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1 Ú ó

�Xy��N+nØ�O�Å�[Eâ�Ø
äuÐ, ¦^O�Å�[�N+¥>f5�pªX
Ú�p�^�ÔnL§, lïáì��OÃ!�
Ç!�°�A5�Ù>íÚAÛëê�éA'X,
®¤�y��Åì��Ì��OÃã [1−4]. ùl�
�þUC
��©ÛO�Ú¢�(Ü�DÚ�O
�{, ��Jp
�O°Ý,  á
ï�±Ï. 3�
N+¥>f5�>^|p�^, =5Åp�^�O
��[¥, �>âf�m>Ö|�O�´Ù¥�
�ÚE,�Ü© [5−8]. 3é�§Ýþ, �m>Ö|
��.�{û½
��p�^�.�O(5��
�5. �m>Ö|�O���8c5Åp�^nØ
�O��[�9:, �É�FÃ�\�ïÄ.

DÚ��N+Ä:nØ¥, $ÄÆnØØ�Ä
�m>Ö|��^, �m>ÖÅnØ´Äu�&
Òb�,Ã{�Ä��55Åp�^G�e>f�
m>Ö|�O� [6]. @Ï������.���
���. [4,5,9], æ^·>|Vg, |^��¼ê{,
O�>f�� (½��) m�¥Õå, Ø�¹>f$

Ä�Ý�&E, ØU�ÄÄ�>Ö|�Vg, O�
°ÝØ
. |^âf�[ (PIC) �{��3�m�
�þê�¦)k Maxwell �§| [3,10−15], �±
�O(/��>f5�)��m>Ö|. ùÙ¥�
Í¶��LB´ MGAIC3D ±9 MAFIA[16,17], �
§�¦^E,!O��m�!S��¦p, ��

Ù3�N+O��[¥�ÊH¦^.

�c�m>Ö|O��.�uÐ:´Ä
u 2.5� PIC �{, ÏLê�O��{, 3 2���
þ��¦)>^|�§, l���m>Ö|. Ù
Ä:þ�5Åp�^O��., O�°Ýp!�Ý
¯, ´�cp�^�[^��Ì�uÐ��, 8c
Ì�k Arsenal, FCI, TESLA � [13−15]. Ïd, uÐ
Äu PIC �{� 2.5��m>Ö|O��., ´·
I�cmÐ�N+O��[ïÄ¿�lISc÷
�½�I�.

�©Äu PIC �{, lk Maxwell �§|Ñ
u, ò¤£+S�>âf�)�>Ö|Ð¤�X
�Ä��ª�U\, æ^³�7?êL«���ª
�>^|©þ, ¿|^³�7Ýþ{, ¦)��>
f5��m>Ö|. �©lnØþ�[í�
�
m>Ö|�O��., ¿ÏLO�(J©Û
�{
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¥�'�ëþé>Ö|�.O�O(5Ú½5
�K�.

2 Ôn�.

2.1 ���mmm>>>ÖÖÖ|||���³³³���777???êêêLLL���ªªª

�N+¤£+S�>âf�)��m>Ö|,
÷v±ek Maxwell �§|:

∇× H − ε0
∂E

∂t
= J

∇× E + µ0
∂H

∂t
= 0

∇ · E =
ρ

ε0

(1)

�âf$Ä�¶�²þ�Ý� 〈vz〉, î�²
þ�Ý� 〈v⊥〉, ¿�÷v |〈v⊥〉| ¿ |〈vz〉|. �m
>Ö|3âf±�, ¿�âf�å$Ä, K±$
Ä � â f�ë ì, > Ö | Ø � � m C z [6]. Ï
d�§¥é�m��©�±=z�é z ��©,

=
∂

∂t
= −〈vz〉

∂

∂z
. K (1) ª�±��

∇× H + ε0 〈vz〉
∂E

∂z
= J

∇× E − µ0 〈vz〉
∂H

∂z
= 0

∇ · E =
ρ

ε0

, (2)

Ù ¥:J �> f � ) � $ Ä > 6 � Ý, ρ �> Ö
� Ý, ÷ v > Ö Å ð ½ Æ, =: 〈vz〉 = 〈jz〉/ρ,
〈vr〉 = 〈jr〉/ρ. ª¥ 〈·〉 L«²þ�, =éëþ V

÷v 〈V 〉 =
1

T0Sb

T0∫
0

∫
S

V (r, t)dt, T0 = 2π/ω0 �p

ª±Ï, S �>f5î�¡, Sb = πR2
b �>f5î

�¡È.
duXÚ�¶é¡A5, Ù�m>Ö|�>|

©þ=�)¶�Ú»�©þ, ^|©þ=�)�
�©þ [3,6]. Ù�©þ�»�)�±w��¤£+
S TM0n �ª�U\ [13]. Î�Ie�m>Ö|�
L«�  E = {Er, 0, Ez}

H = {0,Hϕ, 0}
, (3)

K (2) ª�¤Xe©þ/ª:

− ∂Ez

∂r
+

∂Er

∂z
− µ0 〈vz〉

∂Hϕ

∂z
= 0, (4a)

1
r

∂

∂r
(rHϕ) + ε0 〈vz〉

∂Ez

∂z
= 〈jz〉 , (4b)

− ∂Hϕ

∂z
+ ε0 〈vz〉

∂Er

∂z
= 〈jr〉 , (4c)

1
r

∂

∂r
(rEr) +

∂Ez

∂z
=

ρ

ε0
=

〈jz〉
〈vz〉 ε0

. (4d)

ò (4c) ª�\ (4a) ª�� Hϕ ©þ��:

(µ0ε0 〈vz〉 〈vz〉−1)
∂Er

∂z
+

∂Ez

∂r
= µ0 〈vz〉 〈jr〉 ; (5)

Ó�d (4b) � (4d) ª�� 〈jz〉 ��:

∂

∂r
(rHϕ) − ε0 〈vz〉

∂

∂r
(rEr) = 0. (6)

®� TM0n �ª�»�)� [1,6]

fn (r) = bnJ0(χnr), (7)

J0 � " � � l � ¼ ê. 3 » � 8 � z,

=
∫ 2π

0

∫ RT

0

b2
n[J0(χnr)]2rdrdϕ = 1, ��:

bn =
(−1)n+1

√
πrTJ1(χnrT)

, (8)

Ù¥ χn = µ0n/rT, µ0n �"��l�¼ê�1 n

��, RT�¤£+�».
�âÝþ{Ä��n, ò>Ö|^�X��p

���Ä¼êL«. ���©þ Ez , Er, Hϕ �»�
Ä¼ê©O� Ḡ1

n(r), Ḡ2
n(r), Ḡ3

n(r).
Ä¼ê÷vXe��5, =:(

Ḡi
m, Ḡj

n

)
=

∫ 2π

0

∫ RT

0

Ḡi
mḠj

nrdrdϕ

=

 0, (i 6= j ) ∨ (m 6= n)

1, (i = j) ∧ (m = n)
, (9)

�ª���Ä¼ê�¥þL�ª:

Ḡ1
n(r) = fnz̄0 = bnJ0(χnr)z̄0, (10)

Ḡ2
n(r) =

1
χn

∇⊥fn = −bnJ1 (χnr) r̄0, (11)

Ḡ3
n(r) =

1
χn

[∇⊥fn × z̄0]

= bnJ1 (χnr) ϕ̄0. (12)

� Ḡ1
n(r), Ḡ2

n(r), Ḡ3
n(r) �Iþ/ª, ò>Ö|w¤

��ª�U\, �L«�Xe?ê/ª:

Ez (z, r) =
N∑

n=1
g1

n (z)G1
n (r)

Er (z, r) =
N∑

n=1
g2

n (z)G2
n (r)

Hϕ (z, r) =
N∑

n=1
g3

n (z)G3
n (r)

, (13)
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þª=�m>Ö|�³�7?êL�/ª, Ù
¥ g1−3

n �Ä¼êXê, ´¶� � z �¼ê, g1−3
n

�Ôn¹Â=´��»��ª�Ì�, ��±w�
�|©þ3¶��Ä¼ê; N �»�Ðm�ª�
�ê. I�5¿�´, 3�.¥�O��B, �m
>Ö|�8�z/ª. >|8�zXê� V0/L0,
V0 �>f5>Ø, L0 = 2πv0/ω0 �>fÅ�, v0 �
>f�6�Ý, ω0 �ó��ªÇ. ^|8�zXê
� B0/µ0, B0 �à�^|rÝ. ÏL (13) ª, �m
>Ö|�O�Ò=z�Xêê| g1−3

n �¦).

2.2 XXXêêêêêê||| g1−3
n ���¦¦¦)))���§§§

ò (13) ª�\ (6) ª, ¿�Ä|©þ�8�z,
��:

B0

µ0

∂

∂r

[
r

N∑
n=1

g3
n (z) G3

n (r)

]

−ε0 〈vz〉
V0

L

∂

∂r

[
r

N∑
n=1

g2
n (z) G2

n (r)

]
= 0, (14)

�n��:

g3
n = −ββ0

1
2π

ω0

ωc

γ0

1+γ0
g2

n, (15)

Ù¥ β0 = v0/c, β = 〈vz〉 /c, ωc = ηeB0/γ0 �>f
^=�ªÇ, γ0 ��éØÏf, c�1�, ηe �>f
Ö�'.

ò (13) ª�\ (4b) ª��:

1
r

∂

∂r

[
r

N∑
n=1

g3
n (z) G3

n (r)

]

+ε0 〈vz〉
∂

∂z

N∑
n=1

g1
n (z) G1

n (r)

= 〈jz〉 . (16)

(16) ª�\ (15) ª��:
N∑

n=1

∂

∂z
g1

n (z) G1
n (r)

−
N∑

n=1

g2
n (z)

1
r

∂

∂r

[
rG3

n (r)
]

=
〈jz〉

ε0 〈vz〉
. (17)

ò (13) ª�\ (5) ª��:
N∑

n=1

∂

∂z
g2

n (z) G2
n (r)

−γ2
N∑

n=1

g1
n (z)

∂

∂r
G1

n (r)

= γ2µ0 〈vz〉 〈jr〉 , (18)

Ù¥ µ0ε0〈vz〉〈vz〉 − 1 = −1/γ2, γ �éA²þ�
Ý 〈vz〉 ��éØÏf.

�âÝþ{¥�³�7�{, (17) ª� (18) ª
©O¦�¼ê G1

n(r), G2
n(r), ¿3»�È©��:

N∑
n=1

∂g1
n (z)
∂z

∫ RT

0

G1
n (r)G1

n (r) 2πrdr

−
N∑

n=1

g2
n (z)

∫ RT

0

1
r

∂
[
rG3

n (r)
]

∂r
G1

n (r) 2πrdr

=
∫ RT

0

〈jz〉
ε0 〈vz〉

G1
n (r) 2πrdr, (19)

N∑
n=1

∂g2
n (z)
∂z

∫ RT

0

G2
n (r) G2

n (r)2πrdr

−γ2
N∑

n=1

g1
n (z)

∫ RT

0

G2
n (r)

∂G1
n (r)
∂r

2πrdr

= −γ2

∫ RT

0

µ0 〈vz〉 〈jr〉G2
n (r)2πrdr. (20)

(19) � (20) ª²LE,��l�¼êÈ©$
�, �n��:

N∑
n=1

∂

∂z
g1

n (z) − χn

N∑
n=1

g2
n (z) = Qn(z), (21)

N∑
n=1

∂

∂z
g2

n (z) − γ2χn

N∑
n=1

g1
n (z) = In(z), (22)

Ù¥:

Qn(z) =
∫ RT

0

〈jz〉
ε0 〈vz〉

bnJ0 (χnr)2πrdr

=
2πbn

ε0

∫ RT

0

〈ρz (r, z)〉 J0 (χnr)rdr, (23)

In(z) = 2πbnµ0γ
2

∫ RT

0

〈vz〉 〈jr〉 J1(χnr)rdr.

(24)

�¦)�§ (21) � (22), I�3ò�§3«�
��þlÑ. «�?1Xã 1 ¤«���¿©.
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 � � 
  
  � �� � � �� � 
 � � �
ã 1 ��¿©«¿ã

��éA �'XXe

0 = r1 < · · · < ri < · · · < rNr = RT, (25)

zin = z1 < · · · zj < · · · < zNz = zout, (26)

Ù¥ Nr � Nz ©O�»��¶�y©���ê8.
ò Qn(z) � In(z) 3»���þlÑ, ¿�Ä

|þ�8�zXê, ��:

Qn (z) = 4π2

(
ωp

ω0

)2 1 + γ0

γ2
0

×
Nr∑
i=1

ρ
(
ri+1/2, z

)
Cn (ri), (27)

In (z) = −4π2

(
ωp

ω0

)2 1 + γ0

γ2
0

ββ0γ
2

×
Nr∑
i=1

Jr

(
ri+1/2, z

)
C ′

n (ri), (28)

Ù¥ ωp ��lfNªÇ, γ0 �éAu�6�Ý�
�éØÏf. (27) Ú (28) ª¥,

Cni =
1
rT

∫ 2π

0

∫ ri+1

ri

G1
n(r)rdr

=
2
√

π(−1)n+1

µ0nJ1(µ0n)

[
J1

(
µ0n

ri+1

rT

)
ri+1

rT

−J1

(
µ0n

ri1

rT

)
ri

rT

]
, (29)

C ′
ni =

1
rT

∫ 2π

0

∫ ri

ri−1

G2
nrdrdϕ

=
2(−1)n

√
π

r2
TJ1(µ0n)

∫ ri

ri−1

J1

(
µ0n

rT
r

)
rdr. (30)

(21) Ú (22) ª�±�¤XeÝ
�§/ª:
∂ḡ

∂z
− Âḡ = B̄, (31)

Ù ¥ ḡ = [g1
1 , · · · , g1

N , g2
1 , · · · , g2

N ]T, B̄ =
[Q1, · · · , QN , I1, · · · , IN ]T þ��Ý� 2N ���
þ. Â� 2N × 2N �XêÝ
:

Â =

 0̂ Â(12)

Â(21) 0̂

 , (32)

þª¥ Â(12) � Â(21) þ� N × N �é�
:

Â
(12)
kn =


0, n 6= k

µ0n

rT
= χn, n = k

, (33)

Â
(21)
kn =


0, n 6= k

γ2 µ0n

rT
= γ2χn, n = k

. (34)

(31) ª�'u ḡ ����5�©�§|. �
þ B̄ ��àg�, Ù��d��þ�>Ö�Ý±
9>6�ÝÏL (27) � (28) ªû½, §�áu�
m>Ö|�-y. (31) ª3¶���þlÑ��
©�§, ÒC¤�àg�5�§|. |^«�>.
Ð�, �±|^ê��{¦)�§|�� g1

n � g2
n,

,�|^ (15) ª�� g3
n, �ªd (13) ª��>Ö

|©þ3�m��:þ�ê�, ���:�Iþ|
��±d������. 3��.�{¥, B̄ �O
�L§, I�d÷âf� �Ú�ÝO���:
þ©��>Ö�ÝÚ>6�Ý. 'u��þ>Ö�
>6�©�, §�3 PIC �{¥Ñk¤Ù����
{ [3], �©duýu�m>Ö|�O�, é§�
Ø��[?Ø.

dþ¡©Û�±wÑ, �©�.Ó�m>ÖÅ
nØ��, Ñ´ò>f5��m>ÖÅ©)¤�X
��ª�U\. ��m>ÖÅnØ´�&ÒnØ,
ØU©Û��5p�^G�e�m>Ö|. 8c¢
^� 2.5� PIC �m>Ö|�., k FCI ����
{ [11], Ù|^k��©{¦)³¼ê��� �
©ÅÄ�§, I�3 z, r ��±9�m�þlÑê
�¦). ��.�I3 z ���þlÑ¦)��
�©�§|, ê��{�{ü, Ó���y
O�
°Ý. DÚ��m>Ö|O��.�k��¼ê{,
§|^·>��¼ê��¦)ü�âf3�m�
)�³¼ê, l��z�âf¤É���m>Ö
å�^. �©�.Káu;.� PIC �{, I�
�©¦)����þ�>Ö|, ,�����âf
 ��>Ö|.

3 O�©Û

òþ¡í���m>Ö|O��., A^��
N+ 2.5�5Åp�^O�§S [13] ¥, T§S|
^ PIC �{¿(Üëþ�.A:, 3ª��¦),
O��Ý¯. ± S Åã�N+¢~?1
O�©
Û, L 1 �Ñ
Ì���ýëê.
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L 1 �.Ì��ýëê

f /GHz V0/kV I0/A RT/mm Rb/mm Dz /mm Dr /mm Nez Ner N

2.09 17.5 3.9 4.0 2.6 0.83 0.47 32 6 5

5: L 1 ¥ f �ó�ªÇ, V0 � I0 ©O�>f5�ó�>Ø�>6; RT � Rb ©O�¤£+�»�>f5�»; Dz � Dr �¶��

»���Ú�; Nez �>f53��pª±ÏS©�¶�âfê; Ner �>f53»�y©�âfê; N �³�7?ê��ê.

dþ¡nØ©ÛwÑ, |^�©�.O��m
>Ö|, '�´³�7Xê gn �¦). ã 2 �Ñ


,O�«�����ªXê gn � z Cz�
�.

0.01

0

3.0 3.2 3.4 3.6 3.8 4.0

-0.02

-0.01

-0.03

0.02

0.03

0.6

0.4

0.2

0

z/L0

3.0 3.2 3.4 3.6 3.8 4.0

z/L0

3.0 3.2 3.4 3.6 3.8 4.0

z/L0

3.0 3.2 3.4 3.6 3.8 4.0
z/L0

g
1 n

g
2 n

0.6

0.8

0.4

0.2

0

-0.2

g
1
,2

n

g
  
/
1
0
-
4

3 n

0

-5

-15

-10

g
  
T
1
0
-
4

3

-5

0

5

-15

-20

-10

n/

n/

n/

n/

n/

n/

n/

n/

n/

n/

n/

n/

n/

n/

n/

g1↪n/
g2↪n/
g3↪n/

(a) (b)

(c) (d)

ã 2 Xê g1−3
n � z Cz� (a) g1

n; (b) g2
n; (c) g3

n; (d) g1
1 , g2

1 , g3
1 (J'�

dã¥�±wÑ, gn ÷¶�k±Ï5ÅÄ. �
X�ª n �C�, gn ~�, `²p��ªK�é
�, cÙ´ g2

n (Xã 2(b)), Ä� g2
1 ��uÙ¦�

� g2
n, ù`²î�>| Er ¥Ì�´Ä� TM01

Ù�^, Ù{�p��ª�^é�. lã 2(d) ¥
��Ä� (n = 1) Xê'��±wÑ, Er ��
u Ez ±9 Hϕ ©þ, cÙ´Ä�©þ. ùaÓ
u�Å�S TM0n �ª|©ÙA:. '�ã 2(b)
� 2(c) uy, g2

n � g3
n ��ªÎÒ��, ÌÝCz

�Ó. � g2
n ��u g3

n, ùlúª (15) ��±�
�`², g2

n/g3
n ��u TM0n �ª�Å{|, Ù'

� −
[
ββ0

1
2π

ω0

ωc

γ0

1 + γ0

]−1

é�, �¢~¥;.�

� 394. ù¢Sþ`²
>f5��m>Ö|¥, ^
|©þ��u>|©þ, Ä��±�Ñ. ù�´±
 éõ�m>Öå�.Ø�Ä^|©þ��Ï.

ã 3 ´p�^�[���,���âf�;
,±9����8�zÄþ©Ù. lã 3 ¥wÑ,
âf3»��3ÅÄ. 3m© �, âf+à��,
3»��±�Ð��65, 3�¡�p�^rÝC
�, âfUþCzì�, ¿�Ù3»�ÅÄC�, �
65C�. dã 3(b) wÑ, ¶��Ý���u»�
����Ý, ùÌ�´Ï�	\à�^|²ï
>
Ö|éâf�»��^å, ��
âf�»�$Ä,
¿�à�^|��
âf���$Ä.
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�	 �	 ��	 �	 �	 �� � � � � � � � � �� � � � � � � � � � � � � � � �� � � � � ��� � �� � � ��� � �� � � �� � �� � �� � �� � �� �  � !  
ã 3 âf;,�Äþ (a) âf;,; (b) 8�zâfÄþ

ã 4 �Ñ
âf$Ä�,���, �m>Ö|
�8�z|�©þCz�. ã 4(a)—(c)�éAu
ØÓ»� ��|�� z Cz�, ã 4(d)�3,
��½¶� �þ, �©þ|�� r �Cz�.
dã 4 wÑ, ��|©þ�¶�ål±Ï5ÅÄ,
ÙÅÄ±Ï=´�lfNÅ�, ù��m>ÖÅn
Ø��. Xcé gn ©Û¤ã, >Ö|¥»�>|©
þ��, ^|��, ��u>|©þ. ¶�>|�
�3E¤
>f+à¥��à�A. »�>|��
3��>f�»�$Ä, I�	\à�^|5²ï

Ù»�>Öå. du+à�� Er ÅÄ5 (Xã 4(b)
¤«), ¬E¤�à�^|�Ø²ï5, ��âf»
��Ý�ÅÄ�3 (Xã 3(b) ¥� Pr), l��
>f;,�»�ÅÄ (Xã 3(a) ¤«). lã 4(d) w
Ñ, Er 3¶�þ�", ÷�»��O\, 3 Rb ?�
���, ,�m©~�. Hϕ � Er Czª³��, �
ÎÒ��, ÌÝ��é�. Ez 3¶�þ��, ,�
÷�»��Åì~�, 3 Rb ?®²�C�". >Ö
| Ez ©þÌ�8¥3>f5SÜ, 3	Ü�¤£
+¥Ä��".��� �� ��� ��� ��	
 ��  � �  � �  � �  � �  � � � � �� � � �

������ ��� ��	
 ��  � �  � �  � �  � �  � � � � �� � � ��� � � �� � � �� � � �� � � �� � � �� ��� ��	
 ��  � �  � �  � �  � �  � � � � �� � � �
� � ��� � �� � ���� � � � � � �� � � � ��  � � �� � � � � � � � � � � � � � � � � � � � �! � � " � � � �� � � �� � � �� � � �� � ��� ��	
 ��

# $ % # & %
# ' %# ( %

ã 4 >Ö|�©þ8�z|�� (a) Ez/E0 � z Cz; (b) Er/E0 � z Cz; (c) Hϕ/H0 � z Cz; (d) E/E0, Hϕ/H0

� r Cz
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d � . � �, ³ � 7 ? ê � X ê ê | gn

� ¦ ), ´ | ^ î . { ò gn ��© l Ñ��
�þ��©, l���±3��þ¦)��5

�§|. gn �¦)°ÝÌ�d�m��Ú�û
½. ã 5 �Ñ
ØÓ��Ú�� gn �O�°Ý
'�.
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g
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/
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(a) (b)

ã 5 ØÓ��Ú�� gn �O�(J (a) ¶���; (b) »���

�m���âf�����', Ïdã 5 ¥�
�Ú��éâf��Ú��8�z/ª. ¶�8�
zÚ�� Dz/Dez , DeZ = λe/Nez �âf¶���
��, Ù¥ Nez ���pª±ÏSy©âf�ê8,
λe �>fÅ�. »�8�z��Ú�� Dr/Der,
Der = 2Rb/(2Ner − 1) �>f»���Ú�, Ù
¥ Ner �»�y©âfê. lã 5 ¥�ã�±w
Ñ, ���8�zÚ�� 1 �m�, O��½, (
J�°(; �Ú� £é��, O���� gn ÅÄ
é�, Âñ5é�. �8�zÚ��u 1 �, =�m
���u>f��, ùdu>fy©ê8��, �
�>f��L�, ¦�O��m��þ©��>Ö
�Ý�>6�Ý� �, Ø
°(. ,��¡, �m
Ú�L�, ��O�gêOõ, O�È\Ø�O�.
�8�zÚ��u 1 �, =�m���u>f��,
ù��>f����, 3�m��þ©��>Ö�
>6�Ý� �, Ó��m��Ú���, �©l
Ñ�°ÝØ
. ùü«�¹Ñ¬�� gn O�(J
�Ø���.�Ø½. �>f����m���
�Ä����, �m��þ>Ö�>6©��O(,
Ó��©lÑ�°ÝÚO�È\Ø��m��²
ï�`, �ªU�y gn �O�°Ý�p, (J�
½. ,	��±wÑ, gn �O�(Jé¶�Ú� Dz

�Cz�'é Dr Cz¯a. ù´duâf�»�
$Ä�Ýé�, ��u¶��Ý (Xã 3(b) ¤«).
�«ëþ3»�Cz�'¶��\²�, é»��
�Ú�Øé¯a, Xã 5 ¤« Dr/Der 3 1 �m�

����SÑU�±O�(J½. Ïd�±3»
�������, ±!�O��m, Ó�qéO�
°ÝK�Ø�.

3ØÓ�p�^«�, âf��Ý�ëþ��
��. Xã 3 ¤«, 3c¡�5p�^ã, âf�Ý
Czé�, 3ù�«��±¦��y©��
, ±
~�O�S�gê, Ó��~�O�È\Ø�; �
3�¡ÑÑã, p�^���5, âfUþCzì
�, ùI��\°[���y©, ±÷vO�°Ý.
�©�p�^�.æ^©«O���{, 3ØÓ�
p�^O�«�¦^ØÓ���Ú�, ù��±\
¯O�L§, Ó��U�yO�°Ý.

�©'5u�m>Ö|�O��., ¿Ø'
5p�^�[¥âf�íÄ!��þ>Ö�©�
�Ü©. �¢Sþ, ù
Ü©é�m>Ö|�O
�Ek���K�. Xþ¡©Û��m��Ú�,
Ò´duâf3�m��þ©�>Ö�>6��
{K��
>Ö|�O�°Ý. �[¥uy, âf
íÄ��mÚ��K��m>Ö|�O�. ã 6
�ØÓ��mÚ��, ���>Ö|©þO�(
J'�. �mÚ�éâfpª±ÏÚ��8�z,
= Dt/Det, Ù¥ Det = T/Nez , T = 1/f �pª±
Ï. dã 6 �±wÑ, �8�z�mÚ�3 0.5—1
��S�, �m>Ö|O�(J½, Âñ5Ð;
� Dt/Det ���, O�gê�õ, O�È\Ø��
O�; � Dt/Det �u 1 �, =��pª±ÏS�
�mÚê�uâf�ê�, O�(J×�O\, Ø
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½, O�(J®ØO(. Ïd3(½�mÚ��,
A�y Dt/Det 6 1, =��pª±Ïy©��mÚ
�êAØ�u±ÏSâf��ê, ÄK¬��O�
ØO(, �.Ø½. 3·��§S¥,�o�°Ý
�O��Ý,·�À��mÚ Dt/Det = 0.5, =ª
���âf��I�ü��mÚ5�¤.

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

	 
 � 	 �	  � 	 ���� � � � � � � �
ã 6 ØÓ�mÚ�>|O�(J

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

ã 7 ØÓ�ê�>|O�(J

|^��.O�>f5��m>Ö|, 3»�
¢S´�?êL«� TM0n �ª�U\, Ù¶�ë
þ=���ª�Xê=� gn. ã 7�À�ØÓ��
ª�ê N �O����>Ö|Czª³. lã¥
�±wÑ, � N > 4 �, O�(J®²é½. À�
��� N éO�°Ý¿vk���¿Â. Xþ¤
ã, ��|©þÌ�dcA��ªû½, �X n �
O�, gn ×�~�. Er �Ä� (g2

1) ��uÙ¦�
�ª, ÓÌ��^, Xã 7 ¤«, Er O�(J3 N

� 2 �B®Ä�½,  Ez KI�3 N � 4 �â
Ä�½. ù´du g1

n �cA���Øé� (X
ã 1(a) ¤«), ���ª�^��. ÏdnÜO�°
Ý�O��Ý, ³�7?ê��ê N � 5—10 �=
�, À� N > 10 ¿vk¢S¿Â.

4 ( Ø

�©Äu PIC Ä��{, |^³�7Ýþ{,
ò�m>Ö|�O�=z�³�7?ê�Xê|
¤��5�§|¦), ;�
Ù¦�.¥�p��
©lÑ�{, Jp
O�°ÝÚO��Ý. ÏLO
�©Û��, �m>Ö|¥ Er ©þ��, Hϕ ©þ
é�, Ù�^Ä��±�Ñ.��yO�°Ý, �m
����A�âf������, =�8�zÚ�
� 1 �O��½, °Ý�p. �mÚ��À�A
�ypª±ÏS��mÚ�êØ�u±ÏS�¶
�âf�ê. |©þ��ªÐm¥�kcA��ª
ÓÌ�K�, ³�7?ê��ê� 5—10 �, ®²
v
O(. ��m>Ö|O��.�±A^35Å
p�^� PIC âf�[�{¥.
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Abstract

In this paper, we present a model of calculating the electron beam space-charge field using the partial Galerkin moments method.

The space-charge field can be expanded as a series of different modes and thus using the Galerkin series. So, the space-charge field

can be obtained finally through the solving the Galerkin coefficient equations set. A 2.5-dimensinal computer program of the beam-

wave interaction in a klystron is compiled based on this model. Using the results from the program, the characteristic of the beam

space-charge field is analyzed and the effects of the parameter in the simulation on the calculation result of the space-charge field are

studied. This model uses the particle in cell method and it can be used in the 2- or 3-dimensional calculation model of the beam-wave

interaction in a klystron.

Keywords: klystron, space-charge field, Galerkin series, particle simulation
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