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ÌîäåëüÌîäåëüÌíîãîçîðÿäíûå èîíûÊàðòèíà Ôàððè
• ÿäðî ðàññìàòðèâàåòñÿ êàê êëàññè÷åñêàÿ ÷àñòèöà ñ çàðÿäîì Z� òî÷å÷íîå ÿäðî V (r) = eZ

r� îäíîðîäíî çàðÿæåíàÿ ñ�åðà� Ôåðìè ðàñïðåäåëåíèå äëÿ ïëîòíîñòè çàðÿäà ÿäðà:
ρ(r) = N

1+exp[(r−c)/a]

• ïîëíûé ó÷åò âçàèìîäåéñòâèÿ ýëåêòðîíîâ ñ âíåøíèì ïîëåìÿäðà
• ÊÝÄ îïèñàíèå ìåæýëåêòðîííîãî âçàèìîäåéñòâèÿÎ.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.4
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Ìåòîä êîíòóðà ëèíèèÂåðîÿòíîñòü ïîãëîùåíèÿ
dWA0→N(ω)=

1

2π

ΓNA0 dω

[ω + EA0 − V
(0)
N − Re {∆VN(ω)}]2 + [Im {∆VN(ω)}]2

• óñëîâèå ðåçîíàíñà ωres +EA0 − V
(0)
N −Re {∆VN(ωres)} = 0

• èíòåðïîëèðîâàíèå êîíòóðà ëèíèè êîíòóðîìËîðåíöà
• ýíåðãèÿ óðîâíÿ: EN = ωres + EA0 = V

(0)
N + Re{∆VN(ωres)}

• øèðèíà óðîâíÿ: ΓN = −2 Im{∆VN(ωres)}Î.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.7
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ÝíåðãèÿÝíåðãèÿÍàäî ðàññìîòðåòü ïðîöåññ ðàññåÿíèÿ
A0

ω−→ N
ω′

−→ A0Àìïëèòóäà ïðîöåññà ðàññåÿíèÿ
U = T+ 1

ω + EA0 − V (ω)
T

Tn1n2A0 = (−e)
∫

d3
r1d

3
r2ψn1(r1)ψn2(r2)ΦA0(r1, r2)

ΦA0 = γµAµ(r1)Ψ(r1, r2)

ΨA0(r1, r2) =
1√
2

det{ψ1s(r1)ψ1s(r2)}Î.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.10



Âåðîÿòíîñòè ïåðåõîäîâ
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Âåðîÿòíîñòè ïåðåõîäîâ
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Âåðîÿòíîñòè ïåðåõîäîâÂåðîÿòíîñòè ïåðåõîäîâÏåðåõîä èç íà÷àëüíîãî ñîñòîÿíèÿ (I) â êîíå÷íîåñîñòîÿíèå (F )
I

ω0−→ FÍàäî ðàññìîòðåòü ïðîöåññ ðàññåÿíèÿ
A0

ω−→ I
ω0−→ F

ω′

−→ A0

U = T+ 1

ω′ + EA0 − V (ω′)
Ξ(ω0)

1

ω + EA0 − V (ω)
T

UI→F = Ξ(ω0)ΦF ΦIÎ.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.13



�àñ÷åò âåðîÿòíîñòè ïåðåõîäîâ�àñ÷åò âåðîÿòíîñòåé ïåðåõîäîâÂåðîÿòíîñòü ïåðåõîäà äëÿ ðàñïàäà: I
ω0−→ F

wIF =

∫

d3
k

(2π)3
2π |U |2 δ(EF + ω0 − EI)

WIF =
1

2JI + 1

∑

MIMF

wIF

• èíòåãðèðîâàíèå ïî íàïðàâëåíèÿì �îòîíà
• óñðåäíåíèå ïî ïðîåêöèÿì íà÷àëüíîãî ñîñòîÿíèÿ èñóììèðîâàíèå ïî ïðîåêöèÿì êîíå÷íîãî ñîñòîÿíèÿÎ.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.14



�àñ÷åò âåðîÿòíîñòåé ïåðåõîäîâÄèàãîíàëèçàöèÿ ìàòðèöû VÌàòðèöà V ðàññìàòðèâàåòñÿ êàê áëî÷íàÿ ìàòðèöà.Ìàòðèöà V11 îïðåäåëÿåòñÿ íà ìíîæåñòâå g, êîòîðîåñîäåðæèò êîí�èãóðàöèè ñìåøèâàåìûå ñ ññûëî÷íûìñîñòîÿíèåì ng ∈ g
V = V (0) + ∆V

• j � j ñõåìà ïðèìåíÿåòñÿ
• V 0 � äèàãîíàëüíàÿ ìàòðèöà: ñóììà äèðàêîâñêèõýíåðãèé

V =

[

V11 V12

V21 V22

]

=

[

V
(0)
11 + ∆V11 ∆V12

∆V21 V
(0)
22 + ∆V22

]

V diag
11 = B+V11B , B+B = IÎ.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.15



�àñ÷åò âåðîÿòíîñòåé ïåðåõîäîâÑîáñòâåííûé âåêòîðÀìïëèòóäà I → F

U trans = ΞFI = 〈ΦF |Ξ|ΦI〉Ñîáñòâåííûé âåêòîð Φng
, îòâå÷àþùèé ññûëî÷íîìóñîñòîÿíèþ ng ∈ g (íà÷àëüíîå èëè êîíå÷íîå ñîñòîÿíèå)

Φng =
∑

kg∈g
BkgngΨkg

+
∑

k /∈g,lg∈g
[∆V21]klg

Blgng

E
(0)
ng − E

(0)
k

Ψk .Î.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.16



�àñ÷åò âåðîÿòíîñòåé ïåðåõîäîâÂåðøèíà
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Ýëåêòðîííàÿ ðåêîìáèíàöèÿ
Ýëåêòðîííàÿ ðåêîìáèíàöèÿ

e−(ǫe−) + U91+(1s) → · · · → U90+(1s 1s) + nγ(ω) .Äèýëåêòðîííàÿ ðåêîìáèíàöèÿ (DR)
e−(ǫe−) + U91+(1s) → U90+(d) → U90+(r) + γ(ω) → · · · .�àäèàöèîííàÿ ðåêîìáèíàöèÿ (RR)

e−(ǫe−) + U91+(1s) → U90+(r) + γ(ω) → · · · .

r = (1s 2s), (1s 2p) � îäíîêðàòíîå âîçáóæäåíèå.
d = (2s 2s), (2s 2p), (2p 2p) � äâóõêðàòíîå âîçáóæäåíèå.Î.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.19



Ýëåêòðîííàÿ ðåêîìáèíàöèÿ
Ââîäèòñÿ âñïîìîãàòåëüíàÿ �óíêöèÿ
ψ(aux)
eR

(r) = ψe(r) θ(R− |r|) , ãäå R � �èêñèðîâàíî.Íîðìèðîâî÷íàÿ êîíñòàíòàäëÿ âñïîìîãàòåëüíîé �óíêöèè
NR =

[
∫

d3
r |ψ(aux)

eR
(r)|2

]1/2

, NR ∼
√
R .Ââîäèòñÿ íîðìèðîâàííàÿ �óíêöèÿ ψeR(r)

ψeR(r) =
ψ

(aux)
eR (r)

NR
, ψeR(r) ∼ 1√

R
.

U = lim
R→∞

NRUR .Î.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.20



Ýëåêòðîííàÿ ðåêîìáèíàöèÿÑîáñòâåííàÿ �óíêöèÿ óðàâíåíèÿ Äèðàêà, îòâå÷àþùàÿíåïðåðûâíîìó ñïåêòðó èìååò âèä
ψǫjlm(r) =

1

r

(

gǫjl(r) Ωjlm(n)

i fǫjl(r) Ωj,2j−l,m(n)

)

gǫjl(r) ≈ Cg

√

ǫ +m

πp
cos(pr + φg(r)) , R → ∞

fǫjl(r) ≈ Cf

√

ǫ−m

πp
sin(pr + φf(r))

∆pR = π

∆ǫ =
p

ǫ
∆p =

pπ

ǫR

(NR)2 =
ǫR

pπ
=

1

∆ǫÎ.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.21



Ýëåêòðîííàÿ ðåêîìáèíàöèÿ
Ñå÷åíèå ðàññåÿíèÿ

dσif =
dwif

j
, j =

p

ǫ

ǫ, p � ýíåðãèÿ è èìïóëüñ íàëåòàþùåãî ýëåêòðîíà.Ìû èíòåãðèðóåì ïî íàïðàâëåíèþ èñïóùåííîãî �îòîíà(νk) (ñëåäîâàòåëüíî, ìû ìîæåì óñðåäíèòü ïî íàïðàâëå-íèÿì èìïóëüñà íàëåòàþùåãî ýëåêòðîíà (νp)), óñðåäíÿ-åì ïî ïîëÿðèçàöèÿì íàëåòàþùåãî ýëåêòðîíà (µ) è ïðî-åêöèÿì ïîëíîãî ìîìåíòà ñâÿçàííîãî ýëåêòðîíà (jb,mb):
1

8π(2jb + 1)

∫

d2
νp

∑

µmbÎ.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.22



Ýëåêòðîííàÿ ðåêîìáèíàöèÿÏîëíîå ñå÷åíèå ðàññåÿíèÿ
σif =

ω2

(2π)2

[

π2

(2jb + 1)p2

]
∫

d2
ν |UJMǫjlnbjblb,kλ,r|2 ,ãäå JMǫjlnbjblb � äâóõýëåêòðîííàÿ êîí�èãóðàöèÿ (ïàäà-þùåãî è ñâÿçàííîãî ýëåêòðîíà) â j�j ñâÿçè:

ΨJMǫjlnbjblb(r1, r2) =
1√
2

∑

mmb

C
jjb
JM(m,mb)

×
[

ψǫjlm(r1)ψnbjblbmb
(r2) − ψnbjblbmb

(r1)ψǫjlm(r2)
]

k, λ � èìïóëüñ è ïîëÿðèçàöèÿ èñïóùåííîãî �îòîíà,
r � îäíîêðàòíî âîçáóæä¼ííàÿ êîí�èãóðàöèÿ:

r = (1s, 2s) èëè (1s, 2p)Î.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.23



Ýëåêòðîííàÿ ðåêîìáèíàöèÿÑå÷åíèå ðàññåÿíèÿ ýëåêòðîííîé ðåêîìáèíàöèè ñ îäíîýëåêòðîí-íûì U (â kb) êàê �óíêöèÿ ýíåðãèè íàëåòàþùåãî ýëåêòðîíà (â keV)
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Ýëåêòðîííàÿ ðåêîìáèíàöèÿÒàáëèöà I. Ýíåðãèÿ äâóêðàòíî âîçáóæä¼ííûõ êîí�èãóðàöèé(êàê ∆E = E − ǫ1s − mec
2, ǫ1s = 379184.13) (â eV) äëÿ UCon�guration ∆E Con�guration ∆E

(2s2p1/2)0 (63922.05(30),−15.61(2)) (2s2p3/2)2 (68425.08(30),−13.07(2))

(63923(3),−16.6)a (68425(3),−11.0)a

(2p1/22p1/2)0 (63936.24(25),−17.12(2)) (2p1/22p3/2)1 (68461.33(25),−28.57(3))

(63936(4),−18.0)a (68462(3),−27.1)a

(2s2p1/2)1 (63962.19(30),−15.60(2)) (2p1/22p3/2)2 (68477.58(25),−28.58(3))

(63963(3),−16.4)a (68477(5),−27.2)a

(2s2s)0 (64105.30(35),−14.05(2)) (2s2p3/2)1 (68549.76(30),−13.09(2))

(64105(4),−14.9)a (68550(3),−11.0)a

(2p3/22p3/2)2 (72987.47(25),−26.06(3)) (2p3/22p3/2)0 (73082.74(25),−25.99(3))

(72988(3),−21.8)a (73084(4),−21.8)aO.Yu. Andreev, L.N. Labzowsky, A.V. Prigorovsky, Phys. Rev. A 80, 042514 (2009).
a D. Bernhardt, C. Brandau, Z. Harman, et al., Phys. Rev A 83, 020701(R) (2011).Î.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.25



Ýëåêòðîííàÿ ðåêîìáèíàöèÿÒàáëèöà II. Ñèëû îñöèëÿòîðîâ äëÿ ãðóïï ðåçîíàíñîâäëÿ UResonan
e strengththis work Bernhardt, et al. (2011)Resonan
e group theory experiment
K L1/2L1/2 61(3) 62(8) 58.7(11)

K L1/2L3/2 32(2) 36(5) 33.1(11)

K L3/2L3/2 8.5(10) 8.7(11) 9.1(14)O.Yu. Andreev, L.N. Labzowsky, A.V. Prigorovsky, Phys. Rev. A 83, 064501 (2011).
a D. Bernhardt, C. Brandau, Z. Harman, et al., Phys. Rev A 83, 020701(R) (2011).

Î.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.26



Ýëåêòðîííàÿ ðåêîìáèíàöèÿÑå÷åíèå ðàññåÿíèÿ ýëåêòðîííîé ðåêîìáèíàöèè ñ îäíîýëåêòðîí-íûì Gd (â kb) êàê �óíêöèÿ ýíåðãèè íàëåòàþùåãî ýëåêòðîíà (âkeV)
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Ýëåêòðîííàÿ ðåêîìáèíàöèÿÒàáëèöà III. Ýíåðãèÿ äâóêðàòíî âîçáóæä¼ííûõêîí�èãóðàöèé (êàê ∆E = E − ǫ1s −mec
2, ǫ1s = 451933.40)(â eV) äëÿ GdCon�guration ∆E Con�guration ∆E

(2s2p1/2)0 (29322.92,−0.13) (2s2p3/2)2 (30190.44,−0.12)

(2s2s)0 (29325.91,−0.07) (2p1/22p3/2)1 (30241.71,−0.25)

(2s2p1/2)1 (29352.37,−0.13) (2p1/22p3/2)2 (30259.75,−0.25)

(2p1/22p1/2)0 (29439.68,−0.18) (2s2p3/2)1 (30268.43,−0.11)

(2p3/22p3/2)2 (31120.16,−0.24) (2p3/22p3/2)0 (31180.81,−0.23)O.Yu. Andreev, L.N. Labzowsky, A.V. Prigorovsky, Phys. Rev. A 83, 064501 (2011).
Î.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.28



Ýëåêòðîííàÿ ðåêîìáèíàöèÿÒàáëèöà IV. Ñèëû îñöèëÿòîðîâ äëÿ ãðóïï ðåçîíàíñîâ äëÿ GdResonan
e group Resonan
e strength
K L1/2L1/2 1148(11)

K L1/2L3/2 1978(20)

K L3/2L3/2 663(6)Resonan
es Resonan
e strength
{(2s2p1/2)0 + (2s2s)0} 669(19)

(2s2p1/2)1 408(15)

(2p1/22p1/2)0 54(2)

(2s2p3/2)2 113(4)

{(2p1/22p3/2)1 + (2p1/22p3/2)2 + (2s2p3/2)1} 1855(20)

(2p3/22p3/2)2 582(9)

(2p3/22p3/2)0 74(4)O.Yu. Andreev, L.N. Labzowsky, A.V. Prigorovsky, Phys. Rev. A 83, 064501 (2011).Î.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.29



Ýëåêòðîííàÿ ðåêîìáèíàöèÿÑå÷åíèå ðàññåÿíèÿ ýëåêòðîííîé ðåêîìáèíàöèè ñ îäíîýëåêòðîííûìU (â kb) êàê �óíêöèÿ ýíåðãèè íàëåòàþùåãî ýëåêòðîíà (â keV).Öâåòíûå êðèâûå ïîêàçûâàþò âêëàäû ðàçëè÷íûõ óãëîâûõ ìîìåíòîâïàäàþùåãî ýëåêòðîíà.
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Î.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.30



Ýëåêòðîííàÿ ðåêîìáèíàöèÿÑðàâíåíèå ñ äðóãèìè ðàñ÷¼òàìè: uranium

V. V. Karasiov et al., Phys. Lett. A 161, 453 (1992)S. Zakowi
z et al., J. Phys. B 37, 131 (2004)Î.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.31



Çàêëþ÷åíèåÇàêëþ÷åíèå
• �àçðàáîòàí ÊÝÄ ìåòîä äëÿ ðàñ÷¼òîâ ñå÷åíèé ýëåê-òðîííîé ðåêîìáèíàöèè ñ ìíîãîçàðÿäíûìè èîíàìè.
• Ïðåäñòàâëåíû ÷èñëåííûå ðàñ÷¼òû ñå÷åíèé çàõâàòàîäíîãî ýëåêòðîíà.

Î.Þ.Àíäðååâ, ÔÔÊ11, 08.12.2011, ñòð.32


