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�
?�ÚïÄ�éØ>få – lfÏ�Ë�¢�ÚnØ�I�, ïÄ
�éØ>få\�¥5íN±9Ï
L-E>lÄ�\1�lfN¢yépUå6�gà�DÑL§ PIC(particle in cell) �[uy, >få>lÑ�l
f�µU
¢yé>få�à�DÑ. �´lf�µî�Úp��Øþ!5éå6�DÑA5kwÍK�. 3dÄ
:�þ, JÑ
>få3î�Øþ!lf�µ¥DÑ�nØ�., �Ñ
å6�gà�^�. ê�O�(JL², î
�Øþ!5¬��>få�·Ü� DÑ, ¦��:NCS�>f�U��>få	�Ñ���, ù� PIC �[
�(J�Î. d	, PIC �[�uy, du>få�gà�, 3�:?ò>lÑ�õ�lfÚåp�Øþ!5, p�
Øþ!5¦�-E��$U>f�Ð¼, Ð¼>f�A¬�Ìü$>få�DÑ�Ç. �´Ð¼>f3p�¥O±
Ï©Ù, éDÑ>få�·> Wiggler |��^, �U¢y·> Wiggler |�Ä�\1. ïÄ(Jéu?�ÚïÄ>
få – �lfNXÚ�¢�±9nØ�.JÑk�½�ë�d�.

'�c: �éØ>få, lfÏ�, gà�, PIC �[

PACS: 25.65.Rr, 52.38.Hb, 52.40.Mj, 42.65.Jx

1 Ú ó

þ�V 50 c�, Bohm[1] Ú Akhiezer[2] JÑ

Äu�lfN��úÅXÚ (slow wave structure,
SWS) �g�, �´du��Eâ^����Ê
¢e5�5�X�éØ>få-y��Åì��
uÐ, �lfW¿�Å#É�<��À, �
dÓ�, ��éØ>få-y��lfNW¿�
�Å+�ïÄó����
-<Ê8�?Ð, ù�
¡�¤ÒÌ�k�Ûd>óïÄ¤ï���lf
NÍÜn1Å+, Ù�Ç'Óëêý�ì� (17%)
�ÌÝJp, � 40%, ÑÑõÇÚ�°���w
Í�Jp [3]. ,	 Hughes ¢�¿ï��#.p
õÇ�Å —– �lfNW¿�Å��ì (PA-
SOTRON), ù�#.�Å3 0.5 MW ó���Ç
�� 50%, ó�u�L 1 MW ��Ç�3 30% ±
þ [4]. Cc5, �lfW¿��Åì�¥åÅØ
½5��'nØó��,´IS	ïÄ�9:¯
K [5−12], X©z [6] Ú [10] ïÄ
lfÏ�¥�
�ë�Å (Cherenkov) Ë�, ©z [8] ^ÄåÆn

Ø (kinetic theory) ïÄ
lfÏ�¥�>^Ø½
5¯K, ©z [9] �Ñ
C¶e�éØ>få - l
fÏ�XÚ�ÚÑ'X. d	, �lfN¥r6å
Ôn�ïÄ��©¹�, $uÑÝ��éØ>få
3�lfN¥�DÂ�±±Y�lfà�, ùéu
�lfNßº [13]!�lfN�|\�ì [14] ±9
ûÅ\�ì [15,16] ��¡�ïÄó�Ñ4äáÚ
å. þã+�Ñ�9��>âfå3�lfN¥�
DÑ¯K, Ïd, ïÄ�éØ>få3�lfN¥
à�ÚÑ$A5, éu#.�Å±9\�ì�ï
ÄÑ´äk�¿Â� [17].

3 þ ã � ü � ¤ õ A ^ � l f N à � �
~f¥, �>âfå�óÀ� ÝÑ 3A�þz
� ¦, � ± Ï L W ¿ $ í Ø (10−5—10−4 Torr,
1 Torr=1.33322 × 102 Pa) íN3A��¦S��
>l�µíN¢ylf�µ�Ä�\1, ?¢
yé>få�k�à�DÑ, duW¿íØ�$,
�±¢y��>l/¤�þ!�lf�µ. ,
éu�éØ>få, Ù;.�ó°� 10—100 ns, �
,�±ÏLW¿�©fþ��íÏL�f9Ï>
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l5¢yéáóÀ�DÑ. ,3 PASOTRON �
ïÄ¥uyÏLW¿�©fþ��í, U
k��
³�^+Ø½5, lJpó��Ç¦ÑÑ�Å
õÇ'W¿�í�JpC��êþ? [18]. Ïd�

?�ÚïÄ�éØ>fålfà� (IFR) Ë��
I�. ïÄ�éØ>få3�©fþpíØíN/
¤��lfN¥�DÑA5´ék7��. d	,
�¿g 2006 c5��l¯�éØ>få�lfà
��Ë���'ó� [6−8,10,12], �©�´�?�Ú
�¢�ÚnØ�.�ïáJøë�.

du>få�íN-E>l/¤�lfN±
9¢ylfé>få�à�´��E,���5
L§, 2\þW¿�píØ�íN, Ïd�éØ>
få3Ù¥Ä�\1�lfN±9ÙDÑA5q
äk#�A:. ïÄ(Jéu?�ÚïÄ>få –
�lfNXÚ�¢�ÚnØ�.�ïáJøë�.

2 > f å 3 Ä � \ 1 � l f N
¥�DÑ

¢�uy, �>fåÏL�µíNDÑ�, -
E>l�)��g$U>f�üØ, �lf3
3åS, l¦>få��m>ÖÜ©�¥Ú, >
få3g^|ÚÜ©¥Ú��m>Ö|�^e�
�5À�à�½� . �©Äk¦^âf�[§
S OOPIC Pro 2.0.0 é>få3Ä�\1��lf
N¥�DÑL§?1�[�ïÄ, OOPIC Pro ´
± XOOPIC �ÔnSØ, u 1995 cd\²�ÆË
�|©���lfNnØ��[| (PTSG) mu�
âf�[§S, 1998, Tech-X úi� PTSG Ü�U
?
 XOOPIC ÔnSØ, ¿\\�Àz²�, /¤
y3� 2.5 ��âf�[§S.

�Î/þ!¢%>få, ²1�\W¿�í
��µ+¥, 3+�"à���\�å�»�Ó
�I��Â84, Ù{>.þ�n��N. æ^�
AkÛ�{�[>lL§(Ü>^�{ ()��

� Maxwell �§) ¦)>få$Ä�§, d	�

ïÄ>få�DÑA5, épª|�
P~. ¤À
XÚëê9�[ëêXL 1 ¤« (ÃAÏ`²k'
ëêþ�L 1 ¤��), Ù¥XÚëê�â=ò?1
�¢��ÄO, �[ëê�âê�½5^� —–
Courant ^�: ωp∆t < 0.25, υ∆t/∆z < 1(âfz�
�mÚ�¤rL�ålØU�L�mÚ�)(½.

�[�Ì�(JXã 1 ¤«. Ù¥ã 1(a) �
ã 1(c) ¤éA�lf�µ�Ý��m©Ù, lTã
�wÑ, lf�µ�3ü«Øþ!5, =î�Úp
��Øþ!5, îØþ!5�lf�µ÷î�3å
>÷P~�". dulf�µ´ÏL-E>lÄ
�/¤�, p�Øþ!5Ì�Ly�÷p��P~
±93�:?lf�ÝÑy4��, cö�K��
X>lL§�?1~f, �ö%¬�X>få?
�Úà��\²w (ã 1(b) ¤«). ã 1(c) ¥>
fåà�/¤1���:��Ñ�, ÌN��ý9
þ��K, d�Â84>6é�. �X>l�?
1, lfÏ�Åìïáå5 (Xã 1(b)), éA�>
få��m©ÙXã 1(d) ¤«, >få31��
�:à��©¤ü|ØÓªÇ���å, ¡��·
Ü� DÑ. Ù¥�|±����Ì��Ü©�
�, ,�|à�/¤1���:�uÑ, �1��
:�£. �XíN>l�?1, ¥Ú�AOr, >
få?�Ú�à�, Xã 1(e) ¤«, ¦+�3��
Ì���, �>fåÌNUÏLlfÏ���Â8
4, d�Â84>6����� (�� 106 A). l
Tã�±w�>få·Ü� �\²w, Ù¥�
|����ý9þ��K, ,�|±����
Ì��, 1n|±����Ì��, 1o|à��
�±���»DÑ. ,	31��:?�±w�
÷»�©Ù�>f+, ùÜ©>f+p��ÝÚ
lf�� (ã 1(g)), Ä�ØÄ. ù´du�:>f
�Ý4p, Ï3T?>lÑ�õ�lf (ã 1(a),
(b)) /¤³², -E��$U>f�³²¤Ð
¼ (ã 1(g)), ùÒ´1�«p�Øþ!5�Ly.
d	, Ð¼>f¬3î���?>lÑ�õlf,

L 1 �[XÚëþ±9�[Ì�ëê

>6 \�>Ø >få�» W¿íØ Å��Ý Å��» �mÚ� z ����� r ����� Particle

I/A V/kV rb/cm /Torr z/cm r/cm ∆t/s ∆z/cm ∆r/cm ωp∆t
υz0∆t

∆z
weight

150 530 0.15 0.2 15 0.2 2 × 10−13 0.05 0.025 0.0114 0.1045 3 × 106
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ã 1 >få3�í¥DÑ� PIC �[ (a), (b) ©O� 5 ns, 7 ns �lf�Ý�©Ù; (c), (d), (e), (f) ©O�>få3 5 ns, 7 ns,
9 ns, 14 ns ��m©Ù; (g) �>få3 14 ns �p��Ý©Ù, Ù¥ uz = γυz ; (h) �Â84>6��müzL§

¦�Ð¼Uå�Or. �[¥·�*ÿ�, �[¥,
Ð¼>f��:�/¤O\, Ð¼>f¬ü$
Ð¼?�lfé>få�¥Ú, ¦>få3T?�
åC�. �X-E>l�?1, lfÏ�ïáå5,

ã 1(f) �±w�31���:���Ü©>f�
Ñ�����ý9þ��, ,	�Ü©>f�à
��é���» (ã 1(f) ¤«�u 2.5× 10−4 m) �
�DÑ, d�3���:?þÑy
�þ�Ð¼>
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f (ã 1(g)), duÐ¼>fé¥Ú�A�ü$, >
fDÑ�Ç�Ìü$, k�DÑ�>6�ª½
3 53 A �m (ã 1(h)), ù�©z [20] �¢�(J�
Î. ?�ÚO\�[�muy�X-E>l�?1,
Ð¼>f¬�5�õ, �¦>fåDÑ�\(J,
�ª��>få31��:��Ñ�ØUk�
DÑ. d	, lã 1(f) ¥�±w�, Ð¼>f÷p�
¥O±Ï©Ù, ùÜ©>fÚéA�lf/¤
O
±Ï5�>|, �[¥*ÿ�T>|éDÑ>fp
��Ý?1±Ï5N�, ù�U¢y·> Wiggler
�Ä�\1.

þã PIC �[¥uy, ¦+¦^�´þ!>
få, du>få?uÜ©¥Ú, lf¬É�>f
å�áÚ�¶à8, ù«$Ä�ulf�9$
Ä, ¬��lf�µ÷»�©Ù�Øþ5�
�
Ð�n)î�Øþ!5�K�, JÑe��.\±
ïÄ: 1) \�>få�þ!¢%>få, u�Ý�
"; 2) -E>l®(å, �g$U>f�üm, 3
å�DÑ;�þ3e�é·��lf+, �Ù©Ù
� ni = ni0 exp(−kr2/r2

b0); 4) b�>få©ª�
±��6å�3�ä�S>f÷î�þ!©Ù, 3
þã�.¥>Ö©Ù3�Î�IXe�

ρ =enb0

(
N(r) − r2

b0

r2
e

)
, 0 6 r 6 re, (1)

ρ =enb0N(r), r > re, (2)

Ù ¥, e � > f > Ö ý é �, nb0 � > f å �
Ý, N(r) = f0 exp(−kr2/r2

b0) �¥ÚÏf, f0 =
ni0/nb0 �¶�þ�¥ÚÏf, ni0 �lf¶�þ�
Ý, k �lf�µØþ!5�Ýþ (k ���Øþ
!), rb0 �>fåÐ©�», re �>få�ä��
». (1) ªm>1���>fåduà�éÙ�Ý
�K�. dpd½nÚS��´½n(Ü�éØ$
Ä�§��>fî�$Ä�§�

dr

dz
=

υr

υz0
,

dυr

dz
= −

ω2
pr2

b0r

2υz0r2
e

(
γ3

υ2
r

c2
+ γ

)
×

(f0r
2
e

kr2

(
1 − exp

(
− k

r2

r2
b0

))
− 1

γ2
0

)
,

0 6 r 6 r e , (3)

dr

dz
=

υr

υz0
,

dυr

dz
= −

ω2
pr2

b0

2υz0r(γ3
υ2

r

c2
+ γ)

×
(f0

k

(
1 − exp

(
− k

r2

r2
b0

))
− 1

γ2
0

)
,

r > re, (4)

Ù¥ ω2
p = e2nb0/mε0 �>f�lfNªÇ, m �

>f�þ, c �ý�¥1�, υz0 �>f z �Ð©�
Ý, éu�éØ>få υz0 é�, þã$Ä�§¥
�Ñ
ÙCz, γ = (1 − (υ2

z0 + υ2
r )/c2)−1/2 �â

Ô[Ïf, γ0 = (1 − υ2
z0/c2)−1/2. �§| (3), (4)

©O�>f3å�äS	�$Ä�§. �§ (3)
� r = re =�>få�ä�§. � dυre/dz > 0
�, >fåÑ�, � dυre/dz 6 0 >fåà�,
3 dυre/dz = 0 � k r = re = rb0, υre = 0,
dd��

f0 >
k

γ2
0(1 − exp(−k))

. (5)

d�>få3»�Øþ!lf�µ¥DÑ�g
à�^�, �lf�µ�þ!©Ù�, = lim

k→0
(1 −

exp(−k))/k = 1, �§ (5) ª�z�Í¶� Budker
gà�^� f0 > 1/γ2. d (5) ª�±wÑ, dul
f�µ»��Øþ!5, ��¦>fåà�DÑ,
�¦¥ÚÏf' Budker gà�^�p. d	, du
lf�µ÷»��Øþ!5, ØÓî� ��¥Ú
§ÝØÓ, Ïî����ªÇ�¬�î� ��
CzCz, l��
DÑL§¥>f±ØÓ�
ªÇ��DÑ, =·Ü� DÑ.

3?1ê�¦)�, k)Ñ�	�>f (�
ä) ��», 2�\S�>f�$Ä�§, =��
�ØÓ�>f�$Ä�¹, �>f��»�Ñ�
	�>f��»�, Ù$Ä5Æ^�§| (4) £
ã. ê�O��k'ëþ���[�Ó�ëê (�
L 1). ã 2 �¥ÚÏf f0 = 0.5 �, k = 0.0001
± 9 k = 1 � � 6 > f å 3 � µ � l f N ¥
�$Ä�¹, d (5) ª��§�þ÷và�^�.
� k = 0.0001 � (ã 2(a)), lf�µÄ�þþ!, >
få�±Ù�6A53lf�µ¥��DÑ, ù�
©z [19] �(Ø��. � k = 1 lf�µ÷»�
×�P~, 3å>.?ü� exp(−1), >få�DÑ
�¹Xã 2(b) ¤«, dãwÑ31���:�c,
>få�±�6A5, dulf�µ»��Øþ!
5, ØÓî� ��>f¤É¥Ú§ÝØÓ, ��

ØÓ�>f±ØÓ�ªÇ��, =Ñy·Ü� 
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DÑ. d	, dunØ¥lf�µ÷»�Upd©
Ù, S�>f'	�>fkà�, ��3�:NC
S�>f$Ä��ä��	, ùÜ©>fò¬É�
��>få��m>Öå�ü½±����Ì
��, �U��9þ��K, ù�:� PIC �[
(J�Î.
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ã 3 ØÓ¥ÚÏfe¢%�6>få�DÑ

ã 3 � k = 1 �, ØÓ¥ÚÏfe�6>f
å3�µ�lfN¥�DÑA5. d (5) ª��,
éu¤Àëê, �¦¥ÚÏf f0 > 0.3812. ã 3(a)
¥ f0 = 0.4, é�CT^�, Tã�±wÑ, >få
±·Ü� ��ªDÑ, ��±
éÐ�å., �
k�Ü©>f<º��ä�	. ã 3(b),(c) �±w
Ñ�X¥ÚÏf�O\, 3�:?Ü©>fÑy�
��Ì���, �¥ÚÏf�p, ù«��ÌÒ�
î��c���>f�õ, ù´Ï� f0 ��>

få¬�à������», �:?�>f�ÝL
�, ¦��m>ÖåOr, 2\þlf�µ»��
Øþ!5���� �·Ü¦�S�>f3�:
?�Ñ���K.

3 ( Ø

�©ïÄ
�éØ>få3¥5íN¥ÏL
-E>l/¤lf�µ, ±9>få3Ù¥�gà
�DÑA5. 8c�ïÄuy, 3Ã	\Ú�^|
e, �ÏLlf�µ5¢yé�éØ>få�à�
DÑ, �>fåU�à��é���». du�é
Ø>få�óÀ�Ý�á, �
¢yé>få�k
�DÑ, I�W¿�píØ�íN, ÏdDÑL§
qäk�eA::

1. �
¢yé�éØ>få�k�DÑ, I�
W¿�píØ�íN, ùÒ��
3Ä�\1�l
f�µäkî�Úp��Øþ!5.

2. PIC �[uyî�Øþ!5´du>få
Ü©¥Ú, lf�áÚ�¶�à8�)�. 3T
�[Ä:þ·�JÑ
>få3î�Øþ!lf
�µ¥DÑ�nØ�., 3T�.¥�Ñ
>få
�gà�^�, ê�O�(JL²î�Øþ!5¬
��>få�·Ü� DÑ. duà�ØÓÚ, 3
�:NCS�>f�U�Ñ���, ù� PIC �
[�(J�Î.

3. p�Øþ!5Ì�´du>få�îà
�, ��3�:?>lÑ�lf�ÝLp, ¦�-
E��$U>f3T?�Ð¼. Ð¼>f¬¦T
?lf�¥Ú�Aü$, ¦�>få3T?��
åC�, l¦�>få�DÑ�Ç�Ìü$. �
´,��¡, Ð¼>f3p�¥O±Ï©Ù, �å
�·> Wiggler ��^, �U¢y·> wiggler �
Ä�\1.

?�Ú�ïÄL², �ÏL	\��^|, 5
��$U>fÚlf�$Ä, lk�/³�lf
�µî�Øþ!5�5�·Ü� ±9p�Øþ
!5���>fÐ¼, �¦>få.ÚDÑ�Ç�
��ÌÝJp. �,�©��3Øv�?, XnØ
�.Lu{ü, �=�Ä
î��Øþ!5. �ï
Ä(Jé?�Ú¢�±9nØ�.�ïá�´k
�½�ë�d�.
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Abstract

In order to further study the radiation of the relativistic electron beam-ion channel experimentally and theoretically, the propaga-

tion of a relativistic electron beam in neutral gas and its self-focusing process are investigated. Particle in cell (PIC) simulation shows

that the electron beam can self-focus and transmit the dynamically loaded plasma through impact ionization. The transverse and the

longitude inhomogeneities of the ion background have significant effects on the transport properties of the electron beam. Base on

these researches, a model of transmission of electron beam in a transverse non-uniform ion background is supposed. And the condition

of self-focus is given. The numerical results show that the transverse inhomogeneity will lead to the mixed phase transmission of

the electron beam, and the inner electrons can defocus near the focus point, which is consistent with the PIC simulation. The PIC

simulation also shows that due to the self-focusing of the electron beam, there are much more ions to be ionized at the focus point,

which will capture the lower-energy electrons after collision, the capture electron effect will significantly reduce the efficiency of the

transmission of the electron beam. But the distribution of the captured electrons in the longitude direction is quasi-periodic, which acts

as the electrostatic Wiggler field. These may achieve the dynamical loading of the electrostatic Wiggler field. These results give new

clues to the further study of electron beam-plasma system in experiment and the establishment of theoretical models.
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