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1 Ú ó

¥/>fl3�Åý�ì�>f1ÆXÚ¥
�üX­���Ú [1−7]. Ù¥¥/»�>fldu
NÈ�!­þ�Ú>6��(¹�`:
3óÀ
1Å+¥��
2��A^. ��»�lØ%Ü�
��, »�9ÙA5�ïÄÒw��©­�, 
é
u»�����Xê�ïÄÒ¤�­¥�­.

����Xê´>4AÛ(��¼ê, Ï~�
½Â´: ��4\þ�½>Ø Ua �, ¦Ò4>6�
" (½ö´��é��þ��ÿ) ¤I�»4K>
Ø¡�»4��>Ø Uc0, Ua � Uc0 �ýé��'
=�����Xê

µc0 =
Ua

|Uc0|
. (1)

3n4+¥, ����XêL�
�4>ØÚ»4
>Ø��Ò4>6��é�U, du»4lÒ4�
�4Céõ, ¤±3»4þ\����u�4>Ø
�K>ØÒ�±òÒ4>6��, l
¢y�>Ø
���>Ø�8�. 3�Ó��4>Øe, »��
����Xê��, `²ÙéÒ4>6���Uå
Ò�r.

@ 3 þ � ­ V Ð Ï, Schottky[8], Abraham[9],

Laue[10] Ú King[11] Ò3»j�»é��b�e
�Ñ
²�n4+����Xê�O�úª, �
� Vogdes Ú Elder �Ñ
3»j�»�»j�m
�ål�'��, 
�»4 — �4�mål�'
Ké���¹en4+��Xê�O�úª [12].
1942 c Bernard Salzberg O�
 Vogdes Ú Elder b
�^�Ø¤á�²�n4+Ú�În4+���
��Xê [13], ¦nØýÿ�¢S�¹��C
�
Ú, Óc Eaglesfield �Ñ
äk��/»�n4+
��Xê�²�(J [14], ¦�é»��ïÄm©
[z. 3d��� 1948 c�c'un4+9Ù�
�Xê�ïÄ¤JÑ�o(3 Spangenberg �Í�
¥ [15]. �±wÑ, 1948 c�c¤ïÄ�n4+(
�Ñ´²�½ö´�Î, ù´Ï�3êÆþ�Î�
±ÏL��C�=��²¡þ?n, l
��ü
$
¯K�E,§Ý, 
¥n4+ÒØUÏL{ü
�êÆC/=��²¡þ5?n, ¤±¥n4+�
¯KÒ�U3,
AÏ�¹e��¤²�½ö�
Î5)û. 1960 c, Wolkstein[16] ïÄ
óÀ1Å
+¥»�>fl�A5, |^©z [15] ¥�Ñ�
����Xê�úª¿ò»���¤��/��

��
¥n4+¥����Xê�CqL�ª,
nØýÿ(J�¢�ÿþ�m¼�
�Ð���
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5. C 30 cé»�>fl¥»�����Xê�
ïÄÄ�þ÷^
±c�(Ø, 1981 cd>f+�
OÃþ?6�
¬Ñ��Í� [17] ±9 Molokosky
Ú Sushkov �Í�¥ [18], Ñæ^
 Spangenberg Ö
¥�(ØÚ Wolkstein �Cq5ïÄ»�l1Å
+. �CAc{I� UMRE (University of Maryland
Electron Ring) mÐ
�X��¢�5ïÄ��>
f5�ÔnA5, Ù¥Ò�)é»�>fl�ïÄ,
�Ù¥�>fl´²�n4+>fl, æ^�»�
/G´��/ [19−23].

�céÓË»�����Xê?1ïÄék
7�, ù´Ï�: 1) ÓË»�´¥¡»�, Ù¥»�
Ø´��/, ^��/5��ò¬�5Ø�, Ó�
�ØN´ò»���O��I�Ú»�­Ç�»
éXå5; 2) duÒ4L¡>|Ú§Ý�Øþ!�
�
Ò4¡u�>6�Øþ!, ùÒ�A/�¦»
������Xê�´Øþ!�, 
^²���/
»�CqKÃ{�Äù«Øþ!5; 3) î�»j�
»!»�»j�»!»�»jê8±9��«¤
é¥%�é»�����Xê�K�´ØÓ�, 

²���/»�CqØU
«©ù
�O; 4) �X
»j\óEâ�Jp, lnØþ�O�[�»j5
��Ò4 — »4�»��³371. �´Äu±
þ�Ä, �©òæ^ Spangenberg �Ö¥J���
���Xê�L�ª, ïáÓË»��(��.,
ÏLO�Ù¶-XêÚü�»�S»j�»�T
»�¡È�'5�ÑÓË»������Xê, ¿
éd�
�[©Û. Cc5éÓË»��9©ÛL
² [24−27] 3p§�¹eÙ»�­Ç�»!»j�
»±9»4 — �4�målÑ¬u)Cz, ¤±
�©�O�
p§^�eÓË»�����Xê
�Oþ¿©ÛÙK�Ï�. ���Ñ
(Ü»�>
flA5ëþ�OÓË»����Ú½ÚäN¢

~¿���/»�Cq�(J�
'�.

2 ÓË»��.9Ù����Xê

3»�l¥æ^²�n4+Cqr¥/»�
����XêL«¤e¡�/ª [15−17]:

µco =
2πdgakg − ln cosh(πSg)

ln coth(πSg)
, (2)

Ù¥ dga, kg Ú Sg ©OL«»4��4�m�å
l!��¥»j�Ý�»�¡È�'±9¶-X
ê, ,�2�â��/»�Cq�Ñ (2) ª¥� kg

Ú Sg �CqL�ªXe:

kg ≈ 2
d
, S ≈ 4rg

d
, (3)

Ù¥ rg Ú d ©O�»j�»Ú»j!å. �
�
O(/£ãÓË»�, ïáXã 1 ¤«�ÓË»�
�., �Ñn��«S kg Ú Sg �L�ª.

2.1 ###���ÓÓÓËËË»»»���������������XXXêêêLLL���ªªª

Xã 1 ¤«, �»� Rg ��¥¡�L»�¡,
3»�¡þ± O :�¥%y©n���, dS�	
©O�1�!1�Ú1nî�»j�, Ùî��»
j�»©O� rg1, rg2 Ú rg3. 1�î�»j�9Ù
SÜ�1��«, T«¤é¥%�� θ1; 1��«
�1�î�»j�±	!1�»j�9ÙSÜ�
¥¡Ü©, ¤é¥%�� θ2; Ón1n�«�)1
�î�»j�±	!1nî�»j�9ÙSÜ�
¥¡Ü©, ¤é¥%�� θ3. 1��«S�»�»
jê8� 0,��ê8� 1, 
1�Ú1n�«S�
»�»jê8Ú��ê8©O� N2 Ú N3, 
»�
»j�»©O� rv2 Ú rv3.

1��«S�k����, �â kg Ú Sg �½
Â, T�«Süö�L�ªXe:

kg1 =
2πRg sin θ1

4πR2
g

1 − cos θ1

2

=
1

Rg
ctg

θ1

2
, (4)

Sg1 =
4πR2

g

[1 − cos θ1

2
− 1 − cos(θ1 − 2rg1/Rg)

2

]
4πR2

g ·
1 − cos θ1

2

=
cos(θ1 − 2rg1/Rg) − cos θ1

1 − cos θ1
. (5)

ò (4) Ú (5) ª�\ (2) ªÒ��1��«S����Xê�L�ª

µco1 =
2π

dga

Rg
ctg

θ1

2
− ln cosh

[
π · cos(θ1 − 2rg1/Rg) − cos θ1

1 − cos θ1

]
ln coth

[
π · cos(θ1 − 2rg1/Rg) − cos θ1

1 − cos θ1

] . (6)
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1��«S��êÚ»�»jêÑ� N2, kg Ú Sg �L�ªXe:

kg2 =
θ2Rg +

2πRg · sin(θ1 + θ2)
N2

− 2rg2

4πR2
g

[1 − cos(θ1 + θ2)
2

− 1 − cos θ1

2

]
N2

=
N2θ2 + 2π sin(θ1 + θ2) − 2N2

rg2

Rg

2πRg[cos θ1 − cos(θ1 + θ2)]
, (7)

Sg2 =
4πR2

g

[1 − cos(θ1 + θ2)
2

− 1 − cos(θ1 + θ2 − 2rg2/Rg)
2

]
+ N2(θ2 − 2

rg2

Rg

)
Rg · 2rν2

4πR2
g

[1 − cos(θ1 + θ2)
2

− 1 − cos θ1

2

]

=
π ·

[
cos

(
θ1 + θ2 −

2rg2

Rg

)
− cos(θ1 + θ2)

]
+ N2

(
θ2 −

2rg2

Rg

)
· rν2

Rg

π · [cos θ1 − cos(θ1 + θ2)]
. (8)

Ó� N2 7L÷v N2 × 2rν2 < 2πRg sin θ1, =

N2 < π sin θ1 ·
Rg

rν2
, N2 ∈ N+. (9)

ò (7) Ú (8) ª�\ (2) ªÒ��1��«S��
��Xê�L�ª.

1n�«S��êÚ»�»jêÑ� N3, Ï
L3 (7) Ú (8) ª¥�e���:

N2 → N3, θ1 → θ1 + θ2, θ2 → θ3, θ1 + θ2

→ θ1 + θ2 + θ3, rg2 → rg3, rν2 → rν3, (10)

Ò�±��1n��«S kg Ú Sg �L�ª9
����Xê�L�ª µco3. Ó� N3 7L÷
v N3 × 2rν3 < 2πRg sin(θ1 + θ2), =

N3 < π sin(θ1 + θ2) ·
Rg

rν3
, N3 ∈ N+. (11)

Ón��1 i(i > 1) �«�� kg Ú Sg, �
\ (2) ªÒ�±��T�«�����Xê�
L�ª.

ã 1 ÓË»�«¿ã

2.2 »»»���¥¥¥»»»jjj���»»»!!!»»»���»»»jjjêêê888ÚÚÚ
���«««¤¤¤ééé¥¥¥%%%���éééÙÙÙ������������XXXêêê
���KKK���

���/»�CqØÓ, 3#�����Xê
L�ª¥, �±é�Ù/ïÄ»j�»!»�»j
ê8Ú�«¤é¥%��K�.

lã 2(a) �±wÑ, 3���«S�X»�»
jê8Ú»j�»�O\, ����XêO\. 1
��«Sdu»�»jê8�"
é����X
ê�K��é��. 1��«Ú1n�«KØÓ,
�8�z»j�»�L 0.005 ½ö»�jê8�
L 18 �, ����Xê¬�X»j�»�O\×
�O\. 
*	m>�ÛÜ��ã (ã 2(b)), �8
�z»j�»�u 0.0015 ½ö���«S»�»
jê8Ø�L 10 �, ���«S�����Xê
��Ø�¿��»j�»�Cz�©²�.

lÔnþ)ºþã'XÒ´, �»�»jê8
Ú»j�»O\��ÿ, »�õ/¶-
Ò4, @
o��Ò4>6�UåÒ?�ÚOr, ¤±���
�XêÒ¬C�; �´�»�»jê8�� (Ø�
L 10) �, du»j�»���u»�­Ç�», �
X»j�»�O\, »��¶-¡ÈØ¬wÍO\,
¤±»�éÒ4>6���UåØ¬wÍOr, �
���Xê�ÒØ¬×�O\, 
�»�»jê8
���, »�¶-Ò4�¡È¬é»j�»�Cz
�~¯a, ¤±»j�»�O\¬������X
ê×�O\.

�UCî�»j�»�»j��»�, ���
�Xê�Cz�¹Xã 3 Úã 4 ¤«. du1��
«Svk»�»j, ¤±3ã 4 ¥ÒvkÑyT�
«�����Xê. é'ã 3 Úã 4 �±wÑ, �
8�z»j�»�u 0.005 �, î�»j�»�»
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ã 2 (a) ����Xê (mu) �8�z»j�» (r) �C
z (rg2 = rg3 = rv2 = rv3 = r, θ1 = θ2 = θ3 = 5◦,
Rg = 8.1788 cm); (b) ����Xê�8�z»j�» (r) �
Cz (rg2 = rg3 = rv2 = rv3 = 5◦, Rg = 8.1788 cm)

ã 3 � � � � X ê � 8 � z î � » j � » (rg) � C
z (rg2 = rg3 = rg, θ1 = θ2 = θ3 = 5◦, rv2/Rg =

rv3/Rg = 0.001, N2 = 6, N3 = 12)

�»j�»�Czéü��«S�����Xê
Ä�þvkK�, �8�z»j�»�u 0.005 �,

î�»j�»éü��«S����Xê�K�
�'»�»j�»�K��éõ. ��5¿��:
´3ã 3 ¥1��«�����Xê'1n�«
����
, 
3ã 4 ¥ù�^S�Ð��. ùÒ
`²�î�»j�»(½��, N�»�»j�»
¬é1n�«�����Xê�)���K�, ù
´1n�«»jê8�õ���. �±��XJ1
n�«�»�»jê82O\�
, @oT�«S
�����Xêé»�»j�»�Cz¬�¯a
�
; 
�»�»j�»(½��, N�î�»j
�»¬Úå1��«����Xê�õ�Cz.

ã 4 ����Xê�8�z»�»j�» (rv) �C
z (rv2 = rv3 = rv, θ1 = θ2 = θ3 = 5◦, rg2/Rg =

rg3/Rg = 0.001, N2 = 6, N3 = 12)

ã 5 ����Xê���«¥%� (θ) �Cz (rg2 =

rg3 = rv2 = rv3 = r, θ1 = θ2 = θ3 = θ, r/Rg = 0.005)

����Xê����«¥%��Cz­�
±�3ã 5 ¥. lã¥�±wÑ, n��«S��
���XêÑ�X�«¤é¥%��O\
ü$,
�n��«¤é¥%��� (�C 0.28 rad) �, �
�«����XêÑü�
 100 ±S, »�»jê
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8�K��Ò��~f. ù´Ï�3»j�»��
u»�­Ç�»��¹e, �X¤é¥%��O\,
���«�»�¡È×�O\
¶-¡È%O\
�é�, »�C�, ¦�»���Ò4>6�Uå
eü
�N�����Xê�~�.

ã 6 ����Xê�»�­Ç�»Ú�I�UC (rg1 =

rg2 = rv2 = rg = 0.0234 mm, N2 = 19)

ã 7 ����Xê�»j�»±9»�»jê8�C
z (θ1 = θ2 = θ = 4◦, Rg = 6.728 mm, dga = 2.318 mm)

2.3 ������///»»»���CCCqqq���###úúúªªª���'''���

�
'�²���/»�Cq�#úª��
�ýÿ(J,©Ùb�z��ÓË»�Ñy©�¥
%��Ó�ü��«, Ù¥�î��»j�»�»
�»j�»Ñ��. ^��/»�Cq¤�(J¥
�»j!å�»�­Ç�»�T�¤é¥%�¦
È, u´3ü��«S^²���/»�¤ýÿ�
����Xê��Ó. ò����Xê�»�­Ç
�»ÚÒ4�I�UC
Cz�­�±uã 6 ¥,
ò����Xê�»j�»Ú»�»jê8UC


Cz�­�±uã 7 ¥.
*	ã 6 �±wÑ, ØØ´3=���«, �

X»�­Ç�»C�, ��/»�Cq�#úªý
ÿ�(Jªu�Ó, ù´Ï�²�´¥¡­Ç�»
Ã����4��¹. ã 7 Kw«�X»j�»�
O\, ��/»�Cq�#úª�ýÿ� l�5
��. '�üã�±wÑ, �X�I�Ú»�»j
ê8�O\, d²¡��/»�CqÚå�Ø��
5��, ùÌ�dCqØ��È\¤�, ù�Ò´
ã¥��/»�Cq(J�#úª1��«¤�
(J���C��Ï. ,	I�5¿��:´ã 7
¥�»�»jê8���, ��/»�Cq�(J
�pu#úªýÿ�(J, 
�»jê8����
�¹%�Ð��.

3 É9��ÓË»������Xê
Oþ

3.1 999///CCCÚÚÚååå���������������XXXêêêOOOþþþ

�â (2) ª, ò1��«!1��«Ú1n�
«�����XêÚ��¤e¡�/ª:

µcoi(dga, kgi, Sgi) =
2πdgakgi − ln cosh(πSgi)

ln coth(πSgi),

(i = 1, 2, 3). (12)

|^e¡�¦�úª:

(cosh x)′ = sinh x,

(cothx)′ = 1 − (cothx)2, (13)

é (12) ª¦��©��

dµcoi =
∂µcoi

∂dga
· ∆dga +

∂µcoi

∂kgi
· ∆kgi +

∂µcoi

∂Sgi
· ∆Sgi

=
2πkgi

ln coth(πSgi)
· ∆dga +

2πdga

ln coth(πSgi)

× ∆kgi + π ln coth(πSgi)
[

2µcoi

sinh(2πSgi)

+ tanh(πSgi)
]
· ∆Sgi, (i = 1, 2, 3).

(14)

l (14) �±wÑ, ����Xê�Oþd ∆dga,
∆kgi Ú ∆Sgi n�Oþ5�Óû½. �
ïÄùn
�Oþ, -

θ′i = θ1 + · · · + θi, (i = 1, 2, 3), (15)

(Ü (2), (3) Ú (15) ª�±¦�1��«S dga, kg
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Ú Sg �Oþ

∆kg1 = − ctg
θ1

2
· ∆Rg

R2
g

, (16)

∆Sg1 =
2 sin(θ1 − 2rg1/Rg)

1 − cos θ1

×
(

rg1

R2
g

· ∆Rg −
1

Rg
· ∆rg1

)
. (17)

Ï�3»�l¥ rg1 ¿ Rg, ¤± (17) ª¥�1�
�Ò�±�ÑØO, u´Òk

∆Sg1 ≈ −2 sin(θ1 − 2rg1/Rg)
Rg(1 − cos θ1)

· ∆rg1. (18)

ò (16) ªÚ (18) ª�\ (14) ªÒ��1��«�
���Xê�Oþ

dµco1 =f11 ·
∆dga

Rg
+ f12 ·

∆Rg

Rg

+ f13 ·
∆rg1

Rg
, (19)

Ù¥

f11 =
2πctg(θ1/2)
ln coth(πSg1)

, (19a)

f12 = − 2πctg(θ1/2)
ln coth(πSg1)

· dga

Rg
, (19b)

f13 = − 2π sin(θ1 − 2rg1/Rg) ln coth(πSg1)
1 − cos θ1

×
[

2µco1

sinh(2πSg1)
+ tanh(πSg1)

]
. (19c)

(Ü (7), (8) Ú (15) ª��1��«S dga, kg Ú Sg

�Oþ

∆kg2 =
1

2πRg(cos θ1 − cos θ′2)

{[
4N2

rg2

Rg
− (N2θ2 + 2π sin θ′2)

]
∆Rg

Rg
− 2N2 ·

∆rg2

Rg

}
, (20)

∆Sg2 =

{[
2π

rg2

Rg
sin

(
θ′2 − 2

rg2

Rg

)
− N2θ2

rv2

Rg

]
∆Rg

Rg
− 2

[
π sin

(
θ′2 − 2

rg2

Rg

)
+ N2

rv2

Rg

]
∆rg2

Rg

+ N2

(
θ2 − 2

rg2

Rg

)∆rv2

R

}[
π(cos θ1 − cos θ′2)

]−1

. (21)

d rg2 ¿ Rg, rv2 ¿ Rg ¿�(Ü (11) ª, (21) ª¥®²Ñ�
p��þ N2rg2 ·rv2 ·∆Rg/R3
g. ò (20) Ú (21)

ª�\ (14) ªÒ��1��«����Xê�Oþ

dµco2 = f21 ·
∆dga

Rg
+ f22 ·

∆Rg

Rg
+ f23 ·

∆rg2

Rg
+ f24 ·

∆rv2

Rg
, (22)

f21 =
N2θ2 + 2π sin θ′2 − 2N2(rg2/Rg)
(cos θ1 − cos θ′2) ln coth(πSg2)

, (22a)

f22 =
1

(cos θ1 − cos θ′2)

{
(dga/Rg)

ln coth(πSg2)

[
4N2

rg2

Rg
− (N2θ2 + 2π sin θ′2)

]
+ ln coth(πSg2)

×
[

2µco2

sinh(2πSg2)
+ tanh(πSg2)

][
2π

rg2

Rg
sin

(
θ′2 − 2

rg2

Rg

)
− N2θ2

rv2

Rg

]}
, (22b)

f23 = − 2
(cos θ1 − cos θ′2)

{
N2 · (dga/Rg)
ln coth(πSg2)

+ ln coth(πSg2)

×
[

2µco2

sinh(2πSg2)
+ tanh(πSg2)

][
π sin

(
θ′2 − 2

rg2

Rg

)
+ N2

rv2

Rg

]}
, (22c)

f24 =
N2 ln coth(πSg2)
(cos θ1 − cos θ′2)

[
2µco2

sinh(2πSg2)
+ tanh(πSg2)

](
θ2 −

2rg2

Rg

)
. (22d)

ÏL3 (22a)—(22d) ª¥�e�O�:

N2 → N3, θ2 → θ3, θ1 → θ′2, θ
′
2 → θ′3, rg2 → rg3,

rv2 → rv3, Sg2 → Sg3, µco2 → µco3, (23)

Ò�±��1n�«����Xê�Oþ dµco3

¥�A�Xê f31, f32, f33, f34.

3.2 ÉÉÉ999///CCC���������þþþ���CCCzzzééé������������
XXXêêê���KKK���

3>fló�L§¥, Ò4§Ý�p, »4g
�, �4�$, nö�/C��±Ud^Sü�, ¤
±�±�Ñ�4Ú�I��9/C. 3p§e, d
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ã 8 (a) ����XêOþ¥��©Xê�8�zî�
»j�»�Cz (rv2 = rv3 = rv, θ1 = θ2 = θ3 = 5◦,
rv2/Rg = rv3/Rg = 0.001, N2 = 6, N3 = 12); (b)
� � � � X ê O þ ¥ ��© X ê � 8 � z » � » j �
» � C z (rv2 = rv3 = rv, θ1 = θ2 = θ3 = 5◦,
rg2/Rg = rg3/Rg = 0.001, N2 = 6, N3 = 12)

uÒ4Ù�9)äXê'Ò4á��9)äXê
�, ¤±Ò4|��9)äÒÌ�dÒ4Ù�9)
äE¤, l
¦Ò4Ú»4�ål á, Ó�Ò4
>��9/C��uÒ4¥%�9)ä, ¤±¦�
Ò4]¡�u)Cz. ù�Cz��J��uÒ4
�­Ç�»C�, Ó�Ò4�»�/C¬��Ò4
�¡�»O�, ¤±9/C��Ò4�9u�>6
¬C�. »4�Ò4éC, »4§Ý'Ò4§Ý�
$�´üöé�C. �Ò4ØÓ�´, »j�9/
CÉ�§Ý�$�à�4��, �U�Ò4��)
ä, ùÒ¦�»4�Ò4�ål~�, »4�­Ç
�» Rg ~� (∆Rg < 0), 
»4��4�m�å
l dga ±9»j�» rg Ú rv Ñ¬O� (∆dga > 0,

∆rg > 0, ∆rv > 0). b�þã��þ�8�zCz
þ�ýé�´���, @odù
þ�Cz
Úå
�����Xê�CzÒû½u§�c¡�Xê.

ã 9 � � � � X ê O þ ¥ ��© X ê � 8 � z » j
� » � C z (Û Ü) (rg2 = rg3 = rv2 = rv3 = r,
θ1 = θ2 = θ3 = 5◦, Rg = 8.1788 cm, N2 = 6, N3 = 12)

ã 10 ����XêOþL�ª¥���©Xê���
«¤é¥%��Cz (rg2 = rg3 = rv2 = rv3 = r, θ1 =

θ2 = θ3 = θ, r/Rg = 0.0001, dga/Rg = 0.39658385, N2 =

12, N3 = 24)

*	ã 8 �±wÑ, »�É9/C�����
Xê�CzÌ�d»j�»�CzÚå, �,��
�©Xê�î�»j�»Ú»�»j�»�Cz
ª³Ä��Ó, �§��Czé����Xê�K
�%´ØÓ�. î�»j�»�O\¦�����
Xêü$, 
��8�zî�»j�»�u 0.005
�, Ì�K�1��«�����Xê, �8�z
î�»j�»�u 0.005 �, �õ/¦1�Ú1n
�«�����Xêü$; �î �»jØÓ, »�
»j�»�O\¦�»�����Xê,p, 
�
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ÙK���Ì�8¥3î�»j�»�u 0.01 �
��S. u)þãy��Ì��Ï´î�»j�»
�O\�õ/¦»��¡ÈO\, 
»�»j�»
�O\�õ/¦¶-¡ÈO\. �éu»j�»O
\�K�, »�­Ç�»Ú»4 — �4ål�C
zéÙ����Xê�K����õ. nÜþã�
�þ��J�±��§Ý,p¬¦�»����
��Xêü$.

3ã 8 ¥·�Ã{w�Ù»4 — �4ålÚ
»�­Ç�»�Czé���©Xê�K�, 

lã 9 �ÛÜ��ã¥%�±w�ù�:. ��
5¿�´, Ï� ∆Rg < 0, �,3ã 9 ¥w��L
»�­Ç�»Cz��©Xê f12, f22 Ú f32 �K
� (­��e�­), �´»�É9���Cz%´
¦�����XêO\. u´, »�É9/C��
»4 — �4ål�O\Ú»�­Ç�»�~�Ñ
¦Ù����Xê,p
, ,p�ÌÝ�»j�»
�O\
O\.

ã 11 ����XêOþ¥��©Xê3»�»jê8C
z��8�z»j�»Cz (rg2 = rg3 = rv2 = rv3 = r,
θ1 = θ2 = θ3 = 5◦, Rg = 8.1788 cm, dga/Rg =

0.39658385)

����XêOþ���«¤é¥%��C
zXã 10 ¤«. ��é��5¿�/�´1n�
«�����XêOþ¥�XêØ�¥%��C
z
Cz, ùÌ�´Ï�1n�«S»�»jê8
�õ, l
¤é¥%��Cz���»�¡È�C
z�»j¶-¡È�Czé����Xê�K�
�p-�. ØØ3=���«, ����Xê�C
z�X¤é¥%��O\
~�. lã 11 ¥�±
wÑ, ØØ31��«�´31n�«, »�»j
ê8�õ, Ò¬¦����Xê�î�»j�»O

\
eü��Ý�¯, �´»�»j�»O\�5
�K��»�»jê8�CzéØ²w. ùÒ`²
3�OÓË»���ÿ, 3»jê8�õ��«,
Ù����XêÉ9�¬ü$��õ, ¤±3m©
�T�«����Xê��O�Ò�pu�¦�.

I��Ñ�´, »j�»Czé»�����
Xê�K���ù�(Ø´3»�­Ç�»!Ò
4 — �4ål!î�»j�»Ú»�»j�»�
��Czþ�ýé�Ñ����¹e�Ñ�. �´
3¢S��Å+¥»j�»´���u»4 — �
4ålÚ»�­Ç�»�, ÏdÙÉ9���Cz
þ�¬���u�ö�Czþ, Ïd»�É9��
Ù����Xê´,p�´ü$, ���ûuüö
9/C��é��, e�ö�9/C��ucö,
É9��»������Xê�k�U´,p

Ø´ü$.

4 Ë»���O

4.1 ÓÓÓËËË»»»���������OOOÚÚÚ½½½

Ï~»�>fl¥»���OÑ´3Ã»l
�Ä:þ?1� [5,16]. �Ã»l�OÐ±�, >f
l�I� θ!����Xê µco!Ò4�» Rc ±
9�4�» Ra Ñ®²(½e5, 3(½»4 — �
4ål dga ��Ò�±ÀJ��¶-Xê� Sg ?
1»���O. Äu1�Ü©Ú1nÜ©�?Ø,
3ùpÓË»���O©n�«�5�Ä, 3z�
�«�S�(½�«¤é¥%�!î�»j�»
±9»�»j�»Úê8.

k5w1��«��¹. 3T�«S»�»j
ê8�", ÏdÃI�Ä»�»j�»; e¡Ò5
(½ µco1, rg1 Ú θ1. �,����Xê µco ®²(
½e5, �´lc¡�?Ø��§Ý,p��î�
»j�»�O\¬¦�����Xêü$, ¤±T
�«S����Xê��O� µco1 ���u µco;
�T�«S�¶-XêÚ����Xê�Ñ(½
e5��, �â (2) ª�±r kg1 (½e5, ,��
â (4) ª(½T�«¤é¥%� θ1, ��l (5) ª
��î�»j�» rg1. òþãL§^ªfL«X
e:

kg1 =
µco1 · ln coth(π · Sg1) + ln cosh(π · Sg1)

2π · dga
,

θ1 =2arcctg(kg1 · Rg),

rg1 =Rg

{
θ1 − arccos

[
Sg1(1 − cos θ1)
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+ cos θ1

]}
/2. (24)

31��«S�(½ N2, µco2, rg2, rv2 Ú θ2.
T � « ¤ é � ¥ % � � ± Ï L C q | ^ θ2 =
(θ − θ1)/2 
��; �dã 5 1��«¤é¥%
�AT'1n�«¤é¥%�����
; d1
nÜ©�©Û��: §Ý,p��»j�/C¬
Úå����Xê�ü$, 
�ü$�ÌÝ�X»

�»jê8�O\
O�, ÏdT�«����X
ê µco2 ÒAT��u µco1, �,1n�«���
��Xê�' µco2 ���
, Kd (2) ªÒ�±(
½ kg2, ,��â (7) ªÒ��T�«î�»j�»
�L�ª, dTL�ª¥©f�u"(Ü (9) ª(
½»�»jê8 N2, ��ÏL (8) ª��T�«S
�»�»j�». þãL§^ªfL�Xe:

kg2 =
[
µco2 · ln coth(π · Sg2) + ln cosh(π · Sg2)

]
/2π · dga,

2π{kg2 · Rg[cos θ1 − cos(θ1 + θ2)] − sin(θ1 + θ2)}
θ2

< N2 6 π sin θ1 ·
Rg

rv2
, (25)

rg2 = Rg · {N2θ2 + 2π sin(θ1 + θ2) − 2π · kg2 · Rg · [cos θ1 − cos(θ1 + θ2)]}/2N2,

rv2 =
πRg{Sg2[cos θ1 − cos(θ1 + θ2)] − [cos(θ1 + θ2 − 2rg2Rg) − cos(θ1 + θ2)]}

N2(θ2 − 2rg2/Rg)
,

Ù¥»jê8��� (25) ª1�ª��S���
��ê=�. Ón3 (25) ª¥ÏLX (10) ª���
¿�(Ü (11) ªÒ�±��1n�«���ëþ.

4.2 ���OOO¢¢¢~~~999(((JJJ'''���

�âþ!¥J��ÓË»���OÚ½,·�
^#Îü«�{�O
, Muller .>flÚ,õ
Ç1Å+>fl¥�ü�¥¡»�¿'�
üö
�5U, ür>fl�A5ëþ9ü«�{��O
(J�3L� 1 ¥.

*	L 1 ¥êâ�±wÑ, �²���/»�
Cq¤�(J�', #úª��O(J¿©�Ä

»�����Xê�Øþ!5, 
����»j�

»��[. �
u�ü«�{�O¤�»��5U,
·�'�
�Ò4 — »4ålu)Cz�, ü�
»�����Xê�Cz�¹, Xã 12 Úã 13 ¤
«. üã²(/w«ØØ´3 Muller .>fl¥�
´õÇ1Å+>fl¥, d#�{�O�»�3»
4 — Ò4ålu)Cz�, Ù����Xê��
C�¦�, ùÒ`²^#úª�O�»�­½5Ú
��5�Ð. �u3ã 12 ¥²���/»�Cq
(J'#úª�O(J p, 
3ã 13 ¥�¹�
Ð��, ù´dü�»�¥»�»jê8�ØÓ

���, é²wõÇ1Å+¥»��»�»jê8
' Muller .>fl¥»��»�»jê8õ�õ,
dã 7 ¥(ØÒ�±)ºþã¯K.

L 1 ^ü«�{éür>fl¥»�?1�O�(J
hhhhhhhhhhhhhh¤I^�Ú�O(J

>fla. , Muller .>fl ,õÇ1Å+>fl

����Xê µco 50 100

Ò4�I� θ/(◦) 18.5 23.6

»�­Ç�» Rg/mm 26.68 6.728

»4 — �4ål dga/mm 12.98 2.318

¶-Xê Sg 0.1 0.2

��/»�Cq »j!å d/mm 2.09 »j!å d/mm 0.63

�O(J »j�» rg/mm 0.105 »j�» rg/mm 0.0315

#úª�O(J

1��« 1��« 1n�« 1��« 1��« 1n�«

µco 51 55 58 105 107 109

Θ/(◦) 5.76 5.76 6.98 4.00 9.10 10.50

N 8 21 19 47

rg/mm 0.069 0.044 0.048 0.0249 0.0234 0.0299

rv/mm 0.092 0.068 0.0233 0.0207
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5 ( Ø

#�L�ª��5�CqL�ª�'äk±
eA�`::

1. ²���/»�Cq@�3��»�þ�
���Xê´þ!�, ,
�â Gilmour Ö¥ [28]

�(Ø: duÒ4>|9§Ý©Ù�Øþ!5, Ò
4¥%�kuÒ4>���, ¤±»���«�S
�����Xê�´Øþ!�. #�L�ªò��
ÓË»������Xê©«O�, �±¿©�Ä
�þãØþ!5, XJ�rù«Øþ!5?Ø/�
��[, �I�Uì�Ó��{ò¥»�y©��
õ��«=�. lL 1 �(J5w, #úªò»�
©¤n��«?1�O, 
�n��«�����
XêdS�	�g,p, ù� True[29] 3ØO\»
�»jê8�cJeòÒ4>�?�»j�»Å
ì\°
¦���>ØA�ü$����{´Ï
åÓ8�.

2. ��5�L�ª�', #�L�ªò»��
�O�Ã»>fl�A5;�éXå5. (2) ª¥
� kg Ú Sg ��»j!å d ±9»j�» rg k'
X, 
3#�L�ª¥���«S� kg Ú Sg Ø=
�»�­Ç�»k'X, 
���T�«¤é¥%
�!»�»j��»!î�»j��»±9»�
»jê8ïá
'X. �Ï�k
þã'X, 3�
O��ÿâ�±éî�»j��»�»�»j�
�»©O?1�O, 
Ø��5�L�ª¥�Ub
�¤k�»j�»Ñ´�Ó�.

3. #�L�ª¥rz��»�»jê8��
O�»�­Ç�»!»�»j�»!�c�«±
9c���«¤é�¥%�éXå5, ùÒ��(
¹/À�»�»jê8Jø
�â, 
ù3�5�
CqL�ª¥´vk�.

4. ��5úª�O�(J�', #úª�O�
»j�»�[. »�¥»j�o, K¬¦»4>f
�¼ÇLp. Ò49Ë�\þ>fñÂ, »j§Ý
Ò¬ép. »j9)äÉ�§Ý�$�à�4��
�, �U�Ò4��)ä. �d± , Ò¬/¤�Ò
4��kC�[È5/C, l
�)Ò4 — »4
�»���y�. â��, �Å+¾»j��»�
±�� 7.5 µm[30], ùÒ¦�\ó�[�»j¤�

�U. 
©Ù¤JÑ�#úª��O�[�»jJ
ø
nØ�â.

ã 12 Muller .>fl¥»�º��½��¹e����
Xê�Ò4 — »4ål�Cz

ã 13 ,õÇ1Å+¥»�º��½��¹e����X
ê�Ò4 — »4ål�Cz

nÜþão:, #L�ª)û
�5²���
/»�Cq¥�3�¯K. �,����Xê�´
��AÛëþ, �3>fló���ÿ, »��¬
éÙu�A5�)K� [31]. �·�é»�?1X
ã 1 ¤«�y©�, ¢Sþ·�´òÒ4�©¤

A�ØÓ���»�>fl, ù�Ò�±�O(!
��B/?Ø»�>fl�>f5A5, ùéu�
Ð/�OóÀ1Å+¥»�>flÚ?�ÚJp
Ù�Ç [32] äk�©­��¿Â.

078502-10



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 7 (2012) 078502

[1] Sun F Y, Wu Z H and Zhang K C 2010 Acta Phys. Sin. 59 1721
(in Chinese) [�L�,Ç�u, ÜmS 2010ÔnÆ� 59 1721]

[2] Liu G Z, Huang W H, Shao H, Xiao R Z 2006 Chin. Phys. 15 600
[3] Liu G Z and Shao H 2003 Chin. Phys. 12 204
[4] Liu G Z, Yang Z F 2010 Chin. Phys. B 19 075207
[5] Zhou L W, Gong H, Zhang Z Q, Zhang Y F, 2010 Acta Phys. Sin.

59 5459 (in Chinese) [±á�, ú¦, Ü��, Üâ� 2010Ôn
Æ� 59 5459]

[6] Liao Fujiang Li Shuhan Qian Lijun 2002 3rd International Confer-
ence on Microwave and Millimeter Wave Technology Proceedings,
102—105

[7] Li F, Xaio L, Liu P K, Yi H X, Wan X S 2011 Acta Phys. Sin. 60
097901 (in Chinese) [o�, �4, 4��, ´ù_,�¡( 2011
ÔnÆ� 60 097901]

[8] Schottky W 1919 Archiv. für Elktrotech. 8 1
[9] Abraham M 1919 Archiv. für Elktrotech. 8 42
[10] Laue M V 1919 Ann. der Phys. 59 465
[11] King R W 1920 Phys. Rev. 15 256
[12] Vogdes F B, Elder F R 1924 Phys.Rev. 24 683
[13] Bernard Salzberg 1942 Proc.Inst.Radio.Engrs. 30 134
[14] Eaglesfield C C 1942 Wireless Engr. 19 447
[15] Spangenberg K R 1948 Vacuum Tubes (McGraw-Hill, NewYork)
[16] Wolkstein H J 1960 RCA Rev. 21 389
[17] Electron tube design handbook compiling committees 1981 A

handbook for design of electron optics system in microwave tube
(First edition) (Beijing: National defense industry press) p56—66
(in Chinese) [>f+�OÃþ?6�
¬ 1981�Å+>f1
ÆXÚ�OÃþ (1��) (�®: I�ó�Ñ��) 1 56—66
�]

[18] Molokosky S I, Sushkov A D 2005 Intense electron and ion beams
(Springer-Verlag Berlin Heidelberg(printed in Germany)) pp145–

155

[19] Harris J R 2005 Ph.D. Dissertation (Univ. Maryland, College
Park, MD.) [Online].Available: http://hdl.handle.net/1903/2906

[20] Harris J R, Neumann J G, O’Shea P G 2005 Free-Electron Laser
Conf. Stanford CA, pp21—26, THPP062

[21] Haber I 2005 Proceedings of 2005 Particle Accelerator Confer-
ence, Knoxville, Tennessee pp2908—2910

[22] Haber I 2004 Nuclear Instruments and Methods A 519 396

[23] O’Shea P G 2001 Nucl.Instrum. Methods Phys. Res. A Accel.
Spectrom. Detect. As soc. Equip. 464 646

[24] Liucong Yao, Xiaobao Su, Wei Lv 2010 978-1-4244-7099-
0/10/$26.00 c© 2010 IEEE. pp163—164

[25] Behnke L K, Montgomery K L, Whaley D R, True R B 2006 1-
4244-0108-9/06/$20.00 t 2006 IEEE. pp41—42

[26] Zhang K 2010 Master Thesis (UESTC) (in Chinese) [Ü* 2010
a¬Æ Ø© (>f�E�Æ)]

[27] Zhou X 2006 Master Thesis (UESTC) (in Chinese) [±Å 2006 a
¬Æ Ø© (>f�E�Æ)]

[28] Gilmour A S 1994 Jr., Principles of Traveling Wave Tubes. Nor-
wood, MA: Artech House

[29] True R B, Laycock D E, U.S. Patent 4,737,680, Filed April 10,
1986, Issued April 12,1988

[30] Guo K Z 2008 Development technology of Traveling Wave Tube
(Beijing: Publishing House of Electronics Industry) p25—32 (in
Chinese) [Hm± 2008 1Å+ï�Eâ (�®: >fó�Ñ�
�) 1 25—32 �]

[31] Amitava Roy 2011 IEEE Transactions on Electron Devices 58 553

[32] Yi H X, Xiao L, Liu P K, Hao B L, Li F, Li G C 2011 Acta Phys.
Sin. 60 068403 (in Chinese) [´ù_, �4, 4��, Ï�û, o
�, oI� 2011ÔnÆ� 60 068403]

078502-11



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 7 (2012) 078502

A study on the cut-off amplification factor of the grid
with film sphere and porous structure in grid-

controlled electron gun∗
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Abstract
Although the grid with film sphere and porous structure plays a very important role in sphere grid-controlled electron gun, its

cut-off amplification factor can be obtained only in the plane-square-mesh approximation. Due to the lack of consideration for non-
uniformity of cut-off amplification factor and information about cathode half-angle and radius of curvature of grid, the designs of sphere
grid and electron gun cannot be related by the plane-square-mesh approximation, which is unusable as theory basis for fabricating
thinner grid wires. In this paper, we model the grid with film sphere and porous structure and obtain the new expression for cut-off
amplification factor by recalculating the screening factors and the ratios of the radius of grid wire to the area of this single mesh in
different ring areas. In combination with the conclusion of cut-off amplification factor given in Spangenberg’s book, the effects of grid
wire’s radius, sphere center angle and the number of radial grid wires on the cut-off amplification factor, and the variation of the cut-off
amplification factor with temperature rising are obtained. Finally, the steps for the design of grid with film sphere and porous structure
and some specific examples are presented. The results show that the grid devised by new expression is more stable and reliable, and
problems existing in plane-square-mesh approximation are solved.

Keywords: grid-controlled electron gun, grid with film sphere and porous structure, cut-off amplification factor,
screening factor
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