"K¢�.6"Q�7:<./*K�<�Q$'&P.?::�JF%$'&-* �'�,7Q�<./*[�I:\�Q,6�B$'�
3'*@./:
�G,609*7�9�-*

U
*7�N0(�7"%��4J:<&-� � .?:��Q,102*8�9�9*

cNof = g′ s / f
�R"%¡

g′ = g(ρc − ρa)/ρa
*8�-0(./:

3', $Z�8&9*8)'�7*S./"G�>:K./*�3+*x3+*7)'�-,602�L*8)D02&9*x./*��7"%$'&9:<)D0
ρc
�-$'&Y.?:B4	*7)D02*S*A0�.6*���,/./,6*7$I:<�BV',/:<)D0

ρa(z)
�

./:(���7��*�4'&-"<¢M"%)'3+*7$'&8�
�p:5�G,602*8�9�-*E"%V+02*8)=$'*B*7�N0SV',/*8) 4'&-"%4�"<&-02,6"%)')'*8./.6*/��./:��G,609*7�-�9*E3'* ��"<¢T:<$�3'�8V'$+0L�8"%���5*e*7)

�J)�3'*S4	*7)D02*K�	�5:<,6�h*7.6./*7�Y)+*x�-"%)D0�4J:<�k�7FD:K./*7�8�

�#"%$'&
x = Lo

�!.?:B�G,602*8�9�-*
U = (1.18± 0.04) g′ s/f

�
*P0�4	"%$'&

x = 10 Lo

�!.?:B�G,602*8�9�-*
U = (0.74± 0.04) g′ s/f

�
¤%¤ .
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g’ s / f [cm/s]

en x = Lo
en x=10 Lo

')( ( B!CFE��
I 
!_HR�TWVWV�TWVpP$s��&TSb�bdTWV P4Lt[8_HP4L>fhTWV/VSl�N|X)TWVD\FNUsyv�f,V4T���TWcSRul�^WV�V�TSfhs�b y TSb
x ∝ Lo

��TSb
rts�bdcSR�_as�bYX)T/f�L${�_HR�TWVWV�T X)T���syr

cNof = g′ s / f
P$TWVSl�NU^WTM\�L>N/fhTWV�V�s�bFX)TWV X)TpcWs�bFX>l�cSR�_H{�_HRy^WV"E

�p: �JF%$'&-* �'� ¤>¥ 4+&9�7�-*7)D02* ./*�&9:<4'4	"%&-0�3'*O.?: �G,609*7�9�-*C��"��%*8)')'*
U
3'$ 8-*80;.6*�./"%)'F 3+*�.?:

4	*7)D09* ,£��*7�9$+&9�7* 4J:<&��[�4��2 �9$'& .?:��G,102*7�-�9* ,6)',609,?:<.6* ,£�>:K./�7$+./�7* ��4J:<&N02,/&�3'*z.����8�=$J:K02,6"%) 0+� §
Vo = c1 (2 f Bo) #%$'& 2r�P�p:
�G,602*8�9�-*�*r�Q4��8&9,/��*7)D02:<./*5*7�-0(4+&9,/�-*��7"<�5��*��802:<)D0E./*I�I:\�Q,6�B$'��3'*
./: �Q,102*8�9�9*
�9$'&($') ���J:<��4 ��"��%*8)')'� *8) 09*7��4'�7�P4	"%$'&($') 4'&9" �'.Y�9*7.6"%)�.�� : �+*

y
�X*%$Z*8�802$+� *7)

x = Lo

*80
x = 10 · Lo

,M4�"%$+&��7*8&-0�:K,/)'�54J:<&2:K�5�A02&9*8��,/.�: ¢£:<.6./$�4+&9*7)+3'&9*�$')+* 3',/�N0�:<)+�7* 4'.6$'�
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P$TSb�R

U
���4V"L�{�L>fhTSl)N�_Hb�_HR�_�L>fhT/R 	�^Ws�N`_ � l�T Vo
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= 1
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�#"%$+&t"<V'�9*8&-�%*8&R.6*T�8"%��4�"%&N02*8�5*8)=0t:K$+02"K�|�9,6�5,6.?:<,6&9*t3'*U.����7�7"<$'./*8�5*8)=07�¦3'*7�t4'&-" �J./�p�-*7./"<)
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TSb�bdT U fhs�b)�)TOL>b�R�f�L \�TSb�R�T��!T���TWcSRul�^WV�TSb
x = Lo

E
�!TWV�{�_HR�TWVWV�TWV V�s�b�Rdbds�NSP4L>fg_hV�^WTWV \�L>N

Vo

TSR fhTWVMX>_hVSR L>bdcWTWV!\�L>N
Lo

s��
Lo

TWVSRdfOk�^Wc�	�TSfHfhTnX)TMfhs�b)�>l�TSl�N
_HPK\�s�N`RaL>b�RyT L>{>TWc r]L)cSR�TSl�NDX)T�\FNUsW\�s�NSR�_as�b�bFL>fg_HR�^�R�NWs�l){>^ \�L>NMf�L|cWs�l�N]oSTDX)TMf�L v��>l)NWT CFE'*&E�� L fg_��>bdT
^�\�L>_hVWV�TpTWVSR�l)bZL �`l&VSR�TSP$TSb�R�X)T�f�LDrts�N`P$T

U/Vo = a exp(−(y/Lo − b)2/(2c2))
E

�p:E�7"<$'&9V	*S�5"��%*8)')'*x*7��4',/&-,/�=$'*�*8�-0�3'*L¢M"%&9��*�FD:K$'�9�-,/*7)+)'*(�

U

Vo
= a exp

(

−(y/Lo − b)2

2c2

)

:>�%*7�
a = 1.35± 0.04, b = 0.81± 0.02

*80
c = 0.23± 0.01

(�:K)'�X�7*A0P:98-$+�-02*8�5*8)D0PFD:<$'�-�9,6*7)��\./*T�7"G* ���7,6*7)D0
b
�8"%&9&-*7�94	"%)'3 ��.?:�4�"%�-,609,/"%)S3'*h�N0�:<V+,/./,6�2:K09,/"%)

)+"%&9�5:<./,6�9�8*�3'$ �8"%$'&9:<)D0>�J��.�4	*7&9��*80�3'*S�%�8&9, �J*7&k�=$'*x.?:E4�"<�9,609,/"%)@3+$ �7"<$'&2:<)D0��9$+&�./:(4	*7)D09*e*8�-0
V+,/*7);�8FD:<./* �

ydes = (0.81± 0.02)Lo

, �'� � 2

�p:B�G,602*8�9�-*x��"��%*8)')'*x4J:<&2:K././�8./* �B.?:B4	*7)D02*x3J:<)'�Y.6*L�7"%$+&2:<)D0k*7�N0��7FD:<.6*7��*7)D0k&9*A02&-"%$+�%�8*S4J:<&
./:H�K:<./*8$'&Y3'$��7"G* ���7,6*7)D0

a
�=$',�3'"%)+)'*

U = (1.35± 0.01)Vo

*7)
x = Lo.

, �'� § 2
*P)��')�� $')'*S�5*8�9$'&-*S3'*S.?:B3'*8�5, ��.?:K&9F%*8$'&[3'$�4'&-" �J.�3'*L�G,609*7�9�-*S*7�-0�"%V+09*7)=$'*S4J:<&

c
�

Wc/2 = (0.23± 0.02)Lo

*7)
x = Lo.
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�["%����*H3J:<)+�L./*B�7:<��*7)O��,/.6,/*7$��'"%��"%F%�8)'*<��.?:I./:<&9F<*7$'&�3'$��7"%$+&2:<)D0L�K:<&9,6*H.6,/)'�7:<,/&-*7��*7)D0�:>�<*7�
.6*L&2:t�%"%)�3'*S3'�A¢M"%&9�5:K02,6"%)@3'* ' "%�9�-V&�<�

*P)��J)���.?:5�G,609*7�-�9*E3'*B4+&9"%4J:KFD:K02,6"%) 3+$O¢M&-"%)D0�3'$��8"%$'&9:<)D0S3'*BF%&9:¦�G,102� , !R,/F+��0+� ¤ 7 2k*7�N0L�7FD: �
.6*7��*7)D0�3'�A02*8&9��,/)'�8*<� #
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Ufront = (0.7± 0.2)U � ������� = (0.5± 0.2)
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4'�+,/�=$'* , !R,/F'� �'� ¤ .%:12U.6*�4'&-"Q3'$+,60
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�-"%,60T./*k�8,/�2:K,/./.6*7��*7)D0P��"��%*7)5*80W.����7�8"%$'./*8�5*8)D0W3+*7�9�8*7)'3@./:L4�*8)=09*<�Q��*�4'&-" �J.J3'$�02*8)'�9*8$'&[3'* ' *]�D�
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�5:<,/��4'&9"G���'*E3'* �7�8&9";3J:<)+�L.?:�4J:<&N02,6*B�9$'4	�7&-,/*8$'&9* ,M4'&9"G���'*(3'$O�J:<$+0S3+*E.?:�4	*7)D02*K��4�"%$+&�./*8�

Y)'�8FD:K09,6¢M� 2r�t�U��* $�*80H3'*I3+,�$�$'�9,6"%)C09$'&9V'$+./*7)D09*I�9*8�BV'.6*53'"<)'�I.6,/��,602�8* �
�8*IV	"%&93C,/)+¢M�8&9,/*8$'&x"%¡ .6*
�8,/�2:K,/./.6*7��*7)D0h*8�-0�3'*S�9,6F%)'*S4	"%�9,102,6¢ ,M�]�G�7.6"%)',6�G$+* 2A�
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	 � ��
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��� � ��� � #%� ��"�� ������� � � ����� � � ��������� �

��*7���5�8�5*8��4+&9"%4'&-,/�A02�7��&9*8�I:K&9�=$J:<V'.6*7�(�9$+&I./*8�E02"%$'&-V',/.6./"%)+�B�]�G�7.6"%)',6�G$+*7�I�-"%)D0I"<V'�9*8&-�%�8*7�
3J:K)'�e.6*(�>:<�x3���$')z��,/./,6*7$�:K�BV',?:K)=0x$')+,6¢M"%&-�5�8�5*8)=0S�N02&9:K02, �J�<�!*P) 4':<&-09,/�7$+./,/*8&7��.6*7$'&L¢M&-�7�=$'*7)+�7*
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, !R,/F'� �'� ¤ 0 2[V',6*7);�=$���*8./.6*x�-"%,60h4'./$'�k�8./*8�<�7*S�=$���*7) ��,/.6,/*8$��'"%��"%F%�8)'*<�

Teddy/Tcuve = 1.2± 0.1
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�+"%&9, �7"%)D0�:K./*k4J:<&T3'*7�W4'�'�8)'"%���7)'*8�[3���*A�G02&9:<�809,/"%)53'* �'$',/3'*�3'*8)'�9*��%*7&-�h./*���,/./,6*7$(:<�HV',?:<)D0U02"<$+0
:K$z./"%)+F 3'*�./:
4	*7)D02*K�U�[*��-"%)D0E./*8�/�J./:<�5*8)D02�H3+*I�7"<./"%&9:<)D0H�G,/�-,/V'.6*7�x*7) 3', $Z�8&9*7)D09*7�B�J:K$+02*8$'&9�
�-$'&�.6*7��,6�I:KF%*7�:�'� ¤ 65*80��=$',R4J:K&-02*8)D0L3'$��7"<$'&2:<)D0��%*7&-�L./*e�5,6./,/*8$�:<�BV',/:<)D0�"%¡ ,/./���9"<)=0�3',/.6$'�7�8�
�[*8�7,T�7"%) �J&9��*I:K$ ��"%,/)'�L�=$J:K./,602:K02,1�%*8�5*8)=0S.����
�G4	"<02�'�8�9*53'*+�[:<,/)'*8�3,u9 ¥%¥+¤ 2L�=$',U,6)=09&9"G3'$',10S.?:
)+"<02,6"%)@3'* � 3'*A02&9:<,/)'*8�5*8)D0>�1�'�7"%����*L$')'*S4�*8&-09*x3+* �'$',/3'*S3'*8)'�9*x�7"<)=09*7)=$'*x3J:<)'�k.6*L�7"%$'&9:<)D0�*80
&-* 8-*A02���<*7&9�k.6*���,/./,6*7$�:<�BV+,?:<)D0>�+�[*80h�7���J:<)+F%*L�'"%&-,��7"<)=02:<.	�7"%)D02,6)=$;:¦�<*7�L.6*���,/./,6*7$5:<�BV',/:<)D0h*8�-0
./:B4'&9,6)'�7,64J:<.6*�3',�$��7&-*7)'�8*x:¦�<*7�x./*L�7:<�k3���$+)
��,/.6,/*7$I�'"%��"%F%�7)+*<�

�) "%V'�9*8&-�<*C�8FD:<./*8�5*8)D0@.?:z4'&-�7�-*7)'�8* 3���$') ¢M"%&-0;�8"%$'&9:<)D0
3+*�&9*809"%$'& � �7"<09��*80
:<$ 3'*8�N�

�-$'� 3+$ �7"<$'&2:<)D0
4'&9,6)'�7,64J:<.��h�9* 4'&9"<4J:<F%*7:<)D0 3J:K)'�
./:�3+,/&9*8�809,/"%) "%4'4	"%�9�8*<�D*P) * $�*807�k�9,S.���"%)
�7:<./�8$'./*
./* 3+�7V',10�*7) ,6)=09�7F%&9:<)D0@$')',6�=$'*7��*7)D0@�-$'&@./*8�I�G,602*8�9�-*7�;4�"<�9,609,6�<*7�I�=$',��7"%)'�N02,102$'*8)=0;.6*
�8"%$'&9:<)D0�4'&-,/)'�8,/4J:K.��'�9:<)'��4+&9*7)+3'&9*e*7) �8"%��4+02*S./*x�7"<$'&2:<)D0�3'*x&9*809"%$'&8�	$+) 3'�8V',60��%"%.6$'��,/�=$'*S3'*
Qv max = 1858

�8� 3 2K�P*8�-0U"%V+09*7)=$(*7) x = 150
�7���=����*8�-0UV	*>:<$+�7"%$'4(4'.6$'�P�=$'*Y./*[3'�7V',10P,/)+,602,/:<.��

�5:<,6�X�7*8.?:�3'�8�5"%)D09&9*Y4	*7$+0T�809&9*Y��,/*8$Q�B.���,6�54	"%&N0�:<)'�8*[3'*Y.���*8)D02&2: ,?)'*8�5*8)=0U*A0U3'$(�7"%)D09&9*k�7"%$+&2:<)D0
�=$',�*8�-0�4'&9"<VJ:<V'.6*7��*7)D0k:<��4'./, �J��4J:K&Y./*7�k*%$Z*A02�k3'*S�-09&2:K09,��J�7:K02,6"%)��

�[*A0902*�:<)J:<.��G�9*�4�*8$+0[�A02&-*�&-*7�7"<$'4��8*�4J:K&W.6*7� �J$Q��*7)I�7"%.6"%&2:<)D07� # :<,/�U�-,	./:S¢M"<&9��*�3+*7�[4+&9" �J.6�
3+*��8"%)'�8*7)D02&9:K02,6"%)O*7�-0S�8"%&9&-*7�A02*<�p.6*7���K:<.6*7$'&-�L�9"%)D0x�=$J:<)D0/�;*8./.6*7��09&9�7�S�-*7)'�-,/V'.6*7�x:<$O4'&9"K02"G�7"%.6*
�-$',6�G,	4�"<$'&W./:e���809�'"Q3+*�3'*���� ![�+�P��*7�N02,/�5:K09,/"%)(3'$+�'$Q��3+*��7"<./"%&9:<)D0[*8�-0Y:K�9�9* � � :<V+./*�*7)@3'�8V'$+0
3+*�4	*7)D02*K�Q�5:<,/�P,6. 3'*8�G,/*8)D0[3', ���7,/.6*:�e�8�K:<.6$'*7&P09"%$+0[:<$I.6"%)'Fx3'*�./:S4	*7)D09*<�+3Z� :<$Q0�:<)D0W4'./$'�T�=$'*�.6*
�8"%./"<&2:<)D0��7���802:<./*x�'"%&-,��7"<)=02:<./*8�5*8)D0�*8) �7���7.6"%,/F<)J:<)D0�3'$ 4'./:<)
,6)'�7.6,/)'� , !R,/F+� �'� ¤ ; ,£V�2 2A�F5�) :<$+09&9*
4+&9"%V'.6�7��*H4'&-"¦�Q,6*7)D0L3'*H.���$+02,6./,/�9:K02,6"%)@3'*B���+./"%&-*B4�"<$'&�3'�A02&-$',/&-*B./*8��./,/:<,/�-"%)'��3'*B./: �J$'"<&9*7�-�7�8,/)'*
&-*7�N0�:<)D02* ��./: �J) 3���$')'*C*A�Q4	�7&9,6*7)'�8* *A0 :K,/)'�-,L.���*7��4��8���'*7&�3'* �J$'"%&-*7�9�8*7&
*80
3�� :KV'�9"%&-V�*8&
.6*
¢£:K,/�9�8*>:<$ .?:<�-*7&�./"%&-�53+*
.���*r�+4	�7&-,/*8)'�7*
�9$',1�<:K)=09*<��# :<,6�5�-,��8* ���'.6"%&9*�*7�N0���,/�(*7)�09&9"%4 F%&2:K)'3'*
�=$J:K)=09,609�<�=,/.J�8"%)D02,/)=$'*�3���:<F%,6&P4�*8)'3J:<)D0h.���*r�Q4��8&9,/*8)'�7*��9$+,6�K:<)D02*�*7)5&9�73+$',/�9:<)D0[�8"%)'�9,63'�7&9:<V'.6*7��*7)D0
./:
�7:<4J:<�8,602�I3'$ �7"%.6"%&2:K)=0 � �J$'"<&9*7�-�7*8&7�P�p: .6$'�5,6)'"%�-,602�("%V+�9*7&N�%�8*�*8�-0�:<.6"%&9�x4'.6$'�H¢£:<,6V'./*�*80H.?:
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�'� �'� ' �7�-$'.602:K02�k*A�Q4	�7&-,/��*7)D0�:<$G�

�8"%)'�8*7)D02&9:K02,6"%)
*8)
�8"%./"<&2:<)D0Y�=$',�*8)
3'�8�7"%$+./*S*7�N0��-"%$'� ��*7�N02,6�5�8*<�
�[*8�7,R*r�Q4'./,6�G$+*e*8) F%&2:K)'3'*x4J:<&-09,/*x.?:(3',/��,/)=$+09,/"%)@�8"%)'�-,/3'�8&2:<V'.6*e3+$ 3'�8V',60�3'*H�8"%./"<&2:<)D0��5*r�

�-$'&9�K�#3+*$; ¥<¥ �8� 3 2\�x,6)',609,?:<.6*7��*7)D0 � ¤ 9 ¥ �7� 3 2K�x*7)O� � ¤ §K¥ �8��3'$ �7:<)J:<.U3���,/) 8-*8�809,/"%)�����.U*8�-0
�8*74	*7)'3':<)D0h�8�G,63'*7)D0h�=$���$')'*�4J:<&N02,/*k3'*��7*A0909*�3',6�5,6)=$+02,6"%)E*7�N0[3'$+*�:<$ �J$Q�53'*��7"%.6"%&2:K)=0T�8"%)'�7*8)Q�
09&9��3':<)'�Y.?:e�9"%$'� ���8"%$'���'*L�G,/�-�G$+*7$'�-*<� �p: �J$'"%&-*7�-�7�7,6)'*L�7"<)=09*7)=$'*S3J:<)+�h�7*A0902*L�8"%$'���'*S.6,/��,602*k*8�-0
4	*7&-3'$'*;4J:<&(.6*��7"%$+&2:<)D0�4'&9,6)'�7,64J:<.��X�p:-�J$'"%&-*7�9�8�7,6)'*;*7�-05*7)D09&2:-,/)'�7*��<*7&9��./*@V':<�(3'*;.?: 4	*7)D02*
4':<&�3+*7���G,102*7�-�9*8��4�*8&94	*7)'3+,/�7$+.?:<,6&9*7��:<$
�7"%$+&2:<)D0�)+"%) )'�8F%./,6F%*>:KV'./*8�7�J�P���74J:<,6�9�-*7$'&�3'*H./:��8"%$'���'*
3Z�,*��=�I:K)�3J:<)'�W�7*A0902*�*A�Q4��8&9,6*7)'�8*�*7�N0Y3'*�.���"<&93'&-*�3'*�9e��� ,

δE =
√

ν/f
2r�+��* �'$Q��02&2:K)'�-�<*7&9�-*

3+*��7"<./"%&9:<)D0W4	*7$Q0h�809&9*�*7�-09,/���k*7)��-$'4'4	"%�2:<)D0[�G$+*�.?:L�G,602*8�9�-*�3J:<)+�[�7*A0909*��7"<$'���'*�*8�-0h3Z��*8)=�G,6&9"%)
§ �7�$2K���9$'&K9 ¥%¥ �7�u3+*e./:<&9F%*K�J*80��=$'*e./:��8"%)'�8*7)D02&9:K02,6"%)
*8) �7"<./"%&9:<)D0k*7�-0��I: �+,6�I:K./* ,

c = co
2r�

��*L3'�8V',60k3+*L�7"%.6"%&2:<)D0Y"<V+02*8)G$;*8�-0�:<./"<&9�h3'*L.���"<&93'&-*�3'*�9 ¥%¥ �8� 3 2\�Y3J:<)'�Y�8*80909*S�7"%$'���+*<�	�[*S�=$',
)Z��*r�+4+./,/�=$'*L�=$���$')'*S4J:K&-02,6*�3'*L./:H3',6�5,6)G$Q02,/"<)I3'$ �J$Q��3'*L�7"<./"%&9:<)D0h3J:<)+�Y./*��8"%$'&2:K)=0h4'&9,6)'�7,64J:<.��

�t"%$'&I"<V+02*8)',/&�$')'*
�8�K:<./$':K02,6"%) 4+./$'��4'&9�8�7,6�9* 3+*7� �'$Q� 3'* �8"%./"%&9:<)D0>�U,/.h¢£:K$'3'&2:K,60�,/) 8-*8�809*7&
$+)'*��8"%)'�7*8)D02&2:\02,/"<)I,/)+,602,/:<./*W*7)+�'$'"%&9*8�9�8�7,/)+*�4'.6$'�T¢£:K,/V'.6*Y*80W$+02,6./,/�-*7&P$')+*�,/)+�-02&-$'��*7)D0�:K09,/"%)(4'.6$'�
4+$',/�-�2:<)D02*H*7)O�7*B�=$',#�7"%)+�7*7&-)'*E./*e.?:<�-*7&�*80L4'.6$'���-*7)'�-,/V'.6*E:<$�)',1�%*7:<$ 3'*B./:I�>:K�5�8&2:+���p:I3',/��,1�
)=$+09,/"%)@3+*L.?:H�8"%)'�7*8)D02&2:\02,/"<)�,6)',609,?:<.6*k4�*8&9��*80909&2:<,10h3����809&9*L3J:K)'�Y$');&9�8F%,/��*�4'.6$'�h.6,/)'�7:<,/&-*�*8)=09&9*
.6*7�Y,6)=09*7)'�-,609�7�k3'*S./$'��,/�8&9*�*7)'&-*7F%,6�-02&-�7*8��*A0�./*L�>:K./$'.��7"%)'�8*7)D02&9:K02,6"%)�*7) �J$'"%&-*7�-�7�7,6)'*+, !R,6F'���'� § 2r�
��.	¢£:<$'3'&9:<,60W�7F%:<./*8�5*8)=0T¢£:<,6&9*�$+)'*��9*8$'./*�*A�Q4��8&9,6*7)'�8*�4�"<$'&[)'*�4J:<�Y:>�%"<,/&[3+*�4�*8&-09$'&9VJ:\02,/"<)'�[.6,/�7*8�
:K$Q� &9*8�-02*8�H3'* �J$'"<&9*7�-�7�8,/)'*�3���$')'*I*r�Q4��8&9,/*8)'�7*54'&9�8�7�83'*7)D02*K�R)',P�8*7.6./*7�x./,6�7*8� �
.���$+09,/./,6�2:K09,/"%)
3'*
���+./"%&-*<��*U) �J) .?:(3',6�-0�:K)'�7*e4J:<&9�8"%$'&-$'*H4J:K&�./*x.?:K�9*7&�4	"%$'&�:<&9&-,6�%*8&�:<$
3'"%�5:<,/)+*x3+*H��*7�9$+&9*H3+*A�
�G&9:<,60t�809&9*W.?:k4'./$'�t�7"<$'&-09*[4	"%�9�-,/V'.6*T4	"%$'&#:K0-02�7)=$'*8&R.���,6)��J$'*8)'�7*W3'$H��,/.6,/*7$S:K�BV',?:K)=0t*A0XV	�7)'�%�J�7,6*7&
3+*�.���,/)D09*7)'�-,602���5:\�Q,/�5:<./*h3+$�.?:<�-*7&8�Q�P��$+02,6./,6�2:K09,/"%)(3'*�02&2:K�7*7$+&9�W09�'*7&-�5,6�=$'*7�W4�"%$+&9&2:K,/*7)D0W3'"%)')+*7&
3+*7��&9�7�-$'.602:K02�Y4+./$'� � :<V+./*7�Y�=$'*x�7*8$Q�;"%VQ02*7)=$'��4J:<&���� ![�

��� ����� � � ������� �%� � ���

��*7�P4+&9,/)+�7,/4':<./*8�X�>:<&9:<�809�7&-,/�-09,/�=$'*8�X3'$(�7"%$+&2:<)D0U3'*YF%&9:>�Q,102�h3':<)'�P$')E��,/.6,/*7$H:<�BV',/:<)D0X$')+,6¢M"%& �
���7��*7)D0#�-09&2:K09,��J�W*7)B3'*8)'�9,102�h&-*7�-�9*7�HV'./*8)=0X�G$':<./,10�:K09,6�%*8�5*8)D0 ���7*8././*T3'*h.����8�7"%$+./*7��*7)D0#*7)B��,/.6,/*8$
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, ¢£:<�809*7$'&Y09&9"%,6� 2W�-$'&k$')'*x3',/�N0�:<)'�8*L3'*/.(���'�-"%,60Y*8)D�Q,6&9"%)�3', ��¢M"%,6�
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�
��*7�E.6"%,/�e3'*��8"%�54	"%&N02*7��*7)D0E3+�8�%*8./"%4+4��8*7�(3J:<)'�H./*��7:<�E3���$') �5,6./,/*8$ :K�BV',?:K)=0H�'"%��"%F%�8)'*

�8� :>�<�7&9*8)D0��7���809*7)'3+&9* :K$��7:<��3���$+) ��,/.6,/*7$z:<�BV',/:<)D0E$')',1¢M"%&9���7��*7)D0E�N02&2:\02,��'��*8) �8"%)'�-,/3'�8&2:<)D0
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:\0902*8,/)D0e�7FD:<.6*7��*7)D0x$')z&-�7F%,6�5*�:<$+09"K���-,/��,/./:<,/&-*H"%¡C./* �J$Q� 3'* �J"<0902:<V',6./,609�E*7�N0B�7"<)'�9*8&-�%�K���Q*8$'.

¤ 9>7



������� �'��������� �
����
 (�� ( � � � ��� � ��( � ( �

.6*7���8"Q*����7,/*8)D02��3+*7��.6"%,/�Y"%VQ02*7)=$'*8�L*A�Q4	�7&9,6�5*8)D0�:<.6*7��*7)D0��9"%)D0���"G3',��J�8�7� &9*%�J�802:<)D0�.����8���'*7.6./*x3'*
.6"%)'F%$'*8$'&Y�9$+4'4'./�8�5*8)D0�:<,6&9*L,/)+3'$',609*L4J:<&Y./:(�N02&9:K02, �J�>:K09,/"%)Z�

# :<,6��.6*7��* $�*802��3'*H./:��N02&9:K02, �J�>:K09,/"%)����'"%,6�9,6*e�-"%)D0���"Q3'�8&9�8�7� .t�<*7�E./:��8"%)��JF%$+&2:K09,/"%)
:<3'"%4G�
09�7*<���7*E�-"%)D0L�9$'&N02"%$Q0L./*8��* $�*809��3'*B./:I&9"K0�:K09,/"%)�*80L3+$��5�8.?:<)'F<*e�=$',X�-"%)D0L4'&-�74	"%)'3'�8&2:<)D0L3J:K)'�
�8*80h�8�7"%$+./*7��*7)D07�Q��*��7"%$'&9:<)D0h3'*�F%&9:¦�G,102��)�� :\0902*8,/)D0W3'"%)'� 89:<�I:K,/�P./*k¢M"%)'353'*�.?:e4	*7)D09*<�G�7"%)D02&9:<,1�
&-*7��*7)D0�:<$ �>:K�E"Q�8�>:<)',6�=$'*@3'$ 3'�809&9"%,10E3'$ (�:K)'*7�5:<&O� � (�:<)'�(�7*A0(�7�7"<$'./*8�5*8)=0B&9�7*8.��#�<��*7�-0�.6*
�8"%$'&2:K)=0h./$',	�5�8�5*��=$',Z�8"%)D02&9�<./*�./:e�N02&2:\02,��'�>:K09,/"%)5"Q�8�>:<)',6�=$'*�*80Y:<./,6�5*8)=09*k./*7�[*>:<$Q�I4'&-"<¢M"%)'3'*8�
.h09.?:<)D02,6�=$'*<� (H��$')�4	"%,/)D0T3'*k�G$'*�*r�+4	�7&-,/��*7)D0�:K.��D.?:S3��G)J:<��,/�=$'*�3'*��7*��7"%$'&9:<)D0[3+*7)'�-*�*7�N0h3'"<)'�
4'.6$'�x4'&9"G���'*�3'*5./:��8"%)��JF<$'&2:K09,/"%) *7)C�5,6./,6*7$��'"%��"%F%�8)'*<��4	"%$'&S./:<�=$'*7.6./*E$')'*5�7"%��4J:<&9:<,/�-"%) :
�A02�S4'&9�8�9*8)=09�7*K�

¤ 0 ¥



� �������	�	��
 �


 �������C�����	
 ��
��@������� ��
 �����	������
�� �	
 
 �


�� �	�����X��
�� 
�� �

(�:<)'�#�7*T���J:<4',102&9*K� .?:Y�-09&9$'�A02$'&-*W02$+&9V'$'.6*7)D02*U�%*8&-09,/�>:K./*U3���$')H�8"%$'&2:K)=0#3'*TF%&2:>�G,609�
�G$+,[�7���7�8"%$'.6*I3J:<)+�H$')C�>:<)J:K.W,6)'�7.6,/)'�(*7�N0B�A02$'3',6�7*K�X�[*8�B*A�Q4	�7&9,6*7)'�8*7�B4+&9�7.6,/��,1�
)J:<,/&-*7�X�-*7&N�%*7)D0 ��./:���,/�9*[:<$B4	"%,/)D0R3���$+)E4'&9"<09"Q�8"%./*T4	"%$'&X�A�<:K./$'*8&R./*W�7"G* ���7,6*7)D0
3���*8)D02&2: ,?)'*8�5*8)=0U4':<&X3'*8�T��*7�-$'&9*8�P./"G�>:<.6*7�#3'*h�G,602*8�9�-*�*A0P3'*Y3'*8)'�9,102�K�%4�"<$'&X�809$Q�
3',/*8&h$'.609�7&-,/*7$+&9*7��*7)D0[�9*7�Y�K:<&-,?:K09,/"%)'�T*7)�¢M"<)'�809,/"%)�3+*L.?:e�N02&9:K02, �J�>:K09,/"%)I*80Y3'*�.?:
&9"<02:K02,6"%)��

��*7�k&-�7�9$+.60�:\02�h3'*8�k*A�Q4��8&9,6*7)'�8*7�k4'&9�8�7�83'*7)D02*8���-$'&Y3'*LF%&9:<)'3'�Y���J:K�54'�Y�+"%&9, �7"%)D0�:K$Q�@)'*L4	*7& �
��*80-02*8)=0�4J:<��3+*H�>:K&2:<�A02�7&-,/�-*7&�./:�09$'&9V'$+./*7)+�7*H�<*7&-09,/�7:<./*x3J:<)'��.����7�7"<$'./*8�5*8)=07� )',R.6*e���7./:<)'F%*x./,6�
�(.���*7)D09&2:-,/)'*7��*7)D0>�J��.�¢£:K$'3'&2:K,60k4	"%$'&��7*7./:E3'*7���5*8�9$'&-*7��3'*x�G,102*7�-�9*e3J:<)'��$')�4'.?:<);�%*8&-09,/�>:K.���
�&
�8*7�Y*r�+4	�7&-,/*8)'�7*8��)Z��"%)D0k�A02�S:<)J:K. �G�9�8*7�Y�=$'*L4	"%$'&h�=$J:K09&9*L�J:K$+02*8$'&9�Y3', $Z�8&9*8)=09*7�k4J:<&[&2:<4'4	"%&N0Y:<$
4+.?:<)O,/)+�7./,6)'�<���t:;&9�8�9"%.6$+02,6"%)��%*8&-02,6�>:<.6*(*7�-0x3'"<)'��09&9"%4O¢£:<,6V'./*K��3���:<$+0�:K)=0x4'.6$'�S�=$'*5.����84J:<,6�9�9*8$'&
3+*B.?:509&2:<)+���'*B.?:K�9*7&�*7�N0S3'*B.���"%&-3'&9*e3'$��7*8)=09,/���809&9*<��5�)+*E)'"%$+�<*7./.6*H�8"%)��JF%$+&2:K09,/"%)�:I:<./"%&-���A02�
��,/�-*B*7)O4'./:<�7*E4	"%$'&�*7�-09,/��*7&L:K$ ��,/*8$Q� ./*7�5�'$Q� 09$'&9V'$+./*7)D09�x3+*E�G$':<)D02,609�E3'*E��"%$+�%*8�5*8)D0S*80
3+*x�9:<./,6)',609�<�
.�./"%&-���=$���$')bF%&2:<)+3b)'"<�BV'&9*O3'* 3'"%)+)'�7*8� *A�Q,6�-02*8)D0 �-$'&
./: 4'&9"%4':<FD:K09,/"%) 3'*8��¢M&-"%)D02��3'*

3+*7)'�-,602�K�D4�*8$53+*�&-�7�9$+.60�:\02�P�7"<)'�7*8&9)'*8)=0[./*8�P�-02&-$'�809$'&9*8�[3'*Y�G,609*7�-�9*��5"��%*8)')'*�3'$��7"%$'&9:<)D0T*80U02&-�7�
4	*7$53����802$+3'*7�W"%)D0[�A02��&9�>:K./,/�-�7*8�T�-$'&[.6*7$'&U�N02&9$+�802$+&9*k02$'&-V'$'./*8)D02*<� 
L)'*7.6./*8& TSR�L>f�E , ¤ 78787 2R"<)=0T¢£:<,10
3+*7����*7�-$'&9*8��3J:<)'��./*x�>:<��3���$+) � .6"Q�W�%��*r�Q���J:<)'F%*K�Z�'"<&9,��8"%)D0�:<.��J�2:<)+��&9"<02:K02,6"%) )+,#�N02&2:\02,��'�>:K09,/"%)��
��.R�7��:<F%,60�3J:<)'�L)+"<02&-*E�802$+3'*E3���"%V+02*8)',/&L*8)D02&9*(:K$+02&-*E3'*7�L,6)+¢M"%&9�5:K09,/"%)'��4'.6$'��3'�A0�:<,6././�8*7���9$'&L.6*7�
���':<�54+��3+*S�G,102*7�-�9*S02$'&-V'$'.6*7)D02*S3J:<)+��.6*7�Y�8"%$'&2:K)=09��3+*xF<&2:>�G,602�L�-$'&k$')'*S4	*7)D02*K�

¤ 0 ¤



������� § ������� ��� ��� � ��� � � ��(�� � � � ��� � @ � � ��� � � � � ��� ��� ��� � ��
�� � �

	(^7_ 
 w ����
es�cXaLgpoAw � � ��
�{hc#o8d i��(gtaSq8i ihg 
@c#w5}W{kl�s�c#i

� ���!��� ������� �!�"�$#%��&

��*��-���'�7�5:
3+*��8*7�e)'"%$+�<*7./.6*7�S*A�Q4	�7&-,/*7)+�7*7�e*7�N0e&-*74'&-�7�-*7)D02���-$'&x./*7�5�'F%$'&9*8� § � ¤ *80 § �,9Q�p��*
�8"%$'&2:K)=0[3'*�F<&2:>�G,602��*7�N0[09"%$ 8-"%$'&-�[:K./,/��*7)D09��4':<&W$+)�3'�7V+,60W�7"%)'�N0�:<)D0[3���*7:<$��9:<./�8*�:>�%*8��./*k���7��*
�1�Q�N02�8�5*(3���,/) 8-*8�809,/"%)��	3J:<)+��$')O�5,6./,6*7$
:<�BV',/:<)D0��'"%��"%F%�8)'*<����.R3'*8�9�8*7)'3 ./*B.6"%)'F�3Z��$')+*E4�*8)=09*
3'*e.?:<&-F%*7$+&

Lcanal = 62
�8� *A0�3'*e./"%)+F%$'*7$+&

L = 200
�8�
� 3'"<)=0�.���,/)'�8./,6)J:<,/�-"%)

α
*8�-0��<:K&9,?:KV'./*

3'* ¥ � ¤ § o �G��*��7:<)J:<. .6$', �5�8�5*k4	*7$+0[�802&-*�,6)'�7.6,/)'�Y09&2:<)'�N�%*8&9�2:K./*7��*7)D0[3'*�¢£:+*8"%)3�x�7�=$',6./,/V+&9*7&U./:
¢M"%&-�7*B3+*(�["%&9,6"%./,6��.6"%&9��3'*7�L*r�Q4��8&9,/*8)'�7*8�L*7)�&-"<0�:K09,/"%)Z����.#�7��:<F%,60�*7)'�-$',609*B3'*H¢£:K,/&9*e3'*7�L��*7�-$'&9*8�
.6"Q�7:<./*8�h3'*e�[�4� �-$'&k3'*7�k���J:K�54'�k3'* ¤ § � ¤¦§ �8� 2 �

laser

plan incliné

surface librecaméra

sondes

' ( ( B �
EHG
I J 	�s�R�s$X>liX>_hV�\�s�VS_HRu_ rpT3[]\�^SN`_HP$TSb�RaL>f�E

��*7�x4'&9"%V+./�7��*7�S3'*�&9�A¢M&2:<�A02,6"%)'�x3'�7�8&9,609�S3J:<)'�e.���:<)')'*r�+* . ¤ � 0;�9"<)=0e4J:<&N02,6�7$'.6,/�7&-*7��*7)D0SF%�r�
)J:K)=09�k4�"%$+&Y./*7�[�5*8�9$'&-*7�:�E4�*A02,609*��7���+*7./.6*L�>:<&Y*8./.6*7�h�-"%)D0�4+./$'�Y�-*7)'�-,/V'.6*7�)�E.?:B�=$J:<.6,609��"%4+09,/�=$'*<�
�t"%$'&P¢£:<,/&-*[3'*8�U�7"%$'4	*7�P�<*7&-09,/�7:<./*8�P3'$(�7"%$'&9:<)D0T3'*YF%&2:>�G,609�<�%.6*7�X*%$Z*A02�U3'*k&9�A¢M&2:<�A02,6"%)E3'$E¢£:<,/�-�7*7:<$
./:<�9*8&��-*7&9:<,/*8)=0���,/)',6�5,6�9�7�[*7) .6*S�5*A090�:K)=0�)'"<&9�5:<.p:<$�4'.?:<)�,/)+�7./,6)'�<� # :<,/�k./:(�7:<���7&2:(*7�N0L:<.6"%&9�
*8)
4	"%�9,102,6"%)@&2:<�9:<)D02*S*80��K��*8�-0�.?:B./$+�5,6�7&9*�&9*73+,�$�$'�9�8*x4':<&Y./*8��4':<&-09,/�7$+./*7�Y�=$',�*8�-0�:<.6"%&9�Y3'�A�G,/�7*K�

�P��"%4Q02,/�H$'�v�-*e�-,609$'*L3'"%)'�x:>�%*8�e$+)'*e�7:<���7&2:E*A0k$')'*S02&2:K)'���'*S.?:<�-*7&Y,6)'�7,63'*7)D02*&� � § o 3'*S./:
�<*7&-09,/�7:<./*K���7"%����*H�9���+�7�5:K02,6�9�(�9$'&L./:+�JF%$'&-* § �,9Q� �t"%$'&L��,/)',6�5,6�9*7&�*80S�7:<&2:K�802�8&9,6�9*7&L�8*7�S* $�*809�
3'*E&-�8¢M&9:<�809,/"%)���3'*7�L��*7�-$'&9*8�L3'*��[�4� *7)��N02�7&-�7" ,�:>�%*8�E3'*7$G�O�>:<���7&9:<� 2�"%)D0S�802�B09*7�N02�7*8�7���5:<,/�
)���"%)D0�4J:<�k4'$��809&9*S*A�Q4'.6"%,609�7*7�k3J:K)'�k./*L�>:K3'&9*S3'*S�7*A0909*S09�'�7�-*<�

�#"%$+&X�7*8�P*A�Q4��8&9,6*7)'�8*7�P3'*Y4	*809,602*W�7���'*8./.6*<�<3+*7�P4J:<&N02,6�7$'.6*7�R3Z� 
�&9F%:<�9"%.Q3'* . ¥
µm

3'*Y3',?:K�5�A02&9*
*A0 ¤¦¥ 986IF&2K��3'*(3'*8)'�9,102�E�-"%)D0e$Q02,/.6,/�-�7*7�8�Z��*8�x4+&9"%V'.6�7��*7��3+*��-�73',6�5*8)D0�:K09,/"%) *A0S3���:98-$'�-09*7��*7)D0
*8)53'*8)'�9,102��3'*7�U4J:K&-02,6�7$'.6*7�P�-"%)D0W��"%,6)'�P�7&-,602,6�=$'*7�P4'$+,/�9�=$'*��7*8�W4':<&-09,/�7$+./*7�P�-"%)D0T3'*k4�*A02,609*h0�:<,6./.6*<�

¤ 0
9



§ � ¤ � �["<)��JF%$'&9:K02,6"%)�*R�+4	�7&-,/��*7)D0�:K./*L*80k4+&9"G�7�73+$'&9*

α

H
L

45°

Caméra

yo

x

z

L canal

total

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

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

P F

Q  ,o
∆ρo

Las
er

' ( ( B��
Eh�)I 
�l�T�V�c�	�^SP4L>Ru_ � l�T�X)T|cWs�R�^pX)T/f�L�cWs�btv��>l)NOL>R�_as�bjT3[]\�^SN`_HP$TSb�RaL>fhT"E

 Distance selon x [cm]

z 
[c

m
]

0 2 4 6 8 10 12
0

2

4

6

8

10

12

2 4 6 8 10 12

2

4

6

8

10

12

Distance selon x [cm]

z 
[c

m
]

')( ( B �
E��&I��SP4L��)T~X)T~f�LeR �SRyT4X>l cWs�l)N3L>b�RKX)T��>NOL>{�_HR�^wTSb�V�TSP$TSbdcW^|X)T�\�L>N`Ru_acSl)fhTWVwTSR�c�	�L>PK\ X)T
{�_HR�TWVWV�T�cWs�N`NUTWV�\�s�bFX
L>b�R \�s�l�N

x ∼ 100
cSP4E

¤ 010



������� § ������� ��� ��� � ��� � � ��(�� � � � ��� � @ � � ��� � � � � ��� ��� ��� � ��
�� � �

5�) *A�Q*8�54'.6*53+*I���J:<��4 3+*��G,609*7�-�9*I"<V+02*8)G$ 4J:<&H�[�4�u:<$ )',6�<*>:<$ 3'$C¢M&-"%)D0H�-*�09&9"%$+�<*I�-$'&H./:
�JF<$'&9* § � 0+�n�#"%$'&@�8*7�@,6�I:<F<*7�7�W./*
���J:<��4 3+* .?:z�7:<�5�8&2: *8�-0;4J:K&2:<.6./�7.�:<$ 4'./:<) ,/)+�7./,6)'�
: �J)
3���"%V+09*7)',6&�3',6&9*8�802*8�5*8)D0�./*8���8"%�54	"%�9:<)D02*7��3'*7���Q,102*8�9�9*8�

u
./"%)+F%,609$'3',/)':<./* �I.����8�7"%$+./*7��*7)D0�*80

w)'"<&9�5:<./*T:<$x¢M"%)'3��K��*7�R�8"Q"<&93'"%)+)'�7*8�X4J:<&9:<./.6�7./*8��*80R4�*8&94	*7)'3',6�7$'./:<,/&-*T:<$H4'./:<)H,6)'�7.6,/)'�U�-"%)D0
(x, z)

, !R,/F'� § �,912A�

� ���!��� � ��� � � ��� � ��
 "�
 � � # "�� � ����� � " ���!��� #�
 � �
�#"%$+&L./*7��*A�Q4��8&9,6*7)'�8*7�S�2:<)+�x&-"<0�:\02,/"<)���./:5�G,609*7�9�-*(�5"��%*8)')'*

U
3+$ �8"%$'&9:<)D0S3'*EF%&2:>�G,609�B*7�N0

)'"<&9�5:<./,6�9�7*�4J:<&e�2: �K:<.6*7$'&x,/)',102,/:<./*
Uo

*A0E.?:��J:<$+09*7$'&
z
4':<&H�-"%) �74J:K,/�9�-*7$'&H,/)',102,?:K./*

ho

�R�[*7�
�=$J:<)D09,602�8�k�9"%)D0��>:<.6�7$'.6�7*7�Y4':<&Y./*5�J$G��3'*��J"<0902:<V',6./,609��,6)',609,?:<.

Bo

Bo = g′o Uo ho Lcanal

"%¡
Uo ∼

√

g′o ho

, § � ¤ 2

Lcanal = 62
�8� *7�N0U.?:�./:<&9F%*8$'&X3'$(�7:<)J:<.'*A0

g′o = g∆ρo

ρa

*7�N0U.?:�F%&9:¦�G,102�h&-�73'$',102*Y*8)=09&9*k./*[�7"%$'&9:<)D0
3'*8)'�9*e,/)',102,/:<.Z*8�-0�./*S�5,6./,6*7$@:<�HV',?:<)D07��
L)�"%V+09,/*8)=0�:<.6"%&9�k.6*7�Y�K:<./*8$'&9�k,/)+,602,/:<./*8�h3'*x.?:B�G,609*7�9�-*e*A0
3'*S.����84J:<,/�-�9*8$'&S�

Uo ∼
(

Bo

Lcanal

)1/3 *80
ho ∼

1

g′o

(

Bo

Lcanal

)2/3 , § �:9 2

��*7��*A�Q4	�7&-,/*7)+�7*7��&9�7:<./,6�9�8*7�Y�9"<)=0�.6,/�-09�7*8��3':<)'�k./*�02:<V'./*7:<$ § � ¤ �
���	�����j
&�t���)� �e�F�������)� ���	������

�����)�
�u��� � � �	�! #!���w��� � ���u#�� #!%&� �H' %)�

∆ρo/ρa.
%
0

(��7V',10�,/)',102,?:K.
Qo

.���2K�30
���
	���


��� � ����� � ��� ����� �
α
. o 0

' * �
o

.��8�40 5
o. �7����� −1 0

�Q:<)'� ' "K0�:K09,/"%)
¥ � ¤ 0 ¤ � ¥%¥ ¤ § o ¤ � . ¤(¤¦¥ 3 7+�,9 § ¤ �:6 �
¥ �:9 � ¤ � ¥%¥ ¤ § o ¤ � . ¤(¤¦¥ 3 6Q� § � 9Q� ¤ �
¥ � �&6 ¥ � �&6 ¤ § o 6G� § ; ¤¦¥ 2 0+� . � 9Q� ¥ ;
¥ � � 0 ¤ � ¥%¥ ¤ § o ¤ � . ¤(¤¦¥ 3 .+�,9 ¥ 9Q� . ¥
¥ � � § 9Q�,9 ¤ ¤ § o 0Q� § . ¤¦¥ 3 ¤¦¥ � 0
6 0+� � �
¥ � �&6 ¥ � �&6 § o 6G� § ; ¤¦¥ 2 § �,9 � ¤ � � §
¥ � �
; ¤ � ¥%¥ § o ¤ � . ¤(¤¦¥ 3 ;+� . ¥ ¤ �,;>;
¥ � �
; 9Q�,9 ¤ § o 0Q� § . ¤¦¥ 3 ¤ �'� § 7 9Q� � �
9G� ¥D§ ¥ � �&6 ¤ § o 6G� § ; ¤¦¥ 2 9Q�,9 0 0+� � ¥
9G� ¥D§ ¤ � ¥%¥ ¤ § o ¤ � . ¤(¤¦¥ 3 0+� §%§ �'� § �
9G� ¥D§ 9Q�,9 ¤ ¤ § o 0Q� § . ¤¦¥ 3 .+�,9 § § �:6 ¥

' "<02:K02,6"%) �~- ��9 � ¥ �
¥ � � § ¥ � �&6 ¤ § o 6G� § ; ¤¦¥ 2 0+�,6 ¥ 9Q� ¥%§

? �A@�B �
EHG
I)J�L>N3L>P$QSR�NUTWV�X)TWV�T3[]\�^SN`_aTSbdcWTWV�NU^OL>fg_hV�^WTWV�X
L>b�V fhT�cOL�V�X�k l)bMmnl)_�X)TnL>P4o"_�L>b�R 	�s�P$sO�)QSbdT"E

¤ 0 �



§ �,9Q� �h:K&2:<�A02�7&-,/�N02,/�=$'*8�kF%�7)'�8&2:<.6*7�k3'*S.����7�8"%$'.6*7��*7)D0
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�8"Q*����7,/*8)D0�3+*S¢M&-"<0909*7��*7)D0

CD =

(

u∗
U ��� �

)2 , § � � 2

�[*��7"G* ���7,6*7)D0W*7�-0
CD ' 0.003

4�"<$'&U)'"<02&-*�*r�Q*7��4'./*K�G�8*��=$',	*7�N0[$')+*��K:<./*8$'&P0��G4',/�=$'*�"%V+02*8)=$'*
3':<)'�k./*L��,/.6,/*7$I"Q�8�>:<)',6�=$'*<�

	(^�� � ikjps�c#i l@i!q=y|i��(g�cRa�� �@ikd i��(g

� �
	�� � � ��� � " ��� ����
 ��# ��� �"��� ��� 
 " � #��


�)z�A02$'3',6*I.���*8)=09&2:-,/)'*7��*7)D0e,/)'3+$',60x4J:<&e$')z�8"%$'&2:K)=0H3'*IF<&2:>�G,602���9$+&H$')'*I4�*8)=09*<�R�[*�4'&-"K�
V+./�7��*W:�3'� 86���802�[�802$+3',/�W*7)E.?:KV�"%&9:K02"<,/&9*:,�*P././,6�9"%) � -#$+&9)'*8&7� ¤ 7 § 7 2�4�"<$'&R3'*8� ' *

. 103 � ��"<09&9*
�A02$'3+*I:>�K:<,60x4	"%$'&S"%V 8-*8�809,6¢h3+*54	"%$'&-�9$',1�Q&-*(�7*(02&2:>�K:<,6.P4�"%$+&x3+*7�x)'"%�BV'&-*7�x3'* ' *S�Q)+"%./3'�S4'.6$'�
F<&2:<)'3+��4'$',6��3'*E./*e�7"%��4'.6�802*8&�4J:<&�3'*7�L*r�+4	�7&-,/*8)'�7*8�L*7)O&9"<02:K02,6"%)�� # :<,6��./"<&9��3'*8�L*A�Q4	�7&9,6*7)'�8*7�
4+&9�7.6,/��,/)J:K,/&9*8�7�p$') 4'&-"%V'./�8�5*�:O�A02�@�-"%$'./*A�%�O� -t"%$+09*7�(./*8�EF%&2:<)+3'*7$'&-�E�5*8�9$'&-�7*8�-, �Q,102*8�9�9*8�(*80
.6*7$'&-� �J$'�A02$J:\02,/"<)'�7��3+*7)'�-,602� 2�)����8�%"<./$'*8)=0x4J:K��3'*B¢£:+*8"%) :<$+02"\���9,6�5,6.?:<,6&9*L:>�<*7�(.?:�3',6�-02:<)'�7*"��.?:
�-"%$'&-�7*<���#"<$'&-02:<)D0W.6*7�T�809$'3'*7�T4'&-�7�7�83'*7)D09*7�Y�9$+&W.���*8)=09&2:-,/)'*7��*7)D0U�-"%)D0W09"%$+02*8�WV':<�9�8*7�[�-$'&T.���:<$+02"\�
�-,/��,/./:<&9,102��3'*7�k4'&-" �J./�Y3+*x3+*7)'�-,602�S*A0�3+*S�G,102*7�-�9*+, �U"%,6&k�[�J:<4Z�F912A�


�)I�8"%)'�-,/3'�8&9*�$')5�8"%$'&9:<)D0[3'*�F%&9:¦�G,102�)�S3'*7$Q�53',6�5*8)'�9,6"%)'�P�8���8�7"%$'./:<)D0[�-$'&T$')54+.?:<)�3���,/)'�8./,1�
)':<,/�-"%)

α
�%3+"%)D0W.6*7�X�8"Q"<&93'"%)+)'�7*8�T4':<&2:<.6./�8./*7�R*80U)'"%&-�I:K./*7� ��.?:�4	*7)D02*k�9"<)=0

(x, z)
*80U.6*7�X�G,609*7�-�9*7�

(u, w)
�

�P���7�=$J:K09,/"%) �5"��<*7)')'*�3'$C�5"%$Q�%*7��*7)D0+,£�8� �	0Q� 0 ¥ 2�09*7)J:K)=0x�8"%�54Q02*(3'*7�S¢M"%&-�7*7�x3'*�F%&2:>�G,609�
*8�-0

u · ∇u =
1

ρ

(
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"%$ dH

dz
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dH
dz
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udz = UmH
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�+*=:X0qYN@)D)D`CgY.* ] @)*6:<0/W\03:<*=@ 7 5�*Q:ml 9 2>,/*=2DY 9 ,eV':<@DX 9 2)*=@DY.*cY.@ 7 Z\[F0 ] @)*6D 9 �4*8: r Z8CA5DV8*HY.@ 7$° � � x
2 9 W *803@���5)*1K 7.9 Y DEC @ 7 :<0iZ80jXJ* 7 0Z&����6(;*1Y , · C 2hZ=, 9 C 2�5)* :<0JD 7 V1YN*82DZ=* C @�2)C 2 5�* DF0 7 , 9 Z8@):T*1Y�f

� x �
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By

Bx

Sx

Sy

Position initiale du sous domaine

Image a, temps t Image b, temps t + dt

déplacement

� ����� ��� 57���[stb �-nA!Zf3pOi7��	wqvs�	 iFg+iFdYp��?h<gSs"!3h<s-p4h�fAgtu f �_i`h%!Astg-nZg-qFe u � � ��i2!3�QuydYpWu-j fAdYnA!�	wqvgtu+�

� 2)* 9 XZ0\K *;5)* ] @)03: 9 ,eVj`jZ8C 2>,/*=2F032>,R5)*':|l 9 2 · C 7 XZ0\, 9 C 2�`\D 7 V1YN*82>,/*'@)2ZK 7 032)5J2)CgX V�7 * 5)*P2 9 W3*m03@��
5)*?K 7N9 Y�YN*8:<C32�:T*1Y D 9 ��*=:_Y;*-,PYN* 7 0J5)C32DZ?5 9T^ V 7 *82>,/*?5)*?:ml 9 XB03K *PY.@ 9 W\032>,/*jf

U�0PD 7 C�Z�V85)@ 7 *+D`* 7 XB*-,.,/032>, 5)*c5DV-,/* 7 X 9 2)* 7 :<*TZ\[F0aXBD 5)*+5DV=D):X0aZ8*1XJ*82>,&d'DF0 7 , 9T7 5Ql @)2)*+D)0 9<7 *
5Ql 9 XB03K *�Y r 0h` V (+*�YN,P:X0³Y.@ 9 W\032>,/*��

{ ¾Q2 5hV��F2 9 @�2¿YNC @DY { 5)CgXB0 9 2�*BV8:^V1XJ*82>,t0 9T7 * 5)* ,/0 9 :T:<* r Bx

`
By

(Z5)* :X0�D 7 *1X 9<a=7 * 9 XB03K *
r � 9 KDf � f ° ((` 0\D)DE*=:_V V C��<,.*Q5Ql 9 5)*=2>, 9 �DZm0\, 9 C 2Qf

{ U�0 ,/*��A,/@ 7 *~Z8C 2>,/*=2W@)* 5F032DY³Z=*=,.,.* · *82D´-, 7 *�*1YN,O*=2DY.@ 9 ,/* 7 *1Z\[�* 7 Z\[hV8*�5F032DYS@)2�* V C��T,/*B5)*
7 *1Z\[)* 7 Z\[)*�YN@ 7 :<03Y.*�Z8C 2�5)* 9 XB03K *af �+*=,N,/* V C��T,/* 5)* 7 *1Z\[)* 7 Z\[)*65�*',t0 9 :<:T* r Sx

`
Sy

(c5)C 9 ,>´=, 7 *HYN@hµ {
Y.0jX�XJ*82>,PK 7 032)5)*1DEC3@ 7 Z8C @hW 7N9<7 :<*?5DV=D):X0jZ=*1XJ*82>,'5)* :<0 V C��T,/*?5Ql 9 5)*=2>, 9 �DZm0\, 9 C 2Qf��+*8:X0iY.@�D)DECjY.*
@)2�*1*�YN, 9 XB0\, 9 C 2�dSD 7.9 C 7.9 5�*1:|l C 7 5 7 *Q5)*1K 7 032�5)*8@ 7 5�*1YcXZ0�� 9 XZ0 5�*1Y 5DV8D�:X0jZ=*1XJ*82>,eY�f

{ �+*1Yc5)*8@u� · *82D´-, 7 *�YsYN* 7 W *82>,%03@iZm03:^Z8@):F5)*�YsZ=C 7.7 V8:<0\, 9 C 2DY 5F0\2DY]:<*1Y]5 9T7 *�Z=, 9 C 2DY x *=,
y
` :<*;D 9 Z

5)*/Z8C 7.7 V=:X0\, 9 C 2¸Z8C 7N7 *1YNDEC32)5F032>,$03@�5hV8D):<0jZ8*�XB*=2W,cXJCyG *82�5)*�Y'DF0 7 , 9 Z8@):T*1Y;5)*?:<0 V C��T,/*65Ql 9 5)*=2>, 9 {
��Z80\, 9 C 2Qf
�+*PZm03:^Z8@): 5)*P:ml 9 2>,/* 7?{ Z8C 7N7 V8:<0\, 9 C 2 5 9T7 *�Z=,/* r YNDF0\, 9 03:T*y(�Y1l * ^ *1Z-,/@)*QD`C @ 7 ,.C @�,/*�Y+:T*1Y]DECjY 9 , 9 C 2hYcD`CgY {
Y 9<V :T*1Yc5)*$:<0 V C��<,.* r Bx

`
By

(]5)032DY+:T*PYNC @DY { 5)CgXB0 9 2)* r Sx

`
Sy

(cDF0 7 , 7 032DYN:X0\, 9 C 2O5)*'D 9 �4*8:`*82BD 9 �4*=:
5F0\2DY:Z\[F0 ] @)*15 9<7 *1Z=, 9 C 2�f

{ Uzl 9 2>,/*82hY 9 ,bV;:<@DX 9 2�*8@DYN*%5)*:Z\[F0 ] @)*PD 9 �4*=: r k, l ( 5)*;:X0 V C��<,.*%5Ql 9 5)*=2>, 9 �DZm0\, 9 C 2 r k = 1 · · ·Bx*-,
l = 1 · · ·By

(P*�YN,'5DV��F2 9 ,'DF0 7 Ia(k, l) D`C @ 7 :X0OD 7 *�X 9Ta87 * 9 XB03K * r 0>(;*=,'DF0 7 Ib(k + i, l + j)5F0\2DY :<0�5)*8@�� 9Ta XJ* 9 XZ0\K * r V (QD`C @ 7 :X0 ] @�*8:<:T* :X0 V C��<,.*S5Ql 9 5)*=2W, 9 ��Z80\, 9 C 2 *1Y , 5DV�Zm03:^V8*O5)*
(i, j)DF0 7'7 03D)D`C 7 ,Pd�Y.0BD`CgY 9 , 9 C 2 9 2 9 , 9 03:<* r � 9 Khf � f ° ((f�U�*1Y 9 2>,.*82DY 9 ,eV�YPXJCyG *=2)2)*1Y$5F032DYcZ\[F0jZ=@)2)* 5)*�Y

� x ±



� �gfhpHV8:<CuZ 9 X�V-, 7N9 *$D)0 7 Z8C 7N7 V8:<0\, 9 C 2�5Ql 9 XB03K *�Y

V C��T,/*1Y�YNC 2>, �

Ia =
1

BxBy

Bx
∑

k=1

By
∑

l=1

Ia(k, l)

Ib =
1

BxBy

Bx
∑

k=1

By
∑

l=1

Ib(k + i, l + j)

�+*�Y3W\03:T*8@ 7 Y/XJCyG *=2)2)*1Y3Y.C 2>,3Y.C @hYN, 7 0 9 ,.*1Y/d�Z\[F0 ] @)* 9 2>,/*82hY 9 ,bVj`�Z8* ] @ 9 DE* 7 XJ*=,15)*�X 9 2 9 X 9 YN* 7
:T*1YwV�Zm0 7 ,eYS5)*�D`C 9 5DY *82>, 7 *�:<* · C 2)5 *=,O:T*1Y D)0 7 , 9 Z8@�:<*1Y�f0» C @�,.*1YO:<*�Y ,/*��A,/@ 7 *1Y r X�´1XJ*Z:T*1Y D):T@DY
YNCgX V)7 *1Y/(;D)0 7 , 9 Z 9 DE*=2>,P0 9 2DY 9 dS:X0 7 *1Z\[)* 7 Z\[)* 5)@�XJC @hW3*1XJ*82>,P5)@�vF@ 9 5�*jfyU�0³Z8C�W\0 7.9 032DZ8* �

c(i, j) =

Bx
∑

k=1

By
∑

l=1

(

Ia(k, l)− Ia
) (

Ib(k + i, l + j)− Ib

)

[

Bx
∑

k=1

By
∑

l=1

(

Ia(k, l)− Ia
)2 Bx
∑

k=1

By
∑

l=1

(

Ib(k + i, l + j)− Ib

)2

]1/2

*�YN,cZm0\:_Z8@�:_V8*6D`C @ 7 Z\[F0aZ8@)2�5)*1YP5DV=D):X0jZ=*1XJ*82>,eY
(i, j

(%03@4,/C 7N9 YbV�Y DF0 7 :X0 V C��<,.*Q5)* 7 *�Z\[)* 7 Z\[)*jf

�+*-,.,/* · C 2DZ-, 9 C 2Q`DV(W30\:<@DV=*6@)2 9_] @)*�XB*=2>,$D`C @ 7 5)*�Y�W30\:<*8@ 7 Y 5 9 YkZ 7Na ,/*�Y'*�YN,P*82hY.@ 9 ,/* 9 2>,/* 7 D`C :_V=*
D`C @ 7 C V ,/*=2 9<7 @)2)* 7 V�Y.C :T@�, 9 C 2 9 2 · V 7.9 *8@ 7 *603@�D 9 �4*8:mf � 9 2DY 9 D`C @ 7 Z\[F0 ] @)* V C �<,/*$5Ql 9 5)*82>, 9 ��Z80\, 9 C 2
] @ 9 Z=CgXBD`CgYN*�:|l 9 XZ0\K *j` :<* 5DV=D):X0jZ=*1XJ*82>,�XBCyG3*82�Z=C 7.7 *1YNDEC 2�5F032>,Z*�YN,�V�W\03:T@DV�DF0 7 :X0 D`CgY 9 , 9 C 2
5�@�XB0�� 9 X @DX 5)*qZ=*=,N,/* · C 2DZ=, 9 C 2�5Ql 9 2>,/* 7?{ Z8C 7N7 V8:<0\, 9 C 2QfD�+C 2)2F0 9 YbY.032>,$:|l 9 2W,.* 7 W30\:<:<*$5)* ,.*1XJDDY

dtYkV8DF0 7 032>,':X0 DF0 9T7 *65Ql 9 XB03K * r 0h` V (%*=, :T*/Z803: 9TV)7 0\K *HYNDF0\, 9 03: r 2)CgX V)7 *?5)*?D 9 �4*8:^Y �aZ�X�(�`):X0qW 9 ,/*1YkY.*
Z=C 7.7 *1YNDEC 2�5F032>,:d3Z=*$5DV=D):X0aZ8*1XJ*82>,+*1YN,$Zm03:^Z8@):^V8*jfuU�0 K 7 032)5)*PD 7 V1Z 9 Y 9 C 2Z5)*$:X0-X�V-,e[)CA5)*$D`* 7 XB*-,
:<0 7 *1Z=C 2DY , 9 ,.@�, 9 C 2 5)@,Z\[F0jXJD�5�*/W 9 ,.*1YkY.*15F032DY :X0 ½ C 2)*?5)*-XB*�Y.@ 7 *3YN@ 9 W\032>, @)2�* K 7N9 :T:<*$5�C 2>,':T*
D)0jY *1YN, 9 2)5DV8D`*82�5F032>,P5)*?:X0 ,t0 9 :<:T*'5)*�Y V C��T,/*1Y r Bx

`
By

((f

U�*1Y 5DV=D):X0aZ8*1XJ*82>,bY,YNC 2>,,V�W\03:<@hV1Y 03@ Z8*=2>, 7 * 5)* Z\[F0 ] @�* V C��<,.* 5Ql 9 5)*=2>, 9 �DZm0\, 9 C 2	*-,,Y.C 2>,
7 *8D 7 V1YN*82>,t0\, 9 · YP5)*?:X0wW 9 ,.*1YbYN* 0\@�D`C 9 2>,:X 9 : 9 *8@Z*82>, 7 *3Y.0BD`CgY 9 , 9 C32 9 2 9 , 9 0\:<*P*=,c�F2F03:T* r 03@,Z8*=2W, 7 *
5�@�5DV8D):<0jZ8*�XB*=2>,x`;� 9 KDf � f ° ((f!U�*ªZ\[F0jXJD�5)*�W 9 ,.*1YbYN* 9 2DY ,t032>,/032DV *�YN, 5)C 2hZBV�W\03:T@DVBY.@ 7 @)2)*
K 7.9 :T:<* 9<7.7 V8K @�: 9<a=7 *af � 2�* 9 2>,/* 7 DEC3:X0\, 9 C 2�D)0 7 5)*1Y · C 2DZ-, 9 C 2DY³Y.D�: 9 2�*1YO: 9 YbY/0\2W,.*1YO5)*�,_GADE* D):<0 ] @)*
X 9 2hZ8*j`EDEC3@ 7 Z\[F0 ] @)*iZ=CgXBD`CgY.032>,/* 5)*wW 9 ,/*1YkY.*OD`* 7 XJ*=,Q5)* 7 *�Z8C 2DY , 7 @ 9<7 *S:<*wZ\[F0aXBD 5)*wW 9 ,/*1YkY.*
YN@ 7 @)2)*SK 7.9 :T:<* 7 V=K @): 9Ta87 *jf � 9 2hY 9 :T*1Y ] @F0\2W, 9 ,bV1Y65)*�Y15hV 7.9 WgV=*1Y�Y.D)0\, 9 03:<*�YQ5)*1Y}W 9 ,/*1YkY.*�Y/XJ*1YN@ 7 V=*1Y
,.*8:T:<*1Y ] @)*�:<* 7 C3,/0\, 9 C 2)2)*=:m`�:<0 5 9 W3* 7 K *82DZ=*�C @ :|l�V=2)* 7 K 9 *JDE*=@hW *=2>,�´-, 7 *�Zm03:^Z8@):^V8*�Ywd :|l 0 9 5)*J5)*1Y
Z=C4*(µ�Z 9 *=2>,eY;5)*�Y · C 2DZ-, 9 C32DY$Y.D�: 9 2�*1Y1fh�+*=,N,/* · C 2hZ=, 9 C 2�5Ql 9 2>,.* 7 D`C :<0\, 9 C 2 { : 9 YkY/03K * r # 0 9 [W@F0���C 2>,/*�Y1`
�x���j± �v&4D`*85)5 9 2)K~� � 9 K 2)C\,x`����g� ! ( *�YN, V 0aYbV8*³YN@ 7 :<0�X 9 2 9 X 9 Y/0\, 9 C 2�5)@BU 0\D):X0jZ 9 *=2 5)@BZ\[F0aXBD
5�*}W 9 ,/*�YbY.*?*-, 5)*?:mloV1Zm0 7 , 03@u��D`C 9 2>,eY;5�*�XB*�Y.@ 7 *j`FD`C 2)5DV 7 V1Y;D)0 7 @)2�Z8CA*�µ�Z 9 *82>,P5)*6: 9 YbY.03K *jf � 2
*��4*1XJD):<*?5)@�, 7 0 9 ,.*1XJ*82>, 5)*�Y 9 XZ0\K *1Y;*�YN,PD 7 V�Y.*=2W,bV3YkZ\[DV1XB0\, 9_] @)*1XJ*82>,PY.@ 7 :<0q�FK @ 7 * � f^�jf

� x �
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1
ρ

milieu ambiant
, n1

ρ
2

, n2

talus continentali
i2

1

courant de gravité

� �������?�/6@� ; �-r�	,!3e�	�dYq f3p1k&!�	<uystg"!3p�h%!Yuyg ��!3pJi2!Yutu+!�
Ag f�� pAqvg 	wqFe"g �wk&!AstgSg-qFe,�tgSfAg-p � n�	wh 	�g-p � fAg
fAg-q�u�	we��tu f�	 � � �/g-qFe"gtu+�

• �/¨u§�
�¨u¥�¦�¯i­|®�§g¤y¦�¦�¨u§�
�¯w¨ 
 ��©��y¤�¦�­�
���¬ ¨��0­ � ¦ �h¦a§���­��Q¥�¨
� D 7Na Y;:|l�V(W30\:<@F0\, 9 C 2B5)@~Z\[F0jXJD 5)*}W 9 ,.*1YbYN*-d DF0 7 , 9<7 5)*1Y 9 XZ03K3*1Y+5�*6DF0 7 , 9 Z=@):<*�Y1`A@)2�Z8* 7 ,t0 9 2

2)CjX V)7 *$5)*}W *�Z=,/*=@ 7 Y'03D)D)0 7 0 �T, 9 2DZ8C 7.7 *�Z=, 5)*HXZ032 9<a87 *HV(W 9 5)*82>,.* r Z8CgXJD): a ,/*�XB*=2>,%5 9H^ V 7 *82>,bY;*82
2)C 7 XJ*j` 5 9T7 *1Z-, 9 C 2 *=,�Y.*=2DYJDF0 7O7 03D�DEC 7 ,J03@�� 0\@�, 7 *1Y³W *�Z=,/*=@ 7 YZ03:<*=2>,/C @ 7 Yt(�fzUzl C 7N9 K 9 2)*�5)*�Z=*1Y
W3*1Z=,.*8@ 7 YQ* 7N7 0\, 9_] @)*�Y'D 7 C�W 9 *82>,Q*=2>, 7 * 03@�, 7 *15)*1Y · C 7 ,bY K 7 035 9 *82>,bY'5)*-W 9 ,.*1YbYN*j``5)*1YPXBC3@hW *�XB*=2W,bY
5)*�Y DF0 7 , 9 Z=@):<*�Y%5Ql *82DYN*1XJ*82DZ=*1XJ*82>,H[�C 7 Y;*-, 5F032DY :<*$D):X032�:<0jY.* 7 `45)*1Y 9 2hZ8* 7 , 9 ,/@)5)*�Y�Y.@ 7 :|l *�XBD�:X0 {
Z=*1XJ*82>,+5�*P:<0�XB*�Y.@ 7 *': 9 V8*�Y]03@��iV�Zm0 7 ,eYc5)* 5)*82hY 9 ,bV'C3@�Y 9 XJD):<*�XB*=2W, 5)@¸XB032 ] @)* 5)* DF0 7 , 9 Z8@):T*1Y1f
U�*1Y$5 9 µ�Z8@�:T,eV�Y 7 *82DZ=C 2>, 7 V=*1Y6:TC 7 Y'5)*1YQ*��4DIV 7.9 *=2DZ8*�Y6*=,$: 9 V=*1YPdZ2)C3, 7 *wZ=C 2h�FK3@ 7 0\, 9 C 2�Y.C 2>,$5DV�W3* {
:TC D)D�V8*1Y D):T@DY;*82�5DV-,t0 9 :�03@�DF0 7 0\K 7 03Dh[)* ! f � f ° f

{ � 2 D 7 C V : a XJ* 9 XJDEC 7 ,t032>, *1Y ,S: 9 V¸d :<0�5DV(W 9 0\, 9 C 2�5)@ · 0 9 YbZ=*m03@ :X0jYN* 7 *=2 D 7 V�Y.*=2DZ8* 5Ql @)2
K 7 035 9 *82>, 5)*15)*82DY 9 ,bVjf � 2�* ^ *-,x``03@ DF0jYkY/03K3* 5Ql @)2)* 9 2>,.* 7 · 0aZ8*6*82>, 7 *15)*8@��,X 9 : 9 *=@��B5)* 5�*82DY 9 ,eV�Y
5 9H^ V 7 *=2W,.*1Y r *=,B5)C 2hZ�5Ql 9 2�5 9 Z=*1YJ5)* 7 V · 7 0jZ=, 9 C 2 5 9T^ V 7 *82>,eY/((`]:X0 , 7 032DZ\[)*�:X0aY.* 7 *1Y ,Z5hV�W 9 V=*�Zm0 7
:|l 9 2)5 9 Z=*'5�* 7 V · 7 0jZ-, 9 C 2�W\0 7N9 *'0�W3*1Z6:<0 5)*=2DY 9 ,eV$5�@~X 9 : 9 *=@Qf � 2 · 0 9 YkZ8*803@ 9 2hZ 9 5�*82>,$YN*$D 7 C DF03K *8032>,
0xW *�Z @)2 032)K :T*

i1
DF0 7 7 03D)D`C 7 ,wd :X0 2)C 7 XB03:<*�d :ml 9 2>,.* 7 · 0aZ8*j` 5F032DY @)2�X 9 : 9 *8@ 5)*�5)*=2DY 9 ,eV ρ15Ql 9 2�5 9 Z=*Q5)* 7 V · 7 0jZ-, 9 C 2 n1

`4*1YN, 7 V · 7 0jZ=,bV65Ql @�2�0\2)K :<*
i2
r ,.*8: ] @)* sin i2 = n1

n2
sin i1

(c*82�DF0jYbY.032>,
:|l 9 2W,.* 7 · 0jZ8*}W3* 7 YP@)2,X 9 : 9 *8@Z5�*15�*82DY 9 ,eV ρ2

*=,P5Ql 9 2)5 9 Z8*65)* 7 V · 7 0aZ=, 9 C 2 n2

f
U�C 7 Y ] @)*J:<*�Y65 9T^ V 7 *82DZ=*1Y15)*O5)*82hY 9 ,bVO*82>, 7 *B:T*1Y65)*=@��¶X 9 : 9 *8@���Y.C32W, 9 XJD`C 7 ,/032>,/*1Y r Z8* ] @ 9 *1Y ,
YNC @hW *=2>,;:<*:Zm0aY+5F032hYR:T*1Yc*(�4DIV 7.9 *82DZ=*1Y%5)*cZ8C3@ 7 032>,R5)*$K 7 0xW 9 ,eVm((`>:<0?, 7 032DZ\[�*$:X0aY.* 7 *�YN, · C 7 ,/*�XB*=2>,
7 V · 7 0aZ=,eV=*jfE# 0 7 *(�4*�XBD):T*j` D`C @ 7 @)2�X 9 : 9 *=@ 0jX V)9 032>,:[)CgXJC K a 2�* 5)*15)*=2DY 9 ,eV ρ1 = 1000

K �jU *=,
@)2³Z=C @ 7 032>, 5)*%5)*=2DY 9 ,eV ρ2 = 1015

K��jUz`Y:<*1Y 9 2)5 9 Z8*�Y 5)* 7 V · 7 0jZ=, 9 C 2 7 *1YNDE*�Z=, 9 · Y�Y.C32W, n1 = 1.3374*-,
n2 = 1.3423

D`C @ 7 @)2)*S,/*�XBD�V 7 0\,/@ 7 *O5)*���± o � *-,?DEC3@ 7 :<*1Y6:TC 2)K @�*8@ 7 Y15�l C 2�5)*1Y15)@ :X0jYN* 7 f
& 9 :ml 032)K :T*Q5Ql 9 2DZ 9 5)*=2DZ8*65)@ :<0jY.* 7 *1YN, i1 = 75o `�:<* · 0 9 YbZ=*m03@ D�V82 a , 7 *?:T*}X 9 : 9 *8@ � 0xW *�Z?@)2�032)K :T*
i2 = 74.2o f��+*�Z 9 *82)K3*82)5 7 *O@)2)*O5 9T^ V 7 *82DZ=*S5)*ODECjY 9 , 9 C 2 5)@ :<0jY.* 7 5)* � X�X�YN@ 7 @)2 DF0 7 Z8C @ 7 Y
5)*3��¹aZ�X 5)032DY+:T*PX 9 : 9 *=@ � f�# :T@DYR:|l 0\2)K :<* 5Ql 9 2hZ 9 5�*82DZ=*$5)@ · 0 9 YkZ8*m0\@�:X0jYN* 7 i1 *�YN,+K 7 032�5Q`WD):<@DYR:<*�Y
* ^ *-,eY 5)* 7 V · 7 0jZ-, 9 C32~Y.C 2>, 9 XJD`C 7 ,/032>,eY1f � 2�V1Z=:X0 9T7 03K3*$2)C 7 XZ0\: r

i1 = 0
(R5)@�:X0aY.* 7 X 9 2 9 X 9 YN*PZ=*=,

��� �



� �gfhpHV8:<CuZ 9 X�V-, 7N9 *$D)0 7 Z8C 7N7 V8:<0\, 9 C 2�5Ql 9 XB03K *�Y

* ^ *-,x`QXB0 9 Y':<0¸Zm0jX�V 7 0¸Y.* 7 0 9 ,?03:TC 7 Y'*82 D`CgY 9 , 9 C32 7 0aY/032>,/*af��+CgX�XB* :X0Z:T@DX 9<a87 * 7 *85 9H^ @hYbV8* DF0 7
:T*1YQD)0 7 , 9 Z8@�:<*1YPW * 7 Y6:X0¸Z80jX�V 7 0�*�YN,-V=K>03:<*�XB*=2>, 7 V · 7 0jZ-,eV8*a`[C 2 D`* 7 5 :X0Z2)*-,.,.*=,eViYN@ 7 :<*�Y 9 XB03K *�Y
*-,P:<*1Y;D)0 7 , 9 Z8@�:<*1Y 0\D)DF0 7 0 9 YkY.*82>,'03:TC 7 Y!v)C @)*1Y�f

# C @ 7 :<*1Y · 0 9<V :T*1Y65 9H^ V 7 *82hZ8*1Y?5)*J5)*=2DY 9 ,eVO*82>, 7 *B:T*1Y65)*=@��¶X 9 : 9 *8@��I``:X0 7 V · 7 0jZ-, 9 C 2 5)@ :<0jY.* 7
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Ê�Ñ5Ñ¡ÒÔÈÔÈÔÉ Æ+Ñ Ñ¡Æ+ÓSÎ�Í"Í ß Ê�ÑXÏ�Î�Í¡Í¡Æ�ÉlÑ�Í Î�Ö�ÆhÎ�ÌdÓäÖ9Æ�Ú9Ñ�Í¡É Ú�È ß Ê�ØUÕdÎ�Ï�Î�ÌKØ�ÆUÊ�Ñ5Î�Ø ß Ê�Æ�×9Æ+Óâæ�� ß Æ�Ó�Ú�Û�ÌdÑ¡Ï�Ú9ÈKÆ
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� ß Æ%Ï�Î�Í¡Æ�É�Î�ÏâÑ¡ÈÔÉ Æ+Î�ÓÔÊ�ÌÔÖ
Ê�ÑNÑ�ÒÔÈdÈÔÉ¡Æ'Ñ¡Ñ¡Æ+ÓUÚ�ÌdØ�ÆQÍ ß ÆàØ�ÒÔÉ¡É Æ�ÌZÍ�É Æ+Î�Ø ß Æ+Ñ¬Í ß Æ ß Ú�É Ê��+Ú�ÌZÍ Î�ÏêÓÔÊ�É Æ+Ø�Í¡Ê�Ú�Ì�æ

ûAÊ�Ñ Ø�Ú9ÒdÑªÝ¥É Ê�Ø�Í¡Ê�Ú�ÌXÌÔÆ+Î�É¦Í ß Æ�Ñ�Ï�Ú�ÈdÊ�ÌÔÖQÕ*Ú�Í�Í Ú�Ë�ÈÔÉ¡Ú�Ó�ÒKØ�Æ+ÑãÎéÓ�Ú�Û�ÌdÑ¡Ï�Ú�È*Æ
Ý³Î�Ï�Ï�Ê�ÌdÖAøKÏ�Ë�á�Î�ÑãÎ�ÌdÎ�Ï�Ð���Æ+Ó
Ê�Ì-ÈÔÉ¡Æ+×)Ê�Ú9ÒdÑ Ñ�Í¡ÒdÓÔÊ�Æ'Ñ�æ
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Û�Î�Ï�Ï£æ � ß Æ¬Ñ¡Ï�Ú9ÈKÆ¬Ê�Ñ ÈKÚZÑ�Ê�Í¡Ê�Ú�ÌÔÆ'ÓàÎ�Ï�Ú�ÌdÖFÎNÓ�Ê�Î�Ë5Æ�Í Æ�É¦Ú�Ý�Í ß Æ
É Ú�Í Î�Í¡Ê�ÌÔÖ�Í�Î�ÌÔðêá

2RT
� 0+ó Ë�æ
� ß ÆWÆ+ÌdÓ%Ú�Ý

Í ß ÆQÑ�Ï�Ú�È*ÆNÑ¡Ë5ÚZÚ�Í ß Ï�Ð5ËlÎ�Í Ø ß Æ+ÑWÛ�Ê�Í ß Î ß Î�Ï�Ý Ø�Ú9ÌÔÆ�áZÎ�É Ú�ÒÔÌKÓ"Û ß Ê�Ø ß Í ß ÆAØ�ÒÔÉ É¡Æ+Ì9Í
Ø+Î�Ì5Í ÒÔÉ¡Ì áZÑ¡Ú%Í ß Î�Í
Ê#Í¬ødÌdÎ�Ï�Ï�Ð"Ë5Ê�Ç�Æ+ÑWÚ9Ì5Í ß ÆAÚ�Í ß Æ�É�Ñ�Ê�Ó�ÆFÚ�Ý*Í ß ÆN×9Æ�É¡Í¡Ê�Ø�Î�ÏÔÛ�Î�Ï�Ï£á�Ë5Ê�ÌÔÊ�ËXÊ���Ê�ÌÔÖàÕKÎ�Ø�ð)Û�Î�É Ó"È*Æ�É¡Í¡ÒÔÉ ÕdÎ�Í Ê�Ú9ÌdÑ
Ú�Ì^Í ß ÆlÖ9É Î ×)Ê�Í/Ð[Ø�ÒÔÉ É¡Æ+ÌZÍ+æ � ß Æ5Í Î�ÌÔð7Ê�ÑéÊ�ÌdÊ#Í Ê�Î�Ï�Ï�Ð[ødÏ�Ï�Æ'ÓcÛ�Ê#Í ß ÎhÝ¥É Æ+Ñ ß Û®Î�Í Æ�ÉéÏ�Î Ð9Æ�ÉéÚ�Ý¬Í ß Ê�Ø�ð)ÌÔÆ+Ñ Ñ
H = 63

Ø�Ë�æ
� ß Æ�É¡Ú�Í Î�Í Ê�Ú9Ì-È*Æ�É Ê�Ú�Ó

T
Ú�ÝKÍ ß Æ�Í Î�ÌÔð-×�Î�É Ê�Æ+ÑªÕKÆ�Í/Û¬Æ+Æ�Ì L9C ÑWÎ�ÌdÓ 8 C ÑãÛ�Ê#Í ß ÎQÉ Æ�Ï�Î�Í Ê�×9Æ�Î9Ø�Ø�ÒdÉ Î9Ø�Ð

Ú�Ý
10−4

æ � ß Ê�ÑFØ�Ú9É¡É Æ+Ñ¡È*Ú�ÌdÓÔÑ�Í ÚUÎhî¬Ú9É¡Ê�Ú�Ï�Ê�Ñ®ÈKÎ�É�Î�Ë5Æ�Í Æ�É
f = 4π/T =
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�9G Ñ
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æ � ß Æ
Í Î�ÌÔðéÊ�Ñ¦É¡Ú�Í Î�Í¡Ê�ÌÔÖFÊ�Ì%Í ß Æ®Î�ÌZÍ Ê�Ø�Ï�Ú�Ø�ð)Û�Ê�Ñ¡ÆWÓ�Ê�É¡Æ'Ø
Í Ê�Ú9Ì�á+Ï�Ê�ð�ÆWÊ�ÌàÍ ß Æ
ë
Î�É�Í ß 3FÚ9É�Í ßàß Æ+ËXÊ�Ñ¡È ß Æ�É Æ�æ 2AÒÔÉ¡Ê�ÌÔÖ
É¡Ú�Í Î�Í¡Ê�Ú�Ì�á)Í ß Æ%Ý¥É Æ�Æ%Ñ�ÒdÉ�Ý³Î9Ø�Æ%Ê�ÑFÎXÈdÎ�É�Î�Õ*Ú�Ï�Ú�Ê�ÓâæÔü�ÍNÎ5ÌÔÆ+Ò�Í¡É�Î�ÏâÉ�Î�Ó�Ê�ÒdÑ

r = 2RT/3 = 4.30
Ë Ý¥É Ú�Ë

Í ß Æ"Í Î�ÌÔð7Ø�Æ+ÌZÍ¡É Æ�áKÍ ß ÆXÛ�Î�Í¡Æ+ÉQÓ�Æ+È�Í ß É¡Æ+ËlÎ�Ê�ÌdÑNÆ EZÒdÎ�ÏªÍ¡ÚhÊ#Í�ÑQÊ�ÌÔÊ�Í¡Ê�Î�Ïã×�Î�Ï�ÒÔÆ
H = 63

Ø�Ë�æâ÷ÔÚ9ÉNÍ ß Æ
ß Ê�Ö ß Æ'Ñ/Í�É Ú�Í Î�Í¡Ê�Ú�ÌhÉ Î�Í¡Æ

f = 0.314
Ñ
−1

á�Í ß ÆéËlÎ�Ç�Ê�Ë-ÒÔË Ó�Æ�×)Ê�Î�Í¡Ê�Ú�ÌhÝ¥É Ú�ËvÍ ß Ê�Ñ�Î ×9Æ�É�Î�Ö9ÆNÊ�Ñ
−3

Ø�Ë
Î�Í�Í ß ÆéÍ Î�ÌÔðUØ�Æ+ÌZÍ¡É ÆéÎ�ÌdÓ

+3
Ø�Ë Î�ÍFÊ�Í ÑFÈKÆ+É¡Ê�È ß Æ+É¡Ð9æ �FÚ�Û�Æ�×�Æ+É�Í ß Æ%Ê�ÌÔÏ�Æ�ÍNØ ß Î�ÌÔÌÔÆ�ÏâÊ�ÑFØ�Ï�ÚZÑ�ÆAÍ¡Ú5Í ß Æ

ÌÔÆ�ÒÔÍ¡É�Î�ÏpÈ*Ú9Ñ¡Ê#Í Ê�Ú9Ì
r = 2RT /3

òÀÍ ß ÆHØ�Ú)Ú9É Ó�Ê�ÌdÎ�Í¡Æ5Ú�É Ê�Ö9Ê�Ì
O

Í�Î�ð9Æ�ÌÿÎ�ÑQÍ ß ÆlÊ�ÌÔÏ�Æ�Í-Ø ß Î�ÌÔÌÔÆ+Ï�ï ÑéÆ+ÓÔÖ�Æ
Ê�ÑAÎ�ÍéÎ5É Î9Ó�Ê�ÒKÑ

r = 0.7RT
õ�á*Ñ¡ÚlÍ ß Æ%Í¡Ú�Í Î�Ï Û®Î�Í¡Æ+É�Í ß Ê�Ø�ð)ÌÔÆ'Ñ¡ÑNÉ¡Æ+Ë5Î�Ê�ÌKÑ

H = (63± 1)
Ø�ËôÎ�ÍFÍ ß Æ

Ê�ÌdÏ�Æ�Í®Û ß Ê�Ø ß Ë5Î�ð�Æ'Ñ¬Î"×�Æ+É�Í Ê�Ø+Î�ÏdÆ�Ç)Í¡Æ�ÌKÓUÚ�Ý
(13± 1)

Ø�ËvÚ�Ý¦Û�Î�Í¡Æ�É�Ú�×�Æ+ÉWÍ ß Æ%Ø ß Î�ÌÔÌdÆ�Ï£ï Ñ
ÙdÚ)Ú�É'æ�� ß Æ
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ß Ú�É Ê���Ú�ÌZÍ�Î�ÏÔØ�Ú)Ú9É Ó�Ê�ÌdÎ�Í¡Æ+ÑpÎ�É¡Æ
x
Î�ÌdÓ

y
ò�Ñ�Æ+Æ®ødÖ�ÒÔÉ Æ � õ�æ � ß Æ ß Æ�Ê�Ö ß ÍpÝ¥É¡Ú9ËaÍ ß ÆFÕ*Ú�Í�Í Ú�Ë�Ú�ÝêÍ ß ÆFÍ Î�Ìdð

Ê�ÑNÓ�Æ�ÌÔÚ�Í¡Æ'ÓhÕ)ÐlÍ ß Æ%×�Æ+É�Í Ê�Ø+Î�Ï�Ø�ÚZÚ9É ÓÔÊ�ÌdÎ�Í¡Æ
z
Î�ÌKÓHÍ ß Æ ß Æ+Ê�Ö ß Í�Ú�Ý¦Í ß ÆàÑ�Ï�Ú�ÈdÊ�ÌÔÖ5Õ*Ú�Í¡Í¡Ú�Ë Ê�ÑFÖ�Ê�×�Æ�ÌÜÕ)Ð

zB(x, y) = (1− y/W )D
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Ê�ÌÔÊ�Í¡Ê�Î�Ï�Ï�Ð
Ë5Ê#Ç�Æ+Ó�Ê�ÌÜÍ ß Æ"Ñ�Ú9ÒÔÉ Ø�ÆéÚ�ÝpÑ¡Î�Ï#Í/ÐhÛ�Î�Í¡Æ�É'æ
� ß ÆàÕ*Ú�Í¡Í¡Ú9Ë Ê�Ñ�Í ß Æ�Ì�ÈdÎ�Ê�ÌZÍ¡Æ'Ó�Ê�Ì�Û ß Ê�Í¡Æ-Î�ÌdÓhÍ ß ÆàÙdÚ�ÛxÊ�Ñ
Ê�Ï�Ï�ÒÔË5Ê�ÌdÎ�Í¡Æ'Ó�Ý¥É¡Ú9Ë Î�ÕKÚ�×9ÆQÕ)Ð�Ñ/Í�Î�ÌdÓdÎ�É�ÓUÊ�Ú�Ó�Ê�ÌdÆàÊ�ÌKØ�Î�ÌKÓ�Æ+Ñ Ø�Æ+Ì9ÍFÈdÉ¡Ú �/Æ+Ø
Í Ú�É�Ï�Î�Ë5ÈdÑ+æKüNÏ#Í Æ�É ÌdÎ�Í Ê�×9Æ�Ï�Ð�á
Í ß Æ%×9Æ�É¡Í¡Ê�Ø�Î�ÏêÑ�Í¡É ÒdØ�Í¡ÒÔÉ ÆéÚ�ÝªÍ ß Æ%Ø�ÒdÉ¡É Æ�ÌZÍ ß Î�Ñ®Õ*Æ�Æ+Ì�×ZÊ�Ñ¡ÒdÎ�Ï�Ê��+Æ+ÓhÕ)ÐlÙdÒÔÚ9É¡Æ'Ñ¡Ø�Æ�ÌZÍ®ÓÔÐ�Æ�á�Æ�ÇÔØ�Ê�Í¡Æ+ÓÜÕ)ÐUÎ
×�Æ+É�Í Ê�Ø+Î�ÏÔÏ�Î�Ñ¡Æ�É�Ñ ß Æ+Æ�Í'æ�� ß ÆAÕKÚ�Í�Í¡Ú9Ë�Ê�Ñ¬ÈdÎ�Ê�ÌZÍ¡Æ+Ó5Ê�ÌHÕÔÏ�Î�Ø�ð5Î�ÌKÓXÍ ß ÆNÙdÒÔÚ�É Æ+Ñ Ø�Æ+ÌdØ�Æ�Ê�ÑpÍ ß Æ�ÌUÚ�ÕdÑ¡Æ�É ×�Æ'Ó
Ý¥É¡Ú9ËvÍ ß ÆàÑ�Ê�Ó�Æ%Õ)ÐUÎHî�î,2D×)Ê�ÓÔÆ�ÚlØ�Î�ËXÆ+É Îdæ

ûpÆ+Ï�Ú�Ø�Ê#Í/Ð�ødÆ+Ï�ÓdÑQÎ�É¡Æ"Ú�Õ�Í�Î�Ê�ÌÔÆ+ÓBÕ)ÐhÍ ß Æ5ùpÎ�É¡Í¡Ê�Ø�Ï�Æ-ú�ËlÎ�Ö9Æ-ûpÆ�Ï�Ú�Ø�Ê�Ë5Æ�Í¡É ÐSò¥ù
ú�ûQõNÍ¡Æ'Ø ß ÌÔÊ E9ÒdÆ�æ � ß Æ
Ö�É�Î ×)Ê#Í/ÐéØ�ÒÔÉ É Æ�ÌZÍ¦Ê�Ñ�Í ß Æ�Ì5Ñ¡Æ�Æ+ÓÔÆ+Ó%Û�Ê�Í ß ÈdÎ�É¡Í¡Ê�Ø�Ï�Æ+ÑªÎ�ÍãÊ#Í�ÑãÑ�Ú9ÒÔÉ Ø�Æ�æ+ú�ÍªÊ�ÑªÊ�Ï�Ï�ÒdËXÊ�ÌdÎ�Í¡Æ+Ó-Õ)ÐàÎFÏ�Î�Ñ¡Æ�É¦Ñ ß Æ+Æ�Í
Î�ÌdÓ�ÎHî�î,2DØ�Î�Ë5Æ�É�Îhò 0 C9�
L

×
0 C9��L ÈÔÊ#Ç�Æ+Ï�Ñ+á;O�Ï�Î9Ø�ð 5aÅ ß Ê�Í¡Æ 0 � ÕdÊ#Í�Ñ õ�É Æ+Ø�Ú�É�ÓÔÑ�Ñ¡Æ�É Ê�Æ+Ñ�Ú�ÝªÊ�ËlÎ�Ö9Æ+Ñ+æ

� ß Æ[Ó�Ê�Ñ�ÈÔÏ�Î�Ø�Æ�Ë5Æ�ÌZÍ5Ú�ÝFÍ ß Æ�ÈdÎ�É¡Í¡Ê�Ø�Ï�ÆÜÈdÎ�Í¡Í¡Æ�É ÌdÑXÕ*Æ�Í/Û�Æ�Æ�Ì3Í/Û�Ú^Ê�ËlÎ�Ö�Æ'Ñ-Ê�Ñ5Ø�Î�Ï�Ø�ÒÔÏ�Î�Í¡Æ'ÓSÕ)ÐìÓ�Ê�É¡Æ'Ø
Í
Ø�É Ú9Ñ Ñ/ý�Ø�Ú9É¡É Æ�Ï�Î�Í Ê�Ú9Ì�Ú�Ý
Í ß Æ5Ê�ËlÎ�Ö�Æ5Ï�ÒdËXÊ�ÌÔÚZÑ�Ê�Í/Ð�æ � ß ÆlØ�Î�Ë5Æ�É�ÎUÊ�ÑéÈÔÏ�Î�Ø�Æ'ÓBÎ�Í � ËÞÎ�ÕKÚ�×9ÆàÍ ß Æ5Í Î�ÌÔð
ÕKÚ�Í�Í Ú�Ë�Í¡ÚAÈÔÉ Ú�×ZÊ�Ó�Æ¬Ï�Î�É¡Ö9ÆW×)Ê�Æ+ÛÿødÆ�Ï�ÓÔÑ¦Ú�Ý

1.7×1.7
Ë

2
ò³Ñ¡Æ�Æ
ødÖ�ÒÔÉ Æ � õ
æ
� ß Æ ß Ú�É Ê��+Ú�ÌZÍ Î�Ï�ÈÔÉ Ú �/Æ'Ø
Í¡Ê�Ú�Ì

Ú�ÝWÍ ß Æ-×9Æ�Ï�Ú�Ø�Ê�Í/Ðÿò³ÈKÆ+É¡È*Æ�ÌKÓ�Ê�Ø�ÒÔÏ�Î�ÉAÍ¡ÚHÍ ß ÆX×�Æ�É¡Í¡Ê�Ø�Î�Ï Ï�Ê�ÌdÆ-Ú�Ý
Ñ¡Ê�Ö ß Í�õFÊ�ÑAÍ ß Æ�Ì7Ú9Õ�Í Î�Ê�ÌÔÆ'Ó[Ê�Ì7Í ß Æ"Ï�Î�Ñ¡Æ�É
Ñ ß Æ�Æ�Í'æ � ß Æ�ÈdÎ�É¡Í¡Ê�Ø�Ï�Æ+Ñ"ÒdÑ¡Æ+ÓìÝ¥Ú�É5ùWú�û Î�É¡ÆhÆ�Ê�Í ß Æ+ÉlÈÔÏ�Ê�Ú�Ï�Ê�Í¡Æäò���� �
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ÈKÚ9Ï�Ð�Ñ�Í/Ð)É¡Æ+ÌÔÆ"ò	� � ó C9C
µ
Ë�á 0 C9C � ý 0 C 0�� Ö.M −1

õ
æ
� ß ÆéÓ�Æ�ÌKÑ�Ê�Í/ÐlÊ�Ñ�Ø ß Ú9Ñ¡Æ�ÌUÎ9Ø�Ø�Ú9É ÓÔÊ�ÌÔÖàÍ¡ÚXÍ ß ÆQÊ�ÌÔÊ#Í Ê�Î�Ï
Ó�Æ�ÌKÑ�Ê�Í/ÐUÚ�Ý Í ß Æ%Ö�É�Î ×ZÊ�Í/ÐHØ�ÒdÉ¡É Æ�ÌZÍ+á)Í Ú5Ú�È�Í Ê�Ë5Ê���ÆéÍ ß Æ%ÈdÎ�É¡Í¡Ê�Ø�Ï�Æ%Ñ�ÒdÑ¡È*Æ�ÌdÑ¡Ê�Ú9ÌhÊ�ÌÜÍ ß ÆéÍ ÒÔÉ ÕÔÒÔÏ�Æ�ÌZÍ�ÙdÚ�Û%æ
üDÑ�Ð�Ñ�Í¡Æ+ËvÛ�Ê#Í ß Ú9È�Í¡Ê�Ø�Î�ÏêødÕÔÉ Æ+Ñ®Î�ÌKÓhÎ�ÌhÚZÑ¡Ø�Ê�Ï�Ï�Î�Í¡Ê�ÌÔÖXËXÊ�É É¡Ú9É�Ñ¡Ð)ÌdØ ß É Ú�ÌÔÊ���Æ'ÓHÛ�Ê�Í ß Í ß ÆàØ+Î�Ë5Æ�É�ÎUò�Î�Í
��L(C ��� õWÊ�Ñ
ÒKÑ�Æ'Ó5Í¡Ú"Ö�Æ�ÌdÆ�É�Î�Í¡ÆFÍ ß ÆQÏ�Î9Ñ�Æ+É¬Ñ ß Æ�Æ�Í+æ�� ß Ê�Ñ¬Ñ ß Æ�Æ�Íéò

∼ 1
Ø�ËmÍ ß Ê�Ø�ðÔõpÊ�Ñ®Ó�Ê�É Æ+Ø�Í¡Æ'ÓlÈdÎ�É�Î�Ï�Ï�Æ�Ï

Í¡ÚcÍ ß ÆÜÑ¡Ï�Ú9ÈKÆ�Î�ÍHÓ�Ê�öêÆ�É Æ�ÌZÍ ß Æ�Ê�Ö ß Í Ñ�ò
z − zB = 2, 4, 6

Ú�É
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Ø�Ë Ý¥É Ú�Ë Í ß Æ[Ñ�Ï�Ú�ÈdÊ�ÌÔÖcÕ*Ú�Í�Í Ú�ËHõ
á
Î�ÌdÓBÎ�ÍNÍ ß É Æ�Æ"ÓÔÊ#öêÆ�É Æ�ÌZÍ ß Ú�É Ê��+Ú�ÌZÍ Î�Ï�ÈKÚZÑ�Ê�Í¡Ê�Ú�ÌKÑ �*Ê�Ì7Í ß ÆXÊ�ÌdÏ�Æ�ÍQØ ß Î�ÌÔÌÔÆ�Ï£áêÎ�ÍNÍ ß Æ-Õ*Æ�Ö9Ê�ÌdÌÔÊ�ÌdÖUÚ�ÝpÍ ß Æ
Ñ�Ï�Ú�È*ÆéÎ�ÌdÓhÎ�Í�Ç�� L Í¡Ú I ËrÝ¥É¡Ú9Ë�Í ß ÆéÚ�É Ê�Ö9Ê�Ì

O
Ñ¡Ê#Í ÒdÎ�Í Æ+ÓUÎ�Í¬Í ß Æ%Ø ß Î�ÌdÌÔÆ�Ï*Æ+Ó�Ö9Æ�æ � ß ÆQÏ�Î9Ñ�Æ+É�Ñ ß Æ+Æ�Í

Í¡Æ+ÌdÓÔÑXÍ¡ÚcÕ*ÆhÉ Æ�Ý¥É�Î�Ø�Í¡Æ+ÓSÕZÐSÓÔÆ�ÌdÑ¡Ê#Í/ÐäÖ9É Î9Ó�Ê�Æ�ÌZÍ Ñ"Î�ÌdÓìÉ¡Æ+Ë5Î�Ê�ÌKÑàÍ É Î�ÈÔÈKÆ'ÓSÊ�ÌìÍ ß Æ�Ó�Æ�ÌdÑ¡Æ�Ø�ÒÔÉ É¡Æ+ÌZÍ+æ
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Ý¥Ú�ÉãÆ+Î9Ø ß ÈÔÊ�Ç�Æ�ÏZÍ ß Æ�Ñ�Í Î�Í¡Ê�Ñ/Í Ê�Ø+Ñ¦Ú�ÝÔÍ ß Æ¬Ê�ËlÎ�Ö�Æ¬Ï�ÒdËXÊ�ÌÔÚZÑ�Ê�Í/Ð%Ú�ÌXÎAÑ¡Ï�Ê�Ó�Ê�ÌÔÖéÑ�Æ E9ÒdÆ�ÌdØ�Æ
Ú�Ý �
C Ê�ËlÎ�Ö9Æ+ÑªÎ�ÌdÓ
Í Î�ðZÊ�ÌÔÖlÎXË5Æ+Ó�Ê�Î�ÌÜ×�Î�Ï�ÒÔÆ�æd÷ªÊ�ÌdÎ�Ï�Ï�ÐlÍ ß Æ%×9Æ�Ï�Ú�Ø�Ê�Í/Ðl×�Æ+Ø�Í¡Ú9É Ñ�Û�Ê�Í ß ×�Æ+É¡ÐHÑ¡ËlÎ�Ï�ÏâËXÚ�Ó�ÒdÏ�ÒdÑFÚ�ÉFÓ�Ê�ö*Æ+É¡Ê�ÌÔÖ
Í¡Ú)ÚlË-ÒKØ ß Ý¥É Ú�ËvÍ ß Æ�Ê�ÉFÌÔÆ+Ê�Ö ß ÕKÚ9ÒÔÉ Ñ®Î�É¡ÆQÆ�Ï�Ê�Ë5Ê�ÌdÎ�Í Æ+Óâæ
2AÆ�ÌKÑ�Ê�Í/Ð"×�Î�É¡Ê�Î�Í Ê�Ú9ÌdÑWÎ�É Æ�Ë5Æ+Î9Ñ�ÒÔÉ Æ+Ó"Ý¥É Ú�Ë Ø�Ú9ÌdÓ�ÒdØ�Í¡Ê�×ZÊ�Í/Ð5Î�ÌdÓXÍ Æ�Ë5ÈKÆ+É Î�Í¡ÒÔÉ ÆFÈÔÉ Ú�Õ*Æ+Ñ+æ �¦Æ�Ë5È*Æ�É�Î�ý

Í¡ÒÔÉ Æ�×�Î�É Ê�Î�Í¡Ê�Ú�ÌdÑpÎ�É¡Æ®Ï�Æ+Ñ ÑãÍ ß Î�Ì 0 oC
á9Ñ¡ÚéÓÔÆ�ÌdÑ¡Ê#Í/Ð"Ê�Ñ
Ø�Ú�ÌZÍ É¡Ú9Ï�Ï�Æ+Ó"Õ)Ð"Ñ Î�Ï�Ê�ÌÔÊ�Í/Ð�æ��[Æ+Î�ÌXÈdÉ¡Ú�ødÏ�Æ'ÑpÎ�Ø�É¡ÚZÑ¡Ñ

Í ß ÆXÑ/Í É¡Æ'Î�Ë Î�É Æ%Ú�Õ�Í�Î�Ê�ÌÔÆ+Ó�Õ)Ð�ÎHÑ¡Ê�Ë"ÒÔÏ#Í�Î�ÌÔÆ+Ú�ÒdÑFÍ¡É�Î�ÌdÑ¡Ï�Î�Í¡Ê�Ú�Ì�Ú�ÝªÍ/Û�ÚHÈÔÉ Ú�Õ*Æ+ÑNÎ�Ï�Ú�ÌÔÖlÍ ß Æ-Ñ¡Ï�Ú9ÈKÆXÎ�Í
Î"ÓÔÊ�Ñ�Í Î�ÌdØ�Æ

z− zB = 1
Ø�Ë�æ)ë
Î�Ø ß ÈÔÉ Ú�Õ*Æ+Ñ¬ÈKÆ+É�Ý¥Ú9É¡ËlÑ®Î%Í É Î�ÌdÑ�Ï�Î�Í Ê�Ú9ÌHÚ�Ý 0 C0C Ø�Ë�á)Ú�ÌÔÆQÑ/Í�Î�É¡Í¡Ê�ÌÔÖ5Î�Í

Ð�� 07606 Ø�ËÜá�Í ß ÆNÚ�Í ß Æ�É
Î�ÍWÐ�� 0 C 0 Ø�Ë�á9Û ß Ê�Ø ß Ö9Ê�×9Æ+ÑpÎ�ÌlÚ�×9Æ�É Ï�Î�È-Ú�Ý � Ø�ËmÎ�ÍWË5Ê�ÓlÓ�Ê�Ñ�Í Î�ÌKØ�ÆFÚ9Ì"Í ß Æ
Ñ�Ï�Ú�ÈdÊ�ÌÔÖ%Õ*Ú�Í¡Í¡Ú9ËÜæ�� ß Æ�Í¡É�Î�ÌKÑ�Ï�Î�Í Ê�Ú9Ì"Ê�ÑpÉ Æ�È*Æ+Î�Í Æ+Ó"Í ß É¡Æ+Æ®Í¡Ê�ËXÆ'Ñ
Î�Í
Ø�Ú�ÌKÑ/Í�Î�ÌZÍ
Ñ�È*Æ�Æ'Ó�ò 0 Ø�ËOÑ

−1
õ�á�ÒdÑ�ý

Ê�ÌdÖ"ÎàÑ�Í¡Æ+ÈÔÈÔÊ�ÌÔÖ-Ë5Ú�Í Ú�É'æ��[Æ'Î�Ñ¡ÒÔÉ Æ�Ë5Æ�ÌZÍ Ñ
Î�É ÆFÈKÆ+É�Ý¥Ú9É¡Ë5Æ'ÓlÎ�Í
Í/Û�Ú-Ó�Ê�öêÆ�É Æ�ÌZÍ
Ï�Ú)Ø+Î�Í Ê�Ú9ÌdÑNò¥Ç�� 0
� C Ø�Ë
Î�ÌdÓ G �
C Ø�ËrÝ¥É Ú�ËrÍ ß Æ%Ê�ÌÔÏ�Æ�ÍNØ ß Î�ÌÔÌÔÆ�ÏÀõ
æ

�*! o�'�#��J),/�����#��9/R'%#���� #*+ ����� & � � #.) �0- ��� /1#�� � �	� �
� ß ÆàØ�Ú�ÌZÍ É¡Ú9Ï*ÈKÎ�É�Î�Ë5Æ�Í Æ�É�Ñ¬Ê�ÌÜÍ ß Æ%Æ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ Ñ�Î�É¡ÆAÍ ß ÆéÝ¥Ú9Ï�Ï�Ú�Û�Ê�ÌÔÖ[ò³Ñ¡Æ�ÆQødÖ�ÒdÉ¡Æ � õ �
ý � ß Æ"Ê�ÌdÊ#Í Ê�Î�Ï¦Ó�Æ+ÌdÑ�Ê�Í/Ð�Ó�Ê#öêÆ�É Æ�ÌKØ�Æ

∆ρ
Õ*Æ�Í/Û�Æ�Æ+Ì�Í ß Æ-Ñ¡Ú�ÒdÉ Ø�ÆàÎ�ÌdÓÜÍ ß Æ-Î�Ë"ÕÔÊ�Æ�ÌZÍ+áKÆ�Ç�ÈÔÉ Æ+Ñ Ñ�Æ'ÓÜÎ9Ñ
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Í ß Æ%Ê�ÌÔÊ�Í¡Ê�Î�Ï�É Æ+ÓÔÒdØ�Æ'ÓUÖ9É Î ×)Ê�Í/Ð

g′o = g∆ρ/ρo
á�Û ß Æ+É¡Æ

ρo
Ê�Ñ�Í ß ÆàÎ�Ë"ÕÔÊ�Æ+ÌZÍ�ÙdÒÔÊ�ÓÜÓÔÆ�ÌdÑ¡Ê#Í/Ð9æ

ý � ß Æ"É¡Ú�Í Î�Í¡Ê�Ú�Ì[È*Æ�É Ê�Ú�Ó[Ú�ÝpÍ ß Æ-Í¡ÒÔÉ ÌZÍ Î�ÕdÏ�Æ
T
ádÚ9ÉNÆ7EZÒÔÊ�×�Î�Ï�Æ�ÌZÍ¡Ï�ÐÜÍ ß Ælî¬Ú�É Ê�Ú9Ï�Ê�ÑFÈKÎ�É�Î�Ë5Æ�Í Æ�É

f =
4π/T

æ
ý � ß Æ%×9Ú�Ï�ÒÔË5ÆQÙdÚ�ÛRÉ�Î�Í ÆQÊ�ÌZÍ¡É Ú�Ó�ÒdØ�Æ'ÓhÎ�Í®Í ß ÆàÑ¡Ú�ÒÔÉ�Ø�ÆéÚ�Ý Í ß Æ%Ö�É�Î ×ZÊ�Í/ÐHØ�ÒdÉ¡É Æ�ÌZÍ

Qo
æ

ý � ß Æ%ð)Ê�ÌÔÆ�ËlÎ�Í¡Ê�ØA×)Ê�Ñ¡Ø�Ú9Ñ¡Ê#Í/Ð
ν = 10−6

ËOÑ
−2

æ
ý � ß ÆàÑ Î�Ï�ÍFÓ�Ê�ö*ÒdÑ¡Ê�×ZÊ�Í/Ð

κ = 10−9
Ë

2
Ñ
−1

æ
ý � ß ÆhÖ�Æ+Ú�Ë5Æ�Í É¡Ê�Ø5ÈdÎ�É�Î�Ë5Æ�Í¡Æ�É�Ñ+á�ËlÎ�Ê�ÌÔÏ�Ð^Í ß Æ ß Æ+Ê�Ö ß Í

D
� � C Ø�Ë Î�ÌdÓÿÛ�Ê�Ó�Í ß

W
� 0 6 L Ø�Ë Ú�Ý

Í ß Æ%Ê�ÌdØ�Ï�Ê�ÌÔÆàÑ¡Ï�Ú9ÈKÆ%Î�ÌKÓUÍ ß Æ%Û®Î�Í¡Æ+É�Ó�Æ�È�Í ß
Hc

Ê�ÌÜÍ ß Æ%Ê�ÌdÏ�Æ�ÍNØ ß Î�ÌÔÌdÆ�Ï£æ
ý � ß ÆlÏ�Ê�Ñ/Í%Ú�Ý�Æ�Ç�È*Æ�É Ê�Ë5Æ�ÌZÍ�ÑéÛ�Ê#Í ß Í ß Æ�Ê�ÉàÑ¡Æ�ÍàÚ�Ý�ÈdÎ�É�Î�Ë5Æ�Í¡Æ�É�Ñ

∆ρ/ρo
á
T

Î�ÌdÓ
Qo

á�Ê�ÑéÖ9Ê�×9Æ�Ì^Ê�Ì
Í Î�ÕÔÏ�Æ 0 æ

÷dÉ¡Ú9Ë Í ß Æ+Ñ¡ÆFÆ+Ê�Ö ß Í¬È ß Ð)Ñ¡Ê�Ø�Î�ÏdÈdÎ�É�Î�Ë5Æ�Í Æ�É�Ñ�á�Ú9ÌÔÆNØ+Î�ÌHÓ�Æ�ødÌÔÆNÑ¡Ê#Ç5Ê�ÌdÓ�Æ�È*Æ�ÌKÓ�Æ�ÌZÍ¬ÌdÚ�Ì�ý�Ó�Ê�ËXÆ+ÌdÑ¡Ê�Ú9ÌdÎ�Ï
ÈdÎ�É�Î�Ë5Æ�Í¡Æ�É�Ñ+ædüNÑ Ñ�ÒdËXÊ�ÌÔÖUÍ ß Î�ÍNÍ ß Æ"Ë5Ú�Ï�Æ+Ø�ÒÔÏ�Î�ÉAÓÔÊ#öêÒdÑ¡Ê�×)Ê�Í/ÐÜÆ�ö*Æ'Ø
Í�Ñ

κ
Ê�ÑAÌÔÆ+Ö�Ï�Ê�Ö9Ê�ÕÔÏ�Æ-Î�ÌdÓ�Í ß Î�ÍNÍ ß Æ

ß Æ�Ê�Ö ß Í
Hc

Ê�Ñ�ÌÔÚ�ÍFÉ¡Æ+Ï�Æ+× Î�ÌZÍ+á�Û�ÆéÎ�É¡ÆéÏ�Æ+ÓhÍ¡ÚXÝ¥Ú9ÒÔÉFÊ�ËXÈ*Ú�É¡Í Î�ÌZÍ®È ß Ð�Ñ¡Ê�Ø+Î�ÏâÈdÎ�É Î�Ë5Æ�Í¡Æ+É Ñ+æ)ú�Ì[Î�ÓÔÓ�Ê�Í¡Ê�Ú�Ì
Í¡ÚQÍ ß Æ®Ñ¡Ï�Ú�È*Æ

s = D/W = 0.25
á+Í ß Æ'Ñ�Æ�Ñ ß Ú�ÒdÏ�Ó"Ê�ÌKØ�Ï�ÒdÓ�Æ�Í ß Æ O�ÒÔÉ Ö�Æ+ÉªÌ)ÒÔË"ÕKÆ+É+á�� 
 á Í ß Æ ��Æ�Ð)ÌÔÚ9Ï�ÓÔÑ

Ì)ÒÔË-Õ*Æ�É'á�� � á)Î�ÌKÓ5Í ß Æ ��Ú9Ñ Ñ¡ÕZÐXÌ)ÒÔË-Õ*Æ�É'á�� � á)Ó�Æ�È*Æ�ÌKÓ�Ê�ÌdÖ-Ú�ÌhÎ%×�Æ+Ï�Ú�Ø�Ê�Í/Ð5Ñ¡Ø+Î�Ï�Æ
Uo

æ �FÚ�Û�Æ�×9Æ�ÉpÍ ß Æ
×�Æ+Ï�Ú�Ø�Ê�Í/Ð7Ê�ÑéÌÔÚ�Í-ÓÔÊ�É Æ+Ø�Í¡Ï�ÐBÎ[Ø�Ú9Ì9Í É¡Ú9ÏãÈdÎ�É�Î�Ë5Æ�Í Æ�É'áâÎ�ÑéÛ�ÆXÊ�Ë5ÈKÚZÑ�ÆlÊ�ÌdÑ�Í¡Æ'Î�ÓBÍ ß Æ5ÙdÚ�Û�É Î�Í¡Æ

Qo
áâÚ�É

Í ß Æ%É Æ�Ï�Î�Í Æ+ÓhÕÔÒÔÚ�ÐZÎ�ÌdØ�Ð5ÙdÒ�Ç
Bo

�

Bo = g′o Qo
ò ó æ 0 õ

� ß Æc×�Æ�Ï�Ú�Ø�Ê�Í/ÐåÑ Ø�Î�Ï�Æ
Uo

á®Î�ÑhÛ�Æ�Ï�ÏQÎ9ÑHÍ ß ÆBÊ�ÌÔÊ�Í¡Ê�Î�Ï%Ø�ÒÔÉ É Æ�ÌZÍHÍ ß Ê�Ø�ð)ÌÔÆ'Ñ¡Ñ
ho

Î�ÌdÓ?Û�Ê�Ó)Í ß
Lo

á�Ø�Î�Ì
ÕKÆlÈ ß Ð�Ñ¡Ê�Ø+Î�Ï�Ï�ÐBÆ�×�Î�Ï�ÒdÎ�Í Æ+ÓBÝ¥É¡Ú9ËôÍ ß ÆHØ�Ï�Î�Ñ Ñ�Ê�Ø�Î�ÏªÆ'Ñ/Í Ê�ËlÎ�Í¡ÆlÚ�Ý¬Í ß ÆlÊ�ÌÔÊ�Í¡Ê�Î�ÏW×9Æ�Ï�Ú�Ø�Ê�Í/Ð

Uo =
√
g′oho

á
Ø�Ú9Ë-ÕÔÊ�ÌÔÆ+Ó"Û�Ê�Í ß Í ß Æ®Ê�Ì9Í Æ�Ö9É Î�ÏZØ�Ú�ÌdÑ�Í¡É�Î�Ê�ÌZÍªÚ9ÌàÍ ß Æ¬ÙKÚ�ÛìÉ�Î�Í¡Æ

Bo = g′oQo = g′o ho LoUo
Î�ÌKÓ-Û�Ê�Í ß

Î�Ì ß Ð)ÈKÚ�Í ß Æ'Ñ�Ê�ÑâÚ�Ý ß Ð�Ó�É Ú9Ñ�Í Î�Í¡Ê�ØªÎ�ÌdÓéÖ�Æ+Ú9Ñ�Í¡É Ú�È ß Ê�ØªÕdÎ�Ï�Î�ÌdØ�ÆpÊ�ÌéÍ ß Æ
Ê�ÌÔÏ�Æ�ÍªØ ß Î�ÌÔÌdÆ�Ï
f Uo = g′o ho/Lo

æ
� ß Æ+Ñ¡ÆéÆ+Ñ�Í¡Ê�ËlÎ�Í¡Æ'Ñ�Ð)Ê�Æ+Ï�ÓUÍ ß ÆéÝ¥Ú�Ï�Ï�Ú�Û�Ê�ÌÔÖ5É¡Æ+Ï�Î�Í¡Ê�Ú�ÌdÑ

Uo = (Bo f)
1/4 ò ó æ � õ

Lo =
(
Bo f

−3
) 1/4 ò ó æ ó õ

ho = (Bo f)
1/2

g′ −1

o

ò ó æ L õ
� ß Æ
×�Æ+Ï�Ú�Ø�Ê#Í/ÐAødÆ�Ï�ÓàÊ�Ì%Í ß Æ
Ê�ÌÔÏ�Æ�ÍpØ ß Î�ÌÔÌdÆ�Ï ß Î�Ñ¦ÕKÆ+Æ�Ì-Ó�Ê�É Æ+Ø
Í Ï�Ð%Î�ÌdÎ�Ï�Ð���Æ+ÓéÕ)ÐéùWú�ûåË5Æ+Î�Ñ¡ÒÔÉ Æ�Ë5Æ�ÌZÍ�Ñ�æ

üFÌHÆ�ÇÔÎ�Ë5ÈÔÏ�ÆNÚ�Ý�Î-ËXÆ'Î�Ìl×9Æ�Ï�Ú)Ø�Ê#Í/Ð"ødÆ+Ï�ÓHÎ�Í
z− zB = 2

Ø�Ë�Ý¥É Ú�ËmÍ ß ÆQØ ß Î�ÌdÌÔÆ�Ï£ï ÑWÙdÚ)Ú�É¬Ê�Ñ
Ö�Ê�×�Æ�ÌlÊ�Ì
ødÖ�ÒdÉ¡Æ ó ò 
 õ
æ � ß ÆQØ�Ú9É¡É Æ+Ñ¡ÈKÚ9ÌdÓ�Ê�ÌÔÖ%×�Æ+É�Í Ê�Ø+Î�Ï*Ø�Ò�Í�Ú�ÝâÍ ß ÆN×�Æ+Ï�Ú�Ø�Ê#Í/Ð5ÈÔÉ Ú�ødÏ�ÆFÊ�Ñ
ÈdÏ�Ú�Í�Í¡Æ'ÓlÊ�ÌHødÖ9ÒÔÉ¡Æ ó ò��'õÛ�Ê#Í ß ×�Æ+Ï�Ú�Ø�Ê�Í¡Ê�Æ+Ñ5ÌdÚ�É Ë5Î�Ï�Ê���Æ'ÓSÕ)Ð

Uo
á
Î9ÑlÓ�Æ�øKÌÔÆ+ÓåÕ)ÐRò ó æ � õ
æ�� ß Æ+Ñ¡ÆÜÉ Æ+Ñ¡ÒÔÏ�Í ÑHØ�Ú�Ì�øKÉ¡Ë Í ß Î�ÍlÍ ß Æ

Ê�ÌdÊ#Í Ê�Î�Ï�×�Æ+Ï�Ú�Ø�Ê�Í/ÐHÊ�ÑFØ�Ï�Ú9Ñ¡ÆQÍ¡ÚXÍ ß Æà×�Æ+Ï�Ú�Ø�Ê�Í/ÐUÑ Ø�Î�Ï�Æ
Uo

ádÎ�ÌdÓhÍ ß Î�Í�Í ß Æ%Û�Ê�Ó�Í ß Ñ¡Ø+Î�Ï�Æ
Lo

Î�ÌKÓhØ�ÒÔÉ¡É Æ�ÌZÍ
Í ß Ê�Ø�ð)ÌÔÆ+Ñ Ñ�Ñ Ø�Î�Ï�Æ

ho
Ó�Æ�ødÌÔÆ'ÓhÕ)Ðcò ó æ ó õ�Î�ÌdÓ^ò ó æ L õ�ÈÔÉ Ú�×)Ê�ÓÔÆAÖ9ÚZÚ�ÓhÆ+Ñ�Í¡Ê�ËlÎ�Í¡Æ'Ñ�æ

÷dÉ¡Ú9ËmÍ ß Æ'Ñ�ÆNÑ Ø�Î�Ï�Æ'Ñ�á9Ú�ÌÔÆAØ�Î�ÌhØ�Ï�Î�Ñ Ñ�Ê�Ø�Î�Ï�Ï�Ð"Ó�Æ�ødÌÔÆQÎ4O�ÒÔÉ¡Ö9Æ�ÉWÌ)ÒÔË"ÕKÆ+É�� 

= s g′o/(f

2W )
Î�ÌdÓHÎ

��Ú9Ñ Ñ¡ÕZÐéÌ)ÒÔË"ÕKÆ+É�� �
= Uo/(f W )

á�Ó�Æ�È*Æ�ÌdÓÔÊ�ÌÔÖéÚ9ÌàÍ ß Æ®Ñ¡Ï�Ú�È*Æ¬Û�Ê�Ó)Í ß
W

æ��FÚ�Û�Æ�×9Æ�É'á+Û�Æ�Î�É¡Æ¬Ê�ÌZÍ Æ�É¡ý
Æ+Ñ�Í¡Æ'ÓàÊ�ÌàÍ ß Æ�Ó�Ð)ÌdÎ�Ë5Ê�Ø+Ñ Ú�Ý�Í ß Æ¬Ý¥É¡Æ+Æ¬Ö9É Î ×)Ê�Í/ÐAØ�ÒÔÉ¡É Æ�ÌZÍ'á+Ë5Ú�×)Ê�ÌdÖNÚ�ÌàÍ ß Æ�Ê�ÌKØ�Ï�Ê�ÌÔÆ®Ñ¡Ï�Ú9ÈKÆ¬Û�Ê#Í ß Ú�Ò�ÍpØ�Ú9Ì�ý
ødÌÔÆ+ËXÆ+ÌZÍ
Õ)Ð"Ê�Í Ñ
Ï�Î�Í¡Æ�É�Î�ÏdÕKÚ9ÒÔÌdÓÔÎ�É¡Ê�Æ+Ñ+æ�ú�Ì5Í ß Ê�Ñ¬Ø�Î�Ñ¡Æ�á�Û¬ÆNÓÔÚ%ÌÔÚ�Í
Æ�Ç�ÈKÆ'Ø
ÍWÍ ß ÆFÛ�Ê�Ó)Í ß

W
Í ÚàÈÔÏ�Î Ð"Î�Ì

Ê�Ë5È*Ú�É¡Í Î�Ì9Í¬É¡Ú9Ï�Æ9á�Ñ�ÚàÍ ß ÆFÉ�Î�Í Ê�Ú
M =

� 

/
� �

= s g′o/(f Uo)
áZÊ�ÌlÛ ß Ê�Ø ß

W
ß Î�Ñ
ÕKÆ+Æ�ÌlÆ+Ï�Ê�Ë5Ê�ÌdÎ�Í¡Æ'Óâá

Ñ ß Ú�ÒÔÏ�ÓUÕ*ÆQÍ ß ÆéÉ Æ�Ï�Æ�×�Î�ÌZÍ�ÈdÎ�É�Î�Ë5Æ�Í Æ�É'æ9ú�ÍFØ+Î�ÌÜÕKÆé×)Ê�Æ+Û¬Æ'ÓUÎ9Ñ
Í ß ÆéÉ Î�Í¡Ê�Ú-Ú�Ý Í ß ÆAÍ Ú�È*Ú�Ö9É Î�È ß Ê�ØNÑ¡Ï�Ú9ÈKÆ
ò
s
õNÚ�×�Æ�ÉNÍ ß ÆXÌdÎ�Í¡ÒÔÉ�Î�ÏãÑ�Ï�Ú�È*Æ-Ú�ÝpÍ ß ÆXÊ�Ñ�Ú9ÈZÐ�Ø�ÌdÎ�Ï�ÑFÖ9Ê�×9Æ�Ì7Õ)ÐÜÍ ß ÆXÊ�ÌÔÊ#Í Ê�Î�ÏãÖ�Æ�ÚZÑ/Í É¡Ú9È ß Ê�ØéÆ7EZÒÔÊ�Ï�Ê�ÕÔÉ Ê�ÒdË

ò
ho/Lo = f Uo/g

′

o

õ�æ¦ÅcÆUØ+Î�Ï�ÏWÊ#Í-Í ß ÆHË5Ê�Ç�Ê�ÌÔÖBÈdÎ�É�Î�Ë5Æ�Í Æ�É
M

áªÎ�Ñ%Û�ÆHÑ ß Î�Ï�Ï
Ñ�Æ+ÆlÍ ß Î�Í-Ê�Í-É Æ�ÈÔÉ Æ�ý
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	Z���+�
¿¦¤���§NÂX���+��Á � �#��� �����Ü� �'���/�'���/�A�����'� �5�/�9�à�Z�����Z�
������Z�l�9�#�����/�
�c���O¤���§é��� y = −20 ��� ���/�'� �/�Z�l� �)�^���®�/�Z�l���9�#�¡�"���)���Z�9���À¿p¨ª�+���/�+�9�/�à�������/�������'�Z��/� U/Uo � º�¿ ¹�µâº�¿ � , . . . , º�¿ Ã�¿�
ã�Z���FÁ � ���/���
���¦��� � �/���'�����F�'�����+���Z�
�U���H�#���9�
���N�����/� �/���'�#���/���+� ���/�'� ���'������+�����/���+�Z�W� �ê�/�9�®�#�+��� �
���9��� �
µ����)�9���
���/�
�X��� �+�/� �-�)���)���ª�/���9�/� �������/�#���A�/�9�®�����/���à���/�
�%�/�Z�������Z�����p���ê�/�Z��#�+���¡�W���Z��� �
¿�
ã�Z�������/� � ���+���¬� �d�/�Z� �+���
Á������%�������/�����ª���ã���+�%� �W�)���ã���%���+�/�9�
�%�'���ã���Q�/�9�#�¦�����/�¡�/���'�#���/���'����/���������N¤¥��½��K¿��QÄA� �ê�����Z���é¼'µ����+� �W�9�#��� ho = 4 � �5µ Lo = 25 ���a�+�Z� Uo = 7.72 ���B� −1 §¡¿

Ñ�Æ+ÌZÍ ÑNÍ ß Æ5Î�Ë5Ú�ÒdÌ9ÍQÚ�ÝWÖ9Ï�Ú9ÕdÎ�Ï¦ËXÊ�Ç�Ê�ÌdÖhÚ�ÝpÍ ß ÆXÖ�É�Î ×)Ê#Í/ÐÜØ�ÒÔÉ É¡Æ+ÌZÍAÛ�Ê�Í ß Í ß Æ"Î�Ë-ÕÔÊ�Æ�ÌZÍ'æ*÷dÉ¡Ú9Ë Í ß Æ+Ñ¡Æ
Ø�Ú9ÌdÑ�Ê�Ó�Æ+É Î�Í¡Ê�Ú�ÌdÑ+á Û�ÆÜÓÔÆ�ødÌÔÆhÍ ß ÆhÙKÚ�ÛrØ�Ú�ÌKÓ�Ê#Í Ê�Ú9ÌdÑ"ÕZÐÿÍ ß ÆhÝ¥Ú�Ï�Ï�Ú�Û�Ê�ÌÔÖ^Ñ¡Æ�Í5Ú�ÝNÝ¥Ú�ÒÔÉ5Ê�ÌdÓ�Æ�È*Æ�ÌKÓ�Æ�ÌZÍ
ÌÔÚ�ÌÔý�Ó�Ê�Ë5Æ�ÌdÑ¡Ê�Ú�ÌdÎ�ÏâÈdÎ�É�Î�Ë5Æ�Í Æ�É�Ñ �

� ß ÆéË5Ê�Ç)Ê�ÌÔÖlÈdÎ�É Î�Ë5Æ�Í¡Æ+É
M =

s g′o
f Uo

= s g′o f
−5/4B −1/4

o

ò ó æ � õ

� ß Æ%Û�Ê�Ó)Í ß É�Î�Í Ê�Ú Lo

W
= f −3/4 B 1/4

o W −1
ò ó æ I õ

� ß Æ ��Æ�Ð)ÌÔÚ9Ï�ÓÔÑ®Ì)ÒÔË"ÕKÆ+É � �
=
Uo ho

ν
= ν −1 g′ −1

o f 3/4 B 3/4

o

ò ó æ G õ

� ß ÆàÑ¡Ï�Ú9ÈKÆ
s = D/W

ò ó æ 8 õ

ûWÎ�Ï�ÒÔÆ+ÑUÚ�ÝéÍ ß Æ+Ñ¡Æ7ÈdÎ�É�Î�Ë5Æ�Í¡Æ�É�Ñ5Ý¥Ú9ÉlÍ ß Æ^Æ�Ç�È*Æ�É Ê�Ë5Æ�ÌZÍ�ÑHØ�Î�É¡É Ê�Æ'ÓåÚ�Ò�ÍhÎ�É¡Æ[Ö9Ê�×9Æ�Ì<Ê�ÌOÍ ß ÆBÍ Î�ÕÔÏ�Æ 0 æ
� ß Æ+Ñ¡ÆF×�Î�Ï�ÒÔÆ'ÑpÛ¬Æ+É¡ÆFØ ß Ú9Ñ¡Æ�ÌXÍ¡Ú-Î�ÈÔÈÔÉ Ú9Î9Ø ß Ó�Ð)ÌdÎ�Ë5Ê�Ø+Î�ÏdÑ¡Ê�Ë5Ê�Ï�Î�É¡Ê�Í/Ð-Û�Ê�Í ß Ú)Ø�Æ+Î�ÌÔÊ�Ø�Ø+Î�Ñ¡Æ+Ñ+æ � ß ÆFÏ�Î�É Ö�Æ
Ó�Ê�ËXÆ+ÌdÑ¡Ê�Ú9ÌdÑlÚ�ÝQÍ ß Æ[Í¡ÒÔÉ ÌZÍ Î�ÕÔÏ�Æ7Î�Ï�Ï�Ú�Û ÒKÑ5Í¡ÚäÉ Æ+Î9Ø ß Ñ¡Ò�FHØ�Ê�Æ�ÌZÍ¡Ï�Ð ß Ê�Ö ß ��Æ�Ð)ÌÔÚ9Ï�ÓÔÑ5Ì)ÒÔË"ÕKÆ+É ÑlÝ¥Ú�É
Û ß Ê�Ø ß Í ß Æ7Ë5Æ+Î�ÌåÙdÚ�Û ÈdÉ¡Ú9ÈKÆ+É�Í Ê�Æ'Ñ5ÕKÆ'Ø�Ú�Ë5Æ[Ê�ÌdÓ�Æ+ÈKÆ+ÌdÓ�Æ�ÌZÍUÚ�Ý � � æ�� ß Æ[É Ú�Í Î�Í¡Ê�Ú�ÌåÈKÆ+É¡Ê�Ú�Ó<Î�ÌdÓ
Í ß ÆUÊ�ÌÔÊ�Í¡Ê�Î�Ï¬Ó�Æ�ÌdÑ¡Ê�Í/ÐBÆ�ÇÔØ�Æ+Ñ Ñ%Î�É Æ5Í ß Æ+ÌÿÎ9Ó
�/ÒdÑ�Í¡Æ'ÓcÍ¡Ú[ð�Æ+Æ�ÈäÑ¡Ë5Î�Ï�ÏKO�ÒÔÉ Ö�Æ+ÉàÎ�ÌdÓ ��ÚZÑ¡Ñ¡Õ)Ð7Ì)ÒÔË-Õ*Æ�É�Ñ
Î�ÌdÓåÑ¡Ë5Î�Ï�Ï�Û�Ê�Ó)Í ß É�Î�Í Ê�Ú

Lo/W � 1
áWÑ¡Ú^Í ß Î�ÍlÍ ß Æ�ÙdÚ�Û Ê�Ñ5ÌÔÚ�ÍUØ�Ú9ÌdÑ/Í É Î�Ê�ÌdÆ+ÓSÕ)ÐäÍ ß Æ[Ï�Î�Í¡Æ+É Î�Ï

Ï�Ê�Ë5Ê#Í�ÑQÚ�ÝãÍ ß Æ5Ñ¡Ï�Ú9ÈKÆ9æKü�Ö�É�Î ×ZÊ�Í/ÐUØ�ÒÔÉ¡É Æ�ÌZÍNÕ*Ú�Í ß Ý¥ÒÔÏ�Ï�ÐhÍ ÒÔÉ ÕÔÒÔÏ�Æ�ÌZÍXò ß Ê�Ö ß ��Æ+ÐZÌdÚ�Ï�ÓÔÑNÌ)ÒÔË"ÕKÆ+É�õNÎ�ÌdÓ
Ñ/Í É¡Ú9ÌÔÖ�Ï�Ð5Ê�ÌÔÙdÒÔÆ�ÌKØ�Æ+ÓUÕ)ÐXÉ Ú�Í�Î�Í Ê�Ú9ÌBò³Ñ¡ËlÎ�Ï�Ï ��ÚZÑ¡Ñ¡Õ)Ð5ÌZÒdË-Õ*Æ�É
õWÊ�ÑWÍ ß Æ�ÌÜÚ�ÕÔÍ Î�Ê�ÌÔÆ'Óâæ(2AÊ�ö*Æ+É¡Æ+Ì9Í®Ê�ÌÔÊ#Í Ê�Î�Ï
Ø�Ú9ÌdÓ�Ê�Í¡Ê�Ú�ÌdÑ®Ø�Î�ÌHÏ�Æ+Î�ÓHÍ¡Ú5Ñ�Ê�Ë5Ê�Ï�Î�É

M
Ì)ÒÔË"ÕKÆ+É ÑQò¥ëpÇ�È�æ�� ó á�� I Î�ÌdÓ�� 8 Ý¥Ú9É¬Æ�Ç�Î�Ë5ÈÔÏ�Æ õWÚ9É�Ñ¡Ê�ËXÊ�Ï�Î�É

��Æ�Ð)ÌÔÚ9Ï�ÓdÑlÌ)ÒÔË-Õ*Æ�É�Ñ7ò¥ëWÇ)È æ�� 0 á�� I Î�ÌdÓ�� 0+ó Ý¥Ú�ÉHÆ�ÇÔÎ�Ë5ÈÔÏ�Æ'õ
æ � ß Æ+Ñ¡Æ7É ÒÔÌdÑlÛ�Æ�É Æ�ÈKÆ+É�Ý¥Ú9É¡Ë5Æ+Ó
Í¡ÚÿÊ�ÌZ×9Æ+Ñ�Í¡Ê�Ö9Î�Í¡Æ�Ñ�Æ+ÈdÎ�É�Î�Í Æ�Ï�ÐÿÍ ß Æ[Ê�Ë5ÈKÚ9É�Í�Î�ÌdØ�ÆhÚ�ÝAÍ ß Æ�ÌÔÚ�ÌOÓ�Ê�ËXÆ+ÌdÑ¡Ê�Ú9ÌdÎ�Ï�ÈdÎ�É Î�Ë5Æ�Í¡Æ+É Ñ+æãú�ÌåÑ¡Ú�Ë5Æ
Æ�Ç�È*Æ�É Ê�Ë5Æ�ÌZÍ�Î�ÏpÉ ÒÔÌdÑ+áâÆ�Ê�Í ß Æ+É%Í ß ÆlÛ�Ê�Ó)Í ß É�Î�Í Ê�Ú

Lo/W
Û®Î�ÑAÍ ÚZÚ�Ï�Î�É Ö�ÆlÎ�ÌKÓ7Í ß ÆlÖ�É�Î ×)Ê#Í/Ð[Ø�ÒdÉ¡É Æ�ÌZÍ
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�����������
	 �
����������������	������ �������������
��� � � ����� ����� �"!��$#%����� ��� � � ����� ���&�

��½��d¿ � ∆ρ/ρo T Qo M ')( �
o

�
o

°
o

[%] * �,+ * ��� −1 + * ���-+ * ���-+ * ���B� −1 +
¼ º�¿ �'· » º º�¿ Ä+» º�¿ ¾'¹ ¸�¿ Ã�»5¼
º 3 ·�¿ Ã�¸ Ã+º Ä�¿ Ã�º
Ã º�¿ �'· » º ¼+¿ Ä'¹ º�¿ �+Ä Ä�¿ Ä+¾X¼
º 3 ¹�¿ » � Ã'· ��¿ ¹+¾¸ º�¿ �'· Ä'º º�¿ � � ¼'¿ ·�» Ã�¿ ��»5¼
º 3 »9¿ Ä+¹ Ã+¹ ·�¿ ¹ �
» .0/�1&2 3�. 40/�5�4 40/�6�7 5�/98�6�40. 3 20/98�6:7�. ;0/98<7· ¼'¿ ·+º » º º�¿ ¸ � ¼'¿ ¹'¹ ¸�¿ ¹�¼%¼
º 3 Ã�¿ ¹�¼ Ã+º Ä�¿ »'¸
Ä ¼'¿ ·+º » º º�¿ � � ¼'¿ ·+Ä ¸�¿�¼�¸X¼
º 3 »9¿ º+Ä Ã'· ��¿ �+Ã
� ¼'¿ ·+º » º ¼+¿ Ä'¹ ¼'¿ Ã+¾ ·�¿ Ä'Ã"¼
º 3 ·�¿ ¾+¾ ¸'º ¾�¿ ¸+¾
¹ ¼'¿ ·+º »�� ¼+¿ Ä'¹ ¼'¿ · � »9¿ ¾�¼%¼
º 3 ·�¿ ·�¸ ¸+» ¾�¿ º'Ã¾ 40/�2=. 3�. .0/�101 5�/>1�8 40/�3�;?40. 3 8�/�3�1@7�4 ;0/ 7
6
¼
º 40/�2=. 3�. 40/�;&3 5�/�.A; 5�/�5�4?40. 3 7
/98<7 2=. 1A/�3=6¼'¼ ¸�¿ º » º º�¿ ¸ � ¸�¿�¼
Ä ¼'¿ ·+Ã"¼
º 3 ¼'¿ ¾+¾ Ã�» ��¿ Ä'·
¼�Ã ¸�¿ º » º º�¿ � � Ã�¿ Ä'¸ Ã�¿ Ä+¸X¼
º 3 Ã�¿ ¹ � Ã+¾ ¾�¿�¼�¹¼
¸ ¸�¿ º » º º�¿ ¾'¹ Ã�¿ » ¹ ¸�¿�¼�ÄX¼
º 3 ¸�¿ Ã�» ¸�¼ ¾�¿ ��Ä

BDCFE
G 	 ��
 �K�����¬� ���/�Z�F� ½���� �/���%�����/���W���/�lÁ'�����Z���
� ���/�Z�F���+�����/�'�ê�Z�����+�%�¡�/� �/� HZ�/�9�A�����Z�������5���JIÔ�¡�/���Z���
∆ρ/ρo

µ��/�Z�à���+� ���/�+�����/���+�c��� �/����� T �+�)���/�9�XÁ �+�#�9�%� 	Z� �������/� Qo
���é�/�9�X�������/�����é���'���/���'¿ 
ã�Z��������/�������'�Z�9��� �FÁ+�+���Z� �¦���d�/�9�W�Z�'��¯��9���%���Z�����+�)�+���)�����+�%� �/�¡�/�ª���)�é���
���#� ��µ��9� �Z�Z�
�Q���"¤¥¸�¿ Ã�¯�¸�¿ �+§¦���/�����#���

�+�#Á'���K¿ �K���Z��� ���é�����+�����¬� �+���/�������+�)�A�/�F�������/�#� Lo / W �W�9���¡�é��� �Z���¦���à�����¥µ'���®�/�)���¦�#���/� ���+�)� �'���Z�Z���%� �����IÔ� � �/�W�à�
�"�����/�¡�
�/�9���/�����9���/��¿

Û¬Æ+ÌZÍWËXÚ9É¡Æ�É�Î�ÈdÊ�Ó�Ï�Ð"ÓÔÚ�Û�Ì-Í ß ÆNÑ¡Ï�Ú9ÈKÆ9á�É¡Æ'Î�Ø ß Ê�ÌÔÖQÍ ß ÆFÕKÚ�Í�Í Ú�Ë Ú�ÝêÍ ß Æ�Í ÒÔÉ Ì9Í�Î�ÕÔÏ�Æ�á�Ú�ÉãÍ ß Æ�Í ß Ê�Ø�ð)ÌÔÆ+Ñ Ñ
ho

Û®Î�Ñ�×9Æ�É ÐUÑ�ËlÎ�Ï�Ï�Î�ÌdÓHÍ ß Æ%ùWú�ûaË5Æ'Î�Ñ¡ÒÔÉ¡Æ+Ë5Æ�ÌZÍ Ñ�Ï�Ú9Ñ�Í�Î9Ø�Ø�ÒÔÉ Î9Ø�Ð9æ
KAÑ�Ê�ÌÔÖQÍ ß ÆFÑ¡Ø+Î�Ï�Æ+Ñ®ò ó æ � ý ó æ L õ
á'Í ß Æ®×9Æ�Ï�Ú)Ø�Ê#Í/ÐàødÆ�Ï�ÓÔÑ+á�É¡Æ'Ó�ÒdØ�Æ'Ó-Ö9É Î ×)Ê�Í/Ð%Î�ÌdÓXØ�ÒÔÉ É Æ�ÌZÍ¦Í ß Ê�Ø�ðZÌdÆ+Ñ ÑpØ�Î�Ì

ÕKÆNÛ�É¡Ê�Í�Í Æ�ÌlÊ�ÌHÎ%ÌÔÚ�ÌÔý�Ó�Ê�Ë5Æ�ÌdÑ¡Ê�Ú�ÌdÎ�Ï)Ý¥Ú�É ËÜáZÎ�ÑãÝ¥ÒdÌdØ
Í Ê�Ú9ÌdÑWÚ�ÝKÍ ß ÆFÉ Æ+Ó�ÒdØ�Æ+ÓlØ�ÚZÚ9É ÓÔÊ�ÌdÎ�Í¡Æ'ÑãÚ�ÝâÈKÚZÑ�Ê�Í¡Ê�Ú�Ì
Î�ÌdÓhÍ Ê�Ë5Æ�á

u(x, y, t) = (Bof)
1/4

ũ(x/Lo, y/Lo, ft)
ò ó æ 6 õ

g′(x, y, t) =
(
Bof

5
)1/4

g̃′(x/Lo, y/Lo, ft)
ò ó æ 0 C õ

h(x, y, t) = s
(
Bof

−3
)1/4

h̃(x/Lo, y/Lo, ft)
ò ó æ 090 õ

Å^Æ®Ñ ß Î�Ï�Ï9Ø�Ú�ÌdÑ¡Ê�ÓÔÆ�ÉªËXÚ9É¡Æ¬Ñ�È*Æ+Ø�Ê#øKØ+Î�Ï�Ï�ÐAÍ¡Ê�Ë5Æ�Î ×9Æ�É�Î�Ö9Æ+ÓNødÆ�Ï�ÓÔÑ+á'Æ�Ç�ÈÔÉ¡Æ'Ñ¡Ñ¡Æ+ÓéÊ�Ì%Í Æ�É Ë5Ñ¦Ú�ÝdÑ�Í¡É Æ+Î�ËXý£Û�Ê�Ñ�Æ
Î�ÌdÓBÍ¡É�Î�ÌKÑ�×9Æ�É�Ñ�ÆXØ�Ú)Ú�É�Ó�Ê�ÌdÎ�Í Æ+Ñ5ò

χ
á
η
õ
æ � ß Æ5ËlÎ�Ç�Ê�Ë-ÒÔËÞËXÚ�Ó�ÒdÏ�ÒdÑàÚ�Ý
Í ß Ê�ÑàÎ ×�Æ+É Î�Ö�Æ+Ó�×9Æ�Ï�Ú�Ø�Ê�Í/ÐBÎ�Í

Î�ÕdÑ Ø�Ê�Ñ Ñ¡Î
χ
Ê�ÑªÍ ß Æ+ÌlÓ�Æ�ÌÔÚ�Í¡Æ'Ó

Um
æ � ß Æ�Ø�Ú�É É¡Æ'Ñ�È*Ú�ÌdÓÔÊ�ÌÔÖQ×�Æ+É�Í Ê�Ø+Î�Ï�Î ×�Æ+É Î�Ö�Æ'Ó%Ó�Æ�ÌdÑ¡Ê�Í/ÐàÈÔÉ Ú�ødÏ�Æ®Ê�ÑªÍ ß Æ�Ì

Ó�Æ+Ñ Ø�É Ê�ÕKÆ'ÓhÊ�ÌÜÍ¡Æ+É¡ËlÑ®Ú�ÝpÎXËlÎ�Ç�Ê�ËlÎ�Ï�É¡Æ'Ó�ÒdØ�Æ+ÓhÖ�É�Î ×ZÊ�Í/Ð
g′m

Î�ÌKÓUÍ ß Ê�Ø�ðZÌdÆ+Ñ Ñ
hm

æd÷ÔÉ Ú�Ë ò ó æ 6 ý ó æ 0�0 õ
áÍ ß Æ'Ñ�ÆàÎ ×9Æ�É�Î�Ö9Æ+Ó EZÒdÎ�Ì9Í Ê#Í Ê�Æ'Ñ�Ø�Î�ÌhÕ*Æ%Æ�Ç�ÈÔÉ Æ+Ñ Ñ�Æ'ÓHÊ�ÌÜÍ ß Æ%ÌÔÚ9Ì�ý�Ó�Ê�Ë5Æ+ÌdÑ�Ê�Ú�ÌKÎ�Ï*Ý¥Ú�É Ë �

Um

Uo
= U(χ/Lo)

ò ó æ 0 � õ

g′m
g′o

=
1

M
G(χ/Lo)

ò ó æ 0'ó õ

hm

ho
= M H(χ/Lo)

ò ó æ 0 L õ
� ß Æ[ÌÔÚ�Ì�ý�Ó�Ê�Ë5Æ�ÌdÑ¡Ê�Ú9ÌdÎ�Ï�Ý¥ÒÔÌKØ
Í¡Ê�Ú�ÌKÑHÓ�Æ�øKÌÔÆ+ÓOÎ�Õ*Ú�×�Æÿò

U ,G
Î�ÌdÓ

H
õ5Ó�Æ�È*Æ�ÌdÓOÎcÈÔÉ Ê�Ú9É¡Ê�Ú9ÌìÍ ß Æ

Ý¥Ú�ÒÔÉXÌÔÚ9Ì�ý�ÓÔÊ�Ë5Æ�ÌKÑ�Ê�Ú�ÌdÎ�Ï¬ÈKÎ�É�Î�Ë5Æ�Í Æ�É�ÑUò ó æ � ý ó æ 8 õ
æ
�FÚ�Û�Æ�×�Æ+ÉàÛ�ÆhØ�Ú9ÌdÑ¡Ê�Ó�Æ+É-Í ß Æ�Ø�Î�Ñ¡ÆUÚ�ÝNÎBØ�ÒÔÉ¡É Æ�ÌZÍ
ÒÔÌdØ�Ú�Ì�ødÌdÆ+ÓlÕ)Ð"Í ß ÆAÏ�Î�Í¡Æ�É�Î�ÏdÕKÚ9ÒÔÌdÓÔÎ�É¡Ê�Æ+Ñ
Ú�ÝâÍ ß ÆAÑ¡Ï�Ú9ÈKÆ9á9Ñ¡Ú%Í ß Î�Í

Lo/W � 1
Î�ÌdÓXÍ ß Ê�Ñ
ÈdÎ�É Î�Ë5Æ�Í¡Æ+É

Ñ ß Ú�ÒÔÏ�Ó-ÌdÚ�ÍpÊ�ÌÔÙdÒÔÆ�ÌKØ�Æ�Í ß Æ�Ó�Ð)ÌdÎ�Ë5Ê�Ø+Ñ�æ�� ß Æ ��Æ+ÐZÌdÚ�Ï�ÓÔÑªÌZÒdË-Õ*Æ�É�� � Ê�ÑpÎ�Ñ Ñ¡ÒÔË5Æ+Ó-Ñ¡Ò�FHØ�Ê�Æ�ÌZÍ Ï�ÐàÏ�Î�É Ö�Æ
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Ñ�ÚFÍ ß Î�Í�Í ß Æ¬Ë5Æ+Î�ÌéÙKÚ�Û^ÈÔÉ Ú�È*Æ�É¡Í¡Ê�Æ+Ñ ÕKÆ'Ø�Ú9ËXÆ
Ê�ÌdÓÔÆ�È*Æ�ÌdÓ�Æ+ÌZÍ¦Ú�Ý � � æ'Å^Æ¬Ó�Ê�ÓàÌÔÚ�Í ×�Î�É¡ÐNÍ ß Æ�Ñ�Ï�Ú�È*Æ

s
Ê�Ì

Í ß Æ'Ñ�ÆNÆ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ Ñ+á�ÕÔÒÔÍ
Û¬ÆNÆ�Ç�ÈKÆ'Ø
ÍWÍ ß Î�Í
Í ß Æ�ÙKÚ�Û3ÈÔÉ Ú�È*Æ�É¡Í¡Ê�Æ+ÑãÛ�Ú�ÒdÏ�ÓXÌÔÚ�Í¬Ó�Æ�È*Æ�ÌKÓlÑ�Ê�Ö�ÌÔÊ�øKØ+Î�ÌZÍ¡Ï�Ð
Ú�Ì[Í ß Ê�ÑAÈKÎ�É�Î�Ë5Æ�Í Æ�É'æ � ß Ê�ÑQÊ�ÑAÊ�ÌKÓ�Æ�Æ'ÓBÎ�ÌBÆ�ÇÔÎ�Ø�ÍAÈÔÉ Ú�È*Æ�É¡Í/ÐUÝ¥Ú9ÉNÍ ß Æ5Ó�Ð)ÌdÎ�Ë5Ê�Ø�Î�Ï¦Æ7EZÒdÎ�Í¡Ê�Ú�ÌdÑAÕdÎ�Ñ¡Æ+Ó
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Ñ/Í É¡Æ'Î�Ë5Ï�Ê�ÌÔÆ'ÑpÎ�É Æ�ÈÔÏ�Ú�Í�Í Æ+ÓXÊ�Ì5ødÖ�ÒÔÉ Æ I ò �+õªÝ¥Ú9ÉãÍ ß ÆAÓ�Ê#öêÆ�É Æ�ÌZÍWÆ�Ç)È*Æ�É Ê�ËXÆ+ÌZÍ Ñ+æ � ß ÆFÑ�Í¡É Æ+Î�Ë5Ï�Ê�ÌdÆ+ÑpÓ�Ê�ö*Æ+É
Ê�Ì3ÈKÚZÑ�Ê�Í¡Ê�Ú�Ì3Î�Í-Í ß ÆÜ×�Æ�É ÐcÕKÆ+Ö�Ê�ÌÔÌÔÊ�ÌÔÖ^Ú�Ý�Í ß Æ�Ó�Æ'Ñ¡Ø�Æ�ÌZÍ"Ú�Ý�Í ß ÆÜÖ�É�Î ×)Ê#Í/ÐcØ�ÒÔÉ É¡Æ+ÌZÍXÎ�ÌKÓÿÍ ß Æ+ÌSÍ Æ�ÌdÓ
Í¡Ú[Ø�Ú9Ê�ÌKØ�Ê�Ó�Æ5Ê�Ì^Í ß ÆlÉ Æ+ÓÔÒdØ�Æ'ÓBØ�Ú)Ú9É Ó�Ê�ÌdÎ�Í¡Æ+Ñ �*Í ß Ê�ÑàØ�Ú�Ì�ødÉ ËlÑAÍ ß Î�ÍQÍ ß Æ5Í¡É�Î��/Æ'Ø
Í Ú�É ÐÜÚ�Ý
Í ß Æ5Ö�É�Î ×ZÊ�Í/Ð
Ø�ÒÔÉ É Æ�ÌZÍªÊ�ÑãÎFÝ¥ÒdÌdØ
Í Ê�Ú9Ì"Ú�Ý¦ò

x/Lo, y/Lo
õ ÕKÆ+Ð�Ú9ÌdÓ-Ñ¡Ú�Ë5Æ®Ó�Ê�Ñ�Í Î�ÌdØ�Æ¬Ý¥É Ú�Ë�Í ß Æ®Ñ¡Ú�ÒdÉ Ø�Æ�æ ü�ÍªÍ ß Ê�ÑªÑ�Í Î�Ö�Æ

Î-Ñ¡Æ�Ï�ÝÀý�Ñ¡Ê�ËXÊ�Ï�Î�É
Õ*Æ ß Î ×ZÊ�Ú�ÒdÉWÊ�Ñ¬Ú�ÕÔÍ Î�Ê�ÌÔÆ'Óâá9Ê�ÌdÓ�Æ+ÈKÆ+ÌdÓ�Æ+Ì9Í�Ú�ÝâÍ ß ÆAÊ�ÌÔÊ�Í¡Ê�Î�Ï*Æ�Ç�È*Æ�É Ê�Ë5Æ�ÌZÍ�Î�ÏdÈKÎ�É�Î�Ë5Æ�Í Æ�É�Ñ�æ
� ß Æ�ÓÔÆ�È*Æ�ÌdÓ�Æ+ÌdØ�ÐìÚ�ÝNÍ ß Æ�×�Æ+Ï�Ú�Ø�Ê�Í/ÐäÛ�Ê�Í ß Í ß Æ[Ñ�Í¡É Æ+Î�Ë"ý�Û�Ê�Ñ�ÆÜØ�Ú)Ú�É�Ó�Ê�ÌdÎ�Í Æ

χ
Ê�Ñ5ÈÔÏ�Ú�Í¡Í¡Æ'ÓìÊ�ÌìøKÖ�ý

ÒÔÉ Æ G ò 
 õ�æ�ú�Í¬Ê�ÑpÚ9Õ�Í Î�Ê�ÌÔÆ'ÓXÝ¥É¡Ú9ËaÍ ß ÆFË5Æ+Î�Ìl×�Æ�Ï�Ú�Ø�Ê�Í/ÐàødÆ+Ï�ÓdÑ
Î�Ï�Ú�ÌdÖAÍ ß ÆAØ�Æ�ÌZÍ¡É�Î�ÏÔÑ�Í¡É Æ+Î�Ë5Ï�Ê�ÌÔÆ+Ñ
Ñ ß Ú�Û�Ì
Ê�ÌBødÖ�ÒdÉ¡Æ I ò �+õ�æêüNÌ^Ê�ÌÔÊ�Í¡Ê�Î�ÏpÎ�Ø+Ø�Æ+Ï�Æ+É Î�Í¡Ê�Ú�Ì[Ú�Ý
Í ß Æ5Ø�ÒÔÉ É Æ�ÌZÍAÊ�ÑQÚ�ÕdÑ¡Æ�É ×�Æ'ÓâáÔÝ¥Ú9Ï�Ï�Ú�Û¬Æ'Ó[Õ)Ð7ÎUÓ�Æ'Ø�Î Ð�Ú�Ý
×�Æ+Ï�Ú�Ø�Ê�Í/ÐHÒÔÌKÓ�Æ�É®Í ß Æ%Æ�öêÆ+Ø�ÍFÚ�ÝãËXÊ�Ç�Ê�ÌdÖ5Î�ÌdÓÜÏ�Î�Í¡Æ+É Î�ÏêÑ¡ÈÔÉ Æ+Î9Ó�Ê�ÌdÖdæ
� ß Æ+Ñ¡ÆhÉ Æ+Ñ¡ÒÔÏ�Í ÑXØ�Î�Ì3ÕKÆ�Ø�Ú9Ë5ÈdÎ�É Æ+ÓäÛ�Ê�Í ß Í ß ÆÜÍ ß Ê�Ø�ð)ÌÔÆ'Ñ¡Ñ"×�Î�É Ê�Î�Í¡Ê�Ú�ÌdÑ"Ê�Ì�Ý¥Æ�É É¡Æ'ÓÿÝ¥É Ú�Ë ËlÎ�ÈdÑ"Ú�Ý

ÙdÒÔÚ9É¡Æ'Ñ¡Ø�Æ�ÌZÍ
Ê�Ì9Í Æ�ÌdÑ¡Ê�Í/Ð�ò�Ñ�Æ+ÆFødÖ9ÒÔÉ Æ � õ�áZÎ9Ñ¡Ñ¡ÒÔË5Æ+Ó5ÈÔÉ Ú�È*Ú�É¡Í¡Ê�Ú�ÌKÎ�Ï�Í Ú"Ó�Æ+ÌdÑ�Ê�Í/Ð�æ)üFÏ�Í ß Ú�ÒÔÖ ß Í ß Æ'Ñ�ÆQØ�Ò�Í�Ñ
Î�É ÆéÌÔÚ�ÍNÑ�Í¡É Ê�Ø�Í¡Ï�ÐhÎ�Ï�Ú9ÌÔÖlÑ/Í É¡Æ'Î�Ë5Ï�Ê�ÌÔÆ'Ñ�á�Ê�ÍAØ�Î�ÌhÕ*Æ-Ø ß Æ'Ø�ð�Æ'ÓHÍ ß Î�Í�Í ß ÆàÊ�ÌÔÊ#Í Ê�Î�Ï Î�Ø+Ø�Æ+Ï�Æ+É Î�Í¡Ê�Ú�ÌUÊ�ÑFÎ9Ñ¡Ñ¡Ú�ý
Ø�Ê�Î�Í Æ+ÓcÛ�Ê#Í ß Î[Ó�Æ+Ø�É¡Æ'Î�Ñ¡Æ5Ú�Ý�Í ß ÆHÏ�Î Ð�Æ+ÉQÍ ß Ê�Ø�ð)ÌÔÆ+Ñ Ñ�á Û ß Ê�Ï�Æ5Í ß ÆUÓ�Æ+Ø�Æ�Ï�Æ�É�Î�Í Ê�Ú9ÌcØ�Ú�É É¡Æ'Ñ�È*Ú�ÌdÓdÑNÍ Ú[Ê#Í�Ñ
Ö�É Ú�Û®Í ß ÕZÐhË5Ê#Ç�Ê�ÌÔÖ5Û�Ê#Í ß Í ß ÆàÎ�Ë"ÕÔÊ�Æ�ÌZÍ®ÙdÒÔÊ�Óâæ

÷dÚ�ÉãÓ�Ê�Ñ/Í�Î�ÌdØ�Æ
Ý¥É Ú�ËèÍ ß Æ®Ñ¡Ú�ÒdÉ Ø�ÆWÖ�É Æ+Î�Í¡Æ�É Í ß Î�Ì
2.5Lo

á'Í ß Æ®Ó�Ê�ö*Æ+É¡Æ+ÌZÍãØ�ÒÔÉ¡×9Æ+Ñ Ú�ÝÔødÖ9ÒÔÉ Æ G ò 
 õ Í Æ�ÌdÓÍ¡ÚXØ�Ú�Ê�ÌdØ�Ê�Ó�ÆAÊ�ÌUÍ ß ÆAÉ¡Æ'Ó�ÒdØ�Æ+ÓHØ�ÚZÚ9É ÓÔÊ�ÌdÎ�Í¡Æ'Ñ�áZÎ�Ï�Í ß Ú9ÒÔÖ ß Í ß ÆAÈ ß Ð�Ñ¡Ê�Ø+Î�ÏK×�Æ�Ï�Ú�Ø�Ê�Í¡Ê�Æ+Ñ¬Î�ÌdÓlÏ�Æ�ÌdÖ�Í ß Ñ¡Ø+Î�Ï�Æ+Ñ
Ó�Ê�ö*Æ+É+æ � ß Ê�ÑpØ�Ú�Ì�ødÉ ËlÑ¦Í ß Æ�É Æ�Ï�Æ�×�Î�ÌKØ�Æ�Ú�ÝdÍ ß Æ+Ñ¡Æ�Ø�Ú)Ú�É�Ó�Ê�ÌdÎ�Í Æ+ÑãÎ�ÌKÓàÍ ß Æ�Î�ÕdÑ¡Æ�ÌdØ�Æ®Ú�Ý �FÆ�Ð)ÌÔÚ�Ï�ÓÔÑãÌ)ÒÔËXý
ÕKÆ+ÉªÓÔÆ�È*Æ�ÌdÓ�Æ+ÌdØ�Ð9æ�� ÚNØ�Ú�Ì�øKÉ¡ËèÍ ß Æ
Æ�Ç�Ê�Ñ/Í Æ�ÌdØ�Æ
Ú�ÝdÎ�ÒÔÌÔÊ�×�Æ+É Ñ Î�ÏZØ�ÒÔÉ É¡Æ+ÌZÍ¦Ñ/Í É¡ÒKØ
Í¡ÒdÉ¡Æ9á+Û�Æ ß Î ×9ÆWÈÔÏ�Ú�Í�Í Æ+Ó
Í¡É�Î�ÌdÑ¡×�Æ+É Ñ¡Æ-×9Æ�Ï�Ú�Ø�Ê�Í/Ð7ÈÔÉ Ú�ødÏ�Æ+ÑéÎ�Í-Î�ÕdÑ Ø�Ê�Ñ¡Ñ Î

x = 2.5Lo
áâÝ¥Ú�É%Û ß Ê�Ø ß Í ß ÆHØ�ÒÔÉ É¡Æ+Ì9Í ß Î9ÑéÉ¡Æ'Î�Ø ß Æ'ÓBÎ

EZÒdÎ�Ñ¡Ê#ý ß Ú9É¡Ê���Ú9Ì9Í�Î�Ï�Ó�Ê�É Æ+Ø
Í Ê�Ú9ÌSò³Ñ¡ÚlÍ ß Î�ÍNÍ ß Æ-ÐZý�Î�Ç�Ê�ÑFØ�Ú9É¡É Æ+Ñ¡ÈKÚ9ÌdÓhÍ¡ÚlÍ ß Æ ß Ú�É Ê��+Ú�ÌZÍ Î�Ï�ÈÔÉ Ú �/Æ+Ø�Í¡Ê�Ú�Ì�Ú�Ý
Í ß Æ"Í¡É�Î�ÌKÑ�×9Æ�É�Ñ�ÆàØ�ÚZÚ9É ÓÔÊ�ÌdÎ�Í¡Æ

η
õ�æ � ß Æ+Ñ¡Æ

U/Uo
ÈÔÉ¡Ú�ødÏ�Æ+ÑNÎ�É¡Æ"ÈÔÏ�Ú�Í�Í Æ+ÓBÊ�ÌBødÖ�ÒÔÉ Æ G ò��'õFÊ�Ì7Í Æ�É Ë5ÑAÚ�Ý

Í ß ÆQÉ Æ+Ó�ÒdØ�Æ+ÓhØ�Ú)Ú�É�Ó�Ê�ÌdÎ�Í Æ+Ñ
y/Lo

æ � ß ÆQØ�ÒÔÉ ×�Æ'Ñ
Ú�Ý�Í ß ÆéÓ�Ê�ö*Æ+É¡Æ+ÌZÍ�Æ�Ç)È*Æ�É Ê�ËXÆ+ÌZÍ Ñ�Ñ�ÒÔÈ*Æ�É Ê�ËXÈ*Ú9Ñ¡ÆNÚ9ÌhÎ
Ñ�Ê�ÌÔÖ9Ï�ÆàÈdÉ¡Ú�ødÏ�Æ9áKÑ ß Ú�Û�Ê�ÌÔÖUÎlÒÔÌdÊ�×9Æ�É�Ñ¡Î�Ï Ø�ÒÔÉ É Æ�ÌZÍNÛ�Ê�Ó)Í ß

L1

Î�ÌdÓ[Ë5Æ+Î�Ì[ÈKÚZÑ�Ê�Í¡Ê�Ú�Ì
y1

Ú�Ì[Í ß Æ"Ñ¡Ï�Ú�È*Æ�æ
� ß Æ+Ñ¡Æ@E9ÒKÎ�ÌZÍ¡Ê�Í¡Ê�Æ+ÑpØ+Î�Ì-Õ*Æ®ÈÔÉ Æ+Ø�Ê�Ñ¡Æ�Ï�ÐéÓÔÆ�ødÌÔÆ'ÓàÝ¥É Ú�ËaÎéñéÎ�ÒKÑ¡Ñ¡Ê�Î�ÌàøÔÍpÚ�ÝÔÍ ß Æ®×9Æ�Ï�Ú)Ø�Ê#Í/Ð%ÈdÉ¡Ú�ødÏ�Æ9á+Û ß Ê�Ø ß
ÈÔÉ Ú�×ZÊ�Ó�Æ'Ñ�Î5Ö9Ú)Ú)ÓhÎ�ÈÔÈdÉ¡Ú Ç�Ê�Ë5Î�Í¡Ê�Ú�Ì�á�Î9Ñ�Ñ ß Ú�Û�ÌÜÊ�ÌhøKÖ�ÒÔÉ Æ G ò��'õ
æ

U

Uo
=
Um

Uo
exp
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−
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Lane-Serff and Baines
Our experiments
Lower and upper positions of Um/2
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 ¤���§%´ê�+�����/���+�S�+�)� �W�����/�ÿ� ���/�Z�l�%�
���c�������/�����X��� x = 2.5 Lo
�+�"�����9�Z� �/���+�ÿ� � Lo

¿
� �#���%�'�)��� H����'�����/���'� y1

���*�/�Z�¬���9���/� ���ã�à��½����Q�Z� Um � � �/�+������� HZ���+�����/�#�+�Z� y1 ±L1/2
�W�9� �/��Á'�����������£����W�)��� �â�/�9�®�à��½����Q�9� � �/���)���/���W�Z�
���
�/�9�®�+�/� �+�#�FH)���+�����/���+�l� �ê�/�9�®���9���/� �������/�'� �*���Z� ¯£­�� � I�� ¶ �+���9���¤�¼�¾'¾'¹'§Ü¤��/�Z����� ���'���/��· ��§¡¿F¤���§ � �����������£�ÿ�����/��� Um/Uo

��� x = 2.5 Lo
¤À�Z�#��� �S�������%�'�Z�9��§à�+�)�S���

x = 25 Lo
¤À�'�����l���#�+�%�'�Z�9��§¡¿

� ß ÆHødÍ�Í¡Æ'Óä×�Æ+Ï�Ú�Ø�Ê#Í/Ð^Í ß Æ+ÌSÉ Æ+Î�Ø ß Æ+Ñ%Ê�Í Ñ"ËlÎ�Ç�Ê�Ë"ÒÔË
Um

Î�Í
y = y1

Î�ÌdÓäÊ�ÑàÆ E9ÒKÎ�ÏWÍ Ú
Um/2

Î�Í
y = y1 ± L1/2

æ 3FÚ�Í¡Æ-Í ß Î�ÍNÍ ß Æ"Î�Ø�Í¡ÒdÎ�Ï Ø�ÒdÉ¡É Æ�ÌZÍNÚZÑ¡Ø�Ê�Ï�Ï�Î�Í¡Æ'ÑFÎ�É Ú�ÒÔÌKÓÜÍ ß Ê�ÑNË5Æ'Î�Ì7Ø�ÒdÉ¡×9Æ�áÔÊ�ÌBÎ�Ñ Ñ¡Ú�ý
Ø�Ê�Î�Í Ê�Ú9ÌäÛ�Ê#Í ß Í ß ÆHÉ Æ�Ï�Æ+Î9Ñ�Æ5Ú�Ý�Í ß ÆHÏ�Î�É Ö�ÆlØ�Ð�Ø�Ï�Ú9ÌÔÊ�ØH×�Ú�É¡Í¡Ê�Ø�Æ'Ñ�æ�DAÒdÉ-Î ×�Æ+É Î�Ö�Ê�ÌÔÖHÍ Ê�Ë5ÆUÊ�Ñ%ÌÔÚ�Í EZÒÔÊ�Í¡Æ
Ñ�Ò;FlØ�Ê�Æ+ÌZÍ+á�É Æ+Ñ¡ÒÔÏ�Í¡Ê�ÌÔÖ[Ê�ÌäÎ�É Æ+Ñ¡Ê�ÓÔÒdÎ�Ïp×�Î�É Ê�Î�ÕÔÊ�Ï�Ê�Í/Ð7Ú�Ý¬Í ß ÆlÍ¡É�Î�ÌKÑ�×9Æ�É�Ñ�Æ"ÈÔÉ¡Ú�ødÏ�Æ7ò³Ø�Ï�Æ+Î�É¡Ï�Ð7×)Ê�Ñ�Ê�ÕÔÏ�Æ5Ý¥Ú�É
Æ�Ç�È�æ � 0 á�Ê�Ì�Û ß Ê�Ø ß ÈKÎ�É¡Í¡Ê�Ø�ÒÔÏ�Î�É Ï�ÐUÏ�Î�É¡Ö9ÆNÙdÒKØ
Í¡ÒKÎ�Í¡Ê�Ú�ÌKÑ�Î�É ÆQÚ9ÕdÑ¡Æ�É ×�Æ+ÓKõ
æ

ú�ÌhÑ�ÈÔÊ�Í¡ÆNÚ�ÝêÍ ß Æ'Ñ�ÆNÉ¡Æ'Ñ�Ê�Ó�ÒdÎ�ÏÔÙdÒdØ�Í¡ÒdÎ�Í¡Ê�Ú�ÌdÑ+á�Í ß Æ�øÔÍéò � æ 0 õãÈÔÉ Ú�×ZÊ�Ó�Æ'ÑWÎ%Ö�Ú)Ú�ÓXÆ+Ñ�Í¡Ê�ËlÎ�Í¡ÆNÚ�ÝâÍ ß ÆNØ�ÒÔÉ¡ý
É¡Æ+ÌZÍãÈ*Ú9Ñ¡Ê�Í¡Ê�Ú�Ì�á�Û�Ê�Ó)Í ß Î�ÌdÓ-ËlÎ�Ç)Ê�Ë-ÒdËa×�Æ+Ï�Ú�Ø�Ê�Í/ÐàÎ�ÝÀÍ Æ�ÉpÊ�Í ÑpÓ�Æ+×)Ê�Î�Í¡Ê�Ú�Ì"Í¡ÚQÍ ß Æ ß Ú9É¡Ê���Ú9ÌZÍ Î�Ï�Ó�Ê�É Æ+Ø
Í Ê�Ú9Ì�á
Î�Í
x = 2.5Lo

æâî¬Ú9Ë5ÈdÎ�É Ê�ÌdÖlÍ ß ÆXÓ�Ê�ö*Æ+É¡Æ+Ì9ÍéÆ�Ç�È*Æ�É Ê�Ë5Æ+Ì9Í�Ñ�á*Û�ÆàÖ�Æ�ÍNÍ ß Æ-Ý¥Ú9Ï�Ï�Ú�Û�Ê�ÌdÖløÔÍ Ñ+áâÑ ß Ú�Û�Ì[Ê�Ì
ødÖ�ÒdÉ¡Æ 8 �

y1 = (2.7± 0.1)Lo
ò � æ � õ

L1 = (2.0± 0.2)Lo
ò � æ ó õ

Um = (1.17± 0.06)Uo
Î�Í
x = 2.5 Lo

ò � æ L õ
Um = (0.52± 0.06)Uo

Î�Í
x = 25 Lo

ò � æ � õ
� ß Æ^ÓÔÊ�Ñ�Í Î�ÌdØ�ÆcÎ�ÌdÓ<Û�Ê�Ó)Í ß Î�É Æ7Õ*Ú�Í ß ÈÔÉ Ú�È*Ú�É¡Í¡Ê�Ú�ÌdÎ�Ï�Í¡ÚìÍ ß ÆcÑ¡Ø+Î�Ï�Æ

Lo
á¬Û ß Ê�Ï�ÆBÍ ß ÆB×9Æ�Ï�Ú�Ø�Ê�Í/ÐåÊ�Ñ

ÈÔÉ Ú�È*Ú�É¡Í¡Ê�Ú�ÌdÎ�ÏâÍ¡Ú
Uo

áêÎ�ÑNÆ�Ç�ÈKÆ'Ø
Í Æ+Ó�Ý¥É Ú�Ë Ú�ÒdÉNÓ�Ê�ËXÆ+ÌdÑ¡Ê�Ú9ÌdÎ�ÏãÎ�ÌdÎ�Ï�Ð�Ñ¡Ê�Ñ-ò ó æ 0 � õ
æ � ß Æ+Ñ¡ÆàÉ Æ+Ñ¡ÒÔÏ#Í�ÑNÎ�É¡Æ
Ø�Ï�Æ+Î�É¡Ï�ÐlÑ ß Ú�Û�ÌhÊ�ÌUødÖ�ÒdÉ¡Æ'Ñ 8 ò 
 õ¬Î�ÌdÓ 8 ò��'õ
æ�ú�Í®Û�Î9Ñ
Æ'Î�É Ï�Ê�Æ�É�ÌÔÚ�Í¡Ê�Ø�Æ+Ó^ò�ñQÉ Ê F5Í ß Ñ ��?,
�AB� 07608 � : M Î�ÌdÆ�ýç)Æ�É¡ö�5 O®Î�Ê�ÌÔÆ+Ñ 0 60608 õ�Í ß Î�ÍéÍ ß Æ5Ø�ÒdÉ¡É Æ�ÌZÍéÛ�Ê�Ó)Í ß Ê�ÑéÈÔÉ Ú�È*Ú�É¡Í¡Ê�Ú�ÌdÎ�Ï�Í¡ÚhÍ ß Æ5Ñ Ø�Î�Ï�Æ

Lo
áâÛ ß Ê�Ø ß Ø�Î�Ì

ÕKÆAÊ�ÌZÍ Æ�É ÈÔÉ¡Æ�Í¡Æ'ÓlÎ�ÑWÎ �FÚ9Ñ Ñ�Õ)Ð-É�Î�ÓÔÊ�ÒdÑWÚ�Ý Ó�Æ�Ý¥Ú�É Ë5Î�Í¡Ê�Ú�Ì�á
Lo = (g′oho)

1/2/f
Ý¥É Ú�Ë ò ó æ ó õpÎ�ÌKÓ[ò ó æ L õ�æ

� ß Æ+Ñ¡ÆXÈÔÉ¡Æ+×)Ê�Ú9ÒdÑNÆ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ Î�ÏªÉ Æ+Ñ¡ÒÔÏ�Í ÑQÎ�É Æ"Î�Ï�Ñ¡ÚhÉ Æ�ÈdÉ¡Æ'Ñ�Æ+Ì9Í Æ+Ó�Ê�ÌBøKÖ�ÒÔÉ Æ 8 ò 
 õFÝ¥Ú9É%Ø�Ú�Ë5ÈdÎ�É¡Ê�Ñ¡Ú�Ì�æ
� ß Æ%Ø�Ú9É¡É Æ+Ñ¡ÈKÚ9ÌdÓ�Ê�ÌÔÖàÏ�Æ�ÌÔÖ�Í ß Ñ¡Ø+Î�Ï�Æ+Ñ

Lo
Î�É ÆAÎ�ÕKÚ9Ò�Í 0 C Í Ê�Ë5Æ'Ñ�Ñ�ËlÎ�Ï�Ï�Æ�É¬Í ß Î�ÌhÊ�ÌUÚ9ÒÔÉ®Æ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ Ñ+æ

� ß Æ�Ø�ÒÔÉ É¡Æ+Ì9ÍX×�Æ+Ï�Ú�Ø�Ê�Í/Ð
Um

Ó�Æ'Ø�É Æ+Î�Ñ¡Æ+Ñ"Û�Ê�Í ß Í ß Æ[Ó�Ú�Û�ÌdÑ�Í¡É Æ+Î�Ë Î�ÕdÑ¡Ø�Ê�Ñ Ñ Î[Ý¥É Ú�Ë Î^Ë5Î�Ç�Ê�Ë"ÒÔË
Um ' 1.5 Uo

áKÎ�Ñ�Ñ¡Æ�Æ�ÌÜÊ�ÌhøKÖ�ÒÔÉ Æ G ò 
 õ
ædú�ÍFÉ¡Æ'Î�Ø ß Æ'Ñ
Í ß Æ%×�Î�Ï�ÒÔÆ+Ñ®Æ�Ç�ÈÔÉ¡Æ'Ñ¡Ñ¡Æ+ÓUÊ�Ìäò � æ L õ�Î�ÌdÓcò � æ � õ®Î�Í
x = 2.5Lo

Î�ÌKÓ
x = 25Lo

É¡Æ'Ñ�È*Æ+Ø�Í¡Ê�×�Æ+Ï�Ð9á�Î�Ñ%Ñ ß Ú�Û�Ì^Ê�Ì^ødÖ�ÒÔÉ Æ 8 ò �+õ�æ�Å^ÆHÓÔÊ�ÓcÌÔÚ�ÍàÉ¡Æ'Ø�Ú�É�Ó[Í ß Æ
×�Î�É Ê�Î�Í¡Ê�Ú�ÌdÑ®Õ*Æ�Í/Û�Æ�Æ+ÌhÍ ß Æ+Ñ¡ÆéÍ/Û�ÚXÈ*Ú9Ñ¡Ê�Í¡Ê�Ú�ÌdÑ+áÔÕ*Æ+Ø�Î�ÒdÑ¡ÆQÚ�ÝãÎ5ÖZÎ�ÈÜÊ�Ì�Í ß Æ%È*Ú9Ñ Ñ�Ê�ÕÔÏ�Æ%Ï�Ú�Ø�Î�Í¡Ê�Ú�ÌdÑ®Ú�Ý¦Í ß Æ
Ï�Î9Ñ�Æ+ÉFÑ ß Æ�Æ�Íàò�Ñ�Æ+ÆéødÖ�ÒÔÉ Æ � õ
æ
� ß ÆNÝ¥É Ú�ÌZÍ¬×9Æ�Ï�Ú�Ø�Ê�Í/Ð

Uf
á)Ë5Æ+Î9Ñ�ÒÔÉ Æ+Ó5Ê�ÌHÍ ß ÆQÈ ß Î�Ñ¡ÆNÚ�Ý�Ê�ÌdÊ#Í Ê�Î�ÏêÓÔÆ+Ñ Ø�Æ�ÌZÍ�Ú�ÝâÍ ß ÆQØ�ÒÔÉ¡É Æ�ÌZÍ'á9Ê�ÑWÝ¥Ú9ÒÔÌdÓ

Í¡ÚÿÕ*Æ�Î�ÈÔÈÔÉ Ú Ç�Ê�ËlÎ�Í Æ�Ï�ÐäØ�Ú�ÌKÑ/Í�Î�ÌZÍXÊ�ÌOË5Ú)ÓÔÒÔÏ�ÒKÑlÎ�ÌdÓåÑ�ËlÎ�Ï�Ï�Æ�É"Í ß Î�ÌìÍ ß Æ[Ë5Æ+Î�ÌìÖ�É�Î ×)Ê#Í/ÐäØ�ÒÔÉ¡É Æ�ÌZÍ
Ñ�È*Æ�Æ'Ó�Î�Í®Í ß ÆàÑ Î�Ë5ÆéÏ�Ú)Ø+Î�Í Ê�Ú9Ì��

Uf = (0.74± 0.1)Uo = (0.74± 0.1) (Bo/Lo)
1/3 ò � æ I õ

� ß Ê�Ñ�É¡Æ'Ñ�ÒdÏ#ÍFÊ�ÑFØ�Ú9ÌdÑ¡Ê�Ñ�Í¡Æ+Ì9Í�Û�Ê�Í ß Û ß Î�ÍFÊ�ÑFÚ�Õ�Í�Î�Ê�ÌÔÆ+ÓhÕ)Ð O�É¡Ê�Í�Í Æ�É 5 M�Ê�ÌdÓ�Æ+ÌSò 07698 C õpÝ¥Ú9ÉNÎXÖ�É�Î ×ZÊ�Í/Ð
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 ¤���§éÂX���+�ÿ�����Z�������[�9�/���)�����à�9� �W�7�/�Z�"���#�+���l��� z − zB = 1 � �5µ ���+� x � ¼�·+ºH���ô���)�
�+Ã+ºF���5¿�¤���§ ÂX�
�+�-Á � ���/���
���Ô�9���9�������é���/� �)���
�à�'���¬���ã�%�#�é�����'���A¤ x � » ¾+ºN���5µ y � ¼
º+ºF� �-§¡¿ ¶ �+�/�à�9�#���/����/� ���/�'� �â½��K¿��Q¾ �W���/� ∆ρ/ρo = 1.5% µ Lo = 41 ���5µ ho = 2.87 ���5¿
Ø�ÒÔÉ É Æ�ÌZÍ¦Ø�Ú9Ì�ødÌÔÆ'ÓQÍ¡ÚNÎ�Ø ß Î�ÌÔÌÔÆ+Ï�Ê�Ì%Í ß Æ
Î�ÕdÑ¡Æ�ÌKØ�ÆWÚ�Ý)É Ú�Í�Î�Í Ê�Ú9Ì��

Uf = (1.5±0.2) (Bo/Lchannel)
1/3 æ

�FÚ�Û�Æ�×9Æ�ÉNÊ�Ì^Í ß Î�ÍéØ+Î�Ñ¡ÆàÍ ß ÆXÛ�Ê�Ó)Í ß Ú�Ý
Í ß ÆlØ�ÒdÉ¡É Æ�ÌZÍAÊ�ÑAÍ ß Æ5Ø ß Î�ÌÔÌÔÆ�ÏãÛ�Ê�Ó)Í ß
Lchannel

Ê�ÌdÑ�Í¡Æ+Î9Ó[Ú�Ý
Í ß ÆàÑ Ø�Î�Ï�Æ

Lo
æ

� æ � æ � �J� ��� ? � ��� � �KAB� �
üNÌ-Æ�Ç�Î�Ë5ÈÔÏ�Æ¬Ú�ÝdË5Æ'Î�Ì-Ó�Æ+ÌdÑ¡Ê#Í/ÐéÈÔÉ Ú�ødÏ�Æ¬Î9Ø�É Ú9Ñ ÑêÍ ß Æ¬Ö9É Î ×)Ê�Í/ÐQØ�ÒÔÉ¡É Æ�ÌZÍ Ê�ÑãÓ�Ê�Ñ�ÈÔÏ�Î Ð�Æ'ÓéÊ�Ì-ødÖ�ÒdÉ¡Æ 6 ò 
 õÎ�ÍàÍ/Û�Ú7Ó�Ê�ö*Æ+É¡Æ+ÌZÍ"Ó�Ê�Ñ/Í�Î�ÌdØ�Æ+Ñ

x
Ý¥É¡Ú9Ë Í ß ÆHÊ�ÌdÏ�Æ�ÍXØ ß Î�ÌÔÌÔÆ�ÏAò �/ÒdÑ�ÍXÎ�ÝÀÍ¡Æ�ÉàÍ ß ÆlÙKÚ�Û ß Î9ÑàÉ Æ+Î9Ø ß Æ+Ó^Ê#Í�Ñ

Ñ/Í�Î�ÕÔÊ�Ï�Ê��+Æ+Ó�È*Ú9Ñ¡Ê#Í Ê�Ú9Ì[Ç � 0�� C Ø�Ë Î�ÌdÓ[Î�ÍNÍ ß Æ-Ý³Î�ÉNÆ+ÌdÓ�Ú�ÝpÍ ß Æ-Ñ¡Ï�Ú9ÈKÆ-Ç � G �
C Ø�Ëlõ�æKú�Ì�Í ß Ê�ÑNÆ�Ç)È*Æ�É¡ý
Ê�Ë5Æ+Ì9Í'ádÍ ß ÆàÊ�ÌÔÊ�Í¡Ê�Î�Ï¦ÓÔÆ�ÌdÑ¡Ê#Í/Ð�Ó�Ê�ö*Æ+É¡Æ+ÌdØ�Æ-ÕKÆ�Í/Û¬Æ+Æ�Ì�Í ß Æ-Ø�ÒÔÉ É Æ�ÌZÍNÎ�ÌdÓÜÍ ß Æ-Î�Ë-ÕÔÊ�Æ�ÌZÍNÊ�Ñ

1.5%
áÔÛ ß Ê�Ï�Æ

Ê#Í"Ê�Ñ-É¡Æ'Ó�ÒdØ�Æ'Ó^Í¡Ú7Î�ËlÎ�Ç�Ê�Ë-ÒÔË Ú�Ý
0.35%

Ê�ÌÿÍ ß ÆHË5Æ+Î9Ñ�ÒÔÉ Æ+Ó^ÈÔÉ Ú�ødÏ�Æ+Ñ-Î�ÍàÕ*Ú�Í ß Ï�Ú�Ø�Î�Í¡Ê�Ú�ÌdÑ+æ�� ß Ê�Ñ
Ê�ÌKÓ�Ê�Ø+Î�Í Æ+ÑQÍ ß Î�Í%Ê�ÌZÍ Æ�ÌdÑ¡Æ"Ë5Ê�Ç�Ê�ÌÔÖ�Ú�Ø�Ø�ÒÔÉ�ÑNÊ�ÌBÍ ß Æ5Ê�ÌdÊ#Í Ê�Î�ÏpÉ¡Æ+Ö�Ê�Ú�ÌBÚ�Ý¬Ñ�Í¡É Ú�ÌÔÖ�Ó�Æ+Ñ Ø�Æ+ÌZÍ+áêÕÔÒ�Í%Ý¥ÒÔÉ¡Í ß Æ�É
Ë5Ê#Ç�Ê�ÌÔÖlÕKÆ'Ø�Ú9ËXÆ'Ñ®ÌÔÆ�Ö9Ï�Ê�Ö�Ê�ÕÔÏ�ÆéÚ�ÌdØ�ÆAÍ ß ÆàØ�ÒdÉ¡É Æ�ÌZÍ ß Î�Ñ®É Æ+Î9Ø ß Æ+ÓhÊ#Í�Ñ EZÒdÎ�Ñ¡Ê#ý ß Ú9É¡Ê���Ú9Ì9Í�Î�ÏêÓ�Ê�É¡Æ'Ø
Í¡Ê�Ú�Ì æ

ûpÆ+É�Í Ê�Ø+Î�ÏWÓ�Æ+ÌdÑ¡Ê#Í/Ð[ÈÔÉ Ú�øKÏ�Æ'Ñ ß Î ×�Æ-Õ*Æ�Æ+ÌcÎ�Ï�Ñ¡ÚÜÚ�Õ�Í�Î�Ê�ÌÔÆ+Ó^Î�Í%ÎUødÇ)Æ'Ó7È*Ú9Ñ¡Ê#Í Ê�Ú9ÌcÎ�ÍAÍ ß Æ5Ë5Ê�ÓÔÓÔÏ�Æ5Ú�Ý
Í ß ÆÜÑ�Ï�Ú�È*ÆBò

x
� L 6 C Ø�Ë Î�ÌdÓ

y
� 0 C0C Ø�Ëlõ-Î�Ñ-Ñ ß Ú�Û�ÌäÊ�ÌäødÖ9ÒÔÉ¡Æ 6 ò��'õ
æã÷ÔÉ Ú�Ë Ñ¡ÒdØ ß ÈÔÉ Ú�ødÏ�Æ+Ñ+á�Í ß Æ

Í ß Ê�Ø�ð)ÌÔÆ+Ñ Ñ"Ú�ÝFÍ ß ÆhÖ9É Î ×)Ê�Í/Ð^Ø�ÒÔÉ¡É Æ�ÌZÍ5Ø�Î�ÌìÕKÆÜÆ+Ñ�Í¡Ê�ËlÎ�Í¡Æ'ÓìÎ9ÑàÍ ß ÆhÓ�Ê�Ñ�Í Î�ÌKØ�Æ
hm

Í¡Ú^Í ß Æ�Ñ¡Ï�Ú9ÈKÆUÝ¥Ú�É
Û ß Ê�Ø ß Í ß ÆAËXÆ'Î�ÌlÓ�Æ+ÌdÑ�Ê�Í/ÐXÊ�Ñ ß Î�Ï�ÝâÊ#Í�ÑWËlÎ�Ç�Ê�Ë-ÒÔË�æ�� ß Æ�Í ß Ê�Ø�ð)ÌÔÆ+Ñ Ñ ß Î9Ñ
Î�Ï�Ñ¡Ú%ÕKÆ+Æ�ÌlÆ+× Î�Ï�ÒKÎ�Í¡Æ'ÓXÝ¥É¡Ú9Ë
ÙdÒÔÚ9É¡Æ'Ñ¡Ø�Æ�ÌdØ�ÆAÊ�ÌZÍ¡Æ�ÌKÑ�Ê�Í/ÐHÊ�ÌUÍ ß Æ%×�Æ+É�Í Ê�Ø+Î�ÏâØ�Ò�Í�Ñ�Î�Ï�Ú�ÌÔÖ"Í ß ÆàÓÔÎ�Ñ ß Æ+ÓhÏ�Ê�ÌÔÆ%Ñ ß Ú�Û�ÌUÊ�ÌÜødÖ�ÒdÉ¡Æ L áÔÎ�Í�Í ß Æ
ÈKÚZÑ�Ê�Í¡Ê�Ú�Ì�Ê�ÌZÍ¡Æ�É�Ñ¡Æ+Ø
Í Ê�ÌdÖ-Í ß ÆàØ�Æ+Ì9Í É Î�Ï�Ñ/Í É¡Æ'Î�Ë5Ï�Ê�ÌÔÆ9æ
� ß Æ-Ø�ÒÔÉ É Æ�ÌZÍNÓ�Æ�ÌKÑ�Ê�Í/ÐÜÎ�ÌdÓhÍ ß Ê�Ø�ð)ÌÔÆ+Ñ ÑFÚ9Õ�Í Î�Ê�ÌdÆ+ÓhÝ¥É¡Ú9Ë Í ß Æ+Ñ¡ÆàÈÔÉ Ú�øKÏ�Æ'ÑFÎ�É ÆéÈÔÏ�Ú�Í�Í Æ+Ó[×9Æ�É�Ñ�ÒdÑ�Í ß Æ

Ë5Ê#Ç�Ê�ÌÔÖàÈdÎ�É Î�ËXÆ�Í¡Æ+É
M

Ê�Ì5ødÖ9ÒÔÉ Æ 0 C æ � ß ÆAÓÔÆ�ÌdÑ¡Ê#Í/Ð ß Î9ÑpÕKÆ+Æ�ÌHÌdÚ�É Ë5Î�Ï�Ê���Æ'ÓXÕZÐ"Í ß ÆNÊ�ÌÔÊ#Í Ê�Î�ÏKØ�ÒÔÉ¡É Æ�ÌZÍ
Ó�Æ�ÌKÑ�Ê�Í/ÐHÎ�ÌdÓHÊ�Ñ�Æ�Ç�ÈÔÉ Æ+Ñ Ñ¡Æ+ÓlÊ�ÌHÍ Æ�É Ë5Ñ¬Ú�ÝªÎàÌÔÚ9É¡ËlÎ�Ï�Ê���Æ+ÓHÉ¡Æ'Ó�ÒdØ�Æ'ÓlÖ�É�Î ×)Ê#Í/Ð

g′m/g
′

o

æ)ú�Í�Ê�Ñ®Ó�Æ�øKÌÔÆ+ÓhÎ�Ñ
Í ß Æ"ËlÎ�Ç�Ê�Ë"ÒÔË Ê�Ì[Í ß Æ

y
ý£ÈdÉ¡Ú�ødÏ�Æ%Ë5Æ'Î�Ñ¡ÒÔÉ¡Æ'Ó�Î�Í

x = 720
Ø�Ë�æ � ß Æ-Ø�ÒdÉ¡É Æ�ÌZÍ�Í ß Ê�Ø�ð)ÌÔÆ'Ñ¡Ñ ß Î�Ñ�Õ*Æ�Æ+Ì

ÌÔÚ�É ËlÎ�Ï�Ê��+Æ+ÓBÕZÐ7Í ß Æ ß Æ+Ê�Ö ß ÍàÑ Ø�Î�Ï�Æ
ho

Ó�Æ�ødÌÔÆ'ÓBÕ)Ðìò ó æ L õ
æ�� ß Æ"Í/Û�ÚÜÆ+Ñ�Í¡Ê�Ë5Î�Í¡Æ'ÑéÚ�Ý
Í ß ÆXÍ ß Ê�Ø�ð)ÌÔÆ+Ñ Ñ
É¡Æ+ÈÔÉ Æ+Ñ¡Æ�ÌZÍ¡Æ'ÓhÊ�Ì�ødÖ9ÒÔÉ¡Æ 6 ò��'õFØ�Ú�Ê�ÌdØ�Ê�Ó�ÆàÛ�Æ�Ï�Ï�áKÑ�ÚlÍ ß Æ-Ø�ÒÔÉ¡É Æ�ÌZÍ�Í ß Ê�Ø�ð)ÌÔÆ'Ñ¡ÑAÑ�Æ+Æ�ËlÑ®Í ÚHÕKÆ'Ø�Ú9ËXÆàÝ³Î�Ê�É¡Ï�Ð
ÒÔÌÔÊ�Ý¥Ú�É Ë Õ*Æ�Ð9Ú�ÌdÓ^Í ß Æ ��Ú9ÌÔÆlÚ�Ý�Ø�ÒdÉ¡É Æ�ÌZÍ-Ó�Æ'Ñ¡Ø�Æ�ÌZÍ+áâÝ¥Ú9É

x > 2.5Lo
æ�� ß ÆH×�Î�É Ê�Î�Í¡Ê�Ú�ÌdÑéÚ�Ý

g′m
Î�ÌdÓ

hm
Û�Ê#Í ß Í ß ÆUË5Ê#Ç�Ê�ÌÔÖ7ÈdÎ�É Î�Ë5Æ�Í¡Æ+É

M
Ø�Î�ÌäÕ*ÆløÔÍ¡Í¡Æ'ÓäÕ)ÐBÍ ß ÆHÝ¥Ú9Ï�Ï�Ú�Û�Ê�ÌdÖ[Ï�Î ÛFÑéÝ¥Ú9É

M > 1
Î�ÌdÓ

x > 2.5Lo
�

g′m =
0.67± 0.07

M
g′o ≡ (0.67± 0.07) s−1f Uo

ò � æ G õ
hm = (0.38± 0.08) M ho ≡ (0.38± 0.08) s Lo

ò � æ 8 õ
� ß Æ+Ñ¡Æ-Ï�Î ÛFÑQØ�Ú�É É Æ+Ñ¡ÈKÚ9ÌdÓhÍ¡ÚhÍ ß ÆXÏ�Ê�Ë5Ê#ÍéÚ�Ý
ÎUÒÔÌÔÊ�×�Æ+É Ñ Î�ÏªØ�ÒÔÉ É¡Æ+ÌZÍQÑ�Í¡É ÒdØ
Í ÒÔÉ¡Æ9ádÊ�ÌdÓ�Æ+ÈKÆ+ÌdÓ�Æ�ÌZÍ%Ú�ÝpÍ ß Æ
Ê�ÌdÊ#Í Ê�Î�Ï*Ó�Æ+ÌdÑ¡Ê#Í/Ð9á9Î�Ñ
ÈÔÉ Æ+Ó�Ê�Ø
Í Æ+Ó5Õ)ÐXÓÔÊ�Ë5Æ�ÌKÑ�Ê�Ú�ÌdÎ�ÏKÎ�ÌdÎ�Ï�Ð�Ñ�Ê�Ñ�á�É¡Æ+Ï�Î�Í¡Ê�Ú�ÌdÑFò ó æ 0+ó õpÎ�ÌdÓ[ò ó æ 0 L õ
æ��FÆ�Ï�Î�Í¡Ê�Ú�Ì
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 ¤���§A²ê���)���W�à��½����à�+�ã�����Z�������[� ½��������é���7�/�Z�-�à�+���7���9���/� ���X¤À�Z���/�à�+�������
�[���[���/�é���Z���/�#�+�Á+�+���Z�
§¡¿ 
ã�Z� �9�N¤³·�¿ �'§����+� M > 1 �#�W�/�����/���������/�
�X���-�/�Z�����'���#�5�����Z�'¿*¤���§
²ê���)���*�������/�����W�/�Z��� ���9����� hm
µ�9�+�/�à�+�������
�5���à�/�Z���9��� �'���
���
�+��� ho

µ��W���/�5�/�9� �Z�N¤³·�¿ ¹'§����+� M > 1 ���9� �W�l�+�¬�é���'���#�5���#�9�'¿ 
ã�9�N�Z��������/���'�����+���Z��� ���/�'�D�����Z�����£�é�9�/� �Z�����ã�%�
�����9�/�
�%���é�/�Z�
���+�)�9�9� �/��Á������é���/�'���®��� x � »'¾'ºF���5µ y � ¼
º+ºN� �¤����/�#�+���'������§-�+�)� ���/�'� �#�+��� �X���)�9�9���
� 	Z�Z���/���������9���h���ÿÁ'� ���/���
�+�®� �9�/�-�+���'���[�/�Z�H�����������+�¬�����/�
�+�%�����Z�¤¥�������%�'�Z�9��§¡¿
ò � æ 8 õNØ+Î�Ì7Õ*Æ"×)Ê�Æ�Û�Æ+Ó7Î9ÑAÎ�Ì7Æ�ÌZÍ É Î�Ê�ÌÔË5Æ+Ì9ÍQÏ�Î ÛDÚ�ÝWÍ ß Æ-Ý¥Ú9É¡Ë

hm = Eχ
áêÛ�Ê#Í ß Î�Ì7Æ�ÌZÍ¡É�Î�Ê�ÌÔË5Æ�ÌZÍ

Ø�Ú)Æ�FHØ�Ê�Æ+Ì9Í
E = 0.38 s

Ý¥Ú�É®Í ß Æ%Ê�ÌÔÊ�Í¡Ê�Î�Ï ËXÊ�Ç�Ê�ÌdÖlÚ�Ý Í ß ÆàØ�ÒdÉ¡É Æ�ÌZÍFÎ�Ï�Ú�ÌÔÖ5Î5Ó�Ê�Ñ/Í�Î�ÌdØ�Æ
χ = Lo

æ
ú�Ì5Í ß Æ�Ú�ÈdÈKÚZÑ�Ê�Í¡Æ�Ï�Ê�Ë5Ê�Í

M → 0
á�Û�Ê�Í ß ÌÔÚ%Ë5Ê�Ç�Ê�ÌÔÖKá�Í ß ÆFÉ Î�Í¡Ê�Ú

g′m/g
′

o

Ë-ÒdÑ�ÍWÍ¡Æ+ÌdÓXÍ¡Ú%ÒdÌÔÊ#Í/Ð9æ � ß Ê�Ñ
Í¡Æ+ÌdÓ�Æ�ÌKØ�Ð�Ê�ÑQÎ�ÈdÈdÎ�É Æ�ÌZÍNÊ�Ì[Í ß ÆàÍ/Û�ÚHË5Æ+Î�Ñ¡ÒÔÉ Æ�Ë5Æ�ÌZÍ�Ñ®Ý¥Ú�É

M < 1
áêÎ�Ï�Í ß Ú�ÒÔÖ ß ÌÔÚ�ÌÔÆ-Ú�ÝWÚ�ÒdÉNÆ�Ç�È*Æ�É¡ý

Ê�Ë5Æ+Ì9Í�ÑéØ�Ú�Ë5Æ5Ø�Ï�Ú9Ñ¡ÆàÍ ÚHÍ ß Ê�ÑQÏ�Ê�Ë5Ê�Í+æâÅcÆ"Ú9ÕdÑ�Æ+É¡×9Æ-Ø�Ú9É¡É Æ�Ï�Î�Í Ê�×9Æ�Ï�ÐUÍ ß Î�ÍQÍ ß Æ"ÌÔÚ9É¡ËlÎ�Ï�Ê���Æ'Ó�Í ß Ê�Ø�ð)ÌÔÆ+Ñ Ñ
Í¡Æ+ÌdÓÔÑ®Í Ú5Î5×�Î�Ï�ÒÔÆ%Ø�Ï�ÚZÑ�ÆQÍ¡Ú 0 Ê�ÌhÍ ß Æ%Ï�Ê�Ë5Ê�Í

M → 0
æ

ú�ÍXÉ¡Æ'Ñ�ÒdÏ#Í�Ñ%Ý¥É Ú�Ë ò � æ � õ%Î�ÌdÓ<ò � æ G õ%Í ß Î�Í
Um

Ê�Ñ"ÈÔÉ Ú�È*Ú�É¡Í¡Ê�Ú�ÌdÎ�ÏãÍ¡ÚBÍ ß ÆBí 3NÚ�ÝF×�Æ+Ï�Ú�Ø�Ê#Í/Ðêï
sg′m/f

á
Ø�Ú9É¡É Æ+Ñ¡ÈKÚ9ÌdÓ�Ê�ÌÔÖhÍ¡Ú7Î[Ø�ÒdÉ¡É Æ�ÌZÍ%Ê�ÌäÖ9Æ�ÚZÑ/Í É¡Ú9È ß Ê�Ø-ÕdÎ�Ï�Î�ÌdØ�ÆlÛ�Ê�Í ß Î�ÌcÊ�ÌZÍ¡Æ+É�Ý³Î9Ø�ÆlÑ�Ï�Ú�È*ÆlÆ7EZÒdÎ�ÏpÍ¡Ú�Í ß Æ
Í¡Ú9ÈKÚ9Ö�É�Î�È ß Ê�ØQÑ�Ï�Ú�È*Æ�æÔü�Í

x = 25Lo
á�Í ß Æ%Ø�ÚZÆJFHØ�Ê�Æ�ÌZÍ�Ú�Ý¦ÈdÉ¡Ú9ÈKÚ9É�Í Ê�Ú9ÌdÎ�Ï�Ê#Í/Ð5Ê�Ñ%ò

0.8± 0.2
õ�á�Ø�Ï�Ú9Ñ¡ÆAÍ Ú

ÒÔÌÔÊ�Í/Ð�á�ÕÔÒÔÍ®Ê�Í�Ê�Ñ¬Í/Û�Ê�Ø�ÆQÏ�Î�É¡Ö9Æ�É®Î�Í
x = 2.5Lo

æ�ÅcÆQËlÎ ÐlØ�Ú9ÌdØ�Ï�ÒdÓ�ÆQÍ ß Î�Í�Í ß Æ%Ø�ÒÔÉ¡É Æ�ÌZÍ ß Î�Ñ�ÌÔÚ�Í®Ð9Æ�Í
É¡Æ'Î�Ø ß Æ'ÓlÎàÑ�Í Î�Í ÆFÚ�Ý�Ö9Æ�ÚZÑ/Í É¡Ú9È ß Ê�Ø®ÕdÎ�Ï�Î�ÌdØ�ÆNÎ�Í
Í ß Ê�Ñ
ÌdÆ+Î�É Æ�É
ÈKÚZÑ�Ê�Í¡Ê�Ú�Ì�áZÛ ß Ê�Ø ß Ñ ß Ú�ÒÔÏ�Ó5ÕKÆQÉ Æ�Ï�Î�Í¡Æ'ÓXÍ¡Ú
Í ß Æ%É Æ+Ñ¡Ê�Ó�ÒdÎ�Ï�Ø�ÒÔÉ × Î�Í¡ÒÔÉ ÆéÚ�Ý¦Í ß ÆàÑ�Í¡É Æ+Î�ËXÏ�Ê�ÌÔÆ+Ñ+æ
O�ÐcØ�Ú�Ë"ÕÔÊ�ÌÔÊ�ÌdÖÿò � æ ó õ�áWò � æ L õ�áWò � æ G õéÎ�ÌdÓåò � æ 8 õ
á�Ú9ÌÔÆlØ�Î�ÌcÆ+Ñ�Í¡Ê�ËlÎ�Í Æ5Í ß ÆlÕÔÒdÚ�Ð9Î�ÌKØ�Ð�ÙdÒ�Ç

B
Î�Í

x = 2.5Lo
Î�ÌdÓXØ�Ú�Ë5ÈdÎ�É¡Æ¬Ê#ÍãÍ ÚAÍ ß Æ®Ê�ÌdÈÔÒ�ÍãÙdÒ�Ç

Bo
æ�üAÑ¡Ñ¡ÒÔË5Ê�ÌdÖAÍ ß ÆFñéÎ�ÒdÑ Ñ¡Ê�Î�Ì%øÔÍFò � æ 0 õâÝ¥Ú9Éª×9Æ�Ï�Ú�Ø
ýÊ#Í/Ð Î�ÌdÓ Î Ñ¡Ê�Ë5Ê�Ï�Î�É ñéÎ�ÒdÑ Ñ�Ê�Î�Ì øÔÍ Ý¥Ú�É Í ß Æ ×9Æ�É¡Í¡Ê�Ø�Î�ÏþÓ�Æ+ÌdÑ¡Ê#Í/Ð ÈdÉ¡Ú�ødÏ�Æ9á Û¬Æ ødÌdÓ

B = L1Umg
′

mhmπ/(4 ln 2) = 0.7Bo
æ � ß Ê�ÑAÕÔÒÔÚ�ÐZÎ�ÌdØ�ÐlÙdÒ�Ç[Ú9Õ�Í Î�Ê�ÌÔÆ'ÓÜÝ¥É¡Ú9Ë Ë5Æ+Î9Ñ�ÒdÉ¡Æ+ËXÆ+ÌZÍ ÑFÊ�Ñ

Ñ�ËlÎ�Ï�Ï�Æ�É®Í ß Î�ÌÜÍ ß Æ%ðZÌdÚ�Û�ÌhÊ�ÌÔÈÔÒ�ÍNÙdÒ�Ç
Bo

ædü�ÍFÏ�Î�É Ö�Æ+É�Ó�Ê�Ñ�Í Î�ÌdØ�Æ9á
x = 25Lo

á�Í ß ÆàØ�ÒÔÉ É¡Æ+ÌZÍ®Û�Ê�Ó)Í ß á
Ó�Æ�ÌKÑ�Ê�Í/ÐcÎ�ÌdÓ^Í ß Ê�Ø�ð)ÌÔÆ+Ñ ÑàÎ�É¡Æ5ÌÔÚ�Í"Ñ�Ê�Ö�ÌdÊ#øKØ+Î�ÌZÍ¡Ï�Ð7Ë5Ú�Ó�Ê�ødÆ+ÓâáªÎ�ÑàÑ¡Æ�Æ+ÌäÎ�Õ*Ú�×�Æ�áâÕdÒ�ÍàÍ ß ÆH×�Æ+Ï�Ú�Ø�Ê�Í/ÐBÊ�Ñ
Í/Û�Ê�Ø�ÆlÑ�ËlÎ�Ï�Ï�Æ�É'áêÑ¡Æ�Æ5É Æ�Ï�Î�Í Ê�Ú9Ì3ò � æ � õ
æ�� ß Æ5ËlÎ�Ê�ÌÿØ�ÒÔÉ É¡Æ+ÌZÍ ß Î9ÑQÍ ß Æ+ÌÿÏ�ÚZÑ/ÍéË5Ú�É Æ"Í ß Î�Ì ß Î�Ï#Ý�Ú�Ý
Í ß Æ
Ê�ÌdÊ#Í Ê�Î�Ï¦ÕÔÒdÚ�Ð9Î�ÌKØ�ÐHÙKÒ�Çâæ � ß Ê�ÑAË5Î ÐÜÕ*Æ"Ó�ÒÔÆ-Í¡ÚlÍ ß ÆX×ZÊ�Ñ Ø�Ú�ÒKÑ®ødÏ�Ë ÙKÚ�Û�Ê�ÌÔÖhÓ�Ú�Û�Ì)Û�Î�É ÓÜÕ*Æ�Ï�Ú�ÛxÍ ß Æ
Ø�ÒÔÉ É Æ�ÌZÍ+áÔÎ9Ñ�Ñ�Æ+Æ�ÌÜÊ�ÌÜødÖ9ÒÔÉ¡Æ L á�Û ß Ê�Ø ß ÈÔÉ Ú�Ó�ÒdØ�Æ+Ñ®ÎlØ�Ú9ÌdÑ/Í�Î�ÌZÍ�Ó�É Î�Ê�ÌKÎ�Ö�Æ9æ
�7Æ+Î�Ñ¡ÒÔÉ Æ�Ë5Æ�ÌZÍ�Ñ-Ê�ÌìÍ ß Ê�ÑXÍ ß Ê�Ì3Ï�Î Ð�Æ+É"Û�Ú�ÒdÏ�ÓäÕ*Æ�ÌÔÆ�Æ'Ó�Æ+ÓìÍ¡Ú^Í¡Æ'Ñ/Í5Í ß Ê�Ñ ß Ð)ÈKÚ�Í ß Æ'Ñ�Ê�Ñ+æ �NÚ�Û¬Æ+×�Æ+É+á

3NÎ�Ö9Î�Í�Î ��?4

AB� ò 0 6069ó õéÓ�Æ+É¡Ê�×�Æ'ÓcÎ�ÌäÆ�Ç�ÈÔÉ Æ+Ñ Ñ�Ê�Ú�ÌcÝ¥Ú9ÉàÍ ß Ê�Ñ-ÙdÚ�Û Î�ÌdÓÿÍ ß ÆUÎ9Ñ¡Ñ¡Ú�Ø�Ê�Î�Í¡Æ'ÓÿÓ�Ú�Û�ÌdÑ¡Ï�Ú9ÈKÆ
×�Ú9Ï�ÒÔË5Æ-ÙdÒ�Ç

QE
Ê�ÌBÍ ß Æ5×)Ê�Ñ Ø�Ú9ÒdÑNødÏ�Ë�æ � ß ÆXÉ¡Æ'Ñ�ÒdÏ#ÍéÊ�Ñ

QE = 3ULδE/4
Ý¥Ú�É

h/δE > 3
áêÛ ß Æ�É Æ

δE = (2ν/f)1/2
Ê�ÑpÍ ß ÆFëWð)ËlÎ�ÌlÏ�Î Ð�Æ�ÉãÍ ß Ê�Ø�ðZÌdÆ+Ñ Ñ�æ9ú�ÌlÚ�ÒÔÉWÆ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ ÑWÍ ß ÆNØ�Ú�ÌdÓÔÊ#Í Ê�Ú9Ì

h/δE > 3Ê�ÑAÑ¡Î�Í¡Ê�Ñ/øKÆ+Óâá*Ñ�ÚlÍ ß Î�ÍNÍ ß ÆàÕdÒÔÚ�Ð9Î�ÌdØ�ÐUÙdÒ�Ç
BE

Ê�Ì�Í ß Æ-×)Ê�Ñ Ø�Ú9ÒdÑ�Ï�Î Ð�Æ+É�ÈKÆ+ÉNÒÔÌÔÊ�ÍAÚ�ÝpÏ�Æ+ÌÔÖ�Í ß Ø�Î�Ì[Õ*Æ
Æ+Ñ�Í¡Ê�ËlÎ�Í¡Æ'Ó�Î�Ñ

BE = 3Ug′δE/4 = 2−3/2 3 M1/2s−1/2
� �

−1/2(ho/hm)B L−1

÷ÔÚ9É
χ = 2.5Lo

á Û�Æ Ø�Î�Ì Æ�Ç�ÈÔÉ¡Æ'Ñ¡Ñ
BE

ÒdÑ¡Ê�ÌÔÖ ò � æ ó õ Î�ÌdÓ ò � æ 8 õ
á Û ß Ê�Ø ß Ð)Ê�Æ�Ï�ÓÔÑ
BE ' 1.4 (Ms

� �
)−1/2B L−1

o

æ � ß Æ"Í¡Ú�Í�Î�ÏªÏ�ÚZÑ¡ÑNÚ�Ý
ËlÎ�Í�Í¡Æ+ÉAÊ�Ì7Í ß ÆX×ZÊ�Ñ Ø�Ú�ÒKÑ�ødÏ�ËôÊ�ÑNÍ ß Æ�Ì^Î�ÕKÚ9Ò�Í
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| d
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	 � ��
 ¤���§F��Á �+�#���/���'�[� �W�/�9�%Á � ���/���
�+�ª�9���9�����£�h�9�/� �Z�����Q��� ���+�/�H¤�� � º §¡µê�9���/�#����¤�� � º+�h¯Q¼��9»�·+§���)�B�����/�¡�h¤�� � ¼ �Z» ·H¯AÃ�»+��§N�/�9�5� ½���� �/���%�����
µâ�9���/���ã�/�9� 	)�9�#�7�/�
���¡�9���à�U�/� ���à�������/��¤����m¼
¹+�)§¡¿�¤���§�����'�Z�+���9���9�������^�9�������/���Z�9�/���+�c�9�/�+�)���Z���������c�+�9�����#�9�
�^���B�%��½��#���Ü���F�Ü�������/�����à� � ∆ρ/ρo = ¼+¿ ·�� � ����Z���/�#�+�*�9���9�����£�-� ½���������¿

BE ∗ 2.5Lo = 0.1B
æÔ÷ÔÚ�É

χ = 25Lo
áÔÍ ß Æ%Ï�Ú9Ñ Ñ®ÕKÆ'Ø�Ú9ËXÆ'Ñ®Ú�ÝªÍ ß ÆàÑ Î�Ë5ÆéÚ�É�Ó�Æ+É�Ú�Ý¦ËlÎ�Ö�ÌÔÊ�Í¡ÒdÓÔÆàÎ�Ñ

Í ß ÆUÕÔÒÔÚ�Ð9Î�ÌdØ�Ð�ÙKÒ�Ç^Ú�Ý¬Í ß ÆlËlÎ�Ê�ÌÿØ�ÒÔÉ É¡Æ+Ì9Í
B
æ � ß Ê�ÑàÓ�É�Î�Ê�ÌdÎ�Ö9Æ"Ê�ÌcÍ ß Æl×)Ê�Ñ¡Ø�Ú�ÒdÑQødÏ�Ë Ø+Î�ÌcÍ ß Æ�É Æ�ý

Ý¥Ú�É ÆXÎ9Ø�Ø�Ú�ÒÔÌZÍNÝ¥Ú9ÉQÍ ß Æ
50%

Ï�Ú9Ñ ÑQÚ�ÝWÍ ß ÆXÊ�ÌÔÊ�Í¡Ê�Î�ÏpÕdÒÔÚ�Ð9Î�ÌdØ�ÐhÙdÒ�ÇBÚ9ÕdÑ¡Æ�É ×�Æ+Ó[Î�Í
χ = 25Lo

æ�ç)Ê�ÌKØ�Æ
(M s

� �
)−1/2

×�Î�É Ê�Æ'Ñ Ê�Ì-Í ß Æ�Ñ�ËlÎ�Ï�Ï)Ê�Ì9Í Æ�É ×�Î�Ï
[0.020−0.035]

Ê�ÌXÎ�Ï�Ï�Ú�ÒÔÉãÆ�Ç)È*Æ�É Ê�ËXÆ+ÌZÍ Ñ¦Í ß Æ®É Æ�Ï�Î�Í Ê�×9Æ
Ï�ÚZÑ¡Ñ¬Ó�Ú)Æ+Ñ¬ÌÔÚ�Í�×�Î�É Ð-Í Ú-ÎàÏ�Î�É Ö�Æ�Æ�ÇZÍ Æ�ÌZÍ+æZú�ÌHÈÔÉ Æ�×)Ê�Ú�ÒdÑ¬Ñ/Í ÒdÓ�Ê�Æ+ÑQò£î¬Æ+ÌÔÆ+Ó�Æ'Ñ�Æ ��? 

AB�;�
C9C
L : M Î�ÌÔÆ�ý/ç)Æ�É¡ö
5 O�Î�Ê�ÌdÆ+Ñ 0 60608 : ëpÍ¡Ï�Ê�ÌÔÖ �J?S

AB�K�0C0C0C õ
áêÍ ß Ê�Ñ-ÈdÎ�É�Î�Ë5Æ�Í¡Æ�É-Û�Î9Ñ%Ï�Î�É¡Ö9Æ�É'á�Ñ�Ú7Í ß ÆH×)Ê�Ñ¡Ø�Ú�ÒdÑ%ødÏ�Ë Û®Î�Ñ
Ë5Ú�É ÆQÊ�Ë5ÈKÚ9É�Í�Î�ÌZÍ+æ�ú�Ì[Ñ¡Ú�Ë5Æ%Ø�Ú9ÌdÓ�Ê�Í¡Ê�Ú�ÌdÑ+á)Í ß Æ%Û ß Ú�Ï�ÆéØ�ÒÔÉ É¡Æ+Ì9Í�Û®Î�Ñ¬ÙdÚ�Û�Ê�ÌÔÖlÎ�Ñ�ÎX×)Ê�Ñ Ø�Ú9ÒdÑ�ødÏ�Ë�æ

� æ ó æ�� AB� � 

A"�����0� � �
ü�ÈÔÉ Ú�Ó�ÒdØ
Í Ê�Ú9Ì7Ú�Ý¬Û�Î�Í¡Æ�ÉQËlÎ�Ñ Ñ�Æ'ÑFÚ�Ý¬Ó�Ê�ö*Æ+É¡Æ+Ì9ÍéÓ�Æ�ÌKÑ�Ê�Í¡Ê�Æ+ÑQÆ�×9Æ�ÌZÍ¡ÒKÎ�Ï�Ï�ÐÜÉ¡Æ'Ñ�ÒdÏ#Í�ÑFÝ¥É Ú�ËôË5Ê�Ç)Ê�ÌÔÖhÊ�Ì

Í ß Æ%Ö9É Î ×)Ê�Í/ÐHØ�ÒÔÉ É Æ�ÌZÍ+æ
� ß Ê�Ñ�ÈÔÉ Ú�È*Æ�É¡Í/ÐHÊ�Ñ®Ú�ÝãÈÔÉ Ê�Ë5Æ%É Æ�Ï�Æ�×�Î�ÌdØ�ÆQÝ¥Ú�É�Ú�Ø�Æ'Î�ÌÔÚ9Ö�É�Î�È ß Ð�æ��¦Ú5ÓÔÆ�Í¡Æ+É¡Ë5Ê�ÌÔÆ
Í ß Ê�Ñ"Ö�Ï�Ú�ÕdÎ�ÏWË5Ê#Ç�Ê�ÌÔÖ7Æ�öêÆ+Ø�Í+áªÛ¬ÆlÉ ÒÔÌÿÍ ß ÆUÆ�Ç)È*Æ�É Ê�ËXÆ+ÌZÍàÝ¥Ú�ÉXÎ[Ï�Ú9ÌÔÖ�Í¡Ê�Ë5Æ^ò 0 ß L � Ë5Ê�ÌKõàÎ�ÌdÓcÍ ß Æ�Ì
Û�Î�Ê#ÍAÝ¥Ú�ÉAÍ ß Æ5Ñ�Í Î�Í Æ"Ú�ÝWÉ¡Æ'Ñ/Í'ádÝ¥Ú9ÉAÛ ß Ê�Ø ß Í ß Æ"ÙdÒÔÊ�Ó7ÈdÎ�É�Í Ê�Ø�Ï�Æ'ÑAÎ�É¡Æ"Ñ�Ú9É�Í Æ+Ó[Õ)Ð[Ó�Æ�ÌKÑ�Ê�Í/Ð7Î�ÑNÒÔÌÔÊ�Ý¥Ú�É Ë
Ï�Î Ð9Æ�É�Ñ�Î�Ø�É¡ÚZÑ¡Ñ¬Í ß ÆàÛ ß Ú�Ï�ÆéÍ Î�ÌÔðhÑ¡Æ+Ø�Í¡Ê�Ú�Ì�æ � ß Æà×�Ú9Ï�ÒdËXÆ%Ú�ÝªÛ®Î�Í Æ�É�ÈÔÉ Ú�Ó�ÒdØ�Æ+ÓÜÊ�Ì[Æ'Î�Ø ß Ó�Æ+ÌdÑ�Ê�Í/ÐUÕdÊ�Ì
Ê�Ñ�Í ß Æ+ÌÜÚ9Õ�Í Î�Ê�ÌdÆ+ÓUÝ¥É¡Ú9Ër×�Æ+É�Í Ê�Ø+Î�Ï�Ó�Æ+ÌdÑ�Ê�Í/ÐHÈÔÉ Ú�øKÏ�Æ'Ñ�æ
� ß ÆéÙdÚ�ÛRÈdÎ�É Î�Ë5Æ�Í¡Æ+É Ñ ß Î ×9ÆAÕ*Æ�Æ+Ì[Ø ß Ú9Ñ¡Æ�ÌhÍ¡ÚlÈÔÉ Ú�Ó�ÒdØ�ÆéÎ�ÌhÆ EZÒÔÊ�Ï�Ê�ÕÔÉ¡Ê�ÒÔË Ø�ÒÔÉ É¡Æ+ÌZÍ�Ø�Ï�ÚZÑ�ÆAÍ¡Ú5Í ß Æ

ÕKÚ�Í�Í Ú�ËvÚ�ÝâÍ ß ÆAÑ¡Ï�Ú�È*Æ�áZÏ�Ê�Ë5Ê#Í Ê�ÌÔÖ"Ý¥ÒÔÉ¡Í ß Æ+É¬Ë5Ê�Ç�Ê�ÌÔÖ"Û ß Ê�Ø ß Ø�Ú9ÒÔÏ�ÓHÚ)Ø+Ø�ÒÔÉ�Û ß Æ+ÌlÍ ß ÆéØ�ÒdÉ¡É Æ�ÌZÍ
É Æ+Î9Ø ß Æ+Ñ
Í ß ÆhÆ�ÌdÓÿÚ�Ý®Í ß ÆUÑ¡Ï�Ú�È*ÆBò³Ñ¡ÒdØ ß Ë5Ê#Ç�Ê�ÌÔÖ7Ê�Ñ-Î�Ï�Ñ¡Ú[Ï�Ê�Ë5Ê#Í Æ+ÓäÕ)ÐBÍ ß ÆÜØ�Ú�ÌdÊ�Ø5Æ'Ó�Ö�ÆHÚ�Ý®Í ß ÆUÑ¡Ï�Ú�È*Æ'õ
æ�� ß Æ
Ñ�Ú9ÒÔÉ�Ø�ÆFÙKÚ�Û<É Î�Í¡ÆFÊ�Ñ

Qo = 1.30
MàÑ

−1
áZÍ ß ÆQÊ�ÌdÊ#Í Ê�Î�ÏêÓÔÆ�ÌdÑ¡Ê#Í/ÐlÓ�Ê�öêÆ�É Æ�ÌdØ�Æ

∆ρ/ρo = 1.61%
Î�ÌdÓ5Í ß Æ

É¡Ú�Í Î�Í¡Ê�Ú�ÌBÈ*Æ�É Ê�Ú)Ó
T = 80

Ñ+æ�� ß ÆlØ�Ú9É¡É Æ+Ñ¡È*Ú�ÌdÓ�Ê�ÌÔÖÜÌÔÚ�ÌÿÓ�Ê�Ë5Æ�ÌdÑ¡Ê�Ú9ÌdÎ�ÏãÌ)ÒÔË"ÕKÆ+É Ñ%Î�É¡Æ
M = 3.36

á
��Æ

= 3.74 104
Î�ÌdÓUÍ ß ÆàÑ Ø�Î�Ï�Æ'Ñ�Î�É Æ

Lo = 48
Ø�ËÜá

ho = 3.65
Ø�Ë Î�ÌdÓ

Uo = 7.48
Ø�ËOÑ

−1
æ

üFÝÀÍ¡Æ+ÉpÍ ß Æ�Æ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ+á Í ß ÆFÑ�Ð�Ñ�Í¡Æ+ËaÊ�ÑWÏ�Æ�ÝÀÍ
Î�ÍpÉ¡Æ'Ñ/ÍWÓ�ÒdÉ¡Ê�ÌÔÖ ��L ß Ú9ÒÔÉ Ñ+á�ÒÔÌZÍ¡Ê�Ï)Í ß Æ®ÙdÒÔÊ�Ó"ÈKÎ�É¡Í¡Ê�Ø�Ï�Æ+Ñ
Ö�Æ�Í¬Ñ�Ú9É�Í Æ+ÓXÕ)Ð-Í ß Æ�Ê�É¬ÓÔÆ�ÌdÑ¡Ê#Í/Ð�ò¥Û�Ê�Í ß Ú�Ò�Í®Ñ/Í Ú�ÈÔÈÔÊ�ÌÔÖ%Í ß Æ�Í�Î�ÌÔðXÉ¡Ú�Í Î�Í¡Ê�Ú�ÌKõ�æ�ûpÆ�É¡Í¡Ê�Ø�Î�ÏdÓ�Æ+ÌdÑ�Ê�Í/ÐXÈÔÉ¡Ú�ødÏ�Æ+Ñ
Î�É ÆWË5Æ+Î9Ñ�ÒÔÉ Æ+ÓàÆ�×�Æ+É¡Ð ß Ú9ÒÔÉ�Í ÚNË5Ú�ÌÔÊ�Í¡Ú9É�Í ß Æ¬Æ+×�Ú9Ï�Ò�Í Ê�Ú9ÌéÍ¡Ú�Û®Î�É�ÓQÍ ß Æ�Ñ/Í�Î�Í Æ
Ú�ÝKÉ¡Æ'Ñ/Í'æ'ç�Î�ËXÈdÏ�Æ¬ÈÔÉ¡Ú�ødÏ�Æ+Ñ
Î�É ÆWÉ Æ�ÈÔÉ Æ+Ñ¡Æ�ÌZÍ¡Æ'ÓQÊ�Ì%øKÖ�ÒÔÉ Æ 0�0 ò 
 õ�Î9Ñ Î®Ý¥ÒÔÌKØ
Í¡Ê�Ú�Ì-Ú�Ý�Í ß Æ
×�Æ+É�Í Ê�Ø+Î�Ï ß Æ�Ê�Ö ß Í

z
Ý¥É Ú�ËèÍ ß Æ
Õ*Ú�Í¡Í¡Ú�ËèÚ�Ý�Í ß Æ

Í¡ÒÔÉ ÌZÍ Î�ÕÔÏ�Æ9æ � ß ÆA×�Î�É¡Ê�Î�Í Ê�Ú9ÌdÑ
Ú�Ý�Í ß Æ+Ñ¡ÆQÈdÉ¡Ú�ødÏ�Æ'Ñ
Õ*Æ+Ø�Ú�Ë5ÆQÌÔÆ�Ö9Ï�Ê�Ö�Ê�ÕÔÏ�ÆAÎ�Õ*Ú�ÒÔÍ 0 8 ß Ú9ÒÔÉ�ÑAò
t/T ' 800

õ
Î�ÝÀÍ Æ�É�Í ß ÆéÕ*Æ�Ö9Ê�ÌÔÌdÊ�ÌÔÖXÚ�Ý Í ß ÆéÆ�Ç�È*Æ�É Ê�Ë5Æ+Ì9Í'á�Ñ�Ú"Û¬ÆéÎ�Ñ Ñ�ÒdËXÆAÍ ß Î�Í�Í ß Æ%Ñ¡Ú�É¡Í¡Æ+ÓHÉ¡Æ'Ñ/Í®ÈÔÉ Ú�ødÏ�Æ�á9Í ß Î�Í�Û¬Æ
Ó�Æ�ÌdÚ�Í¡Æ

ρ∞(z)
á ß Î�ÑãÕ*Æ�Æ+ÌlÚ�Õ�Í�Î�Ê�ÌÔÆ+ÓXÎ�ÍpÍ ß Ê�Ñ¬Ñ/Í�Î�Ö9Æ�æ � ß Æ�×9Ú�Ï�ÒÔË5Æ�Ú�ÝêÛ�Î�Í¡Æ�ÉpÈ*Æ�É
ÒÔÌÔÊ�Í
Ú�ÝâÓ�Æ�ÌKÑ�Ê�Í/Ð-Ê�Ñ

Í ß Æ+Ì7Ø�Î�Ï�Ø�ÒÔÏ�Î�Í¡Æ'ÓhÎ9Ñ
A/(dρ∞/dz)

á�Û ß Æ�É Æ
A = πR2

T

Ê�Ñ�Í ß Æ%Í�Î�ÌÔðUÑ¡Æ+Ø�Í¡Ê�Ú�Ì[Î�É Æ+Îdæ � ß Ê�Ñ E9ÒKÎ�ÌZÍ¡Ê�Í/Ð
Ê�Ñ�Í ß Æ%ÈÔÉ Ú�ÕKÎ�ÕÔÊ�Ï�Ê�Í/ÐHÓ�Ê�Ñ/Í É¡Ê�ÕÔÒ�Í Ê�Ú9Ì�ÈÔÏ�Ú�Í�Í Æ+ÓÜÊ�ÌhødÖ9ÒÔÉ¡Æ 090 ò��'õ
æÅcÆÿÚ�ÕdÑ¡Æ�É ×�Æ^ÎìÈ*Æ+Î�ðOÎ�Í

(ρ − ρo)/ρo = 0.4%
Ø�Ú�É É¡Æ'Ñ�È*Ú�ÌKÓ�Ê�ÌdÖäÍ¡Ú3Í ß ÆcËlÎ�Ç�Ê�Ë5Î�Ï%Ó�Æ�ÌdÑ¡Ê�Í/Ð

Ó�Ê�ö*Æ+É¡Æ+ÌdØ�Æ�Ë5Æ+Î9Ñ�ÒÔÉ Æ+ÓìÊ�ÌìÍ ß Æ[ËlÎ�Ê�Ì3ÈdÎ�É¡ÍXÚ�ÝNÍ ß Æ�Ö�É�Î ×ZÊ�Í/ÐäØ�ÒÔÉ É Æ�ÌZÍ+áãÎ�Ñ5Ñ ß Ú�Û�ÌìÕ)ÐäÍ ß Æ[ÓÔÎ�Ñ ß Æ+Ó
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���������
	 � ��
 � � ���/���
�+�������Z�����£�X�9�/���)���Q�%�
�����9�/�
�5���H�/�Z�N���9���/� ������� x � » ¾+º-���5µ y � ¼
º'º%��� ¤¥�Z�����Z�
������Z��§¡µ �W���/�à�/�Z�
��IÔ��� �/��Á �
Á �������������à�9�/� �Z��� Ueff
�9���9�Z� �
�é���5¤³·�¿ ¾'§ ���/�'�R�/�Z�¬�9���9�����£�é���/� �Z�#�¬�%�
�+�����/�
����X�/�9�����+� �"���W�/�����¬�����/�¡�
�/�9�����)�-� �ê�/�9�®� ½���� �/���%�����/��¿

Ï�Ê�ÌÔÆlÊ�ÌcødÖ�ÒÔÉ Æ 0 � æ�� ß Æ5Ú)Ø+Ø�ÒÔÉ É Æ�ÌdØ�Æ"Ú�Ý ß Ê�Ö ß Æ�ÉàÓ�Æ+ÌdÑ�Ê�Í¡Ê�Æ+ÑUò¥ÒÔÈcÍ¡Ú C æ G�� õQØ+Î�ÌÿÕKÆHÎ�Í�Í É¡Ê�ÕÔÒ�Í Æ+Ó^Í¡Ú
Í ß ÆX×)Ê�Ñ Ø�Ú9ÒdÑ�øKÏ�ËôÚ9ÕdÑ�Æ+É¡×9Æ+ÓÜÍ ÚHÙdÚ�ÛDÕ*Æ�Ï�Ú�Û�Í ß ÆXØ�ÒÔÉ É Æ�ÌZÍAÊ�Ì[Í ß Æ"É Æ�Ö9Ê�Ú9Ì[Ú�Ý
Ñ�Í¡É Ú�ÌÔÖUÓÔÆ+Ñ Ø�Æ�ÌZÍlò³Ñ¡Æ�Æ
×)Ê�Ñ¡ÒdÎ�Ï�Ê�Ñ¡Î�Í¡Ê�Ú�Ì%Ú�Ý�øKÖ�ÒÔÉ Æ L õ�æ�� ß Ê�ÑªÈdÎ�É�Í Ú�Ý�Í ß Æ¬ÙdÚ�ÛÿÊ�Ñ ÌÔÚ�Í Í ÒÔÉ¡ÕdÒÔÏ�Æ+ÌZÍ+á�Ñ�ÚFÍ ß Î�ÍªÊ�Í¦Ê�Ñ ÈdÉ¡Ú�Í¡Æ+Ø�Í¡Æ'ÓéÝ¥É¡Ú9Ë
Ë5Ê#Ç�Ê�ÌÔÖdæ � ß Æ5ÓÔÆ�ÌdÑ¡Ê#Í/ÐcÓ�Ê�Ñ/Í É¡Ê�ÕÔÒ�Í Ê�Ú9ÌcÊ�ÌcÕKÆ�Í/Û¬Æ+Æ�ÌcÍ ß ÆlËlÎ�Ç)Ê�Ë-ÒdËÞÎ�Í

(ρ − ρo)/ρo = 0.4%
Î�ÌdÓ

Í ß ÆlÑ¡ËlÎ�Ï�Ï�Æ+ÉA×�Î�Ï�ÒÔÆ'ÑAÊ�ÑéÉ Æ�Ï�Î�Í¡Ê�×�Æ+Ï�ÐÜÒÔÌÔÊ�Ý¥Ú�É Ë�æ�� ß Ê�ÑAÉ Æ+Ñ¡ÒÔÏ�Í ÑAÝ¥É Ú�Ë Í ß ÆXÊ�ÌZÍ¡Æ+ÌdÑ�ÆXË5Ê#Ç�Ê�ÌÔÖÜÚ)Ø+Ø�ÒÔÉ É Ê�ÌÔÖ
Î�Í�Í ß Æ%Ê�ÌZÍ Æ�É¡Ý³Î�Ø�ÆQÛ�Ê�Í ß Í ß ÆàÎ�Ë-ÕdÊ�Æ+Ì9Í®ÙdÒdÊ�Óâæ
� ß Æ
Í Ú�Í Î�Ï�E9ÒKÎ�ÌZÍ¡Ê�Í/ÐéÚ�ÝdÑ Î�Ï�ÍªÊ�ÌZÍ¡É Ú)ÓÔÒdØ�Æ'ÓàÓ�ÒÔÉ Ê�ÌdÖFÍ ß Æ�Æ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ�ò³Û ß Ê�Ø ß Ê�ÑãÑ¡ÒÔÈÔÈ*Ú9Ñ¡Æ+Ó%ÈdÉ¡Ú9ÈKÚ9É�ý

Í¡Ê�Ú�ÌdÎ�ÏêÍ¡Ú5Ó�Æ�ÌKÑ�Ê�Í/ÐÔõ
Ê�Ñ�Ø�Ú9ÌdÑ¡Æ�É ×�Æ+ÓUÎ�Ñ®Ñ ß Ú�Û�ÌUÕ)ÐlÊ�ÌZÍ Æ�Ö�É�Î�Í Ê�Ú9ÌUÚ�Ý Í ß Ê�Ñ®Ö9Ï�Ú9ÕdÎ�Ï*Ë5Ê#Ç�Ê�ÌÔÖlÎ�Ñ Ñ�Æ'Ñ¡Ñ¡Ë5Æ�ÌZÍ �
Bo texp = A

∫ H

0
g (ρ∞(z) − ρo)/ρo dz = (1.29± 0.03)

Ë
4
Ñ
−2

Û ß Æ�É Æ
texp

Ê�ÑFÍ ß ÆàÍ Ú�Í�Î�Ï¦ÓÔÒ�ý
É Î�Í¡Ê�Ú�ÌÜÚ�Ý¦Í ß Æ%Æ�Ç)È*Æ�É Ê�ËXÆ+ÌZÍ+æ
� ß Ê�ÑÜÖ�Ï�Ú�ÕKÎ�ÏAÓÔÆ�ÌdÑ¡Ê#Í/ÐOÈÔÉ Ú�øKÏ�ÆcÑ ß Ú9ÒÔÏ�Ó<ÕKÆcÉ Æ�Ï�Î�Í¡Æ'ÓOÍ¡ÚìÍ ß Æc×�Æ+É�Í Ê�Ø+Î�ÏAÈÔÉ¡Ú�ødÏ�ÆBÚ�Ý-ÓÔÆ�ÌdÑ¡Ê#Í/ÐåÙdÒÔÇ

Ê�Ì?Í ß ÆcØ�ÒÔÉ É¡Æ+ÌZÍUÊ#Í�Ñ�Æ+Ï#Ý/á®Ó�Ú�Û�ÌdÑ�Í¡É Æ+Î�Ë Í ß ÆBË5Ê�Ç)Ê�ÌÔÖ3É¡Æ+Ö�Ê�Ú�ÌDòÀÍ ß Ê�ÑhÈÔÉ Ú�ødÏ�Æ7Ê�ÑhÎäÝ¥ÒÔÌdØ
Í Ê�Ú9Ì?Ú�Ý%Í ß Æ
×�Æ+É�Í Ê�Ø+Î�ÏdØ�ÚZÚ9É ÓÔÊ�ÌdÎ�Í¡Æ

ζ = z−zB
õ�æ�ú�ÌdÓ�Æ+Æ+ÓXÍ ß Æ�ødÌdÎ�ÏÔ×�Ú9Ï�ÒdËXÆ�Ú�ÝâÛ�Î�Í¡Æ�É

A/(dρ∞/dz)
È*Æ�ÉWÒdÌÔÊ#Í¬Ú�Ý

Ó�Æ�ÌKÑ�Ê�Í/ÐHØ�Î�ÌHÕKÆQÆ+Ñ�Í¡Ê�ËlÎ�Í Æ+ÓUÎ9ÑWÍ ß ÆQÈÔÉ¡Ú�Ó�ÒKØ
Í¬Ú�Ý¦Î�ÌUÆ�öêÆ+Ø
Í Ê�×9ÆA×9Æ�Ï�Ú�Ø�Ê�Í/Ð
Ueff (ζ)

Õ)Ð"Í ß ÆAÍ ß Ê�Ø�ð)ÌÔÆ+Ñ Ñ
1/(dρ/dζ)

áÔÍ ß ÆàØ�ÒÔÉ¡É Æ�ÌZÍ®Û�Ê�Ó�Í ß
L

Î�ÌdÓUÍ ß ÆéÍ Ú�Í�Î�Ï�Ó�ÒÔÉ�Î�Í Ê�Ú9ÌhÚ�Ý¦Í ß Æ%Æ�Ç�È*Æ�É Ê�Ë5Æ+Ì9Í
texp

�

A

dρ∞/dz
= Ueff

1

dρ/dζ
L texp

ò � æ 6 õ
ú�Ì5Í ß Ê�ÑpÉ Æ�Ï�Î�Í Ê�Ú9Ì�á Í ß ÆN×�Æ�Ï�Ú�Ø�Ê�Í/Ð-Î�ÌKÓXÓÔÆ�ÌdÑ¡Ê#Í/ÐXÎ�É Æ�Í Î�ð9Æ�ÌlÎ�ÍpÍ ß Æ ß Æ+Ê�Ö ß Í

ζ = z−zB
Ê�Ì5Í ß ÆFØ�ÒÔÉ¡É Æ�ÌZÍ

Ñ�ÒKØ ß Í ß Î�Í�Í ß ÆàÓ�Æ�ÌKÑ�Ê�Í/Ð
ρ
Ø�Ú�Ê�ÌdØ�Ê�Ó�Æ+Ñ®Û�Ê�Í ß Í ß ÆàÓ�Æ�ÌKÑ�Ê�Í/Ð

ρ∞
Ê�ÌÜÍ ß ÆéødÌKÎ�Ï�É Æ+Ñ�Í�ÈÔÉ¡Ú�ødÏ�Æ�æ

� ß Æ�È*Æ+Î�ð%Ú�Õ�Í�Î�Ê�ÌÔÆ+ÓàÊ�Ì"Í ß Æ�Ó�Æ+ÌdÑ¡Ê#Í/ÐàÓ�Ê�Ñ�Í¡É Ê�ÕÔÒÔÍ¡Ê�Ú�Ì-Ê�ÌàøKÖ�ÒÔÉ Æ 090 ò �+õ¦Ø�Ú9É¡É Æ+Ñ¡ÈKÚ9ÌdÓÔÑ Í¡Ú
dρ/dζ = 0

á
Û ß Æ�É ÆAÍ ß ÆQËlÎ�Ç�Ê�Ë"ÒÔËrÓ�Æ+ÌdÑ�Ê�Í/ÐlÊ�ÌUÍ ß ÆAÖ9É Î ×)Ê�Í/ÐlØ�ÒÔÉ É¡Æ+ÌZÍ¬Ê�Ñ¬É Æ+Î9Ø ß Æ+Ó�æ�� ß ÆéÓ�Æ+ÌdÑ�Ê�Í¡Ê�Æ+Ñ�Õ*Æ�Ð9Ú�ÌdÓHÍ ß Ê�Ñ
ÈKÆ'Î�ðäò

(ρ − ρ)/ρo > 0.4%
õFÎ�É ÆàÌÔÚ�ÍQÉ Æ�Ï�Î�Í Æ+ÓÜÍ ÚHÍ ß Æ"ËlÎ�Ê�ÌBØ�ÒÔÉ¡É Æ�ÌZÍ'áKÑ¡ÚlÍ ß Æ+Ð7Î�É Æ-Ó�Ê�Ñ¡Ø+Î�É�Ó�Æ+Ó�Ê�Ì

Í ß ÆhÎ�ÌdÎ�Ï�Ð�Ñ¡Ê�Ñ+æ�� ß ÆHØ�ÒdÉ¡É Æ�ÌZÍàÛ�Ê�Ó)Í ß
L1

ß Î�Ñ%Õ*Æ�Æ+ÌcøÔÍ�Í Æ+ÓÿÕ)ÐBÉ Æ�Ï�Î�Í Ê�Ú9ÌOò � æ ó õ�á�Û ß Ê�Ø ß ÈdÉ¡Ú�×)Ê�Ó�Æ+Ñ%Î
Ö�Ú)Ú�ÓÜÆ+Ñ�Í¡Ê�Ë5Î�Í¡ÆéÕ*Æ�Ð�Ú9ÌdÓ

x = 2.5Lo
ædÅ^Æ ß Î ×9Æ%Ó�Ê�É Æ+Ø�Í¡Ï�ÐUË5Æ+Î9Ñ�ÒdÉ¡Æ'ÓHÍ ß ÆàÓ�Æ�ÌKÑ�Ê�Í/ÐUÈÔÉ Ú�øKÏ�Æ

ρ(ζ)
Ê�Ì

Í ß Æ"Ø�ÒÔÉ É¡Æ+ÌZÍ�Î9Ñ�Ñ ß Ú�Û�ÌÜÊ�ÌÜødÖ�ÒdÉ¡Æ 090 ò��'õ
ædÅ^ÆàÓ�Ê�Ó�ÌÔÚ�ÍFËXÆ'Î�Ñ¡ÒÔÉ ÆAÍ ß Æà×9Æ�É¡Í¡Ê�Ø�Î�Ïê×9Æ�Ï�Ú)Ø�Ê#Í/ÐhÈÔÉ Ú�ødÏ�ÆéÊ�Ì
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���������
	 � ��
 ¤���§�ÂX���+�UÁ �����������£�l���/� �Z�#� �®���H�/�9�A���+� �'���/�Z�9���)�����+�)�5�������Z��Á � �/���A�9���/���¡�/�#�+�h���¦�/�9�A���¡��¯�����Z�9�����9�����ª�/�®�/�9�
�����/���+�%�����Z�
����� �W�%��� ���+�9�/�F¼�»F�+�Z�Q�/�Z�W�������/�������'�Z�9��� ���/�9�/�9�Z������� �����/� �Z�����£�Q� �Ô�/�Z�Á � �#��� ����� 	Z�Z� �/�Z���/���'�9�W�+� �/�+���
�/�9� �+���
Á����£�-���9���/� ���
¿d¤���§ã«
� ���Z�'�#���p���Z�
���¬�����/� ���N¤¥�â½��K¿ �éÃ'§¡¿
Í ß ÆQØ�ÒÔÉ É Æ�ÌZÍ+æ(3FÆ�×9Æ�É¡Í ß Æ+Ï�Æ'Ñ¡Ñ+á�Û�ÆNØ+Î�ÌHÒdÑ¡ÆFÉ Æ�Ï�Î�Í Ê�Ú9Ì7ò � æ 6 õpÍ¡Ú%Í É Î�ÌdÑ¡Ï�Î�Í¡Æ�Í ß ÆNÖ9Ï�Ú9ÕdÎ�Ï*Ó�Æ�ÌdÑ¡Ê�Í/Ð"ÈÔÉ Ú�øKÏ�Æ
Ú�ÝAødÖ�ÒÔÉ Æ 0�0 Ê�ÌZÍ¡ÚÿÎ^ÈÔÉ¡Ú�ødÏ�ÆhÚ�ÝNÍ ß ÆÜÆ�ö*Æ'Ø
Í Ê�×9ÆUÍ É Î�ÌdÑ�È*Ú�É¡Í5×�Æ�Ï�Ú�Ø�Ê�Í/Ð

Ueff
Ê�ÌSÍ ß Æ7Ø�ÒÔÉ É Æ�ÌZÍ+æ � ß Æ

É¡Æ'Ñ�ÒdÏ#Í%Ê�ÑAÈdÏ�Ú�Í�Í¡Æ'ÓBÊ�Ì^ødÖ�ÒÔÉ Æ 0 � æ � ß Ê�ÑéÆ+Ñ�Í¡Ê�ËlÎ�Í Æ+Ó^×�Æ�Ï�Ú�Ø�Ê�Í/Ð[ÈÔÉ Ú�ødÏ�Æ"Ê�ÑQËlÎ�Ç�Ê�Ë"ÒÔËÞÎ�ÍQÍ ß Æ ß Æ�Ê�Ö ß Í
Ø�Ú9É¡É Æ+Ñ¡ÈKÚ9ÌdÓ�Ê�ÌÔÖAÍ¡ÚéÍ ß Æ ß Ê�Ö ß Ó�Æ�ÌdÑ¡Ê�Í/Ð-Ö�É�Î�ÓÔÊ�Æ+Ì9Í'á�Î�ÌdÓXÊ�Í
Ó�Æ+Ø+Î Ð�ÑªÍ¡Ú C Ý¥Ú�É

z → 0
Î9ÑãÆ�Ç�È*Æ+Ø
Í Æ+Óâæ�� ß Æ

ËlÎ�Ç�Ê�Ë"ÒÔËa×�Î�Ï�ÒÔÆ®Ê�ÑpØ�Ú�ÌKÑ�Ê�Ñ/Í Æ�ÌZÍpÛ�Ê#Í ß ×9Æ�Ï�Ú�Ø�Ê�Í¡Ê�Æ+ÑªÚ�Õ�Í�Î�Ê�ÌÔÆ+Ó"Õ)ÐàùWú�û<Ë5Æ+Î9Ñ�ÒdÉ¡Æ+ËXÆ+ÌZÍ ÑªÊ�Ì ß Ú9É¡Ê���Ú9Ì9Í�Î�Ï
ÈÔÏ�Î�ÌÔÆ'Ñ�Î�Í

x = 2.5Lo
æ)ú�Í®Ê�Ñ ß Ú�Û�Æ�×�Æ+ÉWÍ/Û�Ê�Ø�ÆQÏ�Î�É¡Ö9Æ�É
Í ß Î�ÌUÍ ß ÆA×9Æ�Ï�Ú�Ø�Ê�Í/ÐXË5Æ'Î�Ñ¡ÒÔÉ¡Æ'ÓUÎ�Í

x = 25Lo
æ

� ß Ê�Ñ¬Ñ¡Æ�Æ+Ë5ÑWÍ¡ÚXØ�Ú�ÌÔødÉ¡Ë�Í ß Æ ß Ð)ÈKÚ�Í ß Æ'Ñ�Ê�ÑpÍ ß Î�Í ß Î�Ï�ÝêÍ ß ÆQÕÔÒÔÚ�ÐZÎ�ÌdØ�ÐàÙdÒ�Ç ß Î9ÑWÏ�Æ+Î�ð9Æ+ÓXÍ ß É¡Ú9ÒÔÖ ß Í ß Æ
×)Ê�Ñ Ø�Ú9ÒdÑ�ødÏ�Ë Õ*Æ�Í/Û�Æ�Æ�ÌhÍ ß Æ+Ñ¡ÆéÍ/Û¬Ú5È*Ú9Ñ¡Ê#Í Ê�Ú9ÌdÑ�æ

�*! iQ$���$0/ ��$0/1- � ' �>$�� � � � �1'*- /R$�g 	 + -�$0+ ��$0/1'�# �
ÅcÆXÌÔÚ�ÛDÎ�ÌdÎ�Ï�Ð�Ñ¡Æ%Í ß ÆXÑ/Í�Î�Í Ê�Ñ�Í¡Ê�Ø�ÑAÚ�ÝpÍ ß Æ-×9Æ�Ï�Ú)Ø�Ê#Í/ÐhÙdÒdØ�Í¡ÒdÎ�Í¡Ê�Ú�ÌdÑ+á*Û�É¡Ê�Í¡Ê�ÌÔÖlÍ ß Æ"×9Æ�Ï�Ú�Ø�Ê�Í/Ðh×9Æ+Ø
Í Ú�É

u

Î�ÑQÍ ß ÆlÑ�ÒÔËÞÚ�Ý�ÎhÍ Ê�Ë5Æ�ý�Î ×�Æ+É Î�Ö�Æ
u

Î�ÌdÓ[ÙKÒdØ
Í ÒdÎ�Í Ê�Ú9Ì
u
′
æâÅ^ÆlÎ�É ÆXÈdÎ�É¡Í¡Ê�Ø�ÒÔÏ�Î�É Ï�Ð[Ê�ÌZÍ¡Æ+É¡Æ'Ñ/Í Æ+ÓBÊ�Ì

Æ�×�Î�Ï�ÒdÎ�Í¡Ê�ÌÔÖBÍ ß Æ�Ê�ÌÔÙdÒÔÆ�ÌKØ�Æ�Ú�Ý ß Ú�É Ê��+Ú�ÌZÍ Î�Ï
×9Æ�Ï�Ú)Ø�Ê#Í/ÐÿÙKÒdØ
Í ÒdÎ�Í Ê�Ú9ÌdÑXÚ�Ì3Í ß Æ�Ï�Î�Í¡Æ+É Î�Ï�Ñ¡ÈÔÉ Æ+Î9Ó�Ê�ÌdÖBÚ�Ý
Í ß ÆBËXÆ'Î�Ì<Ø�ÒdÉ¡É Æ�ÌZÍ+æW÷dÚ�ÉlÍ ß Î�ÍHÈdÒÔÉ¡È*Ú9Ñ¡Æ�á
Û¬Æ�ødÉ�Ñ�ÍlÓÔÆ�Í¡Æ+É¡Ë5Ê�ÌÔÆ[Í ß Æ7Ø�Æ+Ì9Í É Î�ÏFÑ/Í É¡Æ'Î�Ë5Ï�Ê�ÌÔÆ[Ú�ÝAÍ ß Æ
Ë5Æ+Î�Ì7Ø�ÒÔÉ É¡Æ+Ì9Í'áKÎ9ÑFÑ ß Ú�Û�Ì[Ê�Ì[øKÖ�ÒÔÉ Æ I æKÅ^Æ-Í ß Æ+ÌBØ�Ú9ÌdÑ�Ê�Ó�Æ+É�Í¡É�Î�ÌdÑ¡×�Æ+É Ñ¡Æé×�Æ+Ï�Ú�Ø�Ê�Í/ÐUÈdÉ¡Ú�ødÏ�Æ'Ñ�á*Î�Ï�Ú�ÌÔÖ
Ñ/Í É Î�Ê�Ö ß Í
Ø�É Ú9Ñ Ñ/ý�Ï�Ê�ÌÔÆ'ÑãÈKÆ+É¡È*Æ�ÌdÓÔÊ�Ø�ÒÔÏ�Î�ÉpÍ¡ÚàÍ ß Ê�Ñ
Ñ�Í¡É Æ+Î�ËXÏ�Ê�ÌÔÆ�á�Î9ÑpÈÔÏ�Ú�Í¡Í¡Æ+Ó5Ê�Ì5ødÖ9ÒÔÉ¡Æ 0'ó æ � ß ÆFÚ�É Ê�Ö9Ê�ÌXÚ�Ý
Í ß Æ"Î�ÕdÑ Ø�Ê�Ñ¡Ñ Î

η
Ú�ÌÜÍ ß Æ"Ø�É Ú9Ñ Ñ/ý�Ï�Ê�ÌÔÆéÊ�Ñ�Í Î�ð�Æ+Ì�Î�ÍFÍ ß ÆàÊ�ÌZÍ Æ�É�Ñ�Æ'Ø
Í¡Ê�Ú�Ì�Û�Ê�Í ß Í ß Ê�ÑAØ�Æ+Ì9Í É Î�Ï Ñ�Í¡É Æ+Î�Ë5Ï�Ê�ÌdÆ�á

Ñ�ÚUÍ ß Æ
χ
ý�Ø�Ú9Ë5ÈKÚ9ÌÔÆ�ÌZÍAÚ�ÝpÍ ß ÆXË5Æ+Î�Ì7×�Æ+Ï�Ú�Ø�Ê�Í/Ð�á

u
áKÊ�ÑQË5Î�Ç�Ê�Ë"ÒÔËôÎ�ÌdÓ�Í ß Æ"Í¡É�Î�ÌdÑ¡×�Æ+É Ñ¡Æ%×�Æ+Ï�Ú�Ø�Ê�Í/Ð

v×�Î�ÌÔÊ�Ñ ß Æ+ÑQÎ�ÍQÍ ß Î�ÍQÈ*Ú�Ê�ÌZÍQÕ)Ð[Ó�Æ�øKÌÔÊ#Í Ê�Ú9Ì�æêú�ÍQÊ�ÑQÑ�Ï�Ê�Ö ß Í¡Ï�ÐÜÌdÆ�Ö9Î�Í¡Ê�×�Æ-Ý¥Ú�É
η < 0

áKÚ9Ì7Í ß Æ"ÒdÈÔÈKÆ+ÉQÑ¡Ê�Ó�Æ
Ú�ÝªÍ ß ÆàØ�ÒÔÉ É¡Æ+Ì9Í'á)ÕKÆ'Ø�Î�ÒKÑ�Æ%Ú�Ý Í ß ÆàÓ�Ê�×9Æ�É Ö�Æ+ÌdØ�ÆQÚ�ÝªÍ ß Æ%Ë5Æ'Î�ÌhÙdÚ�Û%æ
� ß ÆXÉ'æ ËÜæ Ñ+æ*×9Æ�Ï�Ú�Ø�Ê�Í/ÐhÙKÒdØ
Í ÒdÎ�Í Ê�Ú9ÌdÑ

u ����� =
√
u′2

Î�ÌdÓ
v ����� =

√
v′2

Î�É ÆXÎ�Ï�Ñ¡ÚhÑ ß Ú�Û�Ì�æ � ß Æ+Ð
Î�É Æ"ÌdÚ�É Ë5Î�Ï�Ê���Æ'Ó7Õ)Ð[Í ß Æ5Ë5Î�Ç�Ê�Ë"ÒÔËôË5Æ+Î�Ìc×�Æ+Ï�Ú�Ø�Ê#Í/Ð

Um
æâú�Ì^Í ß Æ5Æ�Ç�Î�Ë5ÈÔÏ�Æ5Ú�ÝWødÖ�ÒdÉ¡Æ 0+ó ò 
 õNÝ¥Ú�É

Æ�Ç�È*Æ�É Ê�Ë5Æ�ÌZÍ � � á)ÎàËlÎ�Ç�Ê�Ë5Î�ÏK×�Î�Ï�ÒÔÆ
u ����� /Um ' 0.32

Ê�Ñ
Ú9Õ�Í Î�Ê�ÌÔÆ'ÓHÎ�ÌKÓ
v ����� /Um ' 0.28

æ�� ß Æ+Ñ¡Æ
É¡Æ'Ñ�ÒdÏ#Í�ÑWÎ�É ÆFÑ�Ê�Ë5Ê�Ï�Î�ÉãÍ Ú%Í ß Î�ÍWÚ�ÕÔÍ Î�Ê�ÌÔÆ'Ó-Ý¥Ú9É
Î�Ç�Ê�Ñ�Ð)Ë5Ë5Æ�Í É¡Ê�Ø�Í¡ÒÔÉ ÕÔÒÔÏ�Æ�ÌZÍ �/Æ�Í ÑWÊ�ÌHÑ¡Æ�Ï�ÝÀý�Ñ¡Ê�Ë5Ê�Ï�Î�ÉpÉ¡Æ+Ö�Ê�Ë5Æ�æ
ú�Ì�Í ß Æ%Ï�Ê�Í¡Æ�É�Î�Í ÒÔÉ Æ�á�×�Î�Ï�ÒÔÆ+ÑF× Î�É¡ÐUÕKÆ�Í/Û¬Æ+Æ�Ì��

u ����� /Um ' 0.24− 0.30
Ú9ÌUÍ ß Æ �/Æ�ÍQØ�Æ�ÌZÍ É¡Æ%Î�Ç�Ê�ÑFÎ�ÌKÓ

v ����� /Um ' 0.18 − 0.30
ò³Å^Ð)Ö9ÌdÎ�ÌdÑ¡ð)Ê%5 ÷¦Ê�Æ+ÓÔÏ�Æ+É 0 60I96;: üNÌZÍ¡Ú�ÌdÊ�Î ��? 
�AB� 076(G ��: Å^Æ+ÕdÑ/Í Æ�É �J? 
�AB�

�
C9C 00: ÷ÔÒdðZÒKÑ ß Ê�ËlÎ �J?,

AB���
C0C(� õ�æZ÷dÚ�É®ÈÔÏ�Î�ÌdÎ�É �/Æ�Í Ñ+á�É¡Æ+Ï�Î�Í¡Ê�×�ÆFÍ ÒÔÉ ÕÔÒÔÏ�Æ�ÌZÍ�Ê�ÌZÍ¡Æ+ÌdÑ¡Ê#Í/ÐHË5Æ'Î�Ñ¡ÒÔÉ¡Æ+Ë5Æ�ÌZÍ Ñ
Ú�ÝÔÍ ß Æ�×�Æ�Ï�Ú�Ø�Ê�Í/ÐQÙdÒdØ
Í ÒdÎ�Í Ê�Ú9ÌdÑªÎ�É Æ
Ú�ÝdÍ ß Æ®Ñ¡Î�Ë5Æ
Ú�É�Ó�Æ+É Ú�ÝKË5Î�Ö�ÌÔÊ�Í¡ÒKÓ�Æ �

u ����� /Um ' 0.22−0.25
Î�ÌKÓ

v ����� /Um ' 0.2
òRO�É Î9Ó�ÕÔÒÔÉ Ð 0 60I���: ñQÒ�Í ËlÎ�É ðS5OÅcÐ)Ö�ÌdÎ�ÌdÑ¡ðZÊ 076 G�I : ñQÚ�É�Ó�Æ�Ð9Æ�×S5 � ß Ú�ËlÎ9Ñ �
C9C0C õ
æ

� ß ÆHÈÔÉ Ú�ødÏ�ÆlÚ�Ý ��Æ�Ð)ÌÔÚ9Ï�ÓdÑàÑ ß Æ+Î�É"Ñ/Í É¡Æ'Ñ¡Ñ
u′v′

Ê�ÑàÈdÏ�Ú�Í�Í¡Æ'ÓÿÊ�ÌcødÖ9ÒÔÉ Æ 0+ó ò �+õ�æ ú�Í-Ê�Ñ%ÌÔÆ+Ö9Î�Í¡Ê�×�ÆlÚ�Ì
Í ß ÆlÒdÈÔÈKÆ+É-Ñ¡Ê�Ó�Æ5Ú�Ý¬Í ß Æ �/Æ�Íhò

η
ÌÔÆ+Ö9Î�Í Ê�×9Æ'õAÎ�ÌdÓcÈ*Ú9Ñ¡Ê#Í Ê�×9Æ5Ú�Ì^Í ß ÆlÏ�Ú�Û¬Æ+É%Ñ�Ê�Ó�Æ[ò

η
È*Ú9Ñ¡Ê�Í¡Ê�×�Æ'õ�æ�� ß Ê�Ñ

Ø�Ú9É¡É Æ+Ñ¡ÈKÚ9ÌdÓÔÑ-Í¡ÚSÎ�Ì3Ú9Ò�Í/Û�Î�É ÓSËXÚ9Ë5Æ�ÌZÍ¡ÒÔË]ÙdÒ�ÇâápÉ Æ+Ñ¡ÒÔÏ#Í Ê�ÌdÖcÊ�Ì3Í ß Æ7Ñ¡ÈÔÉ Æ+Î�ÓÔÊ�ÌÔÖcÚ�ÝAÍ ß Æ[Ø�ÒÔÉ¡É Æ�ÌZÍ
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d���+�Z��Á'� �/���A���/� �Z�#� ��� � �/�Z�F«
� ���Z�+�����¬�����/� �����%�
�����9�/�
�l�����/�Z�F���9������������Á �A�+���'���'�����/�
������Z���������/� χ �#�Z�9���
���/�
�A�+�N�/�9�ãÁ �����������£�F�à���Q���â�/�Z� �/�'�Q���Z�/�9�#� � �'���/��¤ �W�Z���/�ã�����Z� ��§¡¿ 
ã�9�ª�%�
���AÁ � �#��� ������%�����Z���Z�N¤ �+�/� �X���
�+����§¬�+�)�X�/�9�A� ���������+�ê�����/�
���%���#�9�à¤À�Z�#�+���5���'���#�l���#�9��§¬���/�Q�������-�/�����/���������/�
�Ô¿����5�/�Z����9�9¯ ���+�9�/���é¤��'¯��)§
�/�9�Q«
� ���Z�+�����®�����/�����������Z�������/�
�Ü���F�"���'���#�h�����Z�é�+�)�H���/� �Z�����[¤¥Ä�¿�¼�§��+�F�"�Z�+���9�
������Z�'¿�
ã�9�é�%�
�+�����/���%�����/�®���/�é��� � ���+�/�%�
�H�����"�#����� �F�Z�#�+�9�%�����X�9���������Z��� z − zB = 2 ��� ���/�'� �/�Z������'�9��� �%���+���/�+�v¤¥��½��d¿ �QÃ'§¡¿
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Õ)ÐìÆ+ÓdÓ�ÐSÍ É Î�ÌdÑ�È*Ú�É¡Í+æ � ß Æ[Ë5Î�Ç�Ê�Ë"ÒÔË]Ê�ÌZÍ¡Æ�ÌKÑ�Ê�Í¡Ê�Æ+ÑlÚ�ÝAÍ ß Æ ��Æ+ÐZÌdÚ�Ï�ÓÔÑHÑ�Í¡É Æ+Ñ Ñ5Ú�Õ�Í�Î�Ê�ÌÔÆ+Ó3Ý¥Ú�É5Í ß Æ
×�Î�É Ê�Ú9ÒdÑFÆ�Ç)È*Æ�É Ê�ËXÆ+ÌZÍ ÑQÎ�É Æ

u′v′/U 2
m ' 0.01− 0.05

æ � ß Æ"Ø�Ú�É É¡Æ+Ï�Î�Í¡Ê�Ú�Ì7Ø�Ú)ÆJFlØ�Ê�Æ+ÌZÍAÕ*Æ�Í/Û�Æ�Æ�Ì7Í ß Æ
Ï�Ú9ÌÔÖ�Ê�Í¡ÒKÓ�Ê�ÌKÎ�Ï¦Î�ÌdÓÜÍ¡É�Î�ÌKÑ�×9Æ�É�Ñ�ÆQ×�Æ+Ï�Ú�Ø�Ê�Í/ÐHÙKÒdØ
Í ÒdÎ�Í Ê�Ú9ÌdÑ

ψ = u′v′/(u ����� v ����� )
Î�É Æ%É¡Æ+Ï�Î�Í¡Ê�×�Æ+Ï�Ð ß Ê�Ö ß á

×�Î�É ÐZÊ�ÌÔÖcÕKÆ�Í/Û¬Æ+Æ�Ì
ψ ' 0.5 − 0.9

Ý¥Ú9É5Í ß Æ[Ó�Ê�ö*Æ+É¡Æ+ÌZÍHÆ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ Ñ+æ � ß Æ�ÈÔÉ Ú�Ó�ÒdØ
ÍlÚ�ÝAÍ ß Æ�×�Æ�ý
Ï�Ú�Ø�Ê#Í/Ð�ÙdÒKØ
Í¡ÒKÎ�Í¡Ê�Ú�ÌKÑNÊ�Ì7Í ß Æ+Ñ¡Æ"Æ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ ÑAÊ�ÑéÑ¡Ê�Ë5Ê�Ï�Î�ÉNÍ ÚHÍ ß Î�ÍéÚ�Õ�Í�Î�Ê�ÌÔÆ+Ó7Ý¥Ú�ÉéÎUÑ¡Æ�Ï�Ý
ÈÔÉ Æ+Ñ¡Æ�É ×)Ê�ÌÔÖ
Î�Ç�Ê�Ñ�Ð)Ë5Ë5Æ�Í¡É Ê�ØlÍ¡ÒdÉ¡ÕÔÒdÏ�Æ+Ì9Í	�/Æ�Í+æ �7Î�Ç)Ê�ËlÎ�Ï®Ê�Ì9Í Æ�ÌdÑ¡Ê�Í/ÐäÚ�ÝFÍ ß ÆUÍ ÒÔÉ ÕÔÒÔÏ�Æ�ÌZÍHÑ ß Æ'Î�É5Ñ/Í É¡Æ'Ñ¡Ñ"Ë5Æ+Î9Ñ�ÒÔÉ Æ+Ó
Î�É Æ

u′v′/U 2
m ' 0.016− 0.020

ò¥ÅcÐ)Ö�ÌdÎ�ÌdÑ�ð)ÊQ5r÷ªÊ�Æ'Ó�Ï�Æ�É 0760I96;: üFÌZÍ¡Ú9ÌÔÊ�Î ��? 

AB� 0 6(G ��: ÅcÆ�ÕdÑ�Í¡Æ+É
��? 
�A � �0C0C 09: ÷ÔÒÔð)ÒdÑ ß Ê�Ë5Î �J?,

AB���
C0C(� õ�æ)÷dÚ�É�Î"Í¡ÒÔÉ ÕÔÒÔÏ�Æ�ÌZÍFÈÔÏ�Î�ÌKÎ�É��/Æ�Í'á

u′v′/U 2

m ' 0.020− 0.027ò�O�É�Î�Ó�ÕÔÒdÉ¡Ð 0769I���: ñQÒ�Í¡ËlÎ�É¡ð�5èÅ^Ð)Ö9ÌdÎ�ÌdÑ¡ð)Ê 0 6(G
I;: ñQÚ9É Ó�Æ+Ð�Æ+×�5 � ß Ú9ËlÎ�Ñ �0C0C9C õ
æ�� ß Æ ß Ú�É Ê��+Ú�Ì�ý
Í Î�Ï
Í ÒÔÉ¡ÕdÒÔÏ�Æ+ÌZÍ"Í É Î�ÌdÑ�È*Ú�É¡Í-Ê�ÌSÚ�ÒdÉ-Ö�É�Î ×)Ê#Í/ÐÿØ�ÒdÉ¡É Æ�ÌZÍ-Ê�ÑàÍ ß Æ�É Æ�Ý¥Ú9É¡ÆHÝ³Î�Ê�É¡Ï�ÐcÑ¡Ê�ËXÊ�Ï�Î�É"Í¡Ú7Í ß ÆhØ+Î�Ñ¡ÆHÚ�Ý
ÒdÑ¡ÒdÎ�ÏêÍ ÒÔÉ¡ÕdÒÔÏ�Æ+ÌZÍ �/Æ�Í Ñ+æ

ú�ÝâÛ�ÆNÎ�Ñ Ñ¡ÒÔË5ÆFÎ%Ñ�Æ+Ï#ÝÀý�Ñ�Ê�Ë5Ê�Ï�Î�É
×�Æ�Ï�Ú�Ø�Ê�Í/ÐàÈÔÉ Ú�ødÏ�Æ�Ú�ÝêÍ ß ÆNØ�ÒdÉ¡É Æ�ÌZÍ
u(η/L)

á�Û¬ÆAØ�Î�ÌlÑ ß Ú�Û3Ý¥É¡Ú9ËaÍ ß Æ
��Æ�Ð)ÌÔÚ9Ï�ÓdÑ®Æ7EZÒdÎ�Í Ê�Ú9ÌdÑ�Í ß Î�Í�Í ß Æ%ÈÔÉ¡Ú�ødÏ�ÆQÚ�Ý

u′v′
Ë"ÒdÑ/ÍFÕ*Æ%Ú�Ý¦Í ß ÆéÝ¥Ú9É¡Ë �

u′v′ =
α

2L

[
u

∫ η

0

u � η′ � dη′
] ò I æ 0 õ

� ß ÆNØ�ÚZÆJFHØ�Ê�Æ�ÌZÍ
α

Ø�Ú�É É Æ+Ñ¡ÈKÚ9ÌdÓÔÑªÍ¡ÚàÎ�ÌHÎ�ÌÔÖ9Ï�Æ�Ú�Ý�Ñ�ÈÔÉ Æ+Î9Ó�Ê�ÌÔÖ%Õ)Ð"Æ'ÓÔÓ�Ð"Í¡É�Î�ÌdÑ¡ÈKÚ9É�Í'æ�ú�Í
Ê�ÑWÚ�ÝêÊ�ÌZÍ¡Æ+É¡Æ'Ñ/Í
Í¡ÚÜÓ�Æ�Í Æ�É ËXÊ�ÌÔÆ-Í ß ÆXØ�Ú�ÌZÍ É¡Ê�ÕÔÒ�Í Ê�Ú9Ì[Ú�ÝãÍ ß Æ ß Ú�É Ê���Ú�ÌZÍ�Î�ÏâÍ ÒÔÉ¡ÕdÒÔÏ�Æ+ÌZÍAË5Ê#Ç�Ê�ÌÔÖHÍ ÚlÍ ß ÆàÍ¡Ú�Í Î�ÏªÑ¡ÈÔÉ Æ+Î�ÓÔÊ�ÌÔÖ
Ú�ÝªÍ ß ÆàØ�ÒÔÉ É¡Æ+Ì9Í'æ � ß Æ%ÕKÆ'Ñ/Í�ødÍFÚ�Ý

u′v′
ÕZÐ^ò I æ 0 õ¬Ê�ÑFÑ ß Ú�Û�ÌUÊ�ÌÜødÖ�ÒÔÉ Æ 0+ó ò��'õ�ÕZÐHÍ ß ÆàÓÔÎ9Ñ ß Æ+ÓhÏ�Ê�ÌÔÆ�æ

÷ªÊ�Ö�ÒÔÉ Æ 0 L Ó�Æ+Ñ Ø�É Ê�Õ*Æ+ÑHÍ ß ÆBÆ�×�Ú9Ï�ÒÔÍ¡Ê�Ú�Ì<Ú�ÝéÍ ß Æ ��Æ+Ð)ÌÔÚ�Ï�ÓÔÑHÑ�Í¡É Æ+Ñ ÑlÈÔÉ Ú�ødÏ�Æ+ÑhÎ�Ï�Ú�ÌÔÖÿÍ ß ÆBØ�ÒÔÉ¡É Æ�ÌZÍ
Ý¥Ú�ÉlÆ�Ç)È*Æ�É Ê�ËXÆ+ÌZÍ � � æK2NÒÔÉ Ê�ÌÔÖcÍ ß Æ�Ê�ÌÔÊ#Í Ê�Î�ÏFÈ ß Î9Ñ�ÆÜÚ�ÝéÓ�Æ+Ñ Ø�Æ+ÌZÍ+ápÕ*Æ�Í/Û�Æ�Æ�Ì

χ = Lo
Í Ú

3Lo
áãÍ ß Æ

ÕKÆ ß Î ×)Ê�Ú9ÒÔÉ%Ú�Ý�Í ß Æ ��Æ�Ð)ÌÔÚ9Ï�ÓdÑ%Ñ/Í É¡Æ'Ñ¡ÑéÊ�Ñ%Ï�Ê�ð9ÆlÊ�ÌÿÒdÑ¡ÒdÎ�Ï��/Æ�Í Ñ+æ � ß ÆHøÔÍ%Í¡Ú�Í ß ÆlÝ¥Ú�É Ë]ò I æ 0 õ
á¦Ñ ß Ú�Û�Ì
Õ)Ð"Í ß ÆéÓÔÎ�Ñ ß Æ+ÓlØ�ÒÔÉ ×�Æ+Ñ
Ê�Ñ¬É Æ+Î�Ñ¡Ú�ÌKÎ�ÕÔÏ�Ð-Ö9ÚZÚ�Óâá)Ø�Ú9É¡É Æ+Ñ¡È*Ú�ÌdÓ�Ê�ÌÔÖéÍ Ú"Î-Ñ¡Æ�Ï�ÝÀý�Ñ�Ê�Ë5Ê�Ï�Î�É�Ñ�ÈÔÉ Æ+Î9Ó�Ê�ÌÔÖàÚ�ÝâÍ ß Æ
Ø�ÒÔÉ É Æ�ÌZÍFÕ)ÐHÍ¡ÒdÉ¡ÕÔÒdÏ�Æ+ÌdØ�Æ9æ � ß ÆàØ�Ú�É É¡Æ'Ñ�È*Ú�ÌdÓÔÊ�ÌÔÖlÎ�ÌÔÖ�Ï�Æ

α
Ê�ÑFÆ7EZÒdÎ�ÏâÍ¡Ú C æ 0 É�Î�Ó�á�Û ß Ê�Ø ß Û�Ú�ÒdÏ�ÓÜÏ�Æ+Î�Ó

Í¡Ú�ÎhØ�ÒÔÉ É¡Æ+Ì9ÍéÛ�Ê�Ó)Í ß
L ' 0.1χ

ÒdÌdÓ�Æ�ÉQÍ ß Æ5Æ�öêÆ+Ø
Í%Ú�ÝWÍ¡ÒÔÉ ÕÔÒÔÏ�Æ�ÌKØ�Æ5Î�Ï�Ú�ÌÔÆ9æ �NÚ�Û¬Æ+×�Æ�ÉAÍ ß ÆXØ�ÒÔÉ¡É Æ�ÌZÍ
Û�Ê�Ó�Í ß Ê�ÑàÚ9ÕdÑ�Æ+É¡×9Æ+ÓBÍ¡Ú7Ê�ÌdØ�É¡Æ'Î�Ñ¡ÆHÎ�Í"Î�Ý³Î9Ñ/Í Æ�ÉàÉ�Î�Í Æ�áªÎ�Ñ

L ' 0.34χ
æ � ß Ê�Ñ-Ê�Ñ-ÌÔÚ�Í"Ñ¡ÒÔÉ ÈÔÉ Ê�Ñ¡Ê�ÌdÖ7Î�Ñ

Ö�É�Î ×)Ê#Í/Ð5Ý¥Ú9É Ø�Æ+Ñ�ÈÔÉ Ú�×ZÊ�Ó�Æ%Î�Ì�Î�ÓdÓ�Ê#Í Ê�Ú9ÌdÎ�Ï�ÓÔÉ¡Ê�×)Ê�ÌÔÖ5Ë5Æ+Ø ß Î�ÌÔÊ�Ñ�ËrÝ¥Ú�É�Ï�Î�Í¡Æ+É Î�ÏâÑ�ÈÔÉ Æ+Î9Ó�Ê�ÌÔÖdæ
DAÌKØ�ÆQÍ ß ÆàØ�ÒÔÉ É¡Æ+Ì9Í ß Î9Ñ®ÕKÆ+Æ�Ì[Ó�Æ+×ZÊ�Î�Í Æ+ÓUÍ¡Ú ß Ú9É¡Ê���Ú9Ì9Í�Î�ÏêË5Ú�Í Ê�Ú9Ì�á)Ý¥Ú�É

χ/Lo > 3
á)Í ß ÆàÑ/Í É¡ÒdØ�Í¡ÒÔÉ Æ

Ú�ÝãÍ ß Æ ��Æ�Ð)ÌÔÚ9Ï�ÓÔÑNÑ/Í É¡Æ'Ñ¡Ñ®Ê�Ñ EZÒÔÊ�Í¡ÆàÓ�Ê�öêÆ�É Æ�ÌZÍ+æ � ß Ê�ÑNÑ ß Ú9ÒÔÏ�ÓhÕ*Æ-Î�Í�Í¡É Ê�ÕÔÒ�Í¡Æ'ÓhÍ¡ÚlÍ ß Æ%ÈÔÉ Æ+Ó�Ú9ËXÊ�ÌdÎ�ÌdØ�Æ
Ú�ÝªÍ ß Æ%Ï�Î�É Ö�ÆQÖ�Æ+Ú9Ñ�Í¡É Ú�È ß Ê�ØA×�Ú9É�Í Ê�Ø�Æ+Ñ�Ê�ÌÜÍ ß ÆéÙdÒdØ�Í¡ÒdÎ�Í¡Ê�Ú�ÌdÑ+æ�� ß Æ'Ñ�ÆéÕ*Æ ß Î ×9ÆSEZÒÔÊ�Í¡ÆàÓÔÊ#öêÆ�É Æ�ÌZÍ¡Ï�ÐlÍ ß Î�Ì
ÒdÑ¡ÒdÎ�ÏêÍ ÒÔÉ¡ÕdÒÔÏ�Æ+ÌdØ�ÆàÎ�ÌdÓUÍ ß Æ%Ë5Ú�Ë5Æ+Ì9Í ÒÔËrÍ É Î�ÌdÑ¡ÈKÚ9É�Í�Ê�Ñ®ÌÔÚ�ÍNÓ�Ú�Û�ÌÔý£Ö9É Î9Ó�Ê�Æ+ÌZÍ�Î�Ì)Ð)Ë5Ú�É Æ�æ

üNÏ#Í ß Ú�ÒdÖ ß Í ß Æ EZÒdÎ�Ï�Ê�Í Î�Í¡Ê�×�Æ®ÕKÆ ß Î ×)Ê�Ú9ÒÔÉãÚ�ÝKÍ ß Æ���Æ+Ð)ÌÔÚ�Ï�ÓÔÑpÑ�Í¡É Æ+Ñ Ñ¦Ê�ÑãÍ ß ÆFÑ¡Î�Ë5Æ
Ý¥Ú9ÉWÎ�Ï�Ï)Í ß Æ�Æ�Ç)È*Æ�É¡ý
Ê�Ë5Æ+Ì9Í�Ñ�áÔÍ ß ÆéË5Æ+Î9Ñ�ÒÔÉ Æ+ÓÜÎ�ÌdÖ�Ï�Æ

α
Í ÒÔÉ ÌdÑ�Ú�ÒÔÍ�Í Ú5× Î�É¡Ð9á)Í/Ð)ÈÔÊ�Ø+Î�Ï�Ï�ÐUÕZÐhÎ-Ý³Î9Ø
Í Ú�É®Ú�Ý � æÔ÷ÔÒdÉ�Í ß Æ�É Ë5Ú�É Æ�á

Û ß Ê�Ï�ÆXÍ ß ÆXË5Æ'Î�Ì7ÙKÚ�ÛaÊ�ÑQÊ�ÌdÓ�Æ+ÈKÆ+ÌdÓ�Æ�ÌZÍ%Ú�Ý ß Æ�Ê�Ö ß Í%Ê�ÌKÑ�Ê�Ó�Æ"Í ß ÆlØ�ÒdÉ¡É Æ�ÌZÍNÍ ß Ê�Ø�ðZÌdÆ+Ñ Ñ�á*Í ß Æ ß Ú�É Ê��+Ú�Ì�ý
Í Î�Ï���Æ+Ð)ÌÔÚ�Ï�ÓÔÑNÑ�Í¡É Æ+Ñ Ñ�Ê�ÑNÚ9ÕdÑ¡Æ�É ×�Æ+ÓhÍ ÚUÓ�Æ�È*Æ�ÌKÓ[Ú�Ì[Í ß Æ ß Æ�Ê�Ö ß Í+æ � ß Ê�ÑAÊ�ÑFÈÔÉ Ú�ÕdÎ�ÕÔÏ�ÐhÎ�ÌBÊ�Ë5È*Ú�É¡Í Î�ÌZÍ
Ñ�Ú9ÒÔÉ�Ø�ÆNÚ�Ý¦ÒÔÌKØ�Æ�É¡Í Î�Ê�ÌZÍ/ÐXÝ¥Ú�É�Í ß Æ ��Æ�Ð)ÌÔÚ9Ï�ÓÔÑ®Ñ�Í¡É Æ+Ñ Ñ�á)Ñ¡Ê�ÌdØ�ÆAÛ�ÆéÓ�Ú"ÌdÚ�ÍFØ�Ú9Ì9Í É¡Ú9ÏdÍ ß ÆéÈKÚZÑ�Ê�Í¡Ê�Ú�ÌhÚ�Ý�Í ß Æ
Ï�Î9Ñ�Æ+ÉFÑ ß Æ�Æ�Í�Û�Ê�Í ß ÎXÈÔÉ Æ+Ø�Ê�Ñ¡Ê�Ú9ÌhÕ*Æ�Í¡Í¡Æ�ÉFÍ ß Î�Ì 0 Ø�ËÜæ

� ! wHgK-!�R'%#./1- �%'"&9$0/R- � �
G æ 0 æ�� �	����
 �J�����

� ß Æ�×9Ú�É¡Í¡Ê�Ø�Æ'Ñ¦Î�É¡Æ�Ö�Æ+ÌÔÆ�É�Î�Í Æ+ÓàÊ�Ì5ÎNÈ*Æ�É Ê�Ú�Ó�Ê�Ø�Û�Î Ð9á Û ß Ê�Ø ß É¡Æ'Ñ�ÒdÏ#Í�ÑãÊ�ÌXÈKÆ+É¡Ê�Ú�Ó�Ê�Ø
ÚZÑ¡Ø�Ê�Ï�Ï�Î�Í¡Ê�Ú�ÌdÑªÚ�Ý*Î�Ï�Ï
Í ß ÆQÓ�Ð)ÌdÎ�Ë5Ê�Ø�Î�Ï EZÒdÎ�ÌZÍ Ê#Í Ê�Æ'Ñ�æZ÷ÔÚ�É
Ê�ÌdÑ�Í Î�ÌdØ�ÆAÎéÍ¡Ê�Ë5ÆNÉ Æ+Ø�Ú9É ÓXÚ�Ý*Í ß ÆFÍ/Û�Ú%×�Æ+Ï�Ú�Ø�Ê#Í/Ð5Ø�Ú9ËXÈ*Ú�ÌdÆ�ÌZÍ Ñ¬Î�Í¬Î
Ö�Ê�×�Æ+ÌXÈ*Ú9Ñ¡Ê�Í¡Ê�Ú�ÌlÚ�ÌXÍ ß ÆAÑ¡Ê�ÓÔÆ�Ú�ÝêÍ ß ÆAØ�ÒÔÉ É¡Æ+ÌZÍWÊ�Ñ¬Ñ ß Ú�Û�Ì5Ê�Ì5ødÖ�ÒdÉ¡Æ 0
� ò 
 õ
æ�ç)Ê�Ë5Ê�Ï�Î�É Ï�Ð9á�ÎéÍ Ê�Ë5ÆFÉ Æ+Ø�Ú�É�Ó
Ý¥Ú�É5Ó�Æ�ÌKÑ�Ê�Í/ÐÿÊ�ÑXÑ ß Ú�Û�ÌSÊ�ÌSødÖ�ÒÔÉ Æ 0
� ò �+õ�æè÷dÉ¡Æ E9ÒdÆ�ÌdØ�Ê�Æ'Ñ-Ë5Æ+Î9Ñ�ÒdÉ¡Æ'ÓcÝ¥É¡Ú9Ë Í ß Æ�Ó�Ê#öêÆ�É Æ�ÌZÍXÉ¡Æ'Ø�Ú�É�ÓÔÑ
Î�É ÆéÊ�Ì7Î�Ö�É Æ�Æ�Ë5Æ+Ì9Í'æ�÷¦Ê�Ö�ÒdÉ¡Æ 0 I Ñ ß Ú�ÛFÑ�Í ß Î�Í�Í ß Æ%É Î�Í¡Ê�Ú5Ú�ÝªÍ ß Æà×9Ú�É¡Í¡Æ�ÇUÑ ß Æ'ÓÔÓ�Ê�ÌÔÖlÈ*Æ�É Ê�Ú�ÓÜÚ�×�Æ+É¬Í ß Æ
Í¡ÒÔÉ ÌZÍ Î�ÕÔÏ�ÆéÈ*Æ�É Ê�Ú�ÓÜÊ�Ñ®É¡Æ+Ë5Î�É¡ð�Î�ÕÔÏ�ÐHØ�Ú�ÌdÑ�Í Î�ÌZÍ®Û�Ê�Í ß

Te

T
= 2.0± 0.1

ò G æ 0 õ
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	 � ��
 ���Z��� �/Á+���/���'�-� �K�/�Z�¬��� �/�����9���®�'��� �#���#���/���+�Z�¬�+���������#���/��� �W���/�XÁ �����/� ½%���Z���Z�9�����"¤¥�â½�� �éÃ+§ ��/�9�
�/���%�W�+�/� �'���à���ª��� �'��� �W�Z���%�/�9�
� �9���/����� �/�#�à�Z�+������� �/�Z�
���+�/�9� �ã���d�/�9�¬���9�#�¡�ã���)�+�9�Z���Z��� (x, y) = 0 ¿¤���§�¨ª�+�%���'�Z� ���/�����pÁ �������������Ü��Á � ���/�9� �+���
Á����£�U�������/�����
µ����/�'�r´�¢��x�%�
�+�����/���%�����/����� (x, y) � ¤�¼�·�º�µ¾+º §-� �5µ z − zB = Ã[� �5¿®¤���§ � ���Z�������cÁ+���/�#���/���+�Z�5���X�/�9�U���/�'���H���'�����/���'� (x, y) � ¤À» ¾+º�µ®¼�º'¹ §à���5µ
z − zB = º�¿ ÃA���5¿
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 «¬���/���é���ê�/�Z�®Á'�+���/�������W��� �/�����X��Á � �W�/�9���/�9�/�����+�9���®��� �/�����FH Te / T = 2.0 ± 0.1 ¿

� ß Æl×�Ú�É¡Í¡Ê�Ø�Æ'ÑéÎ�É ÆXØ�Ï�Æ'Î�É Ï�Ð[Ê�ÌÔÊ�Í¡Ê�Î�Í¡Æ'ÓcÊ�ÌcÍ ß ÆlÊ�ÌÔÏ�Æ�Í-Ø ß Î�ÌÔÌÔÆ+Ï�á�Î9Ñ%Ñ ß Ú�Û�ÌBÕ*Æ�Ï�Ú�Û%á�Ñ�Ú�Û�ÆXÆ�Ç�ÈKÆ'Ø
Í
Í ß Æ"Ý¥É Æ7EZÒÔÆ�ÌKØ�ÐÜÍ¡ÚhÕKÆ5Ø�Ú9Ì9Í É¡Ú9Ï�Ï�Æ+Ó�Ê�Ì[Í ß Ê�ÑQÉ Æ�Ö9Ê�Ú9Ì�æ � ß Æ"Ë5Æ+Ø ß Î�ÌÔÊ�Ñ¡Ë Ú�Ý
Ö9Æ�ÌÔÆ+É Î�Í¡Ê�Ú�Ì�Ê�ÑAÈdÉ¡Ú9ÕdÎ�ÕÔÏ�Ð
Î�ð)Ê�ÌlÍ¡Ú"ÕdÎ�É Ú�Ø�Ï�Ê�ÌÔÊ�Ø�Ê�ÌdÑ�Í Î�ÕdÊ�Ï�Ê#Í/Ð9æ�� ß ÆNÛ®Î ×�Æ�Ì)ÒÔË"ÕKÆ+É

ko
Ú�ÝâÍ ß Ê�Ñ
Ê�ÌdÑ�Í Î�ÕÔÊ�Ï�Ê�Í/ÐXÊ�Ñ¬Ú�ÝâÍ ß ÆNÚ�É�Ó�Æ+É
Ú�ÝâÍ ß Æ

��Ú9Ñ Ñ¡ÕZÐ5É�Î�Ó�Ê�ÒdÑ
Ú�Ý¦Ó�Æ�Ý¥Ú�É ËlÎ�Í¡Ê�Ú�Ì á
ko ∼ f(g′oho)

−1/2
á)Î�ÌdÓ5Í ß ÆAÈdÉ¡Ú9ÈdÎ�ÖZÎ�Í¡Ê�Ú�Ì5×9Æ�Ï�Ú)Ø�Ê#Í/ÐlÑ ß Ú�ÒdÏ�ÓlÕ*Æ

Ú�ÝãÍ ß Æ-Ú�É�Ó�Æ+É�Ú�ÝãÍ ß ÆXØ�ÒÔÉ É Æ�ÌZÍF×�Æ+Ï�Ú�Ø�Ê�Í/Ð
co ∼ (g′oho)

1/2
æ � ß ÆàÉ Æ+Ñ¡ÒÔÏ#Í Ê�ÌdÖlÝ¥É¡Æ EZÒÔÆ�ÌdØ�ÐUÊ�Ñ

koco ∼ f
á

Ø�Ú9ÌdÑ�Ê�Ñ�Í¡Æ�ÌZÍ�Û�Ê#Í ß Ú�ÒdÉ¬Æ�Ç)È*Æ�É Ê�ËXÆ+ÌZÍ Î�Ï*É Æ+Ñ¡ÒÔÏ#Í�Ñ�æ�� ß ÆQÉ Î�Í¡Ê�Ú
Te/T

Ñ ß Ú�ÒÔÏ�Ó ß Ú�Û¬Æ+×�Æ�É¬Ó�Æ�È*Æ�ÌdÓhÎ�Ï�Ñ�Ú"Ú�Ì
Í ß ÆéÉ�Î�Í Ê�ÚàÚ�Ý�Í ß ÆQØ�ÒÔÉ¡É Æ�ÌZÍ¬Í ß Ê�Ø�ð)ÌÔÆ+Ñ Ñ

∼ ho
Í Ú-Í ß ÆQØ ß Î�ÌÔÌÔÆ+Ï*ÓÔÆ�È�Í ß á�Û ß Ê�Ø ß Ê�Ñ¬Ó�Æ�Í¡Æ+É¡Ë5Ê�ÌÔÆ+ÓUÕZÐ5Í ß Æ

Ø�ÒÔÉ É Æ�ÌZÍ
ÙdÚ�Û<É�Î�Í Æ�æ � ß Æ+É¡Æ�Ý¥Ú�É ÆNÎ-Ë5Ú9É¡ÆQÑ�Æ+Ï�Æ'Ø
Í¡Ê�×�ÆAË5Æ+Ø ß Î�ÌÔÊ�Ñ¡ËvÑ ß Ú�ÒÔÏ�ÓHÕ*ÆQÑ¡Ú�ÒdÖ ß Í
Í Ú"Æ�Ç)ÈdÏ�Î�Ê�ÌlÍ ß Æ
Ø�Ú9ÌdÑ/Í�Î�ÌZÍ�×�Î�Ï�ÒÔÆ

Te/T = 2
æ

� ß Ê�ÑéÉ Æ+Ñ¡ÒÔÏ�ÍéÓ�Ê�öêÆ�É�ÑNÝ¥É Ú�Ë Í ß ÆXÈÔÉ¡Æ+×)Ê�Ú9ÒdÑQÆ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ Î�ÏªÑ�Í¡ÒKÓ�Ð�æ M¦Î�ÌÔÆ�ý�ç)Æ+É�ö 5 O®Î�Ê�ÌÔÆ'ÑXò 0769608 õÚ�Õ�Í�Î�Ê�ÌÔÆ+Ó3ÎBÉ�Î�Í Ê�Ú
Te/T

Ó�Æ'Ø�É Æ+Î�Ñ¡Ê�ÌÔÖBÛ�Ê�Í ß Ê�ÌdØ�É¡Æ'Î�Ñ¡Ê�ÌdÖ
Lo

�
Te/T = 0.19/Γ + 2.4

Û�Ê�Í ß
Γ =

sLo/Ho
Û ß Æ+É¡Æ

Ho
Ê�ÑXÍ ß Æ[Û�Î�Í¡Æ+É ß Æ�Ê�Ö ß ÍlÊ�Ì3Í ß Æ[Ê�ÌÔÏ�Æ�ÍHØ ß Î�ÌÔÌÔÆ�Ï£æ � ß Ê�ÑXÍ¡Æ+ÌdÓÔÑXÍ¡ÚäÎÿØ�Ú9ÌdÑ�Í Î�ÌZÍ

×�Î�Ï�ÒÔÆ
2.4

Ê�ÌäÍ ß ÆhÏ�Ê�Ë5Ê#ÍXÚ�Ý�Ï�Î�É Ö�Æ
Γ
æ � ß ÆH×�Î�Ï�ÒÔÆ'ÑàÚ�Ý

Γ
Ê�ÌìÚ�ÒÔÉ"Æ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ Ñ"Î�É ÆlÊ�ÌSÍ ß ÆhÉ Î�ÌÔÖ�Æ

[0.5−1.2]
á�Ï�Î�É¡Ö9Æ�ÉãÍ ß Î�ÌlÊ�Ì�M Î�ÌÔÆ�ý/ç)Æ+É�ö 5 O®Î�Ê�ÌÔÆ+ÑNò 0769608 õªÆ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ ÑNò

Γ < 0.45
õ
æ�� ß Ê�Ñ
Û¬Ú9ÒÔÏ�Ó

Ø�Ú9É¡É Æ+Ñ¡ÈKÚ9ÌdÓAÍ¡Ú
Te/T

Ê�Ì%Í ß Æ
É�Î�ÌÔÖ9Æ
[2.8−2.5]

æ�ëWÍ¡Ï�Ê�ÌÔÖ �J?"
�AB� ò �
C0C9C õ*Ý¥Ú9ÒÔÌdÓ%ÎAÑ ß Æ'ÓÔÓ�Ê�ÌÔÖ�Ý¥É Æ7EZÒÔÆ+ÌdØ�Ð
Ó�Æ�È*Æ�ÌKÓ�Æ�ÌdØ�ÆhÚ9ÌäÍ ß ÆÜÑ¡Ú�ÒÔÉ�Ø�ÆhÑ/Í É¡Æ+ÌÔÖ�Í ß á¦É Ú�Í�Î�Í Ê�Ú9ÌäÈKÆ+É¡Ê�Ú�ÓìÎ�ÌKÓSÑ�Ï�Ú�È*ÆUÊ�ÌdØ�Ï�Ê�ÌdÎ�Í Ê�Ú9Ì�áªÉ¡Æ'Ñ�ÒÔÏ�Í¡Ê�ÌÔÖ^Ê�Ì
Te/T ' 2− 5

æ � ß Æ'Ñ�ÆAÉ¡Æ'Ñ�ÒÔÏ�Í Ñ¬Î�É ÆNÑ¡Ú�Ë5Æ�Û ß Î�Í
Ï�Î�É Ö�Æ�ÉWÍ ß Î�ÌHÚ�ÒÔÉ¬×�Î�Ï�ÒÔÆ
Te/T = 2

áZÕÔÒ�Í¬ÌdÚ�Í¡ÆNÍ ß Î�Í
Í ß ÆéÊ�Ì��/Æ+Ø�Í¡Ê�Ú�Ì�Ñ�Ð�Ñ�Í¡Æ+ËvÛ�Î9Ñ¬Ó�Ê�öêÆ�É Æ�ÌZÍ�Ê�ÌUÍ ß Æ+Ê�É®Æ�Ç�È*Æ�É Ê�Ë5Æ+Ì9Í�Ñ�á�Ñ¡Ê�ÌKØ�ÆQÍ ß Æ+É¡ÆQÛ®Î�Ñ¬ÌÔÚ"Ê�ÌÔÏ�Æ�ÍFØ ß Î�ÌÔÌÔÆ�Ï£æ
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¤���§p��½�� �A¾�H ho/Hc ∼ 1/4 ¤���§ã�â½�� �Q¸�H ho/Hc ∼ 1/3 ¤��
§p�â½�� �éÃ=H ho/Hc ∼ 2/3
���������
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�H�����Z����§��+�9���+���9�
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��¯�����/���%�����/� �W���/�Ü�/�Z�%�#�+���¡�Q���9��� �A�+����Á �é�/�9�%�à�+��� ������Á����£�h�������/�����
¿ 
ã�9�%�����������+�¦�����/�
�+�%�����Z�%���p�/�Z��%�
���X�������/�����W���¬�������é�/���9�/����� ���/���h¤À���'���#�5�����Z��§¡µZ�+���ã� �#�*�+�p�/�Z� �Z���#�"���â�%�
�+�"Á �����������£�"�%���9�9���Z��¿
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×�Æ+Ï�Ú�Ø�Ê�Í/Ð5Ó�Ê#öêÆ�É Æ�ÌKØ�Æ�æZ÷ÔÉ Ú�Ë�Í ß Æ'Ñ�ÆFÍ/Û¬ÚNEZÒdÎ�ÌZÍ¡Ê�Í¡Ê�Æ+Ñ+á�Û�ÆNÓ�Æ�øKÌÔÆ�Í ß ÆN×�Ú9É�Í Ê�Ø�Ê#Í/Ð

ζe = ve/re
á)Ø�Ê�É�Ø�ÒÔÏ�Î�ý

Í¡Ê�Ú�Ì
Γe = 2π re ve

á9ð)Ê�ÌÔÆ�Í Ê�ØNÆ�ÌÔÆ+É¡Ö9Ð
Ee = π r2e He v

2

e/2
á�Û ß Æ+É¡Æ

He
Ê�Ñ
Í ß ÆNÛ®Î�Í¡Æ+É ß Æ+Ê�Ö ß Í�Î�Õ*Ú�×�Æ

Í ß Æ%×9Ú�É¡Í¡Æ�ÇUØ�Æ�ÌZÍ É¡Æ9æ
ÅcÆ ß Î ×�ÆUØ�Ú�Ë5ÈdÎ�É Æ+Ó^Í ß Æ+Ñ¡Æ EZÒdÎ�Ì9Í Ê#Í Ê�Æ'ÑàÚ9Õ�Í Î�Ê�ÌÔÆ'ÓÿÛ�Ê#Í ß Í ß ÆUÏ�Î�Ñ¡Æ�É"Ñ ß Æ+Æ�Í"Î�ÕKÚ�×9Æ5Í ß ÆhÖ�É�Î ×ZÊ�Í/Ð

Ø�ÒÔÉ É Æ�ÌZÍªÎ�ÍªÓ�Ê�ö*Æ+É¡Æ+ÌZÍãÓ�Ê�Ñ�Í Î�ÌKØ�Æ+Ñ Ý¥É Ú�ËèÍ ß Æ®Ñ¡Ï�Ú9ÈÔÊ�ÌdÖFÕKÚ�Í�Í Ú�ËaÎ�ÌKÓ%Ý¥Ú�ÒdÌdÓ%ÌÔÚéÑ�Ð�Ñ�Í¡Æ+Ë5Î�Í¡Ê�ØWÓ�Ê�ö*Æ+É¡Æ+ÌdØ�Æ9á
Ø�Ú9Ì�ødÉ ËXÊ�ÌÔÖ"Í ß ÆéÕdÎ�É¡Ú�Í¡É Ú�ÈÔÊ�ØNÑ�Í¡É ÒdØ�Í¡ÒÔÉ ÆAÚ�Ý Í ß Æé×�Ú�É¡Í¡Ê�Ø�Æ'Ñ�æ � ß ÆQ×�Ú9É�Í Ê�Ø�Æ+Ñ®Î�É ÆAÎ�Ï�Ñ¡Ú5Ó�Æ�Í Æ+Ø
Í Æ+ÓhÊ�ÌKÑ�Ê�Ó�Æ
Í ß ÆXÖ�É�Î ×)Ê#Í/ÐÜØ�ÒÔÉ É Æ�ÌZÍ+áKÕÔÒ�ÍNÍ ß Æ�Ê�ÉQ×�Æ�Ï�Ú�Ø�Ê�Í/ÐÜødÆ�Ï�Ó[Ê�ÑFÍ ß Æ�ÌBÓÔÊ FHØ�ÒdÏ#ÍQÍ¡ÚhÆ�Ç)Í¡É�Î�Ø�ÍFÝ¥É¡Ú9Ë Í ß Æ"×�Æ�Ï�Ú�Ø�Ê�Í/Ð
ødÆ�Ï�ÓÜÚ�ÝªÍ ß ÆàØ�ÒÔÉ É¡Æ+Ì9Í®Ê�Í Ñ¡Æ�Ï�Ý/æ

ûWÎ�É¡Ê�Î�Í Ê�Ú9ÌdÑXÚ�ÝAÍ ß Æ'Ñ�Æ EZÒdÎ�ÌZÍ Ê#Í Ê�Æ'Ñ5Û�Ê#Í ß Í ß Æ[Ñ/Í É¡Æ'Î�ËXý�Û�Ê�Ñ¡ÆÜÎ�ÕdÑ Ø�Ê�Ñ¡Ñ Î
χ

Î�É¡ÆÜÈÔÉ Æ+Ñ¡Æ�ÌZÍ¡Æ'ÓìÊ�ÌìøKÖ�ý
ÒÔÉ Æ+Ñ � 0 æ � ß ÆX×�Ú9É�Í Ê�Ø�Æ+ÑNÎ�É¡Æ-Ý¥Ú�Ï�Ï�Ú�Û�Æ+Ó�Ê�Ì7Í ß Æ�Ê�ÉéÊ�ÌdÊ#Í Ê�Î�ÏªÈ ß Î�Ñ¡Æ-Ú�Ý¬Ó�Æ+Ñ Ø�Æ+ÌZÍQÎ�ÌKÓ7Ê�Ì7Í ß ÆXÑ�Í Î�ÕÔÊ�Ï�Ê���Æ+Ó
ß Ú�É Ê���Ú�ÌZÍ�Î�ÏêØ�ÒÔÉ É¡Æ+ÌZÍ
Ý¥ÒÔÉ¡Í ß Æ+É�Ó�Ú�Û�ÌdÑ�Í¡É Æ+Î�Ë�æ�� ß ÆQÖ9Î�ÈUÕKÆ�Í/Û¬Æ+Æ�ÌhÍ ß Æ'Ñ�ÆAÍ/Û¬Ú"É¡Æ'Ø�Ú9É ÓÔÑ¬Ê�Ñ�ÓÔÒÔÆNÍ Ú-Í ß Æ
Í/Û¬Ú5È*Ú9Ñ¡Ê#Í Ê�Ú9ÌdÑ�Ø ß ÚZÑ�Æ+ÌUÝ¥Ú9É�Ú�ÒÔÉ�Ï�Î�Ñ¡Æ�É�Ñ ß Æ�Æ�Í�Î�ÌdÓ�Ø�Î�ËXÆ+É Î-ødÆ+Ï�Óâæ

ÅcÆ7Ú9ÕdÑ�Æ+É¡×9ÆÜÍ ß Î�ÍHÍ ß ÆB×�Ú�É¡Í¡Ê�Ø�Æ'ÑlÕ*Æ�Ö�Ê�ÌåÍ ß ÆcÓ�Æ+Ñ Ø�Æ+ÌZÍHÛ�Ê#Í ß ÎÿødÌÔÊ�Í¡Æ7×9Ú�É¡Í¡Ê�Ø�Ê�Í/Ð
ζe ∼ f

Î�ÌdÓ
Ó�Ê�Î�Ë5Æ�Í Æ�É

2re ∼ Lo
ádÑ¡ÚXÍ ß Æ+ÐhÎ�É ÆéÊ�ÌdÊ#Í Ê�Î�Í¡Æ+ÓÜÊ�ÌÜÍ ß ÆàÊ�ÌÔÏ�Æ�ÍNØ ß Î�ÌÔÌÔÆ+Ï�æÜú�ÌÜÍ ß Æ%Æ�Ç)È*Æ�É Ê�ËXÆ+ÌZÍ � � ádÎ�Ì

Ê�ÌKØ�É Æ+Î�Ñ¡ÆéÚ�Ýã×�Ú9É�Í Ê�Ø�Ê#Í/ÐHÊ�Ñ�Ú9ÕdÑ�Æ+É¡×9Æ+ÓhÊ�ÌÜÍ ß ÆàÊ�ÌÔÊ#Í Ê�Î�Ï�È ß Î9Ñ�Æ%Ú�ÝãÓÔÆ+Ñ Ø�Æ�ÌZÍ
(χ < 2 Lo)

ádÛ ß Ê�Ø ß Ø�Î�ÌÜÕ*Æ
Î�Í¡Í¡É Ê�ÕÔÒÔÍ¡Æ+Ó"Í Ú%×�Ú�É¡Í¡Æ�Ç"Ñ�Í¡É Æ�Í Ø ß Ê�ÌÔÖKæ��FÚ�Û�Æ�×9Æ�ÉªÍ ß ÆFØ�Ê�É�Ø�ÒdÏ�Î�Í¡Ê�Ú�Ì5Ó�Ú)Æ+ÑpÌÔÚ�ÍWÊ�ÌKØ�É Æ+Î�Ñ¡Æ�Ê�ÌXÍ ß Ê�Ñ
ÈÔÉ¡Ú�Ø�Æ+Ñ Ñ�á
Û ß Ê�Ï�ÆHÊ�Í-Ñ ß Ú�ÒÔÏ�ÓcÊ�ÌKØ�É Æ+Î�Ñ¡Æ5Ï�Ê�ð�Æ

He
Ý¥Ú�É"Î�ÌÿÊ�ÓÔÆ+Î�ÏpÈdÉ¡Ú�Ø�Æ'Ñ¡ÑéÚ�ÝFÑ/Í É¡Æ�Í Ø ß Ê�ÌÔÖ�Õ)Ð^Î�ÕdÎ�É¡Ú�Í¡É Ú�ÈÔÊ�ØàÙKÚ�Û

Û�Ê#Í ß ÈÔÉ Æ+Ñ¡Æ�É ×�Î�Í Ê�Ú9ÌHÚ�ÝâÍ ß ÆAÈ*Ú�Í Æ�ÌZÍ¡Ê�Î�Ïê×9Ú�É¡Í¡Ê�Ø�Ê�Í/Ð�æ��7Ú�É Æ�Ú�×�Æ+ÉpÍ ß Ê�Ñ�Ê�ÌÔÊ#Í Ê�Î�Ïê×�Ú�É¡Í¡Ê�Ø�Ê�Í/ÐXÊ�ÌdØ�É¡Æ'Î�Ñ¡ÆNÊ�Ñ
ÌdÚ�Í
Ú�ÕdÑ¡Æ�É ×�Æ'ÓHÊ�Ì[Î�Ï�ÏâÆ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ Ñ+á�Ï�Ê�ð9Æ%Ê�ÌÜÆ�Ç�È*Æ�É Ê�Ë5Æ�ÌZÍ � ó æ
� ß ÆA×9Ú�É¡Í¡Æ�ÇHÑ�Í¡É Æ�ÌÔÖ�Í ß Ê�ÌdØ�É¡Æ'Î�Ñ¡Æ+Ñ
Î�Í®Î"Ï�Î�Í¡Æ+É�Ñ�Í Î�Ö�Æ9áZÎ9ÑWÍ ß ÆQØ�ÒÔÉ É¡Æ+Ì9Í ß Î�Ñ¬Õ*Æ�Æ�Ì�Ó�Æ+×ZÊ�Î�Í Æ+Ó5Í Ú-Í ß Æ

ß Ú�É Ê���Ú�ÌZÍ�Î�ÏpÓ�Ê�É¡Æ'Ø
Í¡Ê�Ú�Ì æ�� ß Æl×�Ú9É�Í Æ�Ç7Ö�É Ú�ÛFÑQÊ�ÌäÑ¡Ê��+Æ�áâð9Æ�Æ�ÈdÊ�ÌÔÖ[ÎhÝ³Î�Ê�É Ï�ÐBØ�Ú�ÌdÑ�Í Î�ÌZÍé×9Ú�É¡Í¡Ê�Ø�Ê�Í/Ð�æ � ß Ê�Ñ
É¡Æ'Ñ�ÒdÏ#Í-Ê�ÌSÎ�ÌäÊ�ÌdØ�É¡Æ'Î�Ñ¡ÆXÚ�Ý®Í ß ÆUØ�Ê�É�Ø�ÒdÏ�Î�Í¡Ê�Ú�ÌäÎ�ÌdÓÿð)Ê�ÌÔÆ�Í Ê�ØHÆ�ÌÔÆ+É¡Ö9Ð�æ üvÈdÉ¡Ú�Ø�Æ'Ñ¡ÑéÚ�Ý�×�Ú�É¡Í¡Æ�Ç^Ö9É¡Ú�Û®Í ß
Í ß Æ+É¡Æ�Ý¥Ú�É ÆàÚ�Ø�Ø�ÒÔÉ ÑNÎ�ÍFÍ ß Ê�ÑQÑ�Í Î�Ö9Æ�ádÎ�ð)Ê�Ì�Í ÚUÕdÎ�É¡Ú�Ø�Ï�Ê�ÌÔÊ�ØéÊ�ÌdÑ�Í Î�ÕÔÊ�Ï�Ê�Í/Ð�æ � ß Æ-Æ�ÌdÆ�É Ö�ÐUÊ�ÌdØ�É¡Æ'Î�Ñ¡ÆàØ�Î�Ì[Õ*Æ
Ø�Ú9ËXÈKÎ�É Æ+ÓÜÍ¡ÚHÍ ß Æ-Í¡Ú�Í�Î�Ï¦ÈKÚ�Û�Æ�ÉNÎ ×�Î�Ê�Ï�Î�ÕÔÏ�Æ%Ý¥É Ú�Ë Í ß Æ"ÈKÚ�Í¡Æ+Ì9Í Ê�Î�Ï Æ+ÌÔÆ�É Ö�ÐhÚ�ÝpÍ ß Æ-Ö�É�Î ×)Ê#Í/ÐhØ�ÒÔÉ É¡Æ+ÌZÍ+æ
� ß ÆXËXÆ'Î�Ì7È*Ú�Û�Æ�ÉQÉ¡Æ E9ÒdÊ�É Æ+Ó�Í ÚUÈÔÉ Ú�Ó�ÒdØ�ÆàÍ ß Æ"×9Ú�É¡Í¡Æ�Ç[Ê�Ñ

Eef/(8π)
áêÚ�Õ�Í�Î�Ê�ÌÔÆ+Ó7ÕZÐ[Ó�Ê�×)Ê�ÓÔÊ�ÌÔÖhÍ ß Æ

×�Ú9É�Í Æ�ÇäÆ�ÌÔÆ+É¡Ö9Ð
Ee

Õ)ÐÿÍ ß Æ�ÈKÆ+É¡Ê�Ú�ÓSÚ�ÝQÑ ß Æ'ÓÔÓ�Ê�ÌÔÖ
8π/f

æ � ß ÆÜÊ�ÌdÈÔÒ�ÍHÈ*Ú�Û¬Æ+É-Ý¥É Ú�Ë Í ß ÆhÖ9É Î ×)Ê�Í/Ð
Ø�ÒÔÉ É Æ�ÌZÍXØ+Î�ÌìÕ*ÆÜÆ+Ñ�Í¡Ê�Ë5Î�Í¡Æ'ÓìÎ�Ñ"Í ß ÆhÈdÉ¡Ú�Ó�ÒdØ�ÍXÚ�ÝFÍ ß ÆhÕÔÒdÚ�Ð9Î�ÌKØ�Ð^ÙdÒ�Ç

Bo
Õ)ÐÿÍ ß Æ ß Æ+Ê�Ö ß Í5Ó�É Ú�È

H1 = y1s
á Û ß Æ+É¡Æ

y1 = 2.7 Lo
Ý¥É¡Ú9Ë É Æ�Ï�Î�Í Ê�Ú9Ì<ò � æ � õ�æ ú�Í-É Æ+Ñ¡ÒÔÏ�Í ÑéÝ¥É Ú�Ë Í ß Æ+Ñ¡ÆHÆ+Ñ�Í¡Ê�ËlÎ�Í¡Æ'ÑéÍ ß Î�Í

Í ß ÆBÈÔÉ¡Ú9ÈKÚ9É�Í Ê�Ú9ÌOÚ�ÝéÍ ß ÆBÊ�ÌÔÈdÒ�ÍUÆ�ÌdÆ�É Ö�ÐSÍ É Î�ÌdÑ�Ý¥Æ�É É¡Æ'ÓSÍ ÚSÈÔÉ Ú)ÓÔÒdØ�Æ�Í ß ÆB×9Ú�É¡Í¡Æ�Ç3Ê�ÑUÚ�ÝéÍ ß ÆBÚ�É�Ó�Æ�É
Ú�Ý

1.510−2 Eef/(BoLos)
á¦Û ß Ê�Ø ß Ê�Ñ%Æ E9ÒKÎ�ÏWÍ Ú 0���� Ê�ÌäÆ�Ç�È*Æ�É Ê�Ë5Æ�ÌZÍ � � æ�� ß ÆHÈÔÉ Ú�Ó�ÒdØ�Í¡Ê�Ú�ÌÿÚ�Ý

×�Ú9É�Í Ê�Ø�Æ+Ñ�Ê�Ñ�Í ß Æ+É¡Æ�Ý¥Ú�É ÆQÎlÑ¡Ê�Ö9ÌÔÊ�øKØ�Î�Ì9Í®ÈÔÉ Ú�Ø�Æ+Ñ Ñ®Ê�ÌUÍ ß Æ%Ö�Ï�Ú�ÕdÎ�Ï�Ó�Ð)ÌdÎ�Ë5Ê�Ø�Ñ®Ú�Ý Í ß ÆàØ�ÒÔÉ É¡Æ+ÌZÍ+æ
ü�Í

x = 2.5Lo
á¦Í ß ÆUÝ¥Ú�Ï�Ï�Ú�Û�Ê�ÌÔÖ[ødÍ ß Î9Ñ-Õ*Æ�Æ+ÌSÚ�Õ�Í�Î�Ê�ÌÔÆ+ÓäÝ¥Ú�ÉàÍ ß ÆU×9Ú�É¡Í¡Æ�ÇcÉ�Î�Ó�Ê�ÒdÑ+á¦Î9Ñ-Ñ¡Æ�Æ�ÌìÊ�Ì

ødÖ�ÒdÉ¡Æ �0� ò 
 õ
æ
re = (0.88± 0.06)Lo

ò G æ L õ
Å^ÆXÌÔÚ�Í¡Ê�Ø�Æ"Í ß Î�ÍAÍ ß Æ"×9Ú�É¡Í¡Æ�Ç[Ñ¡Ê���Æ"Ñ Ø�Î�Ï�Æ'ÑNÏ�Ê�ð�Æ

Lo
Î�ÌdÓ7Ê�Í ÑQ×�Ú9É�Í Ê�Ø�Ê#Í/ÐÜÏ�Ê�ð9Æ

f
ò�Î�Ï�Í ß Ú9ÒÔÖ ß Ê#Í%Ñ�Æ+Æ�ËlÑ

Í¡ÚSÓ�Æ'Ø�É Æ+Î9Ñ�ÆhÛ�Ê#Í ß Ê�ÌdØ�É¡Æ'Î�Ñ¡Ê�ÌÔÖ
M

õ
æ � ß Ê�Ñ5Ê�ÑXÍ ß Æ7Ñ¡Î�ËXÆ[Ñ Ø�Î�Ï�Ê�ÌÔÖÿÎ�ÑXÍ ß Æ7Ø�ÒÔÉ É¡Æ+ÌZÍXÊ�Í Ñ¡Æ�Ï�Ý/áWÛ ß ÚZÑ�Æ
×�Ú9É�Í Ê�Ø�Ê#Í/Ð[Ê�Ñ

Um/L1 = (0.53 ± 0.03) f
áêÚ�ÕÔÍ Î�Ê�ÌÔÆ'Ó7Õ)ÐBØ�Ú9Ë-ÕÔÊ�ÌÔÊ�ÌÔÖÜÉ¡Æ+Ï�Î�Í¡Ê�Ú�Ì3ò � æ L õ
ápò � æ ó õ
áWò ó æ � õÎ�ÌdÓ<ò ó æ ó õ�æ � ß ÆHÆ+ÌÔÆ�É Ö�ÐcÓ�Ú)Æ+Ñ-ÌÔÚ�Í"Ñ Î�Í Ê�Ñ�Ý¥Ð^ÎBÑ�Ê�Ë5ÈÔÏ�ÆUÏ�Î Û%áªÎ�Ñ%Ê�ÍXÓ�Æ+ÈKÆ+ÌdÓÔÑ-Ú�ÌÿÍ ß ÆHÆ7EZÒÔÊ�Ï�Ê�ÕÔÉ Ê�ÒdË

ÈKÚZÑ�Ê�Í¡Ê�Ú�Ì�Ú�ÝªÍ ß Æà×9Ú�É¡Í¡Æ�ÇUÎ9Ø�É Ú9Ñ Ñ�Í ß Æ"Ñ�Ï�Ú�È*Æ�áÔÛ ß Ê�Ø ß Û®Î�Ñ�Ñ ß Ú�Û�Ì[Î�Õ*Ú�×�ÆQÍ¡ÚHÓ�Æ+ÈKÆ+ÌdÓ�Ú�ÌÜÍ ß ÆàÊ�ÌÔÊ#Í Ê�Î�Ï
Ø�ÒÔÉ É Æ�ÌZÍ®Í ß Ê�Ø�ð)ÌÔÆ+Ñ Ñ

ho
É Æ�Ï�Î�Í Ê�×9ÆAÍ ÚXÍ ß Æ%Ê�ÌÔÏ�Æ�ÍNØ ß Î�ÌÔÌÔÆ�Ï�ÓÔÆ�È�Í ß æ

� ß Æ7ÈÔÉ Ú�È*Ú�É¡Í¡Ê�Ú�ÌdÎ�Ï�Ê�Í/ÐSÚ�ÝéÍ ß Æ7×�Ú9É�Í Æ�ÇìÉ�Î�ÓÔÊ�ÒdÑHÛ�Ê#Í ß Ê�ÌdÊ#Í Ê�Î�Ï ��ÚZÑ¡Ñ¡Õ)ÐìÉ�Î�Ó�Ê�ÒdÑ5Ú�ÝàÓ�Æ�Ý¥Ú�É ËlÎ�Í¡Ê�Ú�Ì
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Ê�ÑÜÊ�ÌxÎ�Ö�É Æ�Æ�Ë5Æ+Ì9ÍhÛ�Ê#Í ß Í ß Æ^Æ�Ç)È*Æ�É Ê�ËXÆ+ÌZÍ ÑhÚ�ÝàÅ ß Ê�Í¡Æ ß Æ+Î9Ó �J?�
�AB� ò 07696 C õlÎ�ÌdÓ<Í ß ÆcÌ)ÒÔË5Æ�É Ê�Ø+Î�Ï
Ø�Ú9ËXÈdÒ�Í Î�Í¡Ê�Ú�ÌdÑNÚ�Ý¬ç)ÈdÎ�Ï�ÏQ5mùWÉ Ê�Ø�Æhò 0 60698 õ
æ � ß Æ-É�Î�Ó�Ê�ÒdÑFÝ¥Ú�ÒÔÌdÓ7ÕZÐ M¦Î�ÌÔÆ�ý�ç)Æ+É�ö 5 O�Î�Ê�ÌdÆ+Ñ-ò 0769608 õÊ�Ñ-Ú�Ý®Í ß ÆhÑ Î�Ë5ÆlÚ�É�Ó�Æ�É-Ú�Ý�ËlÎ�Ö�ÌdÊ#Í ÒdÓ�Æ

re = (1.49 ± 0.06) Lo
ò¥Ú�ÕÔÍ Î�Ê�ÌÔÆ'ÓcÝ¥É¡Ú9Ë Ó�Ð9ÆlÈdÎ�Í¡Í¡Æ+É¡ÌKõ�æ

� ß ÆUÉ Æ+Ñ¡ÒÔÏ�ÍàÚ�Ìä×9Ú�É¡Í¡Ê�Ø�Ê�Í/Ð^Ó�Ê�ö*Æ+É ÑàÝ¥É¡Ú9ËÞÍ ß ÆUÆ�Ç�ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ Ñ%Ú�ÝFëpÍ¡Ï�Ê�ÌÔÖ �J?>

AB� ò �0C0C9C õQÛ ß Ú[Ý¥Ú9ÒÔÌdÓ
Í ß Î�Í�×�Ú�É¡Í¡Ê�Ø�Ê�Í/Ð5Ê�ÌZÍ Æ�ÌdÑ¡Ê#øKÆ+Ñ�Û�Ê#Í ß Í ß Æ%Ñ�Ú9ÒÔÉ�Ø�ÆAÙdÚ�Û<É Î�Í¡Æ9áZÚ9É®Ú�Ý�M¦Î�ÌÔÆ�ý�ç)Æ+É�ö 5 O®Î�Ê�ÌÔÆ'Ñéò 0769608 õpÛ ß Ú
Ú�Õ�Í�Î�Ê�ÌÔÆ+Ó5ÎQ×�Ú9É�Í Ê�Ø�Ê#Í/Ð%Ê�ÌdØ�É¡Æ'Î�Ñ¡Ê�ÌÔÖQÛ�Ê�Í ß

Lo
æ � ß Æ+Ñ¡Æ�Ó�Ê�ö*Æ+É¡Æ+ÌdØ�Æ'ÑpÛ�Ê#Í ß Ú�ÒÔÉpÉ Æ+Ñ¡ÒÔÏ�Í ÑãËlÎ ÐàÕ*Æ�É¡Æ+Ï�Î�Í¡Æ+Ó

Í¡Ú5Í ß Æ%Ï�Î�É¡Ö9Æ�É�×)Ê�Ñ Ø�Ú9ÒdÑ®Æ�öêÆ+Ø�Í Ñ+æ
÷dÒÔÉ¡Í ß Æ+É�Ó�Ú�Û�ÌKÑ/Í É¡Æ'Î�Ë ò³Î�Í

x = 25Lo
õ
áZÍ ß ÆA×�Ú9É�Í Æ�Ç5×�Æ�Ï�Ú�Ø�Ê�Í/ÐXÓÔÆ+Ø�É Æ+Î9Ñ�Æ'ÑpÍ/Ð)ÈÔÊ�Ø�Î�Ï�Ï�Ð"Õ)ÐlÎ%Ý³Î9Ø
Í Ú�É

Ú�Ý � á�Û ß Ê�Ï�ÆéÊ�Í Ñ®Û�Ê�Ó)Í ß Ê�ÌdØ�É Æ+Î9Ñ�Æ'Ñ¬Õ)ÐHÎ"Ý³Î�Ø�Í¡Ú9É�Ú�Ý � æ�� ß Ê�Ñ®É Æ+Ñ¡ÒÔÏ�Í Ñ�Ê�Ì[ÎXÓ�Æ+Ø�É¡Æ'Î�Ñ¡ÆAÚ�Ý�Í ß Æ%×�Ú�É¡Í¡Ê�Ø�Ê�Í/Ð
Õ)ÐÜÎ5Ý³Î9Ø
Í Ú�ÉNÚ�Ý L æKü�ÍNÍ ß ÆXÑ¡Î�ËXÆ"Ñ/Í�Î�Ö�Æ9á�Í ß Æ"Ø�ÒdÉ¡É Æ�ÌZÍF×�Æ+Ï�Ú�Ø�Ê#Í/Ð ß Î�ÑNÓ�Æ+Ø�É¡Æ'Î�Ñ¡Æ+ÓÜÕ)ÐÜÎ5Ý³Î9Ø
Í Ú�ÉFÚ�Ý � á
ÕÔÒ�Í%ð�Æ+Æ�ÈdÑQÎ�ÈdÈÔÉ¡Ú Ç�Ê�ËlÎ�Í¡Æ+Ï�ÐhÍ ß ÆXÑ Î�Ë5Æ-Û�Ê�Ó)Í ß æ�� ß Æ�É Æ�Ý¥Ú9É¡ÆàÍ ß Æ5Ñ�Ê���ÆXÚ�Ý
Í ß ÆX×�Ú9É�Í Æ�Ç�Û�Ê#Í ß É Æ+Ñ¡ÈKÆ'Ø
Í
Í¡Ú5Í ß ÆàØ�ÒÔÉ É Æ�ÌZÍ�Ê�ÌdØ�É¡Æ'Î�Ñ¡Æ+Ñ+æ
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	 ����
 ¤���§ �¦�����/� ½à���'���#�9�
�+�¬� ���9�Z� �/���'�X� �â�/�Z��«¬�+�������-���'�����Z�W� � ��� �����/�à���/���'�dµ)��� x = 2.5 Lo���/�'�?�/�Z�p���Z��� �¦�¡�Z�+�9�Z���>H re = (0.88±0.06) Lo
¿9¤���§��¦�����/�#� ����� ζe = ve/re

�+�¦� ���9�Z� �/���'�%�����/�Z�p�%��½���� ��Z�����+�%�¡�/� � M µ)��� x = 2.5 Lo
���)� x = 25 Lo

�����¬�/�9���9� IÔ� �/�����W� ½���� �/���%�����/��¿

�*! w�'%# -!�1+ �0/1'�# �
� ß Æ¬Ó�Ð)ÌdÎ�ËXÊ�Ø�Ñ Ú�ÝÔÎ®Í ÒÔÉ¡ÕdÒÔÏ�Æ+ÌZÍ¦Ö�É�Î ×)Ê#Í/ÐAØ�ÒÔÉ É¡Æ+ÌZÍ ÑêÙdÚ�Û�Ê�ÌÔÖNÓÔÚ�Û�ÌàÎ�Ì%Ê�ÌdØ�Ï�Ê�ÌdÆ¬Ñ¡Ï�Ú9ÈKÆWÊ�Ì-Î�É Ú�Í�Î�Í Ê�ÌÔÖ

ß Ú�Ë5Ú9Ö�Æ�ÌdÆ�Ú�ÒKÑ�Î�Ë-ÕdÊ�Æ+Ì9Í�ÙKÒÔÊ�Ó ß Î�Ñ�Õ*Æ�Æ+ÌhÍ ß Ú�É Ú�ÒdÖ ß Ï�ÐUÎ�ÌKÎ�Ï�Ð��+Æ+ÓâæKü�É¡Æ+Ë5Î�É¡ð�Î�ÕÔÏ�Æé×�Î�É Ê�Æ�Í/ÐUÚ�Ý¦ÙKÚ�Û
È ß Æ+ÌÔÚ�Ë5Æ�ÌKÎ5Ê�Ñ®Ú9ÕdÑ�Æ+É¡×9Æ+Óâæ
� ß Æ�Ê�ÉFÑ¡Ø+Î�Ï�Æ+Ñ�Î�ÌKÓhÉ Æ�Ö9Ê�Ú9ÌdÑ�Ú�ÝãÚ�Ø�Ø�ÒdÉ¡É Æ�ÌdØ�Æ+Ñ®Î�É Æ>EZÒÔÊ#Í ÆàÓ�Ê�Ñ/Í Ê�ÌdØ�ÍNÒÔÌdÓÔÆ�É
Í ß ÆàØ�Ú�ÌdÓÔÊ#Í Ê�Ú9ÌdÑ®Ú�ÝãÏ�Î�É¡Ö9Æ �FÆ�Ð)ÌÔÚ�Ï�ÓÔÑ®Ì)ÒÔË"ÕKÆ+É Ñ�Î9Ø ß Ê�Æ+×�Æ'ÓHÊ�ÌhÍ ß Æ%Æ�Ç�È*Æ�É Ê�Ë5Æ+Ì9Í�Ñ�æ
� ß ÆHËlÎ�Ê�ÌSØ�ÒÔÉ É¡Æ+ÌZÍ%ødÉ Ñ�Í"Î9Ø�Ø�Æ+Ï�Æ+É Î�Í¡Æ'Ñ%Î�Ï�Ú�ÌÔÖ�Í ß ÆUÑ¡Ï�Ú9ÈKÆ9á¦Ñ�Í¡É Ú�ÌÔÖ9Ï�Ð7Ë5Ê�Ç�Æ+ÑàÛ�Ê�Í ß Í ß ÆhÎ�Ë-ÕÔÊ�Æ�ÌZÍ

Î�ÌdÓåÉ Ú�Í�Î�Í¡Æ'Ñ5Í¡ÚSÎ EZÒdÎ9Ñ�Ê�ý ß Ú�É Ê��+Ú�ÌZÍ Î�Ï�ÓÔÊ�É Æ+Ø�Í¡Ê�Ú�ÌOÒÔÌdÓ�Æ+ÉlÍ ß Æcî¬Ú�É Ê�Ú9Ï�Ê�Ñ5Æ�öêÆ+Ø�Í+æ �[Ê#Ç�Ê�ÌÔÖäÕ*Æ+Ø�Ú9Ë5Æ+Ñ
ÌÔÆ�Ö9Ï�Ê�Ö�Ê�ÕÔÏ�Æ-Î�ÍAÍ ß Ê�ÑAÏ�Î�Í�Í¡Æ+ÉAÑ�Í Î�Ö�Æ�æ � ß Æ-Ó�Ð)ÌdÎ�Ë5Ê�Ø+ÑNØ�Ú9ÒÔÏ�Ó7Ó�Æ�È*Æ�ÌKÓ[Ú�Ì�Í ß ÆàÝ¥Ú9ÒÔÉAÌdÚ�Ì�ý�Ó�Ê�ËXÆ+ÌdÑ¡Ê�Ú9ÌdÎ�Ï
ÈdÎ�É�Î�Ë5Æ�Í¡Æ�É�Ñ®Ó�Æ�øKÌÔÆ+ÓÜÕ)Ð^ò ó æ � ý ó æ 8 õ
á)ÕÔÒÔÍFÛ¬Æ ß Î ×9ÆéÑ ß Ú�Û�ÌhÍ ß Î�Í�Í ß ÆàÑ�Í¡É ÒdØ�Í¡ÒÔÉ ÆéÚ�ÝªÍ ß Æ%Ë5Æ+Î�ÌUÙKÚ�Û
Ó�Æ�È*Æ�ÌKÓÔÑFÚ9ÌÔÏ�ÐÜÚ�ÌÜÍ ß ÆàË5Ê#Ç�Ê�ÌÔÖlÈdÎ�É Î�ËXÆ�Í¡Æ+É

M
æ 3FÚHÓÔÆ�È*Æ�ÌdÓ�Æ+ÌdØ�ÐÜÚ�Ì�Í ß Æ ��Æ+Ð)ÌÔÚ�Ï�ÓÔÑ�Ì)ÒÔË"ÕKÆ+É ��Æ

Ê�ÑAÝ¥Ú9ÒÔÌdÓ[Ê�Ì7Í ß Æ"É�Î�ÌdÖ�Æ 0
� C0C ý G C0C9C Ø�Ú�×�Æ+É¡Æ'ÓhÕ)Ð�Ú�ÒdÉAÆ�Ç)È*Æ�É Ê�ËXÆ+ÌZÍ Ñ+á*Ñ¡ÚHÍ ß Î�ÍéÚ�ÒÔÉQÉ Æ+Ñ¡ÒÔÏ#Í�ÑAÑ ß Ú9ÒÔÏ�Ó
ÕKÆ"É¡Æ+Ï�Æ+×�Î�ÌZÍAÎ�ÑAÎ5Í¡Æ'Ñ/ÍQÕKÆ'Ó�Ý¥Ú�ÉAÚ�Ø�Æ+Î�ÌÔÊ�ØàÓ�Ð)ÌdÎ�Ë5Ê�Ø�Ñ+áKØ�Ú�É É¡Æ'Ñ�È*Ú�ÌdÓÔÊ�ÌÔÖ5Í ÚHÍ ß Æ-Ï�Ê�Ë5Ê�ÍAÚ�Ýã×9Æ�É ÐhÏ�Î�É Ö�Æ
��Æ�æ*ú�Ì[Í ß Ê�ÑAÉ Æ+Ñ¡ÈKÆ'Ø
ÍFÍ ß Æ-ËlÎ�Ê�Ì EZÒÔÆ+Ñ�Í¡Ê�Ú�ÌBÊ�ÑFÍ ß Æ"Ê�Ì�ÙKÒÔÆ�ÌdØ�Æ-Ú�ÝªÍ ß ÆàÍ Ú�È*Ú�Ö9É Î�È ß Ê�ØàÑ�Ï�Ú�È*Æ

s
ádÛ ß Ê�Ø ß

Ê�ÑAÖ�Æ+ÌÔÆ�É�Î�Ï�Ï�ÐÜÑ¡ËlÎ�Ï�Ï�Æ+ÉNÊ�Ì7Ú�Ø�Æ+Î�ÌÔÊ�ØàÑ�Ê�Í¡ÒKÎ�Í¡Ê�Ú�ÌKÑ�æ � ß Ê�ÑNÈdÎ�É Î�Ë5Æ�Í¡Æ+É ß Î9ÑNÌÔÚhÊ�ÌÔÙdÒÔÆ�ÌKØ�Æ-Ê�Ì[Í ß Æ-Ý¥É�Î�Ë5Æ
Ú�ÝAÍ ß Æ ß Ð�Ó�É Ú9Ñ�Í Î�Í Ê�ØhÎ�ÈÔÈdÉ¡Ú Ç�Ê�Ë5Î�Í¡Ê�Ú�ÌåÎ�ÌdÓìÉ¡Æ'Ñ�ÒÔÏ�Í Ñ5Ê�Ì3Í ß Æ7Î�ÕdÑ�Æ+ÌdØ�ÆÜÚ�ÝQÉ¡Ú�Í Î�Í¡Ê�Ú�ÌìÊ�ÌdÓ�Ê�Ø�Î�Í¡ÆÜÍ ß Î�Í
Í ß Æh×�Æ+Ï�Ú�Ø�Ê�Í/ÐcÊ�Ñ-Ê�ÌdÓÔÆ�È*Æ�ÌdÓ�Æ+ÌZÍXÚ�Ý�Í ß ÆhÑ¡Ï�Ú�È*ÆHÍ¡Ú^Î�ødÉ�Ñ/Í5Î�ÈÔÈÔÉ Ú Ç�Ê�ËlÎ�Í¡Ê�Ú�Ì�æâÅcÆHÍ ß Æ�É Æ�Ý¥Ú9É¡ÆHÆ�Ç�ÈKÆ'Ø
Í
Í ß Î�Í�Ú9ÒÔÉ
É Æ+Ñ¡ÒÔÏ�Í Ñ¬Ñ ß Ú9ÒÔÏ�ÓHÎ�ÈÔÈdÏ�ÐXÍ¡ÚXÑ�Ê�Í¡ÒKÎ�Í¡Ê�Ú�ÌKÑWÛ�Ê�Í ß Î-Ñ�ËlÎ�Ï�Ï�Æ�É¬Ñ¡Ï�Ú�È*Æ�á)Î�Ï�Í ß Ú9ÒÔÖ ß Í ß Ê�Ñ¬Ø�Ú�Ì��/Æ'Ø
Í¡ÒdÉ¡Æ
Ñ ß Ú�ÒÔÏ�ÓÜÕKÆàØ ß Æ'Ø�ð�Æ'ÓHÕ)ÐlÝ¥ÒÔÉ¡Í ß Æ+ÉFÆ�Ç�È*Æ�É Ê�Ë5Æ+Ì9Í�Ñ�æ

ú�Ì7Í ß ÆXØ�Î�Ñ¡Æ
M > 1

ádÛ�ÆàøKÌdÓ�Í ß Î�ÍNÍ ß Æ-Ë5Æ'Î�ÌBØ�ÒÔÉ¡É Æ�ÌZÍAÑ�Í¡É ÒdØ�Í¡ÒÔÉ Æ-Ó�Ú)Æ+ÑNÌÔÚ�ÍéÓ�Æ�È*Æ�ÌKÓ7Ú�Ì�Í ß Ê�Ñ
ÈdÎ�É�Î�Ë5Æ�Í¡Æ�É

M
æ�� ß Ê�ÑªØ�ÒÔÉ É¡Æ+ÌZÍ�Ê�Ñ Ý¥ÒÔÏ�Ï�Ð%Ó�Æ�Í¡Æ�É Ë5Ê�ÌdÆ+Ó%Õ)ÐAÍ ß Æ¬ÕÔÒÔÚ�Ð9Î�ÌdØ�ÐNÙdÒ�Ç

Bo
á'Û�Ê#Í ß Ú�Ò�ÍªÊ�ÌÔÙdÒÔÆ�ÌKØ�Æ

Ú�Ý*Í ß Æ�Ú�Í ß Æ+ÉpÈÔÉ Ú�È*Æ�É¡Í¡Ê�Æ+ÑªÚ�Ý*Í ß ÆFÑ¡Ú�ÒdÉ Ø�Æ�æ ú�Ì5ÈdÎ�É¡Í¡Ê�Ø�ÒÔÏ�Î�ÉªÍ ß ÆFÓ�Æ�È*Æ�ÌKÓ�Æ�ÌdØ�Ð-Ê�Ì-Í ß Æ�Ê�ÌÔÊ#Í Ê�Î�ÏdÓ�Æ+ÌdÑ�Ê�Í/Ð-Ê�Ñ
Ï�ÚZÑ/ÍªÕKÆ'Ø�Î�ÒdÑ�Æ
Ú�Ý�Í ß Æ
Ë5Ê#Ç�Ê�ÌÔÖFÈÔÉ Ú�Ø�Æ'Ñ¡Ñ+æ � ß Æ ß Ú�É Ê���Ú�ÌZÍ�Î�Ï�Ñ Ø�Î�Ï�ÆpÚ�Ý�Í ß Æ�Ø�ÒÔÉ É¡Æ+ÌZÍ Ê�Ñ Í ß Æ ��ÚZÑ¡Ñ¡Õ)ÐNÉ�Î�Ó�Ê�ÒdÑ
Ú�ÝpÓ�Æ�Ý¥Ú9É¡ËlÎ�Í¡Ê�Ú�Ì

Lo = (Bof
−3)1/4

Î�ÌdÓÜÊ#Í�Ñ®×�Æ�Ï�Ú�Ø�Ê�Í/ÐUÑ Ø�Î�Ï�Æ+Ñ�Ï�Ê�ð9Æ
Uo = (Bof)1/4

æ�ú�Í�Ñ®Í ß Ê�Ø�ð)ÌÔÆ+Ñ Ñ
Ñ¡Ø+Î�Ï�Æ+Ñ�Ï�Ê�ð9Æ

sLo
Î�ÌKÓUÊ�Í Ñ®Ó�Æ+ÌdÑ�Ê�Í/ÐHÊ�Ñ�ÈÔÉ¡Ú9ÈKÚ9É�Í Ê�Ú9ÌdÎ�ÏKÍ¡Ú

fUo/s
á�Ñ�Æ+ÆXò � æ � ý � æ 8 õ
æ�� ß Æ'Ñ�Æ%Ñ Ø�Î�Ï�Ê�ÌÔÖ-Ï�Î ÛFÑ

ß Î ×�ÆNÕKÆ+Æ�ÌUÈdÉ¡Æ+×ZÊ�Ú�ÒKÑ�Ï�Ð"ÈdÉ¡Ú9ÈKÚZÑ�Æ'ÓlÕ)Ð M¦Î�ÌÔÆ�ý�ç�Æ�É¡öH5 O®Î�Ê�ÌÔÆ+ÑQò 0 60698 õ
á9ÕÔÒ�Í®ÌÔÚ�Í®Ø ß Æ+Ø�ð9Æ+Ó5Õ)ÐHÓ�Ê�É¡Æ'Ø
Í
Ë5Æ+Î�Ñ¡ÒÔÉ Æ�Ë5Æ�ÌZÍ�ÑNÚ�ÝW×�Æ�Ï�Ú�Ø�Ê�Í/ÐÜødÆ�Ï�ÓÔÑéÎ�ÌdÓBÓ�Æ�ÌdÑ¡Ê�Í/Ð[ÈÔÉ¡Ú�ødÏ�Æ+Ñ+æK÷ÔÒdÉ�Í ß Æ�É Ë5Ú�É Æ�áKÍ ß Æ+Ê�É � � Û®Î�ÑAÏ�Ê�Ë5Ê#Í Æ+Ó
Í¡Ú 0
� C0C Î�ÌdÓ � Í¡Ú ó áÔÑ�ÚXÍ ß Î�ÍF×)Ê�Ñ Ø�ÚZÑ�Ê�Í/Ð ß Î9Ñ�Î"Ï�Î�É Ö�Æ+É®Æ�öêÆ+Ø
ÍFÊ�ÌÜÍ ß ÆéÙKÚ�ÛxÓ�Ð)ÌdÎ�ËXÊ�Ø�Ñ+æ

ú�Ì[Î9ÓÔÓ�Ê�Í¡Ê�Ú�ÌÜÍ¡Ú5Í ß ÆàÕÔÒÔÏ�ðhØ�ÒÔÉ É¡Æ+Ì9Í'á�É¡Æ'Î�Ø ß Ê�ÌÔÖ5ÎlÑ/Í�Î�Í Æ%Ú�ÝãÖ�Æ�ÚZÑ/Í É¡Ú9È ß Ê�ØNÕKÎ�Ï�Î�ÌdØ�ÆéÎ�ÝÀÍ¡Æ+ÉFÊ#Í�ÑFÓ�Æ+×ZÊ�ý
Î�Í Ê�Ú9ÌBÕ)ÐÜÍ ß ÆHî¬Ú�É Ê�Ú9Ï�Ê�ÑNÝ¥Ú�É�Ø�Æ�áêÎlÍ ß Ê�ÌBødÏ�ËôÊ�ÑAÚ9ÕdÑ¡Æ�É ×�Æ+ÓÜÍ ÚUÙKÚ�ÛaÓ�Ú�Û�ÌdÑ¡Ï�Ú9ÈKÆ9æ*ü Ý¥É¡Ê�Ø
Í Ê�Ú9Ì^Ó�É Ê�×�Æ�Ì
Ê�ÌKÑ/Í�Î�ÕÔÊ�Ï�Ê�Í/ÐBÓ�Æ+×�Æ+Ï�Ú9ÈdÑQÊ�Ì^Í ß Ê�ÑQødÏ�Ë�áâÏ�Æ'Î�Ó�Ê�ÌÔÖÜÍ¡Ú^í É Ú�Ï�ÏpÛ®Î ×�Æ+Ñ+ï�áKÛ ß Ê�Ø ß Î�É¡Æ5Ø�Ï�Æ+Î�É¡Ï�Ð[×)Ê�Ñ¡Ê�ÕÔÏ�ÆlÎ9ÑAÉ Æ+Ó
Ñ/Í É¡Ê�È*Æ+ÑWÊ�Ì5ødÖ9ÒÔÉ¡Æ L á�ÕÔÒÔÍ
Í ß Ê�Ñ¬Ó�Ú)Æ+ÑWÌdÚ�Í
Ï�Æ+Î9Ó-Í Ú-Ñ¡Ê�Ö9ÌÔÊ#ø*Ø�Î�ÌZÍWË5Ê�Ç)Ê�ÌÔÖKæ�� ß Æ�ÙKÒÔÊ�ÓHÌÔÆ+Î�ÉpÍ ß ÆAÑ�Ï�Ú�ÈÔÊ�ÌÔÖ
ÕKÚ�Í�Í Ú�Ë Ø+Î�ÌÔÌdÚ�Í%ÕKÆlÊ�ÌÿÖ�Æ+Ú9Ñ�Í¡É Ú�È ß Ê�ØàÕKÎ�Ï�Î�ÌdØ�Æ�áâÒÔÌÔÏ�Ê�ð�ÆXÍ ß ÆlÕdÒÔÏ�ð^Ú�Ý¬Í ß ÆHØ�ÒÔÉ¡É Æ�ÌZÍ'á�Ñ�Ú�Û�ÆXÒdÌdÓ�Æ�É¡ý
Ñ/Í�Î�ÌdÓ"Í ß Î�ÍWÊ�ÍWË-ÒdÑ�ÍpÝ³Î�Ï�ÏÔÓ�Ú�Û�ÌXÒÔÌdÓ�Æ+ÉWÖ�É�Î ×)Ê#Í/Ð9æ Å^Æ�Æ'Ñ/Í Ê�ËlÎ�Í Æ�Í ß Î�Í
Î�Õ*Ú�Ò�Í � C � Ú�Ý*Í ß Æ�ÕÔÒdÚ�Ð9Î�ÌKØ�Ð
ÙdÒ�Ç ß Î�ÑQÕKÆ+Æ�ÌcÏ�ÚZÑ/ÍéÕ)Ð�Í ß Ê�ÑéÈÔÉ Ú�Ø�Æ+Ñ ÑQÎ�ÑAÍ ß Æ5Ø�ÒdÉ¡É Æ�ÌZÍéÉ¡Æ'Î�Ø ß Æ'ÑFÍ ß Æ"Æ+ÌdÓ^Ú�Ý
Í ß Æ5Ñ�Ï�Ú�È*Æ�æ�� ß Ê�ÑQÆ�Ç)ý
ÈKÆ+É¡Ê�Ë5Æ�ÌZÍ Î�ÏãÆ+Ñ�Í¡Ê�Ë5Î�Í¡Æ5Ê�ÑQØ�Ú�ÌdÑ¡Ê�Ñ/Í Æ�ÌZÍQÛ�Ê�Í ß Í ß ÆXË5Ú�Ó�Æ+ÏªÚ�Ý,3AÎ�Ö9Î�Í Î ��? 

AB� ò 07696�ó õ�æ*ü�Ø+Ø�Ú9É Ó�Ê�ÌÔÖhÍ¡Ú
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���� �J� ?	� � G
Í ß Ê�Ñ"ËXÚ�Ó�Æ+Ï
Í ß ÆUÉ Æ�Ï�Î�Í Ê�×9ÆHÏ�Ú9Ñ Ñ%Ú�ÝFÕÔÒdÚ�Ð9Î�ÌKØ�Ð7ÙKÒ�ÇSÑ ß Ú9ÒÔÏ�Óÿ× Î�É¡Ê�Æ+Ñ"Î�Ñ
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