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1 Ú ó

¯¤±�, þfÚÄåÆ (QCD) nØ´£ãr
�p�^�Ä�nØ, ��8c��%Ã{3§�
�gþéÐ/£ãr�p�^, XØSØfm�p
�^�Ã{��^§�m�p�^5£ã. 1Æ
�.³�Ñy�?�ÚïÄØfmr�p�^m
8
#». 3��61�A«1Æ�.³¥, �6
uØ�Ý©Ù� Batty �.³�Ú<5¿. T�.
³3 π− �f, P̄ �f, Ξ− �f, K− �f, Σ− �
f�ïÄ¥��
Nõ-<÷¿�(J [1−7]. ©
z [8] òT1Æ�.³A^� K− �f¥, ê�¦
)
 Klein-Gorden �§� K− �fU?��; A^
� Σ− �f¥, ê�¦)
 Dirac �§� Σ− �f
U?��, nØO���¢�êâ��ÎÜ, �N

 Batty 1Æ�.³£ãr�p�^��(5.

,
, 3þã�©z¥, �õ�?ØØ4z¤
�)�K�; ¦+�Qk<O�LØ4z�?�,

��Ñæ^Øó4f�.��²��{, ÃØ´
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2,�A^cµ [9]. ©z [10—12] ò “Reydberg >
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u SIC-Xα ��î��O��{, éu Rydberg >
f����ëêæ^gU|�., ¿�Ä Rydberg
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�õ.

2 Batty �.³

P̄ 35�þ� π− 0fk¤ØÓ, ^ P̄ BLÔ
���{�±¼� P̄ �f, Ù¥ P̄ ¿�X­>f

��Ú. P̄ �f´äkg^� 1/2 ��fNX, I^
äkõ©þÅ¼ê� Dirac �§5£ã. er P̄ �
f�ØÀ�:GØ, =�Ä P̄ �Øf�m�¥Õ�
p�^, �³U¼ê V (r) ��mÃ', K���½
� Dirac �§�[

c(α · p) + βmp̄c2 + V (r)
]
ψ(r) = Eψ(r). (1)

L 1 P̄ �f1Æ³ëê

MAC MAC MAC MAC SP SP SP SP SP

Reb0/fm 2.51 ± 3.27 ± 2.59 3.88 ± 9.0 1.57 1.28 –0.9 –0.9

0.39 2.28 ± 0.32 0.24 ± 4.5 ± 0.18 ± 4.2

3.77 –0.9 –0.9 –0.3 –0.9 –0.9

± 0.30

Imb0/fm 3.27 1.43 2.79 2.08 4.49 13.8 –0.46 –0.9 –0.9

± 0.32 ± 4.63 ± 0.41 ± 0.57 ± 0.66 ± 1.2 ± 2.34

2.28 0.9 0.9 0.6 0.9 0.9

± 0.53

Reb1/fm — — — — — — — — —

–12.4 — –0.57 –0.71

± 2.3 ± 1.52 ± 1.35

Imb1/fm — — — — — — — — —

4.2 — 1.58 1.23

± 2.6 ± 1.11 ± 0.97

ReB0/fm — — — — –10.4 — — 5.14 4.94

± 7.2 — — ± 1.4 ± 1.5

10.7 8.63 1.07 13.38 ± 0.695

± 2.3 ± 2.07 ± 1.22 0.37 ± 0.655

ImB0/fm — — — — — –13.2 206 — —

± 1.3 ± 145

— — — 1.25 0.85 1.13

± 0.70 ± 0.26 ± 0.52

Rec0/fm−3 — — — — — — –23.9 –23.6 –22.5

± 9.9 ± 9.5 ± 11.3

— 0.8 0.8 –0.1 0.8 0.8

Imc0/fm−3 — — — — — — 12.5 13.8 13.4

± 6.3 ± 2.0 ± 2.5

— 1.9 1.9 1.7 1.9 1.9

α — — — — 0.10 0.05 2.20 –0.159 –0.155 ±

± 0.028 0.022

— 0.23 ± 0.19 –0.140 0.227 –0.210

0.05 ± 0.06 ±0.127 ± 0.013 ± 0.094

χ2/F 1.28 6.35 2.79 0.86 1.19 1.12 0.99 0.87 1.07

1.57 1.60 1.59 1.51 1.24 1.19

5: ¹ey��þ3[ÜL§¥�±ØC.
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3 P̄ �f¥, du P̄ '>f e �­, åØé
C, �A�¥ÕåØÓu:GØ½ P̄ ��?uØ
	��¹. ²O�Ú©Û, @��ÄØ�k��
��ÀØ�:GØü«�¹¤O��(J�Ø�
Ó, ��É$�. �
?�ÚO�Ú©Û�B, E�
ò P̄ �fCqÀ�:GØ5?n. �â²;nØ,

� eA0 = V (r), ¿-¥³ A = 0, Ù¥ A0 �o�
³"©þ, u´��¤I��¥Õ³L�ª

VC(r) = eA0 = −Ze2

r
, (2)

ª¥, e �>f>þ, Z �Ø>Öê.

UìþfnØ, 3 P̄ �fNX¥, Å¼ê3Ø
SATØ�", P̄ ok�½�VÇ?uØS, ùÒ
�)
 P̄ �Øf�m�r�p�^. �
£ãù�
r�p�^, æ^1Æ�.³ [18]

Vopt(r) = − 2π

µP

(
1 +

µP

m

)
×

{[
b0 + B0

(
ρ(r)
ρ(0)

)γ]
ρ(r) + b1δρ(r)

}
+

2π

µP

(
1 +

µP

m

)−1

∇ (c0ρ(r)

+c1δρ(r)) · ∇, (3)

ª¥, µP � P̄ ��fØ��z�þ; m �Øf�
þ; ρ(r) = ρn(r) + ρp(r) Ú δρ(r) = ρn(r) − ρp(r)

©O´�IþÚ�¥þ�Ý©Ù; b Ú B �Eëê,

UC b Ú B �, ëê α ��±ØC, b, Ú B ��
�XL 1. L¥ MAC Ú SP ©OL« “÷*” �.
Ú “üâf” �., χ2/F �ê�O���^�zg
dÝ[ÜÏf, b Ú B �ü þ� fm. d©z [18,

19] ��, |c0| ¿ |c1|, �k c1 ≈ 0.

� P̄ �Øf�mäkr�p�^�, ý�4
z�AÒ¤�­�Ï�, Ïd�7L\±�Ä. �
â©z [8, 17], �±@�3 P̄ �f¥ý�4z³
Ì��

Vvac(r) = −e2α2

π2

Λ

r

∫ ∞

0

dr′r′ρ(r′)

×
[
L0

(
2
Λ
|r − r′|

)
− L0

(
2
Λ
|r′ + r′|

)]
,

(4)

ª¥, Λ ≈ 386.159 fm �>f��z Compton Å�;

L(·) �ý�4zÈ©¼ê. �Ä� ρ(r′) �¥é¡
5±9¼ê L0(x) = −

∫
dxL(x), ,k (2)—(4) ª

�Ñ�³¼ê�., ¿�g,ü , K�A� Dirac

�§�

[α · p + βmp̄ + VC(r)

+ Vvac(r) + Vopt(r)]ψ(r)

= Eψ(r). (5)

3 Ø4z?�

P̄ �f¥, �� P̄ 3;�þ7�f^=, a
qu��f¥��>f7�f^=, P̄238U �f
K´�� P̄ Ú 238 ��f|¤; éuùa�f
�ïÄ, 3nØþáu��{ü�NX, ·��
±rùa�fNX©)�üÜ©, =�f¢ (d
�fØÚØ	4��>f|¤) Ú Rydberg >f.

éu?3�f¢³|�^e� Rydberg >f, ÷
v Schrödinger�§:

d2Pi

dr2
−

[
V (r) − εi +

l(l + 1)
r2

]
Pi = 0. (6)

�§ (6) 3/ªþ���f½a��f�Ó,

� P̄ �f��þ´õ>fNX, ³¼ê V (r) �A
�)�f¢S>f� Rydberg >f�m��'�
^±9�éØ?�.

î�`5, Pi(r)/r â´»�Å¼ê, ��Bå
�, Ï~r Pi(r) ��»�Å¼ê. ¦>fÅ¼ê�
¯K¢�þÒ´¦)»�Å¼ê�§�¯K.

dþfåÆ��, éu�a��f¢Sþ´Ã
{°(¦Ñ§��»�Å¼ê, 
�Uæ^««C
q�{5)»�Å¼ê. Ï~æ^�´ Xα �{,

=^gd>fí�ÚO²þ³5S� Hartree-Fock

�§¥�;���³, Ó�ò¤��ÚO²þ³
¦þ���Nëê α, r α l 1 � 2/3 �m�·
�N�, �¼��`(J. du Rydberg �äk
Ø Ó u � � > fG � � A Ï 5, 3 O � � ¡ �
3X�½�(J; qÏ� Xα �{Ø�·Üu>
Ö�Ý�$�|Ü, ¤±éu Rydberg ��O�
Ø¨æ^Ï~� Xα �{5��ëê. �d, �
©æ^ Perdew � [20,21] JÑ�>fg�p�^
? � � ½ � � Ý ¼ ê (SIC-LSD) � {, 3 SIC-

LSD Ä:þ, æ^ Xα �{Cq. éu Rydberg >f
����ëêæ^gU|�. Rydberg >f�
� f ¢ m � � p � ^, � � O � Ø � ¹ ² � ë
ê. d SIC-Xα ���î��O��{��� P̄
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�fÌ�X-u�U?�O�(J�~�C¢
�� [15,16].

�
r�©�§^�©�§%C, Äk�(½
�(:��ª, 
DÚ� Numerov �{¿Ø·Ü
u Rydberg �¯K�¦). éu Rydberg >f�

ó, »�Å¼êkéõ�!:, 3 r '���/�
¼êCzE'�¯, ù�XJ���må'��,

K�)�Ø���, Ïd Numerov ���y©�{
A�·^uÄ��f�O�. éu�p� Rydberg

�Ï~� Numerov �{E¤�Ø����, )ûd
¯K��{´¦Ú�O\��½�§Ý�Ø2U
YO\, �±ù�ð½���Å¼êªu". U?
� Numerov �ª31 Nb ã±��¤kãþÑæ
^Ó�Ú�, ù�U)ûO�°Ý¯K.

æ ^ U ? � Numerov � ª [22] Ø = U 
 J
pê�O��°Ý, ¿U
Ó��yê�)Å¼
ê (AO´ Rydberg �Å¼ê) ÚþãÈ©O��
��5.

dþfnØ©Û��, �f¢S>f� Ry-

dberg >f�m��'�^Ì�Ly��f¢�
4z. du Rydberg >fÌ�©Ù3�l�f¢
�«�, ¤±ùp�Ä�4z��³�.3Cq
�¿ÂþÑ´Ün�. d�²;½þfnØ, ·
���k'�f¢4z³ VP, 4z³ VP /ª

� VP = −1/2αE2, ò4z>| E = r/(r2 + r2
0)

3/2

�\=���

VP = − αr2

2(r2 + r2
0)3

, (7)

Ù¥, r0 ��f¢�	�>f��», r0 = 〈i| r |i〉,
|i〉 L«�f¢�	�>f;�; α �ó4Xê,

dXê�nØO�� [23]. �O��\O(, Aæ
^ Johnson Ú Kolb[24,25] |^�éØ�Å� (ran-

domuphase) Cq�O�(J. 
 r0 �â½Â��
f¢�	�;���», ��â¢SÅ¼ê?1O
�. du�f¢�4z��K�XNX¥�fØg
^��©Ù lu²þ©Ù�§Ý, Ïd�â (7)

ª9þã�{, O��f¢4z, ?
���Ø4
z³�ê�. O� P̄238U U?Ì��[�A�Ø4
z³�uL 2[15,16].

L 2 Ì��[�A�Ø4z³

�[
Ø4z/eV Ø4z/eV �éØ�/%

(1975 c)[15] (2011 c)[12]

P̄U (11→10) 15 ± 8 18.23 ± 0.03 18

P̄U (12→11) 8 ± 4 11.19 ± 0.02 29

P̄U (13→12) 3 ± 2 3.83 ± 0.04 22

P̄U (14→13) 2 ± 1 2.25 ± 0.03 11

P̄U (15→14) 1 ± 0 0.76 ± 0.03 –31

L 3 O91Æ³� P̄238U �f (∆n = 1) �[Uþ

�[ nØO�/keV >f¶-/eV Ø4z/eV (1975 c)[15] ¢�(J/keV �éØ�/%

P̄U (11→10) 368.418 –16 15 ±8 368.446 ± 0.027 –0.0080

P̄U (12→11) 279.726 –19 8 ± 4 279.735 ± 0.018 –0.0072

P̄U (13→12) 217.519 –23 3 ± 2 217.511 ± 0.013 –0.0055

P̄U (14→13) 172.510 –29 2 ± 1 172.495 ± 0.008 –0.0070

P̄U (15→14) 139.111 –35 1 ± 0 139.068 ± 0.007 0.0065

5: 1) O�� mP̄ � 938.179 MeV; 2) L¥ “�éØ�” �¢���nØ��m�Ø�.

L 4 O91Æ³� P̄238U �f (∆n = 1) �[Uþ

�[ nØO�/keV >f¶-/eV Ø4z/eV (2011 c)[12] ¢�(J/keV �éØ�/%

P̄U (11→10) 368.418 –16 18.2 ± 0.03 368.446 ± 0.027 –0.0070

P̄U (12→11) 279.726 –19 10.3 ± 0.02 279.735 ± 0.018 –0.0063

P̄U (13→12) 217.519 –23 3.83 ± 0.04 217.511 ± 0.013 –0.0051

P̄U (14→13) 172.510 –29 2.23 ± 0.03 172.495 ± 0.008 –0.0068

P̄U (15→14) 139.111 –35 0.76 ± 0.03 139.068 ± 0.007 0.0063

5: 1) O�� mP̄ � 938.179 MeV; 2) L¥ “�éØ�” �¢���nØ��m�Ø�.
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4 P̄ �fU?

� P̄ �Øf�mäkr�p�^�, ý�4z
�AÒ¤�­�Ï�, Ïd�7L\±�Ä. ·�
é 3PG Ú 2PF ü«ØÓ�¹?1
O�, �â�
��5 �©�§��©ê�){¦)
 Dirac �
§ (5) ª, �� P̄238U �f (∆n = 1) �Ì��[U
þ�L 3, 4.

5 (J�?Ø

dL 2 '���, æ^ Perdew �JÑ�>f
g�p�^?��½��Ý¼ê (SIC-LSD nØ)

9 Xα Cq, ¤O��Ø4zê��©z [15, 16]

¥�Ñ�(Jk¤ØÓ. dL 4 ��, �Ä Rydberg

>f�O��Ø4z, ^5?� P̄238U (∆n = 1) Ì
��[Uþ, �¢�(J�\ÎÜ, �éØ���
���k –0.0072%. ù`²^gU|�{O�Ñ
�f¢�>f(�, ?
���f¢¤�)�4z
³, ù«�{'©z [14, 15] ��{��Ð
. d
L 2 9ã 1 é'©Û��, 1975 c Chen � [15] �
Ñ�Ø4z³�O�����þ´'�O(�, �
�ö3O� P̄238U �U?�[�, Ù�.�Ø�U
�õ, �3XJ±�Ñ�6à, O�(JØ�UO
(. ,
l 20 ­V 70 c�ÐÒl¯r�p�^³
�.ïÄ� Batty �Ç²L��AgØä&¢�U
?, ªu3 1997—2000 c�Ñ
�1Æ�.³�
�(/ª, ¿²É4
nØÚ¢��u�, ��5
�õ�<¤�ÉÚíÂ.

�©æ^Ø�6u?Û²�ëê�Äu SIC-

Xα ��{, ��°(/O�
Ø4z���, �
ÄØ4z?��(J�¢�êâ�\ÎÜ. lO

�(J�©Û�±wÑ, Ø4z�Aé P̄238U �
f (∆n = 1) Ì��[Uþ�K�´k��, �
ù��Ý�O�´7��. ·�é π−Pb (0�
f mesonic atom), Ω−Pb (�f�f hyperon atom)

��A�ÛA�fØ4z���Å�?1°(O
�, �u��fØr�p�^³�.±9éÛA�
f�åP���\ïÄJø�\O(�&E.

ã 1 ü«ØÓØ4z?�e� P̄238U U?�[

þã(JëÓ π−, K−, Σ−, Ξ−, Ω− ��f�
�¹Ø=|±
 Batty 1Æ�.³3£�Øfmr
�p�^¥��(5, Ó��y²�©éu Ryd-

berg >f����ëêæ^gU|�.O�Ø4
z�g´Ú�{´�(�, ùéu&¢$U«�r
�p�^�[!±9ÛA�fnØïÄÚA^Ñ
äk�½�­�¿Â.

�ó�3'�¯KþQ��®�Í¶�fØÔnÆ

[!Hm�ÆÔnÆ�Æ¬)��w²£�Ç���, >

dL«���~gÚd©�a�. �®ó��ÆênÆ�

��g�Çé�ïÄó����
|±Ú�Ï, >��¿.
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Abstract

According to SIC-Xα, a more rigorous calculating method, we propose a self-consistent field mode with the Rydberg exchange

parameters. Using this method to calculate nuclear polarization, the result is more accurate than that given by Chen et al. Besides,

when they calculated P̄238U energy level transition, their model is likely to be imperfect and maybe has some defects that are hard to

overcome. And their result is likely to be inaccurate. In the early 70s of 20th century, Batty performed the exploration of optical model

potential, and after more than twenty times of exploring and improving, he finally presented a correct form of optical model potential.

When a self-consistent field model for Rydberg exchange parameters is used to calculate nuclear polarization, we use this method to

correct Batty’s nuclear polarization under optical model potential and the P̄238U energy level transition. We obtain the energy levels

of antiproton atoms. The result is exactly the same as the experimental result. This result together with the case of π−, K−, Σ− and

Ξ− atoms supports the correctness of optical model potential of Batty’s description of the strong interaction between nucleons. At the

same time, it also shows the correctness of the method of calculating nuclear polarization. It provides a theoretical basis for further

study and application of antiparticle atoms and exoticac atoms.
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