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Ñäâèã ýíåðãèè

Ñäâèã ýíåðãèè, èíäóöèðîâàííûé âçàèìîäåéñòâèåì
Âàí-äåð-Âààëüñà, äëÿ ðèäáåðãîâñêèõ ñîñòîÿíèé äàåòñÿ:

∆EvdW (nlJM;R, θ) = −C6(nlJM; θ)

R6

ãäå:
C6(nlJM; θ) - ïîñòîÿííàÿ Âàí-äåð-Âààëüñà
R - ðàññòîÿíèå ìåæäó àòîìàìè
θ - óãîë ìåæäó îñüþ êâàíòîâàíèÿ è ìåæàòîìíîé îñüþ

n 

a 
θ 

R 
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Îáùåå âûðàæåíèå äëÿ C6

C6 äëÿ âçàèìîäåéñòâèÿ ìåæäó äâóìÿ òîæäåñòâåííûìè
àòîìàìè, â îäíèõ è òåõ æå ðèäáåðãîâñêèõ ñîñòîÿíèÿõ ìîæíî
ïðåäñòàâèòü êàê ôóíöêèþ îò ìàãíèòíûõ êâàíòîâûõ ÷èñåë M
ýòèõ ðèäáåðãîâñêèõ ñîñòîÿíèé è óãëà θ = cos−1(n · a) ìåæäó
åäèíè÷íûìè âåêòîðîìè ìåæàòîìíîé îñè n è îñüþ êâàíòîâàíèÿ
a:

C6(θ) = C
(2)
6

(θ) = Rss −
M2

12J2
(3 cos2 θ − 2)Raa +

+
3M2 − J(J + 1)

2J(2J − 1)
(3 cos2 θ − 1)RsT +

+
3

2

[
3M2 − J(J + 1)

2J(2J − 1)

]2
(9 cos4 θ − 8 cos

2 θ + 1)RTT

Îâñÿííèêîâ Â.Ä. 1982 Îïòèêà è ñïåêòðîñêîïèÿ

Òîì 53, Âûï. 4 600
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Òåîðèÿ âîçìóùåíèé äëÿ áëèçêèõ ñîñòîÿíèé |∆EvdW | ≥ δ

Àòîìû â nS-ñîñòîÿíèÿõ

C6 = 6

∑
n1,n2

|〈n1P|dz |nS〉|2|〈n2P|dz |nS〉|2

En1P + En2P − 2EnS

Óñëîâèå äëÿ ïåðåõîäà ê ÒÂ äëÿ áëèçêèõ ñîñòîÿíèé

|∆EvdW | ≥ δ
ãäå:
δ = |E1 − E2| - ðàñùåïëåíèå ýíåðãèé äâóõ-àòîìíûõ ñîñòîÿíèé
E1 = EA + EB - ýíåðãèÿ íà÷àëüíîãî äâóõ-àòîìíîãî ñîñòîÿíèÿ
E2 = En1 + En2 - ýíåðãèÿ ïðîìåæóòî÷íîãî äâóõ-àòîìíîãî
ñîñòîÿíèÿ
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Òåîðèÿ âîçìóùåíèé äëÿ áëèçêèõ ñîñòîÿíèé |∆EvdW | ≥ δ

Ïîäïðîñòðàíñòâî áëèçêèõ (ïî äâóõ-àòîìíîé ýíåðãèè)
ñîñòîÿíèé

Âêëþ÷àåò ïî êðàéíåé ìåðå òðè ðàçëè÷íûõ äâóõ-àòîìíûõ
ñîñòîÿíèÿ:

1 Äâà àòîìà â îäèíàêîâûõ ñîñòîÿíèÿõ: 〈r1|nlJ〉 = 〈r2|nlJ〉
Íàïðèìåð: 38P + 38P . Äâóõ-àòîìíàÿ ýíåðãèÿ: E1

2 Ïåðâûé àòîì â: 〈r1|n1l1J1〉, âòîðîé â: 〈r2|n2l2J2〉
Íàïðèìåð: 38S + 39S . Äâóõ-àòîìíàÿ ýíåðãèÿ: E2

3 Ïåðâûé àòîì â: 〈r1|n2l2J2〉, âòîðîé â: 〈r2|n1l1J1〉
Íàïðèìåð: 39S + 38S . Äâóõ-àòîìíàÿ ýíåðãèÿ: E3

Î÷åâèäíî ÷òî: E2 = E3
Ýòî äàåò ñèììåòðèè äëÿ ìàòðè÷íûõ ýëåìåíòîâ:
W12 = W13; W22 = W33
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Òåîðèÿ âîçìóùåíèé äëÿ áëèçêèõ ñîñòîÿíèé |∆EvdW | ≥ δ

Ìàòðè÷íûå ýëåìåíòû

Wij =

〈
i

∣∣∣∣V̂AB(R)
{
1 + G ′

E

[
V̂AB(R)−∆E

]}−1∣∣∣∣ j〉 ,
ãäå:
G ′
E
- äâóõ-àòîìíàÿ ôóíêöèÿ Ãðèíà

∆E = E − E - ñäâèã èíäóöèðîâàííûé âçàèìîäåéñòâèåì

V̂AB(R) =
∑∞

L1=1

∑∞
L2=1

ϑ̂L1,L2
(n)

RL1+L2+1
- îïåðàòîð

ýëåêòðîñòàòè÷åñêîãî âçàèìîäåéñòâèÿ ìåæäó àòîìàìè
ϑ̂L1,L2 - òåíçîðíîå ïðîèçâåäåíèå ìóëüòèïîëüíûõ ìîìåíòîâ
àòîìîâ ñâåðíóòîå ñ óãëîâîé çàâèñèìîñòüþ èõ âçàèìîäåéñòâèÿ
Ìàòðè÷íûå ýëåìåíòû ôîðìàëüíî âêëþ÷àþò â ñåáÿ âñå ïîðÿäêè
òåîðèè âîçìóùåíèé:

Wij =
∞∑
k=1

W
(k)
ij
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Òåîðèÿ âîçìóùåíèé äëÿ áëèçêèõ ñîñòîÿíèé |∆EvdW | ≥ δ

Ïåðâûé ïîðÿäîê

W
(1)
ij =

〈
i
∣∣∣V̂AB(R)

∣∣∣ j〉 =

LΣ+1∑
q=q1

w
(1)
ij (q,n)

Rq

ãäå: LΣ = lA(i) + lA(j) + lB(i) + lB(j) - ñóììà ïî âñåì óãëîâûì
ìîìåíòàì îáîèõ àòîìîâ â èõ íà÷àëüíîì |i〉 è êîíå÷íîì |j〉
ñîñòîÿíèÿõ. Äëÿ äèïîëüíûõ ïåðåõîäîâ ñóììèðîâàíèå â
íåäèàãîíàëüíîì ìàòðè÷íîì ýëåìåíòå íà÷èíàåòñÿ ñ q1 = 3.

Âòîðîé ïîðÿäîê

W
(2)
ij = −

〈
i
∣∣∣V̂AB(R)G ′

E
V̂AB(R)

∣∣∣ j〉 =
∞∑

q=q2

w
(2)
ij (q,n)

Rq

ãäå ñóììèðîâàíèå äëÿ äèàãîíàëüíûõ ýëåìåíòîâ Wii

âûïîëíÿåòñÿ ïî ÷åòíûì ñòåïåíÿì 1/R , íà÷èíàÿ ñ q2 = 6.
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Òåîðèÿ âîçìóùåíèé äëÿ áëèçêèõ ñîñòîÿíèé |∆EvdW | ≥ δ

Ñåêóëÿðíîå óðàâíåíèå

det||Wij + (εi −∆E )δij || = 0

ãäå: i , j = 1, 2, 3 ∆E = E − E2,3 - îòíîñèòåëüíàÿ ýíåðãèÿ

ε1 = δ; ε2 = ε3 = 0 - ýíåðãèÿ i-òîãî óðîâíÿ îòíîñèòåëüíî ñðåäíåé

ýíåðãèè

Ðåøåíèÿ ñåêóëÿðíîãî óðàâíåíèÿ

∆E1,2 ≡ E± =
δ + W11 + W22 + W23

2
±

± 1

2

√
(∆(R))2 + 8|W12|2,

∆E3 = W22 −W23

ãäå: ∆(R) = δ + W11 −W22 −W23



Ââåäåíèå Ðàñ÷åòû Ñðàâíåíèå

Òåîðèÿ âîçìóùåíèé äëÿ áëèçêèõ ñîñòîÿíèé |∆EvdW | ≥ δ

Ïðåäåë: |∆(R)| � 2|W12| (áîëüøèå ðàññòîÿíèÿ)

∆E1 = δ + W11 +
2|W12|2

∆(R)
,

(
lim

R→∞
∆E1 → ε1 = δ

)
∆E2 = W22 + W23 −

2|W12|2

∆(R)
,

(
lim

R→∞
∆E2 → ε2 = 0

)

Ïðåäåë: |∆(R)| � |W12| (ðåçîíàíñ Ôåðñòåðà)

∆E± ≈ ±
√
2|W12| ±

(∆(R))2

8
√
2 |W12|

+
δ + W11 + W22 + W23

2
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Ïîòåíöèàë Ôüþñà

Vf (r) = −Zi

r
+
∑
l

Bl(E )

r2
P̂l

ãäå:
Zi - çàðÿä îñòîâà
P̂l - îïåðàòîð ïðîåêòèðîâàíèÿ íà ïîäïðîñòðàíñòâî ñîñòîÿíèé ñ
îðáèòàëüíûì ìîìåíòîì l
Bl(E ) - êîíñòàíòà, èçìåíÿþùàÿ öåíòðîáåæíûé ïîòåíöèàë òàê,
÷òîáû ñîáñòâåííûå çíà÷åíèÿ Enl = −Z 2

i /2ν
2

nl ðàäèàëüíîãî
óðàâíåíèÿ Øðåäèíãåðà, îïðåäåëÿåìûå ýôôåêòèâíûì ãëàâíûì
êâàíòîâûì ÷èñëîì: νnl = 1 + nr + λnl
(λnl =

√
(l + 1/2)2 + 2Bl(Enl)− 1/2) - ýôôåêòèâíûé

îðáèòàëüíûé ìîìåíò, nr= 0,1,2,... - ðàäèàëüíîå êâàíòîâîå
÷èñëî) â òî÷íîñòè ñîâïàäàëè ñ ýíåðãèÿìè ðåàëüíîãî àòîìà.

Simons G. J. 1971 Chem. Phys., 55, 756
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Èíòåðïîëÿöèÿ ñîñòîÿíèé

Ôîðìóëà Ðèòöà äëÿ êâàíòîâîãî äåôåêòà µlJ = n − νnlJ

µlJ(n) = µ
(0)
lJ +

µ
(2)
lJ(

n − µ(0)
lJ

)2
S- è D - ñîñòîÿíèÿ

Mack M, Karlewski F, Hattermann H et al 2011,
Phys. Rev. A 83 052515.

P - ñîñòîÿíèÿ

Wenhui Li, I. Mourachko, M. W. Noel, and T. F.
Gallagher 2003, Phys. Rev. A 67 052502.

F - ñîñòîÿíèÿ

J Han, Y Jamil, D V L Norum, P J Tanner, and T F
Gallagher 2006, Phys. Rev. A, 74 054502.
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Èíòåðïîëÿöèÿ ðåçóëüòàòîâ

Â îòñóòñòâèå ðåçîíàíñîâ

Rss(nlJ) = Ass(lJ)n11

(
1 +

a
(1)
ss (lJ)

n
+

a
(2)
ss (lJ)

n2
+

a
(3)
ss (lJ)

n3

)

Ïðè íàëè÷èè äâóõ ðåçîíàíñîâ

Rss(nlJ) =
Ass(lJ)

(n − ñ
(1)
lJ )(n − ñ

(2)
lJ )

n13

(
1 +

a
(1)
ss (lJ)

n
+

a
(2)
ss (lJ)

n2
+

a
(3)
ss (lJ)

n3

)
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Ãðàôèê Ñ6 äëÿ nS1/2 M=|1/2| + nS1/2 M=|1/2| (θ = 0)
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Ãðàôèê Ñ6 äëÿ nP1/2 M=|1/2| + nP1/2 M=|1/2| (θ = 0)

20 30 40 50 60 70 80 90 100 110 120
n

-30

-20

-10

0

10

20

30
C6/n

11 (a.u.)



Ââåäåíèå Ðàñ÷åòû Ñðàâíåíèå

Ãðàôèê Ñ6 äëÿ nP3/2 M=|1/2| + nP3/2 M=|1/2| (θ = 0)
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Óãëîâàÿ çàâèñèìîñòü ðåçîíàíñà
38P3/2 M + 38P3/2 M → 38S1/2 + 39S1/2
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Êðàñíàÿ ñïëîøíàÿ: |M| = 1/2
×åðíàÿ òî÷å÷íàÿ: |M| = 3/2
Ñèíÿÿ ïóíêòèðíàÿ: ïîëèíîì Ëåæàíäðà âòîðîãî ïîðÿäêà
P2(cosθ)/2 = (3cos2θ − 1)/2
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Ãðàôèê Ñ6 äëÿ nD3/2 M + nD3/2 M (θ = 0)
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Êðàñíàÿ ñïëîøíàÿ: |M| = 1/2
Ñèíÿÿ ïóíêòèðíàÿ: |M| = 3/2
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Óãëîâàÿ çàâèñèìîñòü ðåçîíàíñà
58D3/2 M + 58D3/2 M → 60P1/2 + 56F5/2
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Êðàñíàÿ ñïëîøíàÿ: |M| = 1/2
×åðíàÿ òî÷å÷íàÿ: |M| = 3/2
Ñèíÿÿ ïóíêòèðíàÿ: ïîëèíîì Ëåæàíäðà âòîðîãî ïîðÿäêà
P2(cosθ)/2 = (3cos2θ − 1)/2
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Ãðàôèê Ñ6 äëÿ nD5/2 M + nD5/2 M (θ = 0)
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Êðàñíàÿ ñïëîøíàÿ: |M| = 1/2
Ñèíÿÿ ïóíêòèðíàÿ: |M| = 3/2
×åðíàÿ òî÷å÷íàÿ: |M| = 5/2
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Ãðàôèê Ñ6 äëÿ nF5/2 M + nF5/2 M (θ = 0)
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Êðàñíàÿ ñïëîøíàÿ: |M| = 1/2
Ñèíÿÿ ïóíêòèðíàÿ: |M| = 3/2
×åðíàÿ òî÷å÷íàÿ: |M| = 5/2
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Ãðàôèê Ñ6 äëÿ nF7/2 M + nF7/2 M (θ = 0)
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Êðàñíàÿ ñïëîøíàÿ: |M| = 1/2
Ñèíÿÿ ïóíêòèðíàÿ: |M| = 3/2
×åðíàÿ òî÷å÷íàÿ: |M| = 5/2
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Ñâåäåíèÿ èç ëèòåðàòóðû

Èñõîäíûå ñîñòîÿíèÿ: nDJ=3/2 |M|=3/2 − nDJ=3/2 |M|=3/2

Óãîë θ = 0

Âñå âåëè÷èíû äàíû â GHz · µm6, ãäå:
1 a.u. = 1.4448× 10−19GHz · µm6

n Òåîðèÿ [1] Òåîðèÿ [2] Íàø ðåçóëüòàò Ýêñïåðèìåíò [1]

53 16.9± 1.7 16.6 15.5927 13.7± 1.2
62 766± 15 766 770.715 730± 20

82 8870± 150 8864 8872.19 8500± 300

[1] L. Beguin et al., Physical Review Letters, 110:263201,

2013.

[2] Christophe L. Vaillant, Long-Range Interactions in

One- and Two-Electron Rydberg Atoms, Durham theses,

Durham University, 2014.
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Îáñóæäåíèå

Âîïðîñû ?
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