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31Å+¥, õ?üØÂ84 (MDC) �ÇduÙ�o�Ç�'X��
w��~­�. 
3�O MDC �c

éÙ�ÇÚ1Å+�o�Ç?1O(�µ��±rº+f��N5U, ¿��'^��muJønØ��, Ï
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 MDC ��Çµ�

úª, �Ùýÿ�'¢ÿ� p�õ, Ï
I���O(�µ�úª. �©ÄkÚ\ÑÑú��Vg, ,�ïá�^
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1 Ú ó

1Å+±Ù°ª�!pOÃ!põÇÚõ�
ó��`:, 3�8�ÅªÇ�õÇ��ì�¥Ó
â­�/ , �Ù�'�ïÄ��5�õ/¤��
Åý�+��9: [1−10]. du²L|Ã�e-, 1
Å+o�Ç�Jp´1Å+�Eû�aa±¦�
8I, 
3K�1Å+o�Ç�ÃõÏ�¥, Â8
4�Ç�Jp�~­� [11−14].

y�p�Ç�Â84æ^
eZ�> ØÓ
�>4, kÀJ/©aÂ8?uØÓUþ�?�>
f, ù«Â84¡�õ?üØÂ84 (MDC)[15−21].

�Xæ^?ê�õ�Â84, Ù�Ç¬ØäJp,

�´Â84(��E,zq¬�5�©õÇÚ9
�Ñ�O\. XÛ3ùüö�m�����Z��
O�Y, ÒI�1Å+�Oö�3�O MDC �c
éÙ�ÇÚ+f�o�Ç�ÑÐÚ�µ�. �éþ
ã¯K, Kosmahl[22] 3 1980 c�Ñ
²��úª,

�±éÂ84�ÇÚ+f�o�Ç�Ñ'�O(
��O, Ùúª�ïá©�±eAÚ.

1) �Ñ�ú>f8�z�ÄU~�þ ∆V /V0

��6Xê p Ú>f�Ç ηe �m�²�'Xª:

∆V /V0 ≈ f(p) · 3
√

ηe · p, (1)

Ù¥ ∆V Ú V0 ©O�^>ØL«��^�>f5
¥�ú (�Ò´��Uþ�õ) �@
>f���
ÄU (= ∆V = ∆E/e, ∆E ��^�>f5¥�ú
�@
>f���ÄU, 
 e KL«>f>þ) Ú
+N>Ø, p L«+f���6Xê, f(p) � p �'
X±ã��/ª3©z¥�Ñ.

2) �
�O MDC ��Ç, �ÑXeo^b�:

��^�>f5�Uþ©Ù­� I(V )/I0vsV/V0

Cq´��n�©Ù (V Ú I(V ) ©O�Â84S
Cz�>4>ØÚ��éA�T>4�±Â8�
�>6, 
 I0 Ú V0 K©O��^�>f5�>
6Ú+N>Ø); � MDC o�k N ?, Ù¥�)
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?3Ò4> ��?, ù
>4±���> Ú
� ∆V0 ü� (N > 2); ��>4þ�Uþ�ÑÑ�
�; � MDC >4L¡æk�g>f³�J, ¦��
g>fu�Xê δ ¿ 1.

3) (Ü 1) Ú 2), ïá�.¦ÑÂ84�ÇÚ
1Å+o�Ç��Oúª:

ηcoll = 0.97
(

1 − 1
N − 1

f · 3
√

ηe · p
2 − f · 3

√
ηe · p

)
− ∆,

∆ = ∆Pf/(I0V0), (2)

ηov =
ηe · ηcir

1 − ηcoll + ηcoll(ηe + ηint)
, (3)

Ù¥ ∆Pf �L�^�>f5¥@
ÄUO\�
�þ>flpª|¼��Uþ. � p 6 1 µP �,

∆ ≈ 0.01, 
� p > 1 µP �, ∆ ≈ 0.02.

Kosmahl 3ïá�.�Q²b��>4þÑ
Ñ�UþÑ´�Ó�, �´3¢S�+f¥ù�^
´ØU¤á�. du MDC ¥�>4�/G!¤\
>Ø±9�)��g>fÑØ�Ó, ¤±Ï~�>
4þ��Ñké��É, Ïdïá��C¢S�U
þÑÑ�.Ò�©7�. �©ÏLïá�ÎÜ¢S
�¹��^�>f5Uþ©Ù�.5í���O
(� MDC �Çµ�úª, �[ïÄ MDC ��>
4þ�UþÑÑéÙ�ÇÚ+fo�Ç�K�, �
Ñ MDC ��Z>4êÀ�úª.

2 ÑÑú��Ú\Ú�^�>f5�
�n�Uþ©Ù�.�ïá

�±`, MDC ��>4þUþ�ÑÑ´éJ
^��î��ªf5L«�, �
ïÄ��B, ·
�@���>4þ�Ñ�8�z>6Ú>ØÑ¤
��ê�, Ùú�©O�

∆i = ∆I/I0,∆v = ∆V /V0, (4)


 Pdiss = ∆i · ∆v Ò¡� MDC 8�z�ÑÑú
�, �¡Ñ{¡ÑÑú�. k
ÑÑú��Vg, ·
�Ò�±ïá�^�>f5���n�Uþ©Ù
�.5í�Ù�ÇÚ1Å+o�Ç�µ�úª, #
�n�Uþ©Ù­�Xã 1 ¤«.

ã 1 ¥ý¢�Uþ©Ù­�e��¡ÈL«
�´p�^�í{�õÇ, 
 Emin KL«�^�

>f5¥��Uþ�õ�@
>fm©Ñy��
�¤éA�^+N>Ø8�z� MDC >4>Ø,

��ÒK�n�/�¡È�L��>4þÑÑ�
Uþ, 
 “�ö�” ¡ÈK´�p�^L§¥�p
ª�ÑUþ. �
í�µ� MDC �Ç�#úª, �
ÑXeb�:

� � ^ � > f 5 � U þ © Ù ­
� I(V )/I0vsV/V0 Cq´��n�©Ù;

� MDC o�k N ?, �Ù¥Ø�)?3Ò4
> ��?;

� MDC � � > 4 þ > 6 Ú > Ø � � Ñ Ñ
¤��ê�ü�, ú�X (4) ª¤«, ¿�1�
?þ8�z�>6�Ñ� i1 = I1/I0, >Ø�Ñ
� v1 = V1/V0.

ã 1 �^�>f5��n�/Uþ©Ù­�

� Kosmahl �b��', SNØÓ�´1�Ú
1n^, 1�^¥Ø�)?3Ò4> �>4´�

êÆ?n��B, 
1n^Ú\ÑÑú��Vg
´�
¦��.�1Å+�¢S�¹���C. #
�.¥vk
�g>fu�Xê δ ¿ 1 ù�^b
�, ù´Ï�Ú\
ÑÑú��Vg, Ò�±ò�
)�g>fu�3S�¤k�ÑÑ�Ä?�.

3 #µ�úª�í�

3ã 1 ��.¥, O� MDC ¥o�ÑÑUþ,

¢SþÒ´é��ÒKn�/�¡È¦Ú. �ân
�/¡Èúª�±��e¡{ü�'X:

S1 = i1v1/2,

S2 = (i1 + ∆i)(v1 + ∆v)/2
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= i1v1/2 + (i1 · ∆v + ∆i · v1)/2

+ ∆i · ∆v/2, (5)

...

SN = [i1 + (N − 1)∆i] [v1 + (N − 1)∆v]

= i1v1/2 + (N − 1)(i1 · ∆v + ∆i · v1)/2

+ (N − 1)2∆i · ∆v/2.

ò (5) ¥� N ��§�\Ò��¤kÒKn
�/¡È�oÚ, �Ò´ MDC ��>4þÑÑ�
UþoÚ.

S = S1 + S2 + · · · + SN

=
N

2
· i1v1 +

[
(N − 1) +

(N − 1)(N − 2)
2

]
×(i1 · ∆v + ∆i · v1)

+

[
12 + 22 + · · · + (N − 1)2

]
2

∆i · ∆v, (6)

|^úª

12 + 22 + · · · + n2 =
1
6
n(n + 1)(2n + 1) (7)

Ò�� MDC ��>4þÑÑ�UþoÚ�

S =
N

2
i1v1 +

N(N − 1)
4

(i1 · ∆v + ∆i · v1)

+
N(N − 1)(2N − 1)

12
∆i · ∆v. (8)

|^>6Ú>Ø�8�z^�:

Ni1 +
N(N − 1)

2
∆i = 1,

Nv1 +
N(N − 1)

2
∆v = 1 − Emin

(9)

��

i1 · ∆v + ∆i · v1

=
1 − N2 · i1v1 − N2(N − 1)2∆i · ∆v/2 − Emin

N2(N − 1)/2
.

(10)

ò (10) ª�\ (8) ªÒ��

S =
1

2N
(1 − Emin)

+
(N − 1)N(N + 1)

24
∆i · ∆v. (11)

�âc¡�©Û, ý¢Uþ­�e��¡È�
Lp�^�í{�Uþ, ·�òù�¡ÈUìF/
�¡È5O�, Ï�ÒKn�/¡È�L MDC �
>4þÑÑ�Uþ, ¤±üö���2~�pªÑ
ÑÜ©� “�ö�” ¡È, g,Ò�L MDC �±£
Â�Uþ. u´�âÂ84�Ç�½ÂÒ��T�
.e MDC �Ç�L�ª:

ηcoll =

1
2
(1 + Emin) − 1

2N
(1 − Emin) − (N − 1)N(N + 1)

24
∆i · ∆v

1
2
(1 + Emin)

− ∆

= 1 − 1
N

1 − Emin

1 + Emin
− 1

12
(N − 1)N(N + 1)

1 + Emin
∆i · ∆v − ∆. (12)

éuX{��6>f5, `z��>f5Â8��
Ç��� 97%, Ïd (12) ªq�±�¤:

ηcoll = 0.97 ×
[
1 − 1

N

1 − Emin

1 + Emin

− 1
12

(N − 1)N(N + 1)
1 + Emin

∆i · ∆v

]
− ∆, (13)

Ï� (13) ª¥� Emin 7LÏL§SO���, �
���O MDC �Ç, 7Lò Emin ^Ù¦þ�O.

�
��þ¡�8�, ·�ò Kosmahl ©z¥�­
�±�Ñ5��ã 2.

|^©z¥�êâ?1[Ü, �� f(p) Ú p �

m�ê�'XªXe:

f(p) = −0.00825p3 + 0.1057p2

−0.40324p + 1.25473. (14)

¢Sþ (1) ª¥ ∆V/V � Emin �m�'X÷ve
¡�ªf:

Emin = 1 − ∆V /V = 1 − f · 3
√

ηe · p, (15)

ò (15) ª�\ (13) ªÒ��:

ηcoll = 0.97
(

1 − 1
N

f · 3
√

ηe · p
2 − f · 3

√
ηe · p
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− 1
12

(N − 1)N(N + 1)
2 − f · 3

√
ηe · p

∆i · ∆v

)
− ∆.

(16)

1Å+o�Ç�L�ª� (3) ª�Ó, �'� (2)

Ú (16) üª, MDC �Ç ηcoll �L�ª¥®²õ

�¹ÑÑú� ∆i ·∆v ��, 1��©1¥� N − 1

�Ï�#�.¥�b�^��
C¤
 N .

ã 2 f(p) Ú p �m�²�­�

4 #µ�úª�O(5©Û

� (2) ª�', #�µ� (16) ª¥õÑ
¹k
ÑÑú����, ù��Ó�d MDC ?ê N , �
6Xê p, >f�Ç ηe ÚÑÑú� Pdiss = ∆i · ∆v

�Óû½. Ù¥ÑÑú� Pdiss = ∆i · ∆v ����

~'�, � Pdiss �u"�, MDC ��>4þÑÑ
�Uþ´Å?4O�, �Ä� MDC 1�?þÂ8
�´�Ý�ú�>f, 
�Oö�éù
�ú�>
f�Uþ©Ù “
)” �'Ù¦Uþ�>f���
¡, �±�O MDC 1�?¦ÙUþÑÑ'1�?
�, 
1�?Ú1�?þ�UþÑÑ´Ì��. �
¡��>4þ�,��3ÑÑUþ, �´du��
�¡>4þ�Uþ®²��õ, ¤±ÑÑ3oõÇ
¥¤Ó'­Ò¬��õ. �,ÑÑú�ØU��,

��>4þÑÑUþ��Cþ!, MDC ��ÇÒ
¬�p.

Ó��Ä��6Xê�p�+f, >f5¥�
�m>ÖåÒ¬�r, �A>flÚp�^«�(
�Ò¬�E,, MDC �Ò¬æ��õ>4â¬�
����`�Â8�Ç. ��6Xê$�+f�',

p�6Xê�+f MDC ?ê�õ, @oÑÑ�Ò
¬�þ!�
, �Ò´ÑÑú� Pdiss ���
. Ä
uþãü:�Ä, ÑÑú��XeÀ�:

Pdiss =

 0.005, p 6 0.5 µP,

0.003, p > 0.5 µP.
(17)

|^ (2)—(4) ªÚ (14)—(17) ª, ^#Îü«úª
é±e 15 �+f� MDC �ÇÚo�Ç [23,24] ?
1
µ�, ¿òµ��(J�¢ÿ�?1
éì,

�L 1.

L 1 #Îü«úªé 15 �+f�Ç�µ�

No µP ηe N ηcm ηcold ηcnew ηovm ηovold ηovnew

1 0.410 0.1535 5 0.860 0.890 0.861 0.470 0.510a 0.468a

2 0.410 0.1535 4 0.840 0.865 0.853 0.440 0.475a 0.458a

3 0.410 0.1535 3 0.810 0.820 0.817 0.410 0.420a 0.415a

4 0.535 0.1960 5 0.860 0.880 0.859 0.510 0.525b 0.502b

5 0.535 0.1960 4 0.820 0.850 0.842 0.475 0.490b 0.482b

6 0.535 0.1960 3 0.795 0.795 0.793 0.440 0.435b 0.433b

7 0.470 0.1700 5 0.842 0.886 0.854 0.416 0.512c 0.469c

8 0.470 0.0370 5 0.874 0.920 0.892 0.186 0.238c 0.198c

9 0.470 0.0770 5 0.864 0.907 0.877 0.301 0.362c 0.315c

10 0.490 0.1950 5 0.843 0.880 0.848 0.480 0.536c 0.496c

11 0.400 0.1600 5 0.855 0.891 0.860 0.476 0.505c 0.461c

12 0.400 0.0240 5 0.919 0.928 0.901 0.185 0.181c 0.147c

13 0.400 0.1600 4 0.817 0.868 0.852 0.427 0.472c 0.451c

14 0.400 0.0360 5 0.904 0.922 0.894 0.255 0.236c 0.196c

15 1.230 0.2440 4 0.760 0.810 0.799 0.456 0.514c 0.504c
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L 1 ¥ ηcm, ηcold, ηcnew ©OL« MDC �Ç
�¢ÿ�!Îúªµ�(J�#úªµ�(J, �
A/ ηovm, ηovold, ηovnew ©OL«+fo�Ç�¢
ÿ�!Îúªµ�(J�#úªµ�(J. L 1 ¥
��ü�¥�þI�L�´�Ç ηcir Úc��¼
Ç ηint �ØÓ��, äN��Xe:

a : ηcir = 0.86, ηint = 0.012,

b : ηcir = 0.835, ηint = 0.019, (18)

c : ηcir = 0.85, ηint = 0.02,

Ù¥ a Ú b ü«�¹e� ηcir Ú ηint ��´l©z
¥���, c ¥� ηcir Ú ηint �3©z¥vké�,

Ï
´�O�. �
��Ù/w�#úªµ��O
(5, ·�òµ��(J±�3ã 3 Ú4 ¥.

ã 3 £ã
#!Îü«úªé MDC �Ç�
µ�(J�¢ÿ��é'�¹. lã¥�±²w
/w�, Îúª (2) �Ñ�µ�(J�'¢ÿ�
p, ù3 Kosmahl 1979 c���©Ù¥®²�

`² [25]. � (2) ªé MDC �Ç�µ�(J�',

(16) ª�Ñ�µ�(J�,�'¢ÿ� p, ��
¢ÿ�(J���C. �uL 1 þI c X�¥?Ò
� 12 Ú 14 �ü�+f MDC �Ç�¢ÿ�'#ú
ª�µ��p��Ï´ÑÑú���L�, Ï�é
uÂ8�Çép� MDC 5ù, ��>4þÑÑU
þ´'�þ!�, �Ò´ÑÑú��½´'���,

�$u·�3µ��¦^�ÑÑú�� 0.005. 

éuL 1 �þI b X�¥?Ò� 6 �+f MDC �
Ç�ÿþ�'#úª�ýÿ�ÑpKk�U´Ñ
Ñú��� �
��, ��U´d$�L§¥�
Cq
Úå�. o�`5, #úª (16) é MDC �
Ç�Ñ
��O(�µ�.

#!Îü«úªé1Å+o�Ç�µ��¹
±�3ã 4 ¥. �'�
ó, #úª�Ñ
���
Cÿþ��µ�(J. kA:I�`²�´, 3L 1

þI c X�¥?Ò� 14 �+f�ÿþ�'Îúª
Ú#úªýÿ�(JÑ�p, ù´Ï�T+f��
´�Ç ηcir Úc��¼Ç ηint Ñ´�O�, ù��
O��U�ý��¢ÿ�����, XJU
¼�
��O(��´�Ç ηcir Úc��¼Ç ηint �ÿ
þ�, µ�(J�½¬Ú¢ÿ���ÎÜ; 
L 1

þI b X�¥?Ò� 6 �+fo�Ç�ÿþ�'
#!Îü«úª�ýÿ(JÑ�pK´Ï�#ú

ªÚÎúªÑ´ÏL MDC �Ç5ýÿ1Å+�o
�Ç, 
3 MDC �Ç�$��¹e, >f�Ç!�
´�ÇÚc��¼Ç�Ï�é1Å+o�Ç�K
�Ò¬\�, KÄu MDC �Ç�o�Çýÿúª
�Ñ�ýÿ(JÒ¬�)��Ø�; �uã¥Ñy
�ÿþ�'Îúª�O� $
'#úª�O�
 p��¹ (éAuL 1 þI c X�¥?Ò� 11 �
+f), K�´Ï�ÑÑú� Pdiss À������.

ã 3 #Îü«úªé MDC �Ç�µ�

ã 4 #Îü«úªé1Å+o�Ç�µ�

5 ÑÑú�é MDC �ÇÚo�Ç�
K�

l1 4 !�Øã·��±��#�µ�úª
U
�Ñ��C¢ÿ����(J. #úª (16) ¥
�­��Ò´Ú\ÑÑú� Pdiss 5©Û MDC �
�>4þUþÑÑ��É, 
ù��Éé MDC �
�Ç, D�o�ÇÑk­�K�.

5.1 (((½½½???êêê��� MDC SSSÑÑÑÑÑÑúúú������KKK���

3Ó��Ê? MDC S, Pdiss é�Ç�K�­
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�±�3ã 5 Ú 6 ¥.

ã 5 ØÓ�ÑÑú�e, Ê?üØÂ84�Ç�>f�Ç�
Cz (T+f�6Xê� p = 0.47)

lã 5 ¥�±wÑ, �ÑÑú� Pdiss �u"
�, #úª�Ñ� MDC �Ç��O��$uÎú
ª��O�, 
��XÙ��C�ü$�ÌÝ�
�5��, Ó�3Ó��ÑÑú�e, �X>f�
Ç ηe �O\, ù«ü$�ÌÝ�¬�5��; 

� Pdiss �u"�, #úª�Ñ�����puÎ
úª�µ��, �Ò´�õ/ l
¢Sÿþ�.

ùÓ��éu·�, �¦+f MDC k�p�Â8
�Ç, �±4��>4þ�UþÑÑ¤��4~
���ê�, ù�Ò´`��¦ MDC ��ÇJp,

����>4þ�UþÑÑ�½´���Ð, ¢
S MDC ��>4þ�ÑU�¹´cn?þÑÑ�
Uþ´�õ�, �,ù��>4þ¤\>Øk',

�´3o�pÂ8�ÇÚ$�6Ç��¹e, ��
>4þ¤\>Ø´k�½�¦�.

ã 6 ØÓÑÑú�e, 1Å+o�Ç�>f�Ç�Cz­
� (1Å+�6Xê p = 0.47, >´�Ç ηcir = 0.85, �¼
' ηint = 0.02)

lã 6 ¥�±w�, 3Ó��Ê? MDC S, �
ÑÑú� Pdiss �u"�, #úª�Ñ�����

$uÎúª�ýÿ(J, 
��X Pdiss �O\ù
«ü$�ÌÝ�3O�. �ã 5 ØÓ��:´3
Ó��ÑÑú�e, #úª�Îúªýÿ(J��
É�X>f�Ç�O\
CzØ�, cÙ´�>f
�Ç ηe �u 0.25 ��, üö��ÉÄ�ØÉ>f
�ÇO\�K�. ùÒ`²�X>f�Ç ηe �O
\, K�1Å+o�Ç�Ì�Ï�Åì¤�>f�
Ç ηe 
� MDC �Ç ηcoll. ùlÔnþ�'�N´
n), >f�Ç ηe L��´>f5��6õÇ=
z�pªõÇ��Ç, >f�Ç�Jp��Ò¬�
�+fo�Ç�Jp, 
 MDC �Çéo�Ç�K
��,�©­�, �%´m��K�, �Ò´`=
B MDC ��Ç2p, �´XJØU=z�pª�
õÇ (�Ò´>f�Çé$), @oo�Ç�Ø¬J
p. �ÑÑú��u"�, #úª�µ���pu
Îúª�µ��, 
�ÑÑú��ýé���, �
Ñ�µ���p; 
�ÑÑú��ýé�é��,

�OÑ�1Å+o�Ç�U¬�u 1, ùw,´Ø
Ün�, ¤±���¹e�ÑÑú�AT���
3 0—0.005 �m���.

5.2 ØØØ(((½½½???êêê MDC SSSÑÑÑÑÑÑúúú������KKK���

5.1 !?Ø
 MDC ?ê(½��¹e, ÑÑú
��K�. ù�!�ïÄ3�6Xê!>f�ÇÚ
ÑÑú�Ñu)Cz�, MDC �ÇÚo�Ç�C
z�¹.

ã 7 õ?üØÂ84�Ç�ÙüØ?ê�Cz­�

ã 7 L«
3ØÓ�6XêÚ>f�Ç��
¹e, MDC �Ç�Ù>4?ê�Cz�¹. lã¥
�±é²w/wÑ, Îúª�ýÿ��X MDC ?
ê�O\�m©�ÌÝO\, ��ªu²�. ��

102901-6
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�¹e3(½ MDC ?ê��ÿ, � MDC �Ç�
J,é���, ·�ÒØ2O\ MDC �?ê, Ï
� MDC ?ê�À�¢Sþ´Ù�ÇJ,Úü$U
þ�Ñ��©õÇ!��mÆ��(J, ·�o´
F"3õÇ�Ñ¦þ��cJe����'�p
�Â8�Ç, 
O\>4?ê¬O\�©õÇ��
Ñ, E¤Uþ�L¤. �Îúª�ýÿª³ØÓ, #
úª�ýÿ­�þÑy
��$:, 3d$:��,

MDC ��Ç�X>4?ê�O\Ø´,p
´ü
$
, ù¢SþÒ´Ï�z��>4þ�UþÑÑ
´3ÅìO\��� (Ï�3ùp·��ÑÑú�
�� Pdiss = 0.005). 
$:?�Ñ� MDC �?ê
�¢S�`z��¤À�>4êþ´���. ù�
Ò´`#úª�±�Ñ��(½� MDC >4ê,

¦��T>4ê�� MDC �Ç�p
�Ñ¤Uþ
��, ù�(½'Xò3�¡�Ù!¥�Ñ. Ó�,

3 MDC ?ê(½��, Ù�Ç�X1Å+�6X
ê�,p
ü$, ùÒ`²�6Xê�p, �m>
Ö�AÒ�r, �Ó>4(���¹e���p�
Â8�Ç�Ò�(J.

ã 8 ÑÑú�ØÓ�, MDC �Ç�Ù?ê�Cz

�ÑÑú� Pdiss ØÓ�, MDC �Ç�Ù?ê
�Czw«3ã 8 ¥. �ã 7 �Ó�?´�6X
ê�p, (½?ê� MDC ��ÇÒ¬�$, �Ï
3c¡®²`². 
��ÑÑú� Pdiss �u"�,

MDC �Ç�XÙ>4?ê�O\Ñy
��$:,

ù�ã 7 ¥��¹´�Ó�. ØÓ�?´�ÑÑú
� Pdiss �u"�, MDC �Ç�Ù?ê�O\Ø2
Ñy$:, 
´�Îúª�ýÿ­��q, Åìª
u²�. �´��6XêO\��ÿ, MDC �Ç�

Ù?ê�O\¬O\�'�¯, �>4?êO\�
����, MDC ��Ç�U¬×�O\
�C 1,

ù´Ï���6Xê���, �m>Öå��\r,

é>f5��åÚ��Ò�u(J, ù� MDC �
Ç�JpÒ��õ/�6u MDC >4?ê�O
\, Ó�Ï�ÑÑú��ýé���, ��>4þ
�UþÑÑÒ~���¯, ��3���?>4þ
UþÑÑªCu", �A/ MDC £Â�UþÒ�
õ, Ù�Ç�Ò¬×�O\. �ù�+f�¢S�
¹´k�É�, ¢S�+f¥du�3�g>f�
u�±9�^�>f�Ý©a�Ø��, ��>4
þ�Uþ�ÑØ�Uî���, 
�¦þ~��^
�>f5�Uþ�Ñk�´I�O\�©õÇ�
�ÑÚ>
(��E,5, Ïd¢S+fÑ´ùü
ö�m��«²ï, 
Ø�U�ýÿ�@�ò�Ç
Ã��/Jp.

ã 9 1Å+o�Ç� MDC ?ê�Cz­�

1Å+o�Ç� MDC >4?ê�Cz­�X
ã 9 ¤«, ­�ÚÎÒ�¹Â� 7 �Ó: J��L
Îúªýÿ(J, ¢��L#úªýÿ(J, n�
�L�6XêÚ>f�Ç©O� 0.47 µP Ú 3.7%,

�¬�L�6XêÚ>f�Ç©O� 0.535 µP

Ú 19.6%, 
���L��6XêÚ>f�Ç©O
� 1.23 µP Ú 24.4%, ÑÑú� Pdiss = 0.005. lã
¥�±�Ù/w�, �X>f�ÇÚ�6Xê�O
\, 1Å+�o�ÇO\é¯, ù´�ã 7 �ØÓ
�?. 3ã 7 ¥�6Xê��, �Ó>4ê� MDC

U�Ñ�Â8�ÇÒ�$, 
3ã 9 ¥, >f�Ç
�pÚ�6Xê�p, 1Å+�o�ÇÒ¬�p.

ùÒ`²1Å+�o�Ç��6Xê�>f�Ç
Ñk���'X, 
 MDC ��ÇÉ�6Xê�K

102901-7
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ã 10 3ÑÑú�ØÓ�, o�Ç�Â84?ê�Cz­
� (ã¥�´�Ç ηcir = 0.85, �¼' ηint = 0.02)

���, >f�ÇéÙK���éõ. ã 9 �ã 7

��Ó�?´, Îúªéo�Ç�µ�­�vk
�Ñ$:, �´#úªéo�Ç�µ�­�Ñy

$:, dù�$:�Ñ� MDC >4�?ê�ã 7

¥$:�Ñ�>4?ê´�Ó�. ùÒ`², �
, MDC �?êéÙ�Ç�K���ué1Å+o
�Ç�K�, �´do�Ç�Ó��±�Ñ MDC

��Z>4ê, ù�Ò`² MDC �Çé1Å+o
�Ç�K�AO'�.

,	��5¿�´, Îúªw«�X MDC ?
ê�Ã�O\, 1Å+�o�Ç¬Ã��/Jp,

ù´ØÎÜ¢S�¹�. 3¢S�+f¥, � MDC

�>4êÃ�O\��ÿ, >
�E,5Ú7LJ
ø��©õÇÒ¬��O\, ù�L5¬��+f
o�Ç�Jp, Ó�+f�o�Ç�É�ÃX>f
�Ç!�´�Ç!c��¼�ÇÚ�6��Ï�
�K�, � MDC �?êÃ��O\��ÿ, ù
�
Ç�m�gñÒ¬é¯àwÑ5, {N1Å+o�
Ç�?�ÚJp. lù��Ý5ù, #úª�µ�
�ÎÜ+f�¢S�¹.

ã 10 L«ÑÑú�ØÓ�, 1Å+o�Ç
� MDC >4?ê�Cz­�. 3�Ó� MDC ?
ê��¹e, ÑÑú���, �Ñ�o�ÇÒ¬�
$, ù�ã 6 ¥w«�(Ø´�Ó�. ��5¿�
´, Îúªµ�(J�#úª3ØÓÑÑú���
µ�(J�m��É3 MDC >4?ê�un?�
�ÿéØ²w, �X>4?ê�O\, ù«�ÉÅ
ìO�. Ó�#úª�Ñ�­�U
ÖÑ MDC �
�Z>4ê, ù´Îúªp¡vk�.

6 MDC ¥�Z>4?ê�À�

c¡�©Û¥����(Ø: #úª�Ñ�ý
ÿ­�Ñy��$:, lù�$:�±�� MDC

�Z�>4?ê. e¡·�Ò5¦ù��Z>4ê
�L�ª.

·���, �O MDC �8�Ì�Ò´F"Â
8�Ç ηcoll ����, Ó���>4þ�UþÑ
Ñ�����, lUþ��Ý?1©Û, ùü�4
�:AT´­Ü�. 3c¡�©Û¥, ·�@�
ã 1 ¥z��>4þÑÑ�>6Ú>ØÑ¤��
ê�, Ùú�©O� ∆i Ú ∆v, l¥��UþÑÑ
ú� ∆i · ∆v. 3�!�?Ø¥�
��ÚUþ!
�, ·��1�>4þÑÑ�õÇ� i1v1, ±��
�>4þÑÑ�õÇ¤��ê�, Ùú�Ò´·�
c¡J��ÑÑú� ∆i · ∆v, ddÒ��¤k>
4þ�oÑÑõÇ�

Pdisstotal = N · i1v1 +
N(N − 1)

2
· ∆i · ∆v. (19)

eò (19) ªé N ¦���ê¿-Ù�u",

Ò��ÑÑUþ��� MDC �>4?ê, =
dPdisstotal

dN
= i1v1 +

2N − 1
2

∆i · ∆v = 0. (20)

�¦ MDC ��Ç��, 7L¦� (16) ªé N ��
��ê��", =�±��Xe�ªf:

dηcoll/dN = 0, (21)

½ö�¤

0.97
(

1
N2

f · 3
√

ηe · p
2 − f · 3

√
ηe · p

− 3N2 − 1
12(2 − f · 3

√
ηe · p)

∆i · ∆v

)
= 0. (22)

¦) (20) Ú (22) ªÒ��:
N(ηe, p, Pdiss) =

√√
4f · 3

√
ηe · p

Pdiss
+

1
36

+
1
6

i1v1 = −2N − 1
2

Pdiss

.

(23)

l (23) ª¥�±wÑ, MDC ��Z>4ê��6
Xê p, >f�Ç ηe ÚÑÑú� Pdiss Ñk'X, �
V�'~'X´�Z>4ê N ��6Xê p Ú>
f�Ç ηe ¤�', 
�XÑÑú� Pdiss �O\, �

102901-8



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 10 (2012) 102901

Z>4?ê~�.

ã 11 3ØÓ�6XêÚÑÑú���¹e, (23) ª¥1�ª
�ýÿ��>f�Ç�Cz

ã 11 L«Ñ
3ØÓ�6XêÚÑÑú��
�¹e, (23) ª¥1�ª�ýÿ��>f�Ç�C
z­�. lã¥�±wÑ, ÑÑú�é MDC >4?
ê�K�é�, �XÑÑú��ü$, �Z>4?
ê3C�. �´3ùpÑÑú� Pdiss ØU���
�, Ï��ÑÑú� Pdiss ªCu"�, �Z MDC

?êªuÃ¡, ù´ØÎÜ¢S�¹�, ¤±ÑÑ
ú� Pdiss ����3 0.002—0.005 �m. 3�Ó
ÑÑú���¹e, �6Xê�p, �Z>4?ê
�õ. >f�Ç�,�é N(ηe, p, Pdiss) kK�, �
´�X>f�Ç�O\, N(ηe, p, Pdiss) ���´Ñ

kO\. ÏL©Û·��±ÏLe¡�ªf5(
½ MDC ��Z>4ê:

Nopt = int [N(ηe, p, Pdiss)] (24)

int [N(ηe, p, Pdiss)] L«�Ø�L N(ηe, p, Pdiss) �
���ê, Ù¥>f�Ç ηe Ú�6Xê p 3p
�^��Ñ´®��, ÑÑú� Pdiss ����
3 0.002—0.005 �m, � MDC ��Z>4ê(½
e5��, ò (25) ª�\ (23) ª�1�ªÒ��1
�?�UþÑÑ i1v1.

�éØÓ�6XêÚ>f�Ç� 15 �+f,

(23) Ú (24) ªéÙ MDC �Z>4ê�ýÿ��
uL 2 ¥. L 2 ¥ÑÑú� Pdiss �À�� (17) ª
�Ó, N , Nopt ©O�d (23) ª�1�ªÚ (24) ª
O�¤��, 
 Nm �¢S+f¥¦^� MDC >
4ê. lL 2 ¥·��±wÑ, 3�6XêÚ>f
�Ç�Ó��¹e, æ^dúªýÿ�>4ê�,

MDC �Ç´�p�, XL 2 ¥?Ò� 1, 2 Ú 3 �
n�+f¤«; éu?Ò� 4, 5 Ú 6 �n�+f,

e MDC >4êÀ� 6 ?KÙ�Ç¬�p; éu?
Ò� 7—13 �+f, úªýÿ��¢S���Î
Ü, �Ñ�Ñ
�p�Â8�Ç; 
éu?Ò� 14

Ú 15 �ü�+fKÏ�vkæ^úªýÿ��Z
>4ê, Ï
 MDC ��Ç�é�$.

L 2 �Z>4À�úªé¢S+f MDC >4ê�ýÿ

No µP ηe N Nopt Nm ηcm

1 0.410 0.1535 5.45 5 5 0.860

2 0.410 0.1535 5.45 5 4 0.840

3 0.410 0.1535 5.45 5 3 0.810

4 0.535 0.1960 6.14 6 5 0.860

5 0.535 0.1960 6.14 6 4 0.820

6 0.535 0.1960 6.14 6 3 0.795

7 0.470 0.1700 5.43 5 5 0.842

8 0.470 0.0370 5.43 5 5 0.874

9 0.470 0.0770 5.43 5 5 0.864

10 0.490 0.1950 5.42 5 5 0.843

11 0.400 0.1600 5.46 5 5 0.855

12 0.400 0.0240 5.46 5 5 0.919

13 0.400 0.0360 5.46 5 5 0.904

14 0.400 0.1600 5.46 5 4 0.817

15 1.230 0.2440 5.89 5 4 0.760
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7 ( Ø

Jp1Å+�Ç´1Å+�Oö�aa±¦
�8I, 
 MDC �Ç�Jpé1Å+o�Ç�J
päk�©­���^. 3�O MDC �céÙ�
ÇÚ1Å+o�Ç?1O(�µ��±O\�O
�8�5Ú�é5, ùØ=�±!�O�]
Ú�
m, 
�é MDC �`z�Oäk�©­��¿Â.

� Kosmahl �µ�úª�', �©�(Jäk±e
A�`::

1) �^�>f5���n�Uþ©Ù�.
' Kosmahl �Uþ©Ù�.��C¢S�¹;

2) #úªé MDC �ÇÚ1Å+o�Ç�µ�

Ñ��C¢ÿ�;

3) #úªÏLÚ\ÑÑú��Vg, �±�[
/ïÄ MDC ��>4þ�UþÑÑéÙ�ÇÚ1
Å+o�Ç�K�, 
ù3 Kosmahl �µ�úª¥
´Ø�U?1�;

4) #úªÏLA^ MDC �Ç�pÚ��>4
þUþÑÑ��ùü�4�^���
�Z>4
ê�À�úª, Túª�Ñ
ÜnÚO(�ýÿ(
J, ù3 Kosmahl �µ�úª¥´vk�.

nÜþão:, �©�ïÄ�õ
 Kosmahl �
µ�úª, éu�Ð/`z MDC!?�ÚJp1
Å+o�ÇÚUõÙ5UäkÈ4�¿Â [26,27].
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Abstract

In a traveling wave tube, efficiency of multistage depressed collector (MDC) is very important because it is closely related to

total efficiency. The correct estimate of the efficiencies of MDC and TWT can help us predict TWT’s whole function and provide

a theoretical guidance for developing pertinent software, which therefore plays an important role in optimizing MDC and improving

TWT total efficiency. Although formula for predicting MDC efficiency was given by Kosmahl in 1980, whose estimation is much

higher than the measured value, a more accurate formula is still necessary. Firstly, the concept of “dissipated common difference”

is used in this paper to estimate the efficiencies of MDC and TWT and then new estimate formulas are obtained by making a model

of arithmetic triangular energy distribution for spent beam. It is expected that new formulas give predictions closer to the measured

values than the Kosmahl’s evaluation. Finally, expression for optimal MDC electrodes is given on the basis of two extreme values, i.e.,

maximal MDC efficiency and minimal total dissipated energies on all electrodes. The prediction from the expression is reasonable and

accurate.

Keywords: multistage depressed collector, dissipated common difference, arithmetic triangular energy distribu-
tion, efficiency
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