
���� �������	


����������	
���� ���������

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

��� ����� ���� ��
���� �

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

�& '()*+ ,+&*-./ 0123.2).-4&*
-& �54 �6+& �12*.+7 �48+1*

�9*.7)3.:  ������ 
���!���
��� �"��
��� �� "��� ���"����
� �! 
�� ��
�� ���#
���
��� !���
���� ��
$��� "��� �����
	 %��
�
���� ��� 
�� z#&�� "����� 
������ 
��
���
�� �! � �"�� ����
�� "��"�������� 
� 
�� '��
�� "��� �� ��� ���!��� �! ��&��
�	������� �� ���� 
� ��
�� �� ��	(� 
�� !��)����	 �"��
� �! "��� �����
	 %��
�
����
�� 
$� �"�� ����
�� ������* !��)������� �! 
�� %��
�
���� �� ��
��������

+,-./01213 455/,678294: 6492;4<4 =>28414>.?@4A 5451,; 4� 8 B25197514� >255,#
C993A -8D,-693A 5<7E/,94: F+GHI� 83E7/9,993A >2-/4B93;4 2817>2;4� .<2-382?1 92
87-;7J97510 87-94<978,94C <7/,K294: 8 12<4A 5451,;2A� L >2K71, FM����N O� P� �Q�"�
����� ;<� R��I 455/,6782/450 <7/,K294C S2-787: E/7197514 FTUI 8 9,5<7/0<4A +GH 4
8 � 5S,>4B,5<4A ;76,/CA +GH� 4;,?@4A 92B2/09.? 51>.<1.>. �C6>7#=2/7� 5 >2-/4B#
93;4 -92B,94C;4 E2>2;,1>78V ξ = R1/R2* µ = N1/N2* η = R2/R�� 684J.@4A5C E7
<>.=783; 7>K412; 8 =2/2<14B,5<7: E/75<7514 92 >25517C944 W��� E< 71 X,91>2 8 ;7#
6,/4 E71,9X42/2 Y2/2<14<4 FZ.1.-78 H�[�� \54E<78 ]�U� [^� �_W�� ;=� �WI� G6,50
Ri, Ni ` >264.53 4 B45/2 -8D,-6 8 C6>2A Fi = 1I 4 =2/7 Fi = 2I� R� ` E>4/4893: >264#
.5 5<7E/,94:� a76,/4 E>79.;,>78293 8 E7>C6<, .K38294C 51,E,94 9,512X4792>97514�
;,>7: <717>7: C8/C,15C 7197541,/092C 2;E/41.62 <7/,K294: 84>42/097=7 <7bSS4X4#
,912� L >2K71, FM����N O� P�� ��
c�N �� �� ��
d�� ����� >?� �R�I 8E,>83, E7/.B,93
5E,<1>3 <7/,K294: TU 4 645E,>547993, <>483, 5 E7;7@0? <7>>,/CX47997=7 ;,17#
62 292/4-2� <717>3: E>4;,9C,15C 8 S4-4<, E/2-;3 6/C 455/,678294C 9,.517:B483A
<7/,K294: 8 E/2-;, F92E>4;,>� e,>92> a�� e>4SS7 ^�� e?552< ^� 4 6>� f42=97#
514<2 E/2-;3� a�V [17;4-621� �_g�� 83E� �� 5� ��_I� LZT ;,J6. S/.<1.2X4C;4 TU 8
X,91>, ;76,/4 5<7E/,94C 4 8 17B<2A 92 7<>.J2?@4A ,=7 5S,>4B,5<4A E78,>A9751CA
FS#E78,>A9751CAI 83B45/C/450 E7 S2-783; <77>649212; FTZI -8D,-6� E7/.B,993; 8 >2#
K71, FM����N O�P�� M����N
��N h�O� �Q�"� ���W� ;@� ��gI E>4 491,=>4>782944 -262B4
N#1,/ 6/C � ;76,/,: >255,C993A -8,-693A 5<7E/,94: F+GHI� f7514=9.12C 8 b17: >2K71,
17B97510 TZ -8,-6 E7-87/C,1 E7/.B210 926D,J93, >,-./01213 83B45/,94C LZT 92 E>7#
;,J.1<, t/τv.r. ∈ [0, 3.0− 3.9] 6/C X,91>2/093A 7K/251,: ;76,/,: 4 t/τv.r. ∈ [0, 3.6− 5.1]
92 E,>4S,>44 ;76,/,: 5<7E/,94:� L 62997: >2K71, 83B45/C,15C 5E,<1>2/093: 575128
<7/,K294: TU 6/C ;76,/,: R Fξ = 0.45, µ = 1.50, η = 0.8I 4 � Fξ = 0.63, µ = 4.00, η = 0.8I�
4;,?@4A 924K7/,, E>71CJD,993, C6>2 4 924;,90i.? 51,E,90 9,512X4792>97514 5>,64
7E452993A ;76,/,: �`� 92 E>7;,J.1<, 8>,;,94 t 71 � 67 3τv.r.� LZT ;,J6. <7/,K2#
94C;4 TU 83B45/C?15C 6/C �_� E2> 17B,< 5 76492<783;4 z#<77>649212;4 E2>93A
17B,<� \692 4- 17B,< E2>3 85,=62 92A76415C 92 754 5<7E/,94C Fr = 0I� 2 6>.=2C ` 92
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X4/496>4B,5<7: E78,>A97514 FC#E78,>A97514I >264.52 rj = j E<� 7=>294B,997: E/75<7#
51C;4 z = ±zmax� Fzmax = 1, 2, 3, 4, 5 E<I� j7B<4 92 C#E78,>A9751CA 4;,?1 <77>649213
(ρ, φ, z) = (rj,

πn
16
,±mzmax/10)� =6, n = 0, 1, .., 31;m = 0, 1, .., 10 F17B<4 92 754 7E>,6,#

/C?15C <77>649212;4 ρ = 0, z = ±m∆zI� +25BD,13 LZT 4 4A .5>,69,94, E7 .-/2;
E>7876C15C 6/C �� C#E78,>A9751,: >264.52;4 rj = j E<� j = 1, 2, .., 10� [/=7>41; 83#
B45/,94: LZT 4 T.>0,#E>,7K>2-78294, LZT 12<7: J,� <2< 8 >2K71, FM����N O� P��
��
c�N �� �� ��
d�� ����� >?� �R�I�
�ABCDBEF GFHIJKLMLE� k251713 <7/,K294: TU� 57718,1518.?@4, B251712; ;2<#

54;.;78 92 5E,<1>, ;7@97514� 83B45/,993, E>4 45E7/0-782944 C#E78,>A9751,: 5 >2-#
93;4 z��� 4 S#E78,>A9751,:� E>2<14B,5<4 76492<783� A71C 52;4 2;E/41.63 ;7=.1 >2-#
/4B2105C F>45� �I� H/,67821,/097� 6/C .512978/,94C 5E,<1>2/097=7 5751282 <7/,K294:
TU 5E757K 83K7>2 17B,< 6/C 83B45/,94C LZT ;,J6. <7/,K294C;4 TU 9, 4;,,1 5.#
@,518,997=7 -92B,94C� f45E,>547993, <>483, E>4 45E7/0-782944 >2-/4B93A E78,>A#
9751,: ;,9C?15C K7/0i,� B,; 5E,<1>3 B25171� 4-#-2 92/4B4C S2-787=7 5684=2 ∆φ = kνr
;,J6. <7/,K294C;4 TU 8 68.A 17B<2A E>4 45E7/0-782944 C# 4 S#E78,>A9751,:�

f/C >C62 ;7;,9178 8>,;,94 8 ;76,/4 R Ft/τv.r. = 0.28; 0.64; 2.10I 4 8 ;76,/4 � Ft/τv.r. =
0.35; 0.66; 1.24I E>7S4/4 E/7197514 n(r) 4 TU f(r) 4;,?1 /7<2/093: ;494;.; E>4 r = 0
F>45� ��I� j2<4; 7K>2-7;� ;76,/4 5<7E/,94: 5 E>71CJD,993;4 4 ;2554893;4 C6>2;4
Fξ ≥ 0.45;µ ≥ 1.50I ;7=.1 E>7A76410 B,>,- <>21<78>,;,993, 512644 F∆t ≤ 0.2τv.r.I
5 17>77K>2-97: 51>.<1.>7:� <717>2C 9, 7K>2-.,15C 8 ;76,/CA 5 K7/,, <7;E2<193;4
C6>2;4� L7-94<978,94, 17>7462/097: 51>.<1.>3 E/7197514 8 �#: ;76,/4 8E,>83, K3/7
71;,B,97 8 >2K71, FM����N O�P�� h��c�N ��O�� �Q�"� ���R� <N� �_�I�

[;E/41.63 <7/,K294: TU 8 ;76,/CA +GH .;,90i2?15C 5 .8,/4B,94,; >25517C94C
67 754 r = 0 5<7E/,94:� L R#: F�#:I ;76,/4 E>4 r ∈ [4, 7] E< Fr ∈ [6, 7] E<I <7/,K294C
TU K/4-<4 < E,>4764B,5<4; 5 B251717: ν ≈ 1.5 (ν ≈ 1.7)� G6,50 4 62/,, 8,/4B493 ν
>2893 B45/. <7/,K294: TU -2 8>,;C K.>97: >,/2<52X44 τv.r. F>45� ��I� HE,<1>3 B25171
6/C .<2-2993A 642E2-7978 >25517C94: 576,>J21 ;7@93: E4< 92 B25171, ν ≈ 1.51(1.77)�
L X,91>2/093A 7K/251CA 4 92 E,>4S,>44 5<7E/,94C <7/,K294C TU 512978C15C ;,9,,
>,=./C>93;4� \K92>.J,993; <7/,K294C; TU 57718,1518.?1 <7;E/,<597#57E>CJD,993,
<7>94 645E,>547997=7 .>289,94C� B17 .<2-382,1 92 9,.517:B487510 b14A <7/,K294:�

L ;76,/CA R� � E>4 r = 5 E< 5>,694, >2-97514 B25171 ∆ν ;,J6. 575,694;4 /7<2/0#
93;4 ;2<54;.;2;4 5E,<1>2 ;7@97514 >2893 57718,1518,997 0.28 ± 0.01 4 0.29 ± 0.02
FB17 575128/C,1 ��RνG� =6, νG ≈ 0.19 ` B251712 7>K412/097=7 7K>2@,94CI 4/4 <>21#
93 4;� B17 84697 4- E7B14 /49,:97: -28454;7514 B251713 ν 71 97;,>2 N ;2<54;.;2
F>45� ��I� l2 b17; =>2S4<, K2>3 E7=>,i9751,: 9, E>,83i2?1 >2-;,>78 -92B<78� l24#
;,90i4, B251713 <7/,K294: TU 8 =2/7 6/C R#: 4 �#: ;76,/,: E>4K/4-41,/097 >2893
�νG 4 ��RνG� U7b17;. 7>K412/097, 7K>2@,94, ;76,/,: 5<7E/,94: 7<2-382,1 K7/0i7,
8/4C94, 92 S7>;4>78294, 5E,<1>2 B25171� HE,<1>3 <7/,K294: TU 8 X,91>2/093A 7K#
/251CA ;76,/,: 576,>J21 K7/0i,, <7/4B,5187 B25171� <717>3, 12<J, 92A76C15C 6>.= 5
6>.=7; 8 >2X4792/093A 7197i,94CA�

k251713 <7/,K294: TU 8 491,>82/, -92B,94: r ∈ [2, 7] E< 71 754 r = 0 7B,90 5/2K7
-2845C1 71 r� U>4 r < 2 E< 4 E>4 r > 2 E< 94-<7B2517193, <7/,K294C TU 8 ;76,/CA
5.@,518,997 71/4B2?15C E7 B25171, F92E>4;,>� ν � 0.25 E>7148 ν � 0.36 8 R#: ;76,/4*
ν � 0.46 E>7148 ν � 0.30 8 �#: ;76,/4 57718,1518,997I� \1;,B,993; -6,50 <7/,K294C;
8 ;76,/CA 57718,1518.?1 K,=.@4, 71 754 r = 0 87/93� k251713 87/9 5 ν > 1 92 85,A
r ≤ 7 E< ;2/7 ;,9C?15C 5 r�
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�MOJPQFBRF� U7/.B,993, 8 62997: >2K71, B251713 <7/,K294: TU E>2<14B,5<4 9,
-2845C1 71 5E757K2 83K7>2 .-/783A 17B,< 6/C >25B,178 LZT� Z7/,K294C TU 8 ;76,/CA
R�� +GH E>4 r ∈ [4− 6, 7] E< 576,>J21 A7>7i7 83>2J,993, 575128/C?@4, 5 B251712;4
ν ≈ 1.5 4 ν ≈ 1.7 57718,1518,997� k251713 <7/,K294: TU 8 <2J67: 4- ;76,/,: 92A76C1#
5C 6>.= 5 6>.=7; 8 >2X4792/093A 7197i,94CA� L X,91>2/093A 7K/251CA ;76,/,: +GH
4 E>4 r > 2 E< <7/,K294C TU 5 ν < 1 ;7=.1 -92B41,/097 71/4B2105C E7 B25171,� U>4
r > 2 E< 71 754 r = 0 B251713 87/9 TU E7B14 E7517C993 92 >2-93A r�

�� � �! "#$%�&�! '�(  )*&+#, -$ +.+ Sν(ν)/ '�( -$ +.+, 0$& �010.2 Sν(ν) 2 3$2� �0. +�

.+ 4.0*#.2 0$& �010.2/ '�( )#.%�5� )5.+4. +� n(r) � %$3.2.6 )5.+4. +� f(r)/ '7( %$3.2$8

)5.+4. +9 2 3$2� �0. +� .+ t/τv.r. 2 	�6 � ��6 0.:*58; '<	= <�  ..+2*+ +2*44.(
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