
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 11 (2012) 110301

ÃÃÃóóó������ÅÅÅíííåååìììíííåååÿÿÿþþþ¢¢¢���*


ñ† ��� o+� �� ��¬ êý#

( Ü�ó��ÆÊUÆ�, ÜS 710072 )

( 2011 c 6 � 9 FÂ�; 2011 c 10 � 25 FÂ�?Uv )

Äu²;�>^ÆnØ, �©ïá
�@#Vg�mí?C� —– Ãó��ÅíåìXÚ, ù@C��±��
r�ÅË�U=��íå
ØI�?Ûí?0�. �DÚ��mí?C�ØÓ, TXÚ�±;���
��í?J
;�¿�Ø�6éÊU�1ì�À/. TXÚd8¤3�å����Å��n!�Å
ÚK1|¤, Ù¥�Å

�)��ÅË�U�Ñ\����Å��nS¿/¤X7Å�>^ØrFÝ, l
÷���Å��n¶���/
¤Àíå. �©�â��²ï�n, ÏL�Ñíåì���g­Úf5{å, ¤õ/ÿþÑÃó��Åíåì�)
�Àíå. (JL²: Äu²;>^ÆnØïá�Ãó��Åí?XÚ�±�)Àíå; ��Å
ÑÑ 2.45 GHz,

80—2500 W ��ÅõÇ�, íåì�)�íå©Ù3 70—720 mN ��S, ÿþoØ��u 12%.
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1 Ú ó

¿�íåì!lfíåìÚ>líåì�D
Ú��lfNí?C�´8cIS	ïÄ�A^
�õ��mí?C�. ��mzÆí?C��',

§�äk'ÀpÚÆ·��A:. ù
í?C��
^3¥(�^���Ú ��±�ÄåXÚ!�
�&ÿì�Ìí?XÚ¥ [1−10]. 3�m�1?Ö
¥, DÚ��lfNí?C�7Lr�þ�ó�0
�>l¤�lfN, 2æ^,«\�ÅnrÙ¥�
lfp�ÚÑ�)íå. ù«ó�Ånû½
�
lfNí?C�Ú�m�1ì�m�3�6Z6
¯K. ��~í?´�«Ãó�í?C�, ���
�~U
Â8�v
���Ë�U, §ÒU
íÄ
�m�1ìØä/�c�1 [11]. ��~í?�V
gJÑu 100 cc, �´�X�>fÚ��á�E
â�Ñy, ��y�<�âm©9©umÐ��~
�nØÚ¢�ïÄ. 2010 cF�u�
���¡

� IKAROS ��m�E, {¤þÄg3�my¢

��~í?��15 [12]. �Å~aqu��~, ´
,	�«Ãó�í?C�. TC�±��ã��]
¡7á����Å~, 3�m�1�É/¡�Å

�Ë�U6�^
Øä�c1¨ [13]. �DÚ��
lfNí?C��', ��~Ú�Å~ØI�ó�
ÒU�~ó�, ÏdU
��m�1ìJø�Ð�
ÅÄ5U, Ó��±;���
��ó�;�¿�
Ø�6Ú�1ìL¡�pZ6�¯K.

Xã 1 ¤«, ·��Oï�
,	�«Ãó�
í?C� —– Ãó��ÅíåìXÚ. TXÚd8
¤3�å��Å
!�/ì!Å�!���Å�
�nÚK1|¤. Ù¥���Å��n�´íåì
nN, ´�)íå�'�Ü�. ���~Ú�Å~
ØÓ, TXÚØ´|^m��mS�Ë�U�)í
å, 
´|^�^3���Å��nS�>^Ør
FÝ/¤Àíå. ù«ó��ª�±¦XÚäk(
�;n!�Çp�íåY²N´���A�.
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� Roger Shawyer 3Ãó��Åí?ïÄ�¡m
Ð
­��&¢. Roger Shawyer rÃó��Åí
?C�¡�>^°Äì (emdrive), 2003 c¦ï�

1�� emdrive, Ù�»� 160 mm, �Ñ�Åõ
Ç� 850 W, æ^U²ù¡­��{¼�íå¢
S�� 16 mN. 2006 c Roger Shawyer ï�
1�
� emdrive, Ù�»� 280 mm, �ÑõÇ� 1200 W,

æ^Y²Ú]!ªíåÿþ�Y¼�íå¢S�
� 250 mN. 2007 c Roger Shawyer 3��${å
í]2=Ä²�þmÐ
Äå¢�, ¢�(J´1
�� emdrive �Ñ�ÅõÇ 1000 W �, íå� 287

mN, 100 kg ­�í]2²��\�� 2 cm/s.

2008 cÜ�ó��Æm©ïÄÃó��Åí
?C�, |^²;�>^ÆnØéÃó��Åí?
C��íå5
?1
)º [14,15], lnØþØã

C���15. Ü�ó��Æ�JÑ�@Äu>
^ê��[©ÛÚ¢�N��Ãó��Åí?�
��Å��n��O�{, Ó��Oï�ÑIS1
�@Ãó��Åí?C�.

=I<�,é emdrive ?1
mÿ5ïÄó
�, �´¦�íåÿþ�Y"y�Æ£ã, 
��
8�3�ª�ÆâÏrþuL�'�ïÄØ©. I
SlnØÚ¢�þéÃó��Åí?C�?1

�ÆïÄ, �´�vkl¢�þ�Æ/�ÑÃó�
�Åí?C��íåÿþ(J. �d�©æ^IS
�;|�� —– >»����²ïíåÿþC�
éIS�Oï�Ñ�Ãó��Åíåì�Àíå
?1ÿþ, l
3¢�þ?�Ú�yÃó��Åí
?C���15.

2 Ãó��Åíåì��nÚíåÿ
þXÚ

2.1 ÃÃÃóóó������ÅÅÅíííåååììì������nnn

3ã 1 ¤«�XÚ¥, �Å
r>U=���
ÅU¿÷Å�Ú�/ìDÑ����Å��nS,

����Å��n��k��ªÇÚ�Å
ÑÑ
>^Å�ªÇ�Ó�, >^Å3���Å��nS
��¿÷nN¶�/¤>^ØrFÝ, l
�)�
*�Àíå. ���Å��n´d7áá�¤µ4
�nN, nNS>^Åu)���, ÑyXe­�

�A�: Ø�ÄÙ¦Uþ�Ñ�, ���Å��n
é�ÅUþ����Ñ=u)3nN9¡8Ç�
ÝS; ���Å��né>|Ú^|õÇ©Ok�
��^, �Ø��UþÅð'X; �âð�d��
§Ú>^ÅU6�Ý¥þ, >^o|3nNS¬/
¤>^Ør; XJÀ�Ü·�>^|©Ù5Æ, ÷
���Å��n¶�¬/¤>^ØrFÝ, ÷nN
L¡é>^Ør?1¡È©, Ò�±¼����Å
��n÷¶��)�Àíå.

ã 1 Ãó��Åí?C�(�«¿ã

2.2 íííåååÿÿÿþþþXXXÚÚÚ

Xã 2 ¤«, Ãó��Åíåì���²ï
íåÿþC�d>´XÚÚíåÿþe|¤, í
åÿþeqd�ÄÚ�½Ü�|¤. �ÄÜ��
¹���Å��n 1!Y²ù 2!�m>^�� 3

Ú 4 ��ÄÜ�!�½3 {� 5 þ�� £Ú
\�ÝDaì�ÄÜ© 6!| ù 7!�­ 8!R
5Å� 9 ÚIO§è 10. ÏL
k(��|: O1

Ú O2, �ÄÜ��| 3.�þ. �½Ü�O�
/ë�3.�þ, §�¹�m>^�� 3 Ú 4 �Ø
�ÄÜ�!� £Ú\�Ý £Daì�Ø�Ä
Ü© 11!�½Ü�|e 12. >´XÚ�¹� £
&Ò��ì Kθ!�\�Ý&Ò��ì Kθ̇!|Ü
��ì KΣ!��>{ R Ú>Øw«¤L V . Ù
¥�ÄÜ��­å��÷�� L1, .�þ|: O1

Ú O2 /¤��� L2 �=¶, ���ÄÜ��±3
���Ý��S7 L2 ^=. �âã 2 �SC� ,

íåì�~ó��, XJ>^�� 3 ó�, L²À
íåd���Å��n��à¡���à¡; XJ
>^�� 4 ó�, L²Àíåd���Å��n�
�à¡���à¡.
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ã 2 Ãó��ÅíåìíåÿþC�(�«¿ã (a) ÌÀã; (b) IO§è�^e A-A �¡�ýÀã; (c) íåìÀíå�^
e A-A �¡�ýÀã

ã 3 �åÚ­å²î�nã

ã 2 �Ñ�íåÿþC�ÏL±eA�L§
O(ÿþíå. 1) C�SÜ�²ïN!, l
�Ø
XÚSÜ�f59g­éíåÿþ�K�. 3�Ä
Ü�g­��^e, R5Å� 9 ò�)���5
å Fflex. XJrXÚ�þ8¥u���¥�., R
5Å����~5��5ë��, K�5åÚg­
�²ï«¿ãXã 3 ¤«. 3Ãó��Åíåì
ó�c, 7LN�R5Å� 9 �f5!�­ 8 ��
þÚ �, ¦R5Å��5ååÝ FflexL Ú�ÄÜ
�­ååÝ m1g∆x �²ï, Ó�¦�ÄÜ�­å
¤3��� L1 Ú=¶ L2 ��, d�����Ø
XÚÜ�SÜf5±9g­éíåÿþ�K�. 2)

íåÿþC�É	å�^��²ïN!, l
¦�
ÿååÝÚ>^��ååÝ�²ï. �ÄÜ�É	
å�^�ò7=¶ L2 ?1��Ý^=, ù�� 

£Ú\�ÝDaì�ÄÜ© 6 ò>u>´/¤�
">6 I , �">6?\>^�� 3 ½ 4 �2�)
���">^åÝ FfaLc ��ÄÜ�þ�	åå
Ý�²ï, Ffa ��">^å, Lc ��">^åå
:. ù��ÄÜ��^=��³�, íåÿþC�
2g��²ïG�. 3) íåÿþC��I½. �Ä
Ü��ÉIO§è 10 �­å m2g �^�, � £
Ú\�ÝDaì�ÄÜ© 6 q>u>´/¤�"
>6, ¿¦>^���)>^å Ffm. ��íåì
Àíå�å: La ´IO§è­åå: Lm �ü�,

= La = 2Lm, Ó�î�Uì�5'X�O>´X
Ú, ¿T�/ÀJ��>{Ú>Øw«¤þ§, �
±¦>Øw«¤«êTÐ´IO§è­å���
¿ÚíåìÀíå Fa ���Ó. Ïd, 3ØÓ�þ
IO§è��^e, ÖÑ>Øw«�Ò�±éíå
ÿþC�?1O(I½. 4) íåÿþC��":?
n. �¤XÚSÜ²ïN!�, n��¹e, ÿþC
��íå�«�AT�". �	å�^3ÿþC�
þ�, �ÄÜ�7=¶�)��Ý�^=, ��q
�>^���)�>^å¤²ï, Ïd�ÄÜ�é
¯¡E��^=�G�, ù�w«¤�Ñíåÿþ
�. �´, �	å���, R5Å�¬�)��N\
����5å, l
Úå>Øw«¤�Öê¿Ø�
", TÖê�¡�":, I�l¢Síåÿþ�¥
~�.

3 íåÿþ¢�Ú(J©Û

3.1 ¢¢¢���^̂̂���

¢ � æ ^ ^ � + � Å 
, Ñ Ñ õ Ç 3 80—
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2500 W ��SëY�N, ÑÑªÇ� 2.45 GHz,

K1��Ñ 2500 W �9U.

3.2 ÿÿÿþþþØØØ������½½½ÂÂÂ

�
µ�¢�°Ý, ½Âo�ÿþØ��:

�OØ�

ηc = |m2g/2 − (Fcal − ε0)| /(m2g/2) × 100%;

íåÿþXÚØ�

ηs =

n1∑
i=1

|εi|
n1∑
i=1

1
n1

|Fi,cal − εi|
;

­E5Ø�

ηr =max
(

F1 −
n2∑
i=1

Fi/n2, F2 −
n2∑
i=1

Fi/n2, · · · ,

Fn2 −
n2∑
i=1

Fi/n2

)/ n2∑
i=1

Fi/n;

oØ�

ηt = ηc max + ηs + ηr,

Ù¥ Fcal �IO§è�^eíåw«�, ε0 �IO
§è�^e�":, n1 ��Ogê, εi �1 i g�
O�":, Fi,cal �1 i g�O��íåw«�, n2

�Ãó��Åíåì�~ó��íåÿþ�¢�
gê, Fi � i gíåÿþ¢���íåw«�, n �
¢�ogê.

3.3 ÿÿÿþþþ(((JJJ���©©©ÛÛÛ

¢�Äk3 300—2500 W �ÅÑÑõÇ^�
e?1, íåÿþ(Jw«íå��l���Å�
�n��à¡���à¡, ã 4(a) �¢�ÿþ�.

ÿþ(Jw«�ÅÑÑõÇ P = 300 W �, íå�
�1�����, �� 310 mN, ���XÑÑõÇ
�O\, íåeü. 3ÑÑõÇ� 800 W �, íåü
��$, � 160 mN. ±�ÑÑõÇO\, íåO\,

3��ÑÑõÇ 2500 W �, íå����� 750

mN �m. ¢�3 80—1200 W �ÅÑÑõÇ^�
e?1�, ÿþÑ�íå���,´l���Å�
�n��à¡���à¡, ã 4(b) �Ñ
¢�ÿþ
�. ÿþ(Jw«, 3 300 W �ÅÑÑõÇ^�e,

íå��1�����, �� 270 mN, ���XÑ

ÑõÇ�O\, íåeü. 3ÑÑõÇ� 600 W �,

íåü��$, � 180 mN �m. ±�ÑÑõÇO
\, íåO\, 3ÑÑõÇ� 1200 W �, íå��
��, � 250 mN �m.

� Å Ñ Ñ õ Ç � � © O � 300—2500 W

Ú 80—1200 W �, íåÿþ��Úíå��C
z5ÆÄ���, y²¢�äkéÐ�­E5. �
�Øv�´, íå���$��, �ÅÑÑõÇØ
Ó, ù�U´du�Å
ÑÑõÇ�Ø­½5E¤
�. ©z [16] Q²æ^²;�>^ÆnØO�
Ã
ó��ÅíåìnØíå���Ú��, Ù(J�:

íå��l�à¡���à¡, Ù¦^��½�,

íå��Ú�ÅÑÑõÇ¤�'. íå���nØ
O�(JÚ¢�(J����, �´íå��Åõ
ÇCz5Æ�nØO�(J�¢�(J%ké�
�É, ±el���Å��n�¢S��5UÚ�
Å
ÑÑõÇ�ªÌA55©Ûù��É.

ã 4 ØÓ�ÅÑÑõÇ��Síåÿþ(J (a) ÑÑõ
Ç��� 300—2500 W; (b) ÑÑõÇ��� 80—1200 W

æ^�Å�ä©Û¤ÿþÑ�g¢�^�
� � Å � � n � � � A 5 ­ �, X ã 5 ¤ «.
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ã 5 � p � I L « � � � Å � � n � £ Å �
Ñ Lr = 10 lg(Pr/Pi), Ù¥ Pr �l��n��
Ñ�õÇ, Pi �Ñ\���n�õÇ, î�I f

�ÑÑªÇ. £Å�Ñ��, L²nNé�Å�
��Uþ��, áÂUþ�õ. � Lr = 0 �, �
ÅõÇl��n¥�Ü��Ñ5; � Lr = Lr min

�, ��n����G�, �Ål��n��Ñ5
�õÇ��, d�éA�ªÇ f0 ���ªÇ. ½
Â Lr = 0.707Lr min ��ªÇ°Ý ∆f = f2 − f1

���ªÇ�°. ã 5 �Ñ�¢SÿÁ­�L²¢
�^����Å��n��ªÇ f0 = 2.450 GHz,

��ªÇ�° ∆f = 0.0016 GHz, §L²��ÅË
�U�ªÇ©Ù3 2.4492—2.4508 GHz ��S�,

90%±þ��ÅUþ�±���náÂl
�)
Àíå.

ã 5 ���Å��n¢S��­�

ã 6 ^�+�Å
ØÓÑÑõÇ�ªÌA�, S�ã�¤ÀªÇ��S�ÛÜ��ã (a) P = 200 W; (b) P = 300

W; (c) P = 400 W; (d) P = 500 W; (e) P = 600 W; (f) P = 700 W
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ã 7 íåÿþ¢�Ø� (a) �OØ�; (b) 300—2500 W

õÇ���ÿþØ�; (c) 80—1200 W õÇ���ÿþØ�

æ^ªÌ©Û¤ÿþÑ¢�^^�+�Å

3ØÓÑÑõÇ P ÚÑÑªÇ f �ªÌA�, X
ã 6 ¤«. ã 6 L²�Å
¶ÂÑÑõÇ©O
� 200, 300, 400, 500, 600 Ú 700 W �, 3���Å
��n���°�� 2.4492—2.4508 GHz S, �Å

�¢S��ÑÑõÇ©O� 13, 120, 85, 65, 45

Ú 48 W. �Å
�¢SÑÑõÇ�ÑÑõÇ�Cz

5ÆÚíåÿþ��Cz5Æ�aq, = 300 W Ñ
ÑõÇ�¢SÑÑõÇ��, Ïd�)�íå��
�; 600 W ÑÑõÇ�¢SÑÑõÇ��, Ïd�
)�íå���; 
Ù¦ÑÑõÇe�¢SÑÑõ
Ç�õÇ�Cz5ÆÚíåÿþ��Cz5Æ�
�. d¢�`²Ãó��Åíåì�Àíå��Å
¢SõÇ�O\
O\, �©z [16] �Ñ�nØO
�(J���.

�âcã�Ø�½Â9¢�êâ, �Ñ��
ÿþØ�, Xã 7 ¤«. ã 7(a) ¤«��OØ�
­�L², ���Ø��3u����Oíå�
?, � 2.4%; ���Ø��3u����Oíå
�?, � 0.05%. ã 7(b) Ú (c) ¤«�Ø�­�L
²3 300—2500 W Ú 80—1200 W ÑÑ��Åõ
Ç^�e, íå��ÿþ�� 750 mN �, ���
ÿþoØ�$u 12%; 
�3��oØ�¥, �O
Ø�� 2.4%, ÿþXÚØ�� 3.5%, ­E5Ø�
� 6.1%, ù`²íåÿþØ�Ì�5
u­E5Ø
�, ù�Ãó��Åíåì�Å
ÑÑõÇ�­½
5k'.

4 ( Ø

��²ïíåÿþC�y²
Äu²;�>
^ÆnØïá�Ãó��Åí?XÚ�±�)À
íå. Ãó��Åíåì�íåÿþ¢�L², Ã
ó��Åíåì�)�Àíå���l���Å
��n��à¡���à¡, ù�nØO�(J
��. �^�+�Å
ÑÑ 2.45 GHz, 300—2500 W

��ÅõÇ�, íåì�)�íå©Ù3 160—750

mN, ÿþoØ��u 12%. ��Å
ÑÑ 2.45 GHz,

80—1200 W ��ÅõÇ�, íåì�)�íå©
Ù3 180—270 mN, ÿþoØ��u 12%. æ^�
Å�ä©Û¤ÚªÌ©Û¤?1ÿÁ, uy�¢�
^��.�Å��äk�~Ä�ªÇ��°Ý, =
� 0.0016 GHz; 
�¢�^�^�+�Å
¢SÑ
ÑõÇ3XdÄ�ªÇ��S��ÅÑÑõÇ?
1X��5Cz, Ïd��Àíå��¶Â�ÅÑ
ÑõÇ?1��5Cz. �´ªÌêâ©ÛL²,

Ãó��Åíåì�)�Àíå��Å
¢SÑ
ÑõÇ�O\
O\, ù�nØO�(J��.
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Net thrust measurement of propellantless microwave
thruster∗

Yang Juan† Wang Yu-Quan Li Peng-Fei Wang Yang Wang Yun-Min Ma Yan-Jie

( College of Astronautics, Northwestern Polytechnical University, Xi’an 710072, China )
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Abstract

According to the classic theory of electromagnetic (EM) fields, we develop a propellantless microwave thruster system that can

convert microwave power directly into thrust without the need of propellant. It is expected to be useful for spacecraft. Different from

conventional space plasma propulsion, the system can obviate a large propellant storage tank and the issues related to plasma plume

interference with the spacecraft surface. Different from huge solar sails and microwave-propelled sails, the system uses a cylindrical

tapered resonance cavity as a thruster and uses an integrated microwave source to generate continuous EM wave so that the EM wave is

radiated into and then reflected from the thruster to form a pure standing wave with amplified wave amplitude. The pure standing wave

produces a non-uniform EM pressure distribution on the inner surface of the thruster. Consequently, a non-zero net EM thrust exerting

on the symmetric axis and directing to the minor end plate of the thruster appears. In experiments a magnetron is used as a microwave

source with an output microwave power of 2.45 GHz frequency. The generated net EM thrust is measured using a force-feedback test

stand. The developed thruster system is experimentally demonstrated to produce thrust from 70 to 720 mN when the microwave output

power is from 80 to 2500 W.

Keywords: electromagnetic waves, Maxwell stress tensor, electromagnetic processes and properties

PACS: 03.50.De, 41.20.Jb, 13.40.−f
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