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Chapter 1 Introduction 3

Fig. 1.1 Naive picture of positronic atoms

IP (Li) < IP (Ps)
5.4 eV 6.8 eV

IP (Be) > IP (Ps)
9.3 eV 6.8 eV

Ps
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⸉㯸٤؛ؕסֿؙ٭؟ٜؾPsס兠窜ؙכ٭؟ٜؾ鲣ַמ׀כ 
꧅㯸⸉㯸䎬䡗ֹ

X. Cheng, D. Babikov, D. M. Schrader: Phys. Rev. A  () . ⛼䡗
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e+
e–

alkali ion

positronic alkali atomalkali atom

e–

positronium cloud

8 a.u. 
(mean diameter of Na)

32 a.u. (positronic Na atom)

Na ion

Na atom positronic Na atom

Halo

NaPs+ס啶鵰

兠窜ؙ0.01٭؟ٜؾ eV
J. Mitroy: Phys. Rev. Lett.  () .
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古典的禁止領域を大きく超えて波動性が現れる原子分子系は，
• 陽電子原子（電子状態も変化する原子描像）
• ヘリウム弱束縛状態 4Hen（分子描像）
※H– (0.75 eV), Ca– (24.6 meV), HeH– (50 µeV) はハローではない

⸉㯸⮆㯸硌עךյס٭ٞـ氦杯ע燵僗
 Hen  Van der Waals注◍⛼榫–r–6٭ذتٚؠّؗٛى
꧅㯸⸉㯸APs+˟ 鏗颯⮆哕注◍⛼榫–r–4

Psꦲס䇶ֿ
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◅꧅㯸硌َّؗؼٞعة⺬擻ס鼧⮆硌啶鵰鉮冪  |  瑬㍑꣪٭ذتٚؠ㷺ꯛ㓊溿狒⚡(2021/6/14)  |  㸓┖典㛻

(a) (b)

−2

0

2

4

6

8

0.00

2.00

4.00

6.00

8.00

10.00

e+

e‒e‒ e‒ e‒

e+

.

..

12

啶鵰ס٤؛靷ّؕؗؼٞعةَ

A. K. Bhatia and R. J. Drachman.,  
Phys. Rev. A, ,  ().

A. M. Frolov,  
Phys. Rev. A, ,  ().

. .

Ψ = (sin θ12)L ∑
lmn

Clmn [rl
1r

m
2 e−(γr1−δr2) + (1 ↔ 2)] r12n𝒟0+

L

mean distance



◅꧅㯸硌َّؗؼٞعة⺬擻ס鼧⮆硌啶鵰鉮冪  |  瑬㍑꣪٭ذتٚؠ㷺ꯛ㓊溿狒⚡(2021/6/14)  |  㸓┖典㛻

13

水素化ポジトロニウム (Positronium hydride, PsH)

- 基本的な陽電子化合物 
- 束縛エネルギー：1.065 eV 

- 対消滅寿命(2γ)：410 ps
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束縛状態

•様々な理論計算法の試金石 
•８桁以上の高精度な非相対論的エネルギー 
•Ps-中性原子相互作用の雛形

PsH → H(nl) + 2γ

1951 A. Ore, “The Existence of Wheeler-Compounds”

S. Bubin and K. Varga, Rhys. Rev. A 84, 012509 (2011).

（変分計算による束縛エネルギーの予言）
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水素化ポジトロニウムの構造

vs
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・H‒ に e+ が結合した描像 
・H‒を擬似核とした“水素様原子”

e+H‒
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分子

・H に Ps が結合した描像 
・Psを一つの原子とみる二原子分子
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儖溿狒◅꧅㯸硌َّؗؼٞعة⺬擻ס鼧⮆硌啶鵰鉮冪

角度分解二次元確率密度関数：

P(r, R, θ) = r2R2 ∫ dρd ̂τ Ψ*Ψ

˝ יַיױ⻠啶鵰ֿסյPs 鼧⮆硌עךPs⺬擻׳⻠꧅㯸ס┕♓ח2
 նֹ䬞⥼ֿ㒪סאמ״גס牊睦㯸䓪⺱סյ꧅㯸

˝ 瞿㳡ם嫧Ⳃ꞊丗ע邾ꥭם㚺⮆㓹䈓꞊丗ך㛻釨嘗㷣ꝧֽיյؙؾ
 䫘禈ֿ䖾ַնס啶鵰閱鑜כ⹜兠٭؟ٜ

Ձ ◅꧅㯸硌Ps⺬擻ס瞿㳡ם嫧Ⳃ꞊丗└域⩕啶鵰鉮冪ךכ׆ Ps 
鼧⮆硌⺎釱ն鼧⮆硌ס啶鵰塦סײ䗯㕔מ㓹יַטյPs ⺬
擻ס二ַ䬞⥼⸉㯸כ⮆㯸ס┸ꪫ־鉮伺ն
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FIG. 4. (a) Difference of ground-state energy of PsH̄ and the varia-
tional limit given in an accurate calculation from Ref. [14]. (b) En-
ergy gain normalized to one basis function by the additional channel
functions.

The coordinate systems, c = 4 and c = 5, play a role in in-
troducing an efficient description of the repulsive inter-particle
correlations. Trial functions consisting of the elementary di-
atomic trial function and the c = 4 or c = 5 channel function
are introduced as follows:

Ψ(D2)
0 = (1 + P) [Φ1000 + Φ4000] , (24)

Ψ(D3)
0 = (1 + P) [Φ1000 + Φ5000] . (25)

The energy convergences are shown in Fig. 3 (a). In H̄2, be-
cause c = 4 and c = 5 share the same role, only the energy
convergence calculated by Ψ(D2)

0 is shown in Fig. 3 (b). Φ4000
is more efficient than Φ5000 because the c = 4 system can in-
troduce both e+-e+ and p̄–e− repulsive correlations at the same
time, while the c = 5 system can only directly introduce e+-e+
repulsive correlation. c = 5 is a good complementing coor-
dinate system for c = 3 but not for c = 1 and c = 2. Ψ(D3)

0
adopted in PsH̄ yields a slightly deeper four-body energy than
Ψ(D1)

0 does. There is a different situation in H̄2 where Ψ(T7)
0

yields comparable but slightly shallower energy than Ψ(D1)
0

does. This implies that the role of c = 4, namely the inter-
action between repulsive particles, in PsH̄ is more important
than in H̄2. Further investigation was carried out on e+–e+
interaction in PsH̄ and is described in section III E.

B. Construction of fine four-body wavefunction

For further discussion on the structure of PsH̄, here we con-
struct an accurate wavefunction through the linear combina-
tion of the rearrangement channel functions. We take first the
elementary diatomic trial function and the lowest four-body
energy is calculated by adding other channel functions. The

TABLE I. Ground-state energy against the number of Gaussian-
spherical harmonics basis functions and channels. The proton mass
mp = 1836.152 672 47 is used. Included rearrangement channels
are commented in the last column. A shorthand notation (c,[l, λ, L])
means all possible combinations of l, λ and L.

Ntot ntot
ch c.f. Fig. 4 E channels

2744 1 a −0.774 547 (1,0,0,0)
5488 2 −0.776 246 + (2,0,0,0)
8232 3 b −0.780 758 + (3,0,0,0)

10976 4 c −0.786 510 + (4,0,0,0)
13720 5 −0.787 085 + (5,0,0,0)
15448 6 d −0.788 075 + (1,1,0,1)
17176 7 −0.788 169 + (1,1,1,0)
18904 8 e −0.788 599 + (1,0,1,1)
20632 9 −0.788 619 + (2,1,0,1)
22360 10 −0.788 657 + (2,0,1,1)
24088 11 f −0.788 798 + (4,0,1,1)
25816 12 −0.788 806 + (5,0,1,1)
27544 13 −0.788 809 + (3,1,0,1)
29272 14 g −0.788 820 + (3,1,1,0)
31000 15 −0.788 822 + (3,0,1,1)
32536 18 h −0.788 840 + (1,[2,2,0])
33560 20 −0.788 845 + (2,[0,2,2])
35096 23 i −0.788 855 + (3,[2,2,0])
36632 26 −0.788 858 + (4,[2,2,0])
38168 29 −0.788 859 + (5,[2,2,0])
43288 39 j −0.788 867 + (c,[2,1,1]) for c = 1–5
45848 44 −0.788 867 + (c,2,2,2) for c = 1–5
48008 54 k −0.788 868 + (c,[0,3,3]) for c = 1–5
51896 72 l −0.788 868 + (c,[1,2,3]) for c = 1–5
52792 86 −0.788 868 + (c,[4,4,0]) for c = 1–5

Literature [14] −0.788 870 7

TABLE II. Ground-state energy against the number of angular corre-
lated Gaussian basis functions and channels. Included rearrangement
channels are commented in the last column. A shorthand notation
(c,[x, y, x]) means all possible combinations of x, y and z.

Ntot ntot
ch E channels

5000 5 −0.786 540 (c,[0,0,0]) for c = 1–5
9374 11 −0.788 613 + (c,[± 0.3,0,0]) for c = 1

13748 17 −0.788 778 + (c,[± 0.3,0,0]) for c = 2
18122 23 −0.788 816 + (c,[± 0.3,0,0]) for c = 3
22496 29 −0.788 844 + (c,[± 0.3,0,0]) for c = 4
26870 35 −0.788 850 + (c,[± 0.3,0,0]) for c = 5
47450 95 −0.788 867 + (c,[± 0.5,± 0.5,0]) for c = 1–5
52450 135 −0.788 868 + (c,[± 0.7,± 0.7,± 0.7]) for c = 1–5

obtained four-body energy together with the number of re-
arrangement channels and the number of basis functions are
shown in Table I. In the last column, the added channels are
commented upon. A shorthand notation (c,[l, λ, L]) means all
possible combinations of l, λ and L. Errors from the vari-
ational limit in the latest accurate calculation performed by
Bubin and Varga [14] are plotted in Fig. 4 (a). Notations near
the points on the graph correspond to the notation in the third
column of Table I. The effect of the additional rearrangement
channel is evaluated via the energy gain normalized by the

基底関数

–0.788 870
(best variational value)

ガウス関数

角相関の記述を補助する関数 球面調和関数
最小限の球面調和関数で精密な波動関数を構築→多次元分析の数学的な処理が容易

HΨ = EΨ

Based on E. Hiyama, Y. Kino, and M. Kamimura, Prog. Part. Nucl. Phys. ,  ().
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溿狒銶槆

1鵟䅻ס⸉㯸٬⮆㯸硌ס鉮冪꧅㯸♀ⱶמ㚺ס伺澬 
մմմBy-product: Li⸉㯸ס菅⮆哕塦ײ etc 
2姡碛َסّؗؼٞعة鼧⮆硌մ̜PsH ס⮆㯸啶鵰ס僗扛 
Ps鼧⮆硌յⲍ颯Ps鼧⮆硌յPsˑ鼧⮆硌氦杯嚀啶 
մմմմ̜⸉㯸牊כ⫂鼧ؙמ٭؟ٜؾ❣㰆םֹסלי鼧⮆硌ֿ氦杯־
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