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1 Ú ó

°(��mÚªÇ´­��Ä�Ônþ [1]. |
^�fU?m��­½5ï���fªIU
J
øp°Ý��mÚªÇ&Ò, ¤�y��¯>fX
Ú!ÿ±!�Ê!Ï&!iÀ!>fÔ�!��
��Ú'·£OXÚ¥�­���. Ó�, �mE
âp�uÐ�8U, C/�m9�/�m�1ì�
ÿ�!��!Ï&!êâDÑÚ/¡8I�½ ,

ÑI�p­½5��f¨. �f¨�IY²��K
��¥(½ XÚ�O(Ý. �1¥(��f¨�
­½5�p, Ò¿�Xl/¡��Õé¥(?1­
½�lÚªÇ����¦�$, l
��§Ý/J
p¥(;�½ �O(Ý.

��f¨ÏÙäk`û�­½5¤�IS	
/¡Ú(1¨�ÄÀ. Uìó��nØÓ, ��
f¨�±©�ÌÄ.�¨!�Ä.�¨, Ù¥Ì
Ä.��f¨qkæ^IO TE011 �ªn���
¨ [2] Úæ^7��\1�Ån��.ÌÄ�¨ü
«. 8c, æ^7��\1�Ån��.ÌÄ�¨
�I®�~�CDÚ��¨�Y² (3 × 10−13/s,

3 × 10−15/d), 
���5�p, �^u£Ä!�1

�E,�¸ [3]. �Ä.��f¨duNÈ�7��
ÌÄ.�¨��, õ�æ^�(1¨ [4]. �Ån´
ü«��fªI�'�Ü�, Ùº�����û½
¨�NÈ. �
÷v¥(oNé�1¥(��f¨
�k�1Ö�¦, I�éyk�óL��Ån?1
`z�O, ?�Ú ��Ån�NÈ, ?
~�¨
N�þÚNÈ.

�©�â>^|�ÅnØïá
4¡\1�
Ån�ªÇA��§!�ÅnÃ1 Q �ÚW¿Ï
f η �)ÛL�'X; ÏLnØO�é�
�Ån
��`ó�:; ,�|^k��>^�ý^�én
ØO����º�?1�ý©Û, �OÑ
NÈ�
���Ån. ¢�L², #�O��Ån�NÈ�
yk�Ån [5] �NÈ~� 10 , �ÅnÃ1 Q �
�� 9800, W¿Ïf η �� 1.2, ¿�#�O��Å
n��fW¿«�´8c®k��¥NÈ���.

ù
`z�Oéu(1��f¨�5UJpk­
��¿Â.

2 nØÜ©

�Ån����fªI�Ì�|¤Ü©, §
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� � � � � û ½ ¨ � N È Ú 	 / º �, Ù Ì �
� ^ ´ J ø > ^ | � � � f � � p � ^ | ¤.

� Å n � � � ª Ç 7 L N � 3 � � f F = 1,

mF = 0 �� F = 0, mF = 0 ��°[�[ª
ÇNC (1420.405751xxx MHz ±100 kHz), ±BJ
p�Å|Ú�fË�|��Z5; �Å|3Ñ��
«�SAT¦þ/þ!, �y�f�[&Ò�� 
��5; �ÅnÃ1 Q ���, ù��±\r��
f��Å|��p�^. �Ån�,��­���
IÒ´n¥%«��NÈ, T«�´��f�ó�
«�. �~���f�Ñ���m�-E
���
ª£, �fÑ�«���.

x
x

y

y

z

z

(a) (b)

ã 1 ^�+�Ån(�«¿ã (a) nN�ºÀã; (b) nN
ýÀã, nN¥%«��4¡Ü©

éu�Ä.�¨, ÔnXÚ�±w¤��Ä�
��ì. ù«��fªIõæ^^�+�Ån, ù
«nN�A:´n/(�­½��, Ù(��.X
ã 1 ¤«. ã 1(a) ��ÅnºÀã, ã 1(b) ��Å
nýÀã. nN¥%Ü©�4¡Ü©, 	��nÙ,

4¡�nÙ��ë, (��­½. �´ù«n/G
��E,, éJ���ÅnSÜ>^|�)Û),

�éJ?�Úé�Ån?1�.z�O. du¥(
oNéu�¨1Ö��¦, I�?�Ú~�(1¨
��þÚNÈ. �©é{z��4¡\1�Ån�
.ïá TE011 �ªªÇ�A��§, ©Û�Ån�
º�Czéu>^|�K�, �â�Ån�5U`
z�Ån�Ü©º�, l
�OÑ��¡5U�`
��Ä.�¨¦^��Ån.

2.1 nnnØØØ���...

�
¦�>^|©Ù, é8c¦^�nN(�
�.?1Cq. ·�4�Ån�pÝ H1 ��Ån
S^�+�¡ H2 ��, Ñ��¡�| Ü©, ù�
��nØO��.Xã 2 ¤«. æ^���B��
��{5©Û, ÏL>|Ú^|�±(½>n��

B, 2d>nÚ¥%Ü©��B��5¦Ñ��n
���ªÇÚ|�©Ù.

ã 2 nØO��. (a) ýÀã; (b) ºÀã. h �n�pÝ,

c �n�S», b ��¡�	», a ��¡�S», 2ψ ��¡
é¥%�Ü�, l ��¡þÝ

4¡\1n>.«�S��B�±�� [6]

Y =
h

∫ B

A

E × H · nds∣∣∣∫ B

A

E · ds
∣∣∣2 , (1)

ª¥ AB �È©´», ·�ÀJnS�¡�m, X
ã 2 ¤«; h ��ÅnpÝ, n �È©L¡�{�
��, E �È©«�S�>|©Ù, H �È©«
�^|©Ù. du�ÅnS>^|���ªáu
a TE011 �ª, �±b��¡SÜ>^|� Ein

φ ,

H in
z ; �¡�m>|�~ê E; 3Î�IXe (r, φ,

Z), �ëêA÷vXe/ª [11]:

Ein
φ =

NEψ

π

+∞∑
p=−∞

(sin(pNψ)
pNψ

)
×J′pN (kr) ejpNφ

J′pN (ka)
sin

(πZ

h

)
, (2)

H in
z = −j

k

µ0ω

NEψ

π

+∞∑
p=−∞

(sin(pNψ)
pNψ

)
×JpN (kr) ejpNφ

J′pN (ka)
sin

(πZ

h

)
, (3)

ª¥ N ��¡��ê, JpN (kr) �1 pN �1�
a Bessel ¼ê, J′pN (kr) ´ pN �1�a Bessel ¼
ê��ê. 3ý�¥Åê÷ve�'X:(ω

υ

)2

= k2 +
(π

h

)2

, (4)

Ù¥ υ �ý�¥�1�, ω �Åna TE011 �ª�
��ªÇ. (Ü (1)—(3) ª�±��3 r = a ?�
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�B�

Yin = −j
k

µ0ω

Nh

2πa

[
J0(ka)
J1(ka)

−2
+∞∑
p=1

(sin pNψ

pNψ

)2 JpN (ka)
J′pN (ka)

]
,

�¡	Ü>^|� Eout
φ �

Eout
φ =

Neθ

π

+∞∑
p=−∞

(sin(pNθ)
pNθ

)
×

Z ′
pN (kr) ejpNφ

Z ′
pN (kb)

sin
(πZ

h

)
, (5)

ª ¥ sin θ =
d

2b
, ZpN (kr) = JpN (kr)

−
J′pN (kc)
N′

pN (kc)
NpN (kr), NpN (kr) �1�a Bessel ¼

ê, ù�3 r = b ?>n��B�

Yout = −j
k

µ0ω

Nh

2πb

[
Z0(kb)
Z ′

0(kb)

+2
+∞∑
p=1

(sin(pNψ)
pNψ

)2 ZpN (kb)
Z ′

pN (kb)

]
. (6)

3�¡�m�«�, ·�@�Ù>^|�Ý/Å�
¥��$��ª, 3ø¿?�?>|�~ê� E,

3ø¿Ñ�?>|�� e. 3ø¿?�±w�>^
|�{|��L§, ù�Ò���S	�B�'X
Xe:

−Yin = − j
k

µ0ω

sin(Kl) +
d

h

µ0ω

jK
cos(Kl) · Yout

cos(Kl) − d

h

µ0ω

jK
sin(Kl) · Yout

, (7)

Ù¥ K =
ε

ε0

(ω

ν

)2

−
(π

h

)2

, ε�ε0 �3�¡¥%

W¿0���é0>~ê. ÏL (7) ª�±O��
��Ån���ªÇ, ���±����nN�Ã
1 Q �ÚW¿Ïf η �'X:

η =
µ0

Vb

∫
HzdVb∫
εE2dVc

, Q =
2

δµ0

∫
εE2dVc∫
|H⊥|2ds

, (8)

Qη =
2
δ
·

1
Vb

(∫
HzdVb

)
∫
|H⊥|2ds

, (9)

Ù¥, δ �7á�L¡ªN�Ý, ¡È©L«é�Å
nSL¡È©; NÈ©��´éÑ��«� Vb È
©, ,��´é���Ån«� Vc È©. �â (7)

ª�±���¹�Ån���ªÇ k �A��§:

N

πa2

[
1 − k2a2

8
− k2a2

N

×
{3

2
− ln 2Nψ +

N2ψ2

36

}]
(10)

≈ K

d

πK(c2 − b2) tan(Kl) − Nd(1 − ς)
πK(c2 − b2) + Nd(1 − ς) tan(Kl)

,

ª¥ ς =
2K2(c2 − b2)(c2N + b2N )

N(c2N − b2N )
. ù��±�

� Q, η′ Ú�ÅnSëê�éA'XL�ª:

Q =

N
ε

ε0
ld +

(Nψ

π

)2
[
1 +

4
N

(3
2

+ ln 2Nψ
)]

δD
,

(11)

η′Q =
10h2

(Nψ

π2

)2

δD
, (12)

ª ¥, D = Nl

[
1 + d

ε

ε0

tan δ

δ

]
+

{
aNψ

+
a

π

(2hNψ

πa

)2[
1 +

a3b

(c2 − b2)2
]}(

1 − Nψ

π

)
, tan δ

´0��Ñ���.

2.2 ���ÅÅÅnnn������OOO���©©©ÛÛÛ

2.2.1 �Ånº��O
�â (10) ª, �\©z [6] �êâ: a = 50 mm,

b = 57 mm, c = 75 mm, d = 23 mm, N = 4,

h = 200, O � � ± � � � Å n � � � ª Ç
� 1.413 GHz. O�(J�©zÄ�ÎÜ, `²
þãnØí��(. UìnØ(J [7−15], ÷v��
ªÇ� 1.4 GHz, ���ª� TE011 ��Ån�N
È�±���~�, �éu��fªI5`, Ø=
�¦n�NÈ��, 
��¦�Ån�W¿Ïf η

Ún Q ���, ù��Jp��f�[&Ò�|^
Ç; Ó��¦nS�Ñ��«���, ù��±~
��f�Ñ��9�-EVÇ, ?
JpóL�[
&Ò� Q �. ·��l�Ån�º���!W¿Ï
f η!Ã1 Q �!TE011 �ª���ªÇ, ±9�
Ån¥Ñ�����A�Ï�Ó��Ä. nÜ±þ
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ù
Ï�, ½Âü�n�AÛÏfëþ:

ρ1 =
a

c
, ρ2 =

b

c
, (13)

òþã ρ1, ρ2 �\ (11) Ú (12) ª¥, ©Û�Ån Q

�ÚW¿Ïf η � ρ1, ρ2 �Cz'X.

0.4 0.5 0.6 0.7
0

1

2

Q
↪Q
T
η
/
T
1
0
4

0.3

0.5

0.7

0.9

η

ρ

1.1

1.3

1.5

1

2

3

ã 3 �ÅnÃ1¬�Ïê�W¿Ïf�ëê ρ1 �Cz'
X ­� 1 � Q × η Cz'X, ­� 2 �¬�Ïê Q Cz'
X, ­� 3 �W¿Ïf'X

ã 4 #º�e�n�>^|�ý (a) >|ÌÝ©Ù; (b) ^
|©Ù

3O�L§¥�½�ÅnpÝ h = 200 mm,

4¡må d = 7 mm, �Ån	» c = 60 mm, ù�

��O�'XXã 3 ¤«. lã¥�±wÑ, �Å
n�Ã1 Q �ÚW¿Ïf η þ� ρ1 kO��~
�, �Ån�Ã1 Q 3 ρ1 = 0.58 ?����, 
W
¿Ïf3 ρ1 = 0.51 ?����. �
U���Å
n¬�Ïê�n�W¿Ïf�¦È Q × η ���
�, �â (12) ªO� Q × η � ρ1 �Cz'X, O�
(JXã 3 ­� 2 ¤«. (JL² Q × η � ρ1 C
z�´kO��~�, ¿3 ρ1 = 0.553 ?����,

ù��±���Ån��Ü©ëê a = 33.18 mm,

b = 36 mm, c = 60 mm, h = 200 mm, d = 7 mm, 3
T?�ªÇ� 1437.8 MHz, Ã1 Q � 19800, Q× η

¸ 2.088×104. Ù¥ëê a �����û½��f
�Ñ�«����.

�âO����º�, æ^ Ansoft-HFSS é�
O��Ån?1�ýO�. 3O�L§¥, �Ä�
���Ån�SCL§��15, ò�Ån�4
¡pÝ�O�yk�Ån�4¡pÝ, � 150 mm,

Xã 4 ¤«. O�(JL², Cqc��Ån�Ã
1 Q �9�Ån TE011 �ªªÇCzØ�.

56 58 60 62 64
1.25

1.3

1.35

1.4

1.45

频
率

/
T



9
 H

z

1.2

1.3

1.4

1.5

1.6

c/mm
Q
/
T



4

1

2

ã 5 �Ån TE011 �ª��ªÇ9Ã1 Q ���Ån	
» c Cz'X ­� 1 ���ªÇCz­�, ­� 2 �Ã
1 Q �Cz­�

ã 4(a) ²1u x-y ²¡ 100 mm ?²¡�>|
Ì�©Ù, fôÚL«>|ÌÝ��«�, =4¡
�m�>|, �Ú«�L«>|ÌÝ®��ÑØO,

¤±�±wÑ4¡�m���>N�±�ÑØO;

¥m�LÞôÚL«4¡>�>|, dd�O�4
¡�>�>N, ¤±�±wÑ>|Ì�8¥3z�
4¡�m�ø¿«�. 3ã 4 (b) ¥, �Þ���L
«^|ÌÝ���, dd�±wÑ4¡m�^|Ì
Ý����±�ÑØO. ^|34¡SÜ�ç��
þ, 34¡	ÜnÙSÜ�ç��e. lã 4 ¥�
±�äÑù�´�Î/�Ån TE011 �ª�|(
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�. ã 5 �|^ HFSS `z�OÀ�O�����
Ån���ªÇÚÃ1 Q ���Ån�	» c �
Cz'X. lã¥�±wÑ, �Ån���ªÇ�
�Ån�	»O�
oNª�~�, 3 c = 60 mm

NCCz�­½; 
�Ån�Ã1 Q �3 c �Cz
��S�±3 13000 ±þ, ù`²Tº���Ån
ó��ª­½, nNP{Ý�Ð. HFSS �ý(JL
²#�O�nN TE011 �ª�ªÇ� 1.4 GHz, n
NÃ1 Q � 13750, W¿Ïf� 1.2.

ã 6 �ÅnÑ�«�S^|��9rÝ©Ù (a) ^|��
©Ù; (b) ^|rÝ3R�¶���þ�©Ù

3�Ån�¥%«�ò���=ÀæÑ��,

�SkpU����f. 3ù�«�S��fò
�¤lpU��$U���[Ä� (F = 1, mF =

0 → F = 0, mF = 0), �)ªÇ� 1420.405751xxx

MHz ��Å&Ò, T&Òò±nS�CTªÇ�
���ª��, õ��f�)��Å&Òòp�
U\�)÷*þ�ÑÑ. �f�[&Ò�)�ª
ÇÚ� ��f¤? �^|��Ú��k��

'X, ¤±��������f�[&Ò, Ñ�«
�S�^|�¦rÝþ!!����. �
�y
#�O��ÅnÑ�«��^|�þ!5, ·�|
^^�¦)nSÑ�«�²1 z ¶Ú x-y ²¡�
ü^�þ�^|��Ú^|rÝ�©ÙXã 6 ¤
«. 3ã 6(a) ¥�±wÑ, ^|���3n�.à
Ú4¡�mÑkCz, �3T?^|rÝ®�~
f, ¤±ù��)K��Ø�. ã 6(b) �^|rÝ
3R�¶���þ�©Ù, lã¥�±wÑ3n
SÑ�«��rÝ�u4¡NC�rÝ, ùk|u
nS�Å|��f�m�ÍÜ�^. O�(JL
²�ÅnS4¡«�SÜ^|����, ^|rÝ
3 5 × 10−8 A/m—1 × 10−8 A/m ��S, þ!Ý�
Ð.

2.2.2 �Ån§ÝXêO�
�â©z [16] 0��éu�Ån§ÝXê�

O��{, �±���©0���Ån�§ÝXê:

1
f

∂f

∂T
=

1
f

[
∂f

∂d

∂d

∂T
+

∂f

∂a

∂a

∂T
+

∂f

∂b

∂b

∂T

+
∂f

∂c

∂c

∂T
+

∂f

∂h

∂h

∂T

]
, (14)

3 ¢ S O � �, � ± C q / r ∂f/∂d O �
¤ ∆f/∆d, Ù¦� �ê�UìÓ���{?
1O�, dd�íÑ:

τf = Adτd + Aaτa + Abτb + Acτc + Ahτh, (15)

Ù¥

τf =
∆f

f∆T
, Ad =

d

f

∆f

∆d
, Aa =

a

f

∆f

∆a
,

Ab =
b

f

∆f

∆b
, Ac =

c

f

∆f

∆c
, (16)

τd = τa = τb = τc = τh = τ ��Ån¤æ^
�7á�)äXê, Ï~�Ån^v7á�¤,

τ = 8.6 ppm/K. ÏLþã�{�±O���#�O
��Ån�§ÝXê� −17 kHz/◦C.

3 ¢��y

�âþãnØ©Û9�O, ·�\ó
¢S�
±¦^��Ån, �Ån©�SÜ4¡Ú	Ün
Ù, Ù¢Ôì¡Xã 7 ¤«. é¢S��Ån?1
ÿþ, nN�Ã1 Q ÚªÇXã 8 ¤«. (JL²,
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ã 7 ¢S\ó��Ånì¡ (a) SÜ4¡; (b) 	nÙ

-32

-30

-26

-28

-24

-22
1.420406 GHz  -23.708 dB

BW: 144.93kHz

Center: 1.4204 GHz

Q: 9800.9

Loss: -23.712 dB

2 3

4

ã 8 �Ån×ª¢�

nØ�O�¢�(JÄ�ÎÜ. ¢Sÿþ� Q Ñ

$unØO��, �Ï�nØO����(J�Ã
1 Q �, 
¢S�ÿþ(J´k1 Q �. L 1 �
�Ån§ÝXê�ÿþ(J, �Ån�§ÝXê
� −15 kHz/◦C.

L 1 nN�§ÝXêÿþ

nN§Ý/◦C TE011 �ªªÇ/MHz �Ån��/dB Q �

45.6 1420.561 −19.6 9880.7

55.1 1420.415 −19.6 9800.7

4 ( Ø

é�Ä.�óLæ^�4¡\1�Ån?1
�.{z, æ^>^|nØïá
4¡\1�Ån
�ªÇ���§!�Ån�Ã1 Q ÚW¿Ïf η

�)ÛL�ª, ÏLO�é�
�Ån Q × η ��
����Ånº�, ,�|^k��^�énØ�
O��Ån?1
¢S�.�ýO�. ¢�(JL
², �Ån���5U��÷v�Ä.�óL�¦
^�¦. �Ån�Ã1 Q ��� 10000 �m, W¿
Ïf� 1.2, §ÝXê� −15 kHz/◦C. O�(JÚ¢
�(JÄ���. #�O�nN���fW¿«�
´®k��¥����. ù
5U�JpéuJp
�óL��N�IY²k­��¿Â, ù�¡��
y¢��3?1¥.
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Cavity design and optimization for a passive
hydrogen maser
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Abstract

According to the theory of electromagnetism, we establish the equation of resonance frequency for simplified model of cavity

of passive hydrogen maser. We find the optimal dimension of the cavity, which makes the product of the Q value and the filling

factor reach a maximal value. The experimental results indicate that the so designed cavity can be utilized undoubtedly for the passive

hydrogen maser, and achieve the Q value of 9800 and the filling factor of 1.2. Furthermore, the resulting capacity of storage volume is

the biggest is ever reported cavities of passive hydrogen maser.
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