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199Hg+ 111ªªªIII���çççNNNËËË���ªªª£££*

4o� q÷#† 4 og

( I��ÆEâ�ÆnÆ�, �â 410073 )

( 2011 c 9 � 1 FÂ�; 2011 c 9 � 21 FÂ�?Uv )

1ÆªÇIO¬É��¸§Ý�çNË�K�u)ª£, ?K�ÙO(Ý. �©��
 199Hg+ ��°[
U? 5d106s2S1/2 (F = 0) Ú 5d96s2 2D5/2 (F = 2) �4zÇ, ��
¿§ (300 K) eçNË�Úå��éª£
� –5.4×10−17, ��?Ø
$§�¸eçNË�é 199Hg+ 1ªI�K�.

'�c: þlf1ªI, çNË�, �éª£, O(Ý

PACS: 31.15.vj, 07.60.Rd, 31.15.ag

1 Ú ó

�f¨´8c�°(��mªÇÿþóä,

´½ �ÊXÚ9Ù¦°�ÿþóä¥�Ø%
Ü�. p°Ý�f¨�kÏu�°(/ÿþ�

Ä�Ôn~þ, �Ð/@£Ä�Ôn5Æ. 8c�
¢^.�f¨Ñ´±�fU?��Å�[��
ªÇÄO, 1¨ (1ªI) K´±�f�1Åã
�[��ªÇÄO, áucÇ5�f¨. �©¤
�é�þlf1ªI®²k
é��ïÄ{¤,

@3 1976 c Bender � [1] ÒJÑ
þlf�Ä
�U? 5d106s2S1/2 (F = 0) �æ�U? 5d96s2

2D5/2 (F = 2) � 282 nm �[��±��1ªI
ÄO, ��3ISþ��2�ïÄ. 2008 cÙ�
¾lf?1ªÇ'é�, ÙªÇØ(½Ý®²�
� 1.9×10−17[2], ME
���.V¹. þ�Ó 
� 199Hg+ ���f��äk{ü��°[U?(
�, �U?�må�, é�¸¥�^|Ú§ÝC
z�éØ¯a, ´u�)½�¨�[&Ò, äk
wÍ�¢^då.

3¦�½Â¥, �fXÚ��½3ýé"ÝÚ
Ã>^Z6�n�^�e, ù3¢S¥´Ã{
���, Ïdy¢¥��f¨¤I½�¦�o�3
�½Ø�, I���A?�. ù�Ø�5gu	Ü

�¸�çNË�!>o4ª£!Stark �A��«
Ôn�Aé�f¨¤E¤�K�. çNË��A´
Úåù«Ø��Ì��Ï��, I�?1°(��
�. éu�Å�f¨�çNË�ª£, ISþïÄ
��2� [3−16]. éu1ª�f¨�çNË�ª£
ïÄK�é��. 2006 c, Porsev Ú Derevianko[17]

$^õ4nØ (multipolar theory) ��
 Ca, Sr, Yb

(nsnp 3P0—ns2 1S0) çNË�ª£9ÙØ(½Ý.

2006 c, Rosenband � [18] |^{I National Insti-

tute of Standards and Technology (NIST) êâ¥¥Ì
�U?� 27Al+ �Ä�U? 1S0 Ú-u�U? 3P0

��frÝ��
¿§e 27Al+ �çNË�ª£
9ÙØ(½Ý. 2007 c, Arora � [19] æ^�éØ�
�Cq�{ [20] °(��
¿§e 43Ca+ �çN
Ë�ª£9ÙØ(½Ý. 2008 c Hachisu � [21] �
�
¿§e Hg �fçNË�ª£� –1.9×10−16.

2009 c, Jiang � [22] æ^Ó���{��
 88Sr+

�çNË��A. 2011 c, Kallay � [23] æ^ìq
ÍÜ�{ (coupled-cluster method)[24] ��
 27Al+

çNË�ª£� –3.66×10−18.

�©Ì��éçNË�éþlf1ªI�¨
�[&Ò¤E¤�ª£?1
��. Äk, |^{
I NIST êâ¥¥Ì�U?� 199Hg+ �Ä�U
? 5d106s2S1/2 (F = 0) Úæ�U? 5d96s2 2D5/2
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(F = 2) ��frÝ, O�
çNË�^�e, U
? 5d106s2S1/2 (F = 0) Ú 5d96s2 2D5/2 (F = 2) �
4zÇ. Ùg, |^���4zÇ��
þlf1
ªI�çNË��éª£, Ó�/^Ï^Ø�©Û
�{�Ñ
Ùª£Ø(½Ý. ��, '�
ISþ
A«Ì61ªI�çNË��éª£9ÙØ(½
Ý, ��
3ØÓ§Ý��p 199Hg+ çNË��
éª£9ÙØ(½Ý�þ?.

2 çNË��éª£

çNË�|é�fXÚ�)����6, l
�U?u)ÍÜ��U?£Ä. �fXÚÉçNË
�K�ªÇ£Ä� [5]

∆ν =
−1

4~ε0

∞∫
0

∆α(0)ρ(ω)dω, (1)

Ù¥ ∆α(0) L«3çNË�|eU?m·�4z
Ç�, ρ (ω) L«çNË�|Uþ�Ý©Ù. çNË
�|Uþ�ÝUªÇ�©Ù� [25]

ρ(ω)dω =
~ω3dω

π2c3 [exp(~ω/kT ) − 1]
. (2)

�fXÚU?3>|�^e¬�)>ó4�p

� ^  u ) £ Ä, £ Ä � � � T U ? 4 z Ç k
', �fU?3ªÇ� ω �>|e4zÇ α �
±L«� [5]

αa(ω) =
e2

me

∑
i

fi

ω2
i − ω2

, (3)

a L«3>|�^e�U?, fi L«ë�U?�Ù
¦U?�m��[�frÝ, ωi L«�frÝéA
�ªÇ, ω L«	|ªÇ,

∑
L«��k�U?é

ë�U?�>ó4�^¦Ú. � ω = 0 �, þªÒ
L«ë�U?�·�4zÇ.

¤±��� 199Hg+ ¨�[ªÇ�çNË�ª
£, I�¦�U? 5d106s2S1/2 (F = 0) Ú 5d96s2

2D5/2 (F = 2) �·�4zÇ�:

∆a(0) = a2S1/2
(0) − a2D5/2

(0). (4)

l NIST �f1Ìêâ¥����frÝ©OX
L 1 ÚL 2 ¤«.

òªÇÚ�frÝ�\ (3) ª,��:

a2D5/2
(0) = 3.37 × 10−40,

a2S1/2
(0) = 4.48 × 10−40, (5)

∆a(0) = 1.11 × 10−40, (6)

L 1 �[�U? 5d106s2S1/2 (F = 0) ��frÝ!�[Å�9Ø(½Ý

�[ �frÝ f Å�/Å Å�Ø�/Å

5d106s2S1/2−5d108p2P3/2 1.8×10−3 782.5003 0.0001

5d106s2S1/2 − 5d108p2P1/2 2.9×10−3 787.7623 0.0001

5d106s2S1/2 − 5d96s6p (2D3/2, 1p1)3/2 3.7×10−3 802.4729 0.0001

5d106s2S1/2 − 5d96s6p (2D3/2, 1p1)1/2 1.4×10−2 821.3300 0.0002

5d106s2S1/2 − 5d107p2P3/2 1.4×10−2 893.0847 0.0001

5d106s2S1/2 − 5d96s6p (2D3/2, 3p2)3/2 3.3×10−1 915.821 0.0001

5d106s2S1/2 − 5d107p2P1/2 8.3×10−1 923.3765 0.0001

5d106s2S1/2 − 5d96s6p (2D3/2, 3p2)1/2 9.3×10−2 940.7391 0.0003

5d106s2S1/2 − 5d96s6p (2D5/2, 1p2)3/2 4.3×10−2 942.6313 0.0001

5d106s2S1/2 − 5d96s6p (2D3/2, 3p1)1/2 2.8×10−1 962.7113 0.0001

5d106s2S1/2 − 5d96s6p (2D3/2, 3p1)3/2 1.9×10−1 969.1437 0.0001

5d106s2S1/2 − 5d96s6p (2D3/2, 3p0)3/2 3.8×10−1 1029.9109 0.0002

5d106s2S1/2 − 5d96s6p (2D5/2, 3p1)1/2 4.9×10−5 1039.6315 0.0003

5d106s2S1/2 − 5d96s6p (2D5/2, 3p2)3/2 1.8×10−2 1062.7802 0.0003

5d106s2S1/2 − 5d96s6p (2D5/2, 3p1)3/2 3.1×10−2 1160.3825 0.0001

5d106s2S1/2 − 5d106p2P3/2 9.8×10−1 1649.9373 0.0002

5d106s2S1/2 − 5d106p2P1/2 4.2×10−1 1942.2729 0.0004
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L 2 �[�U? 5d96s22D5/2 (F = 2) ��frÝ!�[Å�9Ø(½Ý

�[ �frÝ f Å�/Å Å�Ø�/Å

5d96s2 2D5/2 − 5d106f2F7/2 2.1×10−4 1022.9666 0.0002

5d96s2 2D5/2 − 5d108p2P3/2 1.8×10−3 1083.6484 0.0001

5d96s2 2D5/2 − 5d96s6p (2D3/2, 1p1)3/2 2.5×10−3 1122.3323 0.0001

5d96s2 2D5/2 − 5d105f2F5/2 6.2×10−4 1137.6988 0.0001

5d96s2 2D5/2 − 5d105f2F7/2 2.4×10−3 1141.0425 0.0001

5d96s2 2D5/2 − 5d96s6p (2D3/2, 1p1)5/2 4.6×10−3 1156.7945 0.0001

5d96s2 2D5/2 − 5d107p2P3/2 1.1×10−1 1307.9275 0.0001

5d96s2 2D5/2 − 5d96s6p (2D3/2, 3p2)5/2 1.8×10−1 1321.7117 0.0002

5d96s2 2D5/2 − 5d96s6p (2D3/2, 3p2)7/2 1.9×10−1 1331.7384 0.0002

5d96s2 2D5/2 − 5d96s6p (2D3/2, 3p2)3/2 4.6×10−3 1357.2752 0.0002

5d96s2 2D5/2 − 5d96s6p (2D5/2, 1p1)5/2 4.4×10−1 1361.2645 0.0002

5d96s2 2D5/2 − 5d96s6p (2D5/2, 1p1)7/2 7.2×10−1 1414.4185 0.0003

5d96s2 2D5/2 − 5d96s6p (2D5/2, 1p1)3/2 2.2×10−1 1417.0049 0.0001

5d96s2 2D5/2 − 5d96s6p (2D3/2, 3p1)3/2 8.3×10−2 1477.7761 0.0003

5d96s2 2D5/2 − 5d96s6p (2D3/2, 3p1)5/2 2.1×10−3 1530.2981 0.0004

5d96s2 2D5/2 − 5d96s6p (2D3/2, 3p0)3/2 5.3×10−3 1623.8736 0.0005

5d96s2 2D5/2 − 5d96s6p (2D5/2, 3p2)5/2 1.3×10−2 1672.5341 0.0006

5d96s2 2D5/2 − 5d96s6p (2D5/2, 3p2)7/2 6.7×10−4 1675.8072 0.0006

5d96s2 2D5/2 − 5d96s6p (2D5/2, 3p2)3/2 6.7×10−4 1707.1194 0.0007

5d96s2 2D5/2 − 5d96s6p (2D5/2, 3p1)3/2 2.1×10−2 1973.7938 0.0003

5d96s2 2D5/2 − 5d96s6p (2D5/2, 3p1)5/2 9.9×10−3 2026.8598 0.0003

5d96s2 2D5/2 − 5d96s6p (2D5/2, 3p1)7/2 –5×10−2 2052.8242 0.0006

5d96s2 2D5/2 − 5d96s6p (2D5/2, 3p0)5/2 6.1×10−3 2262.2762 0.0005

5d96s2 2D5/2 − 5d106p2P3/2 5.1×10−3 3983.9312 0.0005

�� 199Hg+ ¨�[ªÇ�çNË��éª£�

∆ν/ν0 = −πk4T 4∆α(0)
60ε0~4c3ν0

≈ −5.4 × 10−17(T/300)4. (7)

w,, ¿§eçNË��éª£�� –5.4×10−17,

T ( J � NIST � Bize � [26,27] � O � (
J −7.5×10−17 �C.

3 çNË��éª£Ø(½Ý���

3 NIST êâ¥¥���Å�Ú�frÝ�Ø
�¬�54zÇ�Ø(½5, 4zÇØ(½ÝÚ
§ÝØ�¬�5ª£�Ø(½Ý, ÏdI�nÜ�
ÄÙéçNË�ª£Ø(½Ý��z, ùpæ^I
O �?n�{5��ª£Ø(½Ý.

b�Cþ z égCþ x, y �¼ê� f(x, y), Ù

IO ��

σ(z)=

√(
∂f(x, y)

∂x

)2

(∆x)2+
(

∂f(x, y)
∂y

)2

(∆y)2,

(8)

XJkõ�gCþ, K±daí, Ù¥ ∆x, ∆y ´
gCþ x, y �Ø�. ÏLd�{�±|^�fr
ÝÚªÇ ωi �Ø(½ÝO���U?4zÇØ(
½Ý. �â (3) Ú (8) ª, �±��4zÇØ(½Ý
L�ª:

σ(αa(0)) =
e2

me

√∑
i

(
∆f2

i

ω4
i

+
4f2

i ∆ω2
i

ω6
i

)
. (9)

l NIST ê â ¥ ¥ � � � � f r Ý ´ |
^ Hartree-Fock �{���>ó4��Ú¥m�
ÍÜÅ¼êÏL»�>ó4È©��, duJ±
��TnØ�°Ý, ¤± NIST êâ¥vk��
ÙØ(½Ý [28], �´�±(½�frÝØ(½Ý
��frÝ�' ∆fi/fi 6 1, �Ä��Ø(½Ý,
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� ∆fi/fi = 1. ò�frÝÚªÇ ωi �Ø(½Ý
�\ (9) ª:

σ(α2S1/2
(0)) = 2.5 × 10−40, (10)

σ(α2D5/2
(0)) = 1.4 × 10−40, (11)

σ(∆αa(0)) =
√

σ(α2S1/2
(0))2 + σ(α2D5/2

(0))2

= 2.8 × 10−40. (12)

�â (8) ª, çNË�Ø(½ÝL�ª�
δ(∆ν)

ν0
= − πk4T 3

60ε0~4c3ν0

×
√

16(∆α(0))2δT 2 + T 2(σ(∆α(0)))2.

(13)

ò (5) Ú (12) ª�\ (13) ª, �éª£Ø(½Ý�
§Ý�Cz'X�

δ(∆ν)
ν0

= 1.63 × 10−19(T/300)3

×
√

19.7δT 2 + 7.84T 2. (14)

3 ¿ § e, b � δT = 0.5 K, Ù � é ª £ Ø (
½Ý�

δ(∆ν)
ν0

= 1.4 × 10−16. (15)

�â (7) Ú (14) ª, �Ñ
çNË��éª£
9Ù��Ø(½Ý�§Ý�Cz�, ©OXã 1

Úã 2 ¤«.

ã 1 199Hg+ �çNË��éª£ (a) 0—300 K §Ý���éª£Cz�, î�I T L«§Ý, p�IL«çNË��
éª£; (b) 3 0—100 K §Ý��S, �éª£�§Ý�Cz�, 3 70—100 K §Ý��S, �éª£3 10−19 þ?, 3 70 K

±e�§Ý��, Ù�éª£þ?�u 10−20

ã 2 199Hg+ �çNË��éª£Ø(½Ý (a) 0—300 K §Ý��SçNË��éª£Ø(½ÝCz�, î�IL«§
Ý, p�IL«�éª£Ø(½Ý; du�I��L�, δT ©O� 0.5, 1, 1.5, 2, 2.5 ��Ü3�å, ØU©E, �?�Ú`²
1ªIXÚ�§ÝØ�éXÚØ(½ÝK��±�Ñ; (b) ò 281.74 K NC�ã���, �±©EÑØÓ δT ���©Ù�
¹, 3�Ó§Ýe, §ÝØ���Ø(½Ý��, ���Ø�
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lã 1 ¥�±wÑ, �X§Ý,pþlfçN
Ë��éª£ÅìO�, �éª£OÌ�ÅìC
�, 3 20—35 K, 35—65 K, 65—110 K, 110—200 K,

200—300 K §Ý��SçNË��éª£©O
3 10−21, 10−20, 10−19, 10−18, 10−17 þ?. lã 2

¥�±wÑ, §ÝØ�éçNË��éª£Ø(½
Ý�K�é�, �±�Ñ. 3 30—50 K, 50—90 K,

90—155 K, 155—280 K, 280—300 K §Ý��S
çNË��éª£Ø(½Ý©O3 10−20, 10−19,

10−18, 10−17, 10−16 þ?. Ïd3�$§�¸e, þ
lf1ªIXÚ�O(Ý9ÙØ(½ÝÉçNË
�K��±�ÑØO.

4 A«1ªIçNË�ª£'�

8 c ï Ä � õ � l f 1 ª I X Ú Ì �
k 27Al+, 43Ca+, 88Sr+, 115In+, 199Hg+ �, §�Ñ
¬ÉçNË�K��)ª£, 3�Ó§Ý^�e
§�k�ÉçNË�K���, k���. L 3 ´
¿§eA«1ªI�çNË��éª£9ÙØ(
½Ý.

�©����3¿§eþlfçNË��é
ª£� –5.4×10−17, (ÜL 3 �±��, Al+ 1ª
IÉçNË�K���, 3¿§e�� 10−18 þ?,

Ù{��f�N5`�OØ�, çNË��éª£
ÊHÑ3 10−16 þ?. éu 199Hg+ 1ªIó, ¿
§eÙçNË��éª£3 10−17 þ?, �éuÙ
¦1ªIóÉçNË�K���. duþlf´
��¸¥��u)zÜ�^, �þ�f3¿§e�
´)¤þ©f, ¤±Ï~¬òÙÔn�¸�e��
±§Ý (4 K), ±�yü�þlf�Ï½��Ð
¼3²¥. 3ù«�¹e, çNË�éþlf1ª

I¤E¤��éª£®²$u 10−20 þ?, ���
±�ÑØO.

L 3 ¿§eA«1ªI�çNË��éª£9ÙØ(½Ý

�[ �éª£ Ø(½Ý ë�©z
115In+ 1S0 →3 P0 −7 × 10−17 / [29]
27Al+ 1S0 →3 P0 −3.66 × 10−18 6 × 10−19 [23]

171Yb+ 2S1/2 →2 F7/2 −2.5 × 10−16 1 × 10−16 [30]
24Mg 1S0 →3 P0 −3.9 × 10−16 1 × 10−17 [12]
88Sr+ 5S → 4d5/2 5.62 × 10−16 2 × 10−17 [16]
43Ca 1S0 →3 P0 −2.6 × 10−15 4 × 10−17 [12]
171Yb 1S0 →3 P0 −2.6 × 10−15 3 × 10−16 [12]
88Sr 1S0 →3 P0 −5.5 × 10−15 7 × 10−17 [12]

43Ca+ 4S → 3d5/2 9.24 × 10−16 2 × 10−17 [14]
199Hg 1S0 →3 P0 −1.6 × 10−16 2 × 10−19 [15]

5 ( Ø

� © | ^ { I NIST ê â ¥ J ø � 199Hg+

���[�frÝ, O�
çNË�|é�fX
Ú 5d106s2S1/2 (F = 0) Ú 5d96s2 2D5/2 (F = 2)

U ? � 4 z Ç. Ó � | ^ ç N Ë � � é ª £ ú
ª � Ñ 
 þ l f 1 ª I � ç N Ë � � é ª £
� −5.4×10−17, ¿|^Ï^Ø�©Û�{�Ñ

Ùª£Ø(½Ý. ÏL'�ISþA«Ì61ªI
�çNË��éª£9ÙØ(½Ý, �ÑçNË�
éþlf1ªIK��é�� (¾lfØ	). XJ
òþlf��3$§�¸¥, ÙÉ��çNË��
éª£$u 10−20 þ?, 'åÙ¦�A¤E¤�K
� (�� Doppler!�� Zeeman �A!>o4ª£
� [31]) �±�ÑØO.
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Abstract

The background blackbody radiation causes the shift of the hyperfine energy level and affects the accuracy of the optical frequency

standard. The polarizabilities of the hyperfine energy levels 5d106s2S1/2 (F = 0) and 5d96s2 2D5/2 (F = 2) of 199Hg+ are evaluated

and the relative frequency shift at room temperature due to blackboby radiation is calculated to be –5.4×10−17. Finally the effect of

blackbody radiation on single 199Hg+ optical frequency standard is discussed at an ultralow temperature.

Keywords: mercury ion optical frequency standard, blackbody radiation, relative frequency shift, accuracy

PACS: 31.15.vj, 07.60.Rd, 31.15.ag

* Project supported by the National Natural Science Foundation of China (Grant No. 10904174) and Hunan Provincial Natural Science Foundation

of China (Grant No. 11JJ2004).

† E-mail: hxzou@nudt.edu.cn

103101-7


