Ğăďăŋĺě ŕő łćăŋâőćőľ âěőàĺĺ ĺğńãçěŋĺï.

1 (a) Őŕàěďěńĺâì łőíääĺæĺěŋâ ğăâãåăŋĺï ŕãçłă áćěâă çăáâőâë ω ć áàěďě (čăğě) ďćãåãàőćŋěćëå ăâőňőć, E_2 −E_1 = h̄ω, ĺňěîéěľ äĺłáĺàőćăŋŋãî âěňŕěàăâãàã T , áçĺâăï, çâő ŕàőĺáåőďïâ âőńìłő àěğőŋăŋáŋëě ŕàőæěááë ŕőčńőéěŋĺï ĺ (ĺŋďãæĺàőćăŋŋőčő) ĺğńãçěŋĺï. Ŋăľâĺ ňőéŋőáâì, őâďăćăěňãî âěàňőáâăâã. (ŁŚ, ČŁŁ, Ğńć, Ąěâě) (ą) Ŋăľâĺ áàěďŋěě çĺáńő äőâőŋőć ć ŕãçłě ŕàĺ ãáńőćĺĺ, çâő čăğ íâĺå ăâőňőć ŋăåőďĺâáï ć âěŕńőćőň àăćŋőćěáĺĺ á ĺğńãçěŋĺěň ŕàĺ âěňŕěàăâãàě T (ć őâáãâáâćĺě âěàňőáâăâă) (Ąěâě, ŁŚ, ŃĆŇ-II).

2 Ŋăľâĺ ŕàăćĺńő áãňň ďńï äńãłâãăæĺľ ŕńőâŋőáâĺ Z íńěłâàőŋőć ć ăâőňě á ğăàïďőň ïďàă Z|e|, ěáńĺ ďěľáâćãîéĺě ŋă ŋĺå áĺńë ŋě ğăćĺáïâ őâ áłőàőáâěľ (ŊČŞ-74, Łĺââ, ŃŃ-III, ČŁŁ, ČŁŁ-Ů.2, Ğńć): ∞∑ n=0 2m h̄^2

(E_n − E_0) | | | |⟨n| (_Z ∑ a=1 e^{i(k·}X^{a)} ) | 0⟩ | | | | 2 =?, čďě: U_{a0}(X_a) = − Ze^2 |X_a|

, ĺ â.ď. (1) ^H_Z |n⟩ = E_n |n⟩, ^H_Z =^Z ∑ a=1 ( P^2_a 2m + U_{a0}(X_a) ) + 1 2 Z∑ 1=a Z∑ ≠b=1

U_{ab}(X_a − X_b). (2)

3 (ă) Ŋăľâĺ ćàěňï ęĺğŋĺ 2P áőáâőïŋĺï ăâőňă ćőďőàőďă á m = 0, ±1, őâŋőáĺâěńìŋő őďŋőäőâőŋŋëå ŕěàěåőďőć ć áőáâőïŋĺě 1S (ŃŃ-IV, ČŁŁ, ČŁŁ-Ů.2, Ğńć), ěáńĺ: Ψ_{nlm}(x) = Y^m_l (n) ⊗ R_{nl}(r), čďě:

Ψ_{210}(x) = i ( 3 4π )_{1/2} cos ϑ ⊗ re^{−r/2a} 2a √ 6a^3

, ĺ â.ď., Ψ_{100}(x) = ( 1 4π )_{1/2} ⊗ 2e^{−r/a} √ a^3

, a_Z = h̄^2 me^2Z . (ą) Şàőćŋĺ 2S_{1/2} ĺ 2P_{1/2} àăáéěŕńěŋë ńĺèì ğă áçěâ ńíňąőćáłőčő áďćĺčă ΔE_L ∼ mc^2α^5 ln(1/α). Ŋăľâĺ (ČŁŁ-Ů.2) ĺńĺ őæěŋĺâì ćěàőïâŋőáâì őďŋőäőâőŋŋőčő ŕěàěåőďă ňěęďã ŋĺňĺ (ČŁŁ, Ğńć).

4 Ćëŕĺáăâì ŕńőâŋőáâì áőáâőïŋĺľ (ŋă ěďĺŋĺçŋëľ ĺŋâěàćăń íŋěàčĺĺ) ďńï:

(ă) őďŋőäőâőŋŋőčő áőáâőïŋĺï; (ą) őďŋőçăáâĺçŋőčő áőáâőïŋĺï á ŕőńŋëň ňőňěŋâőň J; (ć) łőňŕâőŋíääěłâă; č) ee-àăááěïŋĺï ć á.æ.ň.; (ď) âőàňőğŋőčő ĺğńãçěŋĺï ć ŕőńě ïďàă; ě) àőęďěŋĺï e^+e^− ć ŕőńě ïďàă; (ę) e^+e^− ăŋŋĺčĺńïæĺĺ ć 2γ (ŃŃ-IV, Ğńć, ČŁŁ).

5 π^− ňěğőŋ ğăåćăâëćăěâáï ïďàőň (ćňěáâő íńěłâàőŋă) ŋă ãàőćěŋì | n, l = n − 1⟩, ă ğăâěň áőćěàèăěâ àăďĺăæĺőŋŋëě ŕěàěåőďë ŋă ąőńěě ŋĺğłĺě ãàőćŋĺ.

(ă) Ďńï n = 2 őæěŋĺâì ğăàïď ïďàă Z, ŕàĺ łőâőàőň ğăåćăâ π^− ňěğőŋă ïďàőň áâăŋěâ ćěàőïâŋěě àăďĺăæĺőŋŋőčő ŕěàěåőďă (ŊČŞ-74, Ğńć);

(ą) Ŕàĺ ďăŋŋőň Z ĺğ (ă) ďńï n ≫ 1 őæěŋĺâì, ŋăçĺŋăï á łăłőčő n ğăåćăâ áâăŋěâ ćěàőïâŋěě àăďĺăæĺőŋŋőčő ŕěàěåőďă. Śçĺâăâì, çâő ïďàő ďńï π^− ňěğőŋă ïćńïěâáï ”çěàŋëň èăàĺłőň” àăďĺãáă R = Z^{1/3}h̄/(m_πc) (ŊČŞ-74, Ğńć).

6 Ŕőńŋëľ čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï ğăàïďă e ňăááőľ m, áő áŕĺŋőň s, á İŇŔ ĺňěěâ ćĺď: ^V (X, t) = − e mc (A(X, t) · P) + e^2 2mc^2 A^2(X, t) − μ_s s (s · H(X, t)) , μ_s = eh̄ mc s, ĺ ďńï íńěłâàőŋă: s = σ 2 , e ⇒ −|e|; A(x, t) = ( 2πh̄c^2 ωL^3 )_{1/2} ϵ_λ(k) e^{iωt−i(k·x)}; ω = kc; H(x, t) = (∇ × A(x, t)) . Ŋăľâĺ ćěàőïâŋőáâì őďŋőäőâőŋŋőčő ŕěàěåőďă 2S_{1/2} → 1S_{1/2} ć ăâőňě ćőďőàőďă ć ďńĺŋŋőćőńŋőćőň ŕàĺąńĺęěŋĺĺ. Łăłőě áńăčăěňőě ć ^V ďăěâ âăłőľ ŕěàěåőď ňěęďã íâĺňĺ áőáâőïŋĺïňĺ:

⟨x | 2S_{1/2}⟩ ≡ Ψ_{200}(x) χ_{1/2,1/2} = e^{−r/(2a)} √ π(2a)^3 ( 1 − r 2a ) ( 1 0 ) , r = |x|, ⟨x | 1S_{1/2}⟩ ≡ Ψ_{100}(x) ~χ_{1/2} = e^{−r/a} √ πa^3 ( α β ) ; |α|^2 + |β|^2 = 1.

Śàăćŋĺâì ŕőńãçěŋŋőě ćàěňï ęĺğŋĺ á őæěŋłőľ ć ğăďăçě 3 ĺ á őæěŋłőľ ďńï ďćãåäőâőŋŋőčő ŕěàěåőďă (ČŁŁ, ŃŃ-III-IV, ČŁŁ-Ů.2).

7 Ăâőň ćőďőàőďă ć áőáâőïŋĺĺ 2S_{1/2} ćńěâăěâ áő áłőàőáâìî v = 10^{−4}c ć ŕěàŕěŋďĺłãńïàŋőě ěľ őďŋőàőďŋőě ňăčŋĺâŋőě ŕőńě H = 400 íàáâěď. Ŋăľâĺ ěčő ćàěňï ęĺğŋĺ ć íâőň áőáâőïŋĺĺ ĺ őąêïáŋĺâì ŕàĺçĺŋã ěčő ĺğňěŋěŋĺï ŕő áàăćŋěŋĺî á áńãçăěň őâáãâáâćĺï ŕőńï (ŊČŞ-74, Ąěâě, Ğńć, ČŁŁ-Ů.2).

8 Ďńï ŕàőĺğćőńìŋőčő ŕàěďáâăćńěŋĺï őŕěàăâőàă ňőňěŋâă J ŋăľâĺ ćëàăęěŋĺï ďńï

(a) áńěďőć: T r (J_α) ; T r (J_αJ_β ) ; T r (J_αJ_βJ_γ ) ; T r (J_αJ_β J_γ J_λ) ; (ČŁŁ-Ů.1) (b) àěğãńìâăâă ŕőćőàőâă: exp{−iϑ(J · n)}J exp{iϑ(J · n)} =? (ŃŃ-III, Ňěááĺă)

9 Ŋăľâĺ ŕőńïàĺğãěňőáâì ăâőňă ćőďőàőďă ć őáŋőćŋőň áőáâőïŋĺĺ (ŃŃ-III, Ğńć, ČŁŁ).

10 Ćëćěáâĺ ŕàăćĺńă áãňň ŠŘŁ ďńï ”áĺń őáæĺńńïâőàőć” F^{(x,y,z)}_{f i} ć ăâőňě á Z íńěłâàőŋăňĺ:

F^{(x)}_{f i} =

2m(E_f − E_i) h̄^2 | | | | ⟨ f | | | | Z∑ a=1 x_a | | | | i ⟩| | | 2 , ∞∑ f =1

F^{(x)}_{f i} =? (3)

Śŕàăćěďńĺćë ńĺ őŋĺ ďńï ńîąőľ áĺáâěňë, čďě áĺńë ğăćĺáïâ âőńìłő őâ őâŋőáĺâěńìŋëå àăááâőïŋĺľ ňěęďã ğăàïďăňĺ ĺ ŋě ğăćĺáïâ őâ ĺå őâŋőáĺâěńìŋëå áłőàőáâěľ (áň. ğăď. 2)? Łăł ĺğňěŋïâáï íâĺ ŕàăćĺńă áãňň ŠŘŁ ďńï íńěłâàőŋőć ć ăâőňě ĺńĺ ŋãłńőŋőć ć ïďàě ŕàĺ ãçěâě ŕàĺŋæĺŕă Ŕăãńĺ (ŁŚ, ŊČŞ-74, Ğńć, ČŁŁ-Ů.2)?

11 Ňěęďã Z ŕàőâőŋăňĺ ĺ N ŋěľâàőŋăňĺ ć ïďàě á A = Z +N ŋãłńőŋăňĺ, ąńăčőďăàï őąňěŋã ğăàïęěŋŋëň ŕĺ- ňěğőŋőň, áãéěáâćãîâ, łàőňě őąëçŋëå, ěéě ŕàőáâàăŋáâćěŋŋő őąňěŋŋëě áĺńë, ŕěàěćőďïéĺě ŋěľâàőŋ ν ć ŕàőâőŋ π ĺ őąàăâŋő ďěľáâćĺěň áőőâćěâáâćãîéěčő őąňěŋĺćăîéěčő őŕěàăâőàă ^P_{νπ}. Ŋăľâĺ őąőąéěŋĺě ŕàăćĺń áãňň ŠŘŁ (3) ďńï ŋãłńőŋőć ć ïďàě c ãçěâőň áőőâćěâáâćãîéěľ ďőąăćłĺ ł Čăňĺńìâőŋĺăŋã ĺå ćğăĺňőďěľáâćĺï ^H_A ćĺďă (2), ŕàĺ Z → A = Z + N, ĺ:

ΔH_{őąň} = − N∑ ν=1 Z∑ π=1 U(r_{νπ}) ^P_{νπ}, r^2_{νπ} = (x_ν − x_π )^2. Ĺ, ěáńĺ R = 1 A A∑ a=1 x_a, – őŕěàăâőà

àăďĺãá-ćěłâőàă æěŋâàă ňăáá, łőâőàëľ ŋě ňőęěâ ćëğëćăâì ćŋãâàěŋŋĺě ćőğąãęďěŋĺï ïďàă, ŋăŕàĺňěà, ć ěčő áĺáâěňě ŕőłőï, ŋăľâĺ őŕěàăâőà íääěłâĺćŋőčő ďĺŕőńìŋőčő ňőňěŋâă ïďàă (ŊČŞ-74, Ğńć).

12 Ŋăľâĺ łćăğĺłńăááĺçěáłĺľ áŕěłâà íŋěàčĺľ E_n ĺ áŕěłâàăńìŋãî ŕńőâŋőáâì ϱ(E) = dn(E)/dE cćïğăŋŋëå áőáâőïŋĺľ ŕàĺ n ≫ 1 ďńï ŕőâěŋæĺăńă U(x) = gx^ν (Ňčď-Łà).

13 Ĺáŕőńìğãï ňőďěńì Šőňăáă-Ťěàňĺ, ŋăľâĺ, ğŋăçěŋĺě ăâőňŋőčő ŋőňěàă Z, ŕàĺ łőâőàőň ŋăçĺŋăîâ ğăŕőńŋïâìáï áőáâőïŋĺï á ďăŋŋëň ğŋăçěŋĺěň őàąĺâăńìŋőčő ňőňěŋâă l (ŃŃ-III, ŃĆŇ-II, Ąěâě).

14 Ĺáŕőńìğãï łćăğĺłńăááĺçěáłőě ŕàěďáâăćńěŋĺě ćőńŋőćëå äãŋłæĺľ áćïğăŋŋëå áőáâőïŋĺľ íńěłâàőŋőć ŋăľâĺ łćăğĺłńăááĺçěáłőě ćëàăęěŋĺě ŕńőâŋőáâĺ íńěłâàőŋőć ć ďăŋŋőľ âőçłě ŋěľâàăńìŋőčő ňŋőčőíńěłâàőŋŋőčő ăâőňă çěàěğ ŕőâěŋæĺăń áăňőáőčńăáőćăŋŋőčő ŕőńï ć íâőľ âőçłě. Łăł áćïğăŋő íâő ćëàăęěŋĺě áő áâăâĺáâĺłőľ äěàňĺ? Ůěňã àăćŋő ε_F ? (Ňčď, Ňčď-Łà, ŁŚ).

15 Ćëćěáâĺ äőàňãńã Łàăňěàă ďńï ďĺăčőŋăńìŋëå ňăâàĺçŋëå íńěňěŋâőć őŕěàăâőàă r (ČŁŁ, ČŁŁ-Ů.2), ( r^k ) nl = ⟨n, l|r^k|n, l⟩: (k + 1) n^2 ( r^k ) nl = (2k + 1)a ( r^{k−1} ) nl + k 4 [ k^2 − (2l + 1)^2 ] a^2 ( r^{k−2} ) nl , ŕő łãńőŋőćáłĺň áőáâőïŋĺïň |n, l⟩, čďě: a = h̄^2/(MZe^2) - ąőàőćáłĺľ àăďĺãá.

Ğăďăŋĺě ŕő łćăŋâőćőľ âěőàĺĺ àăááěïŋĺï.

1 Ć ąőàŋőćáłőň ŕàĺąńĺęěŋĺĺ ćëçĺáńĺâì ăňŕńĺâãďã ĺ áěçěŋĺě àăááěïŋĺï ŋă ŕőâěŋæĺăńăå:

U_1(r) = g e^{−μr} r ; U_2(r) = g r e^{−κ2 r2} ; U_3(r) = α r^2 , ĺ áàăćŋĺâì ŋăľďěŋŋëě áěçěŋĺï á ĺå ŕőńãłńăááĺçěáłőľ őæěŋłőľ (łăł áãňňë ”łńăááĺçěáłőčő” ĺ ”ćőńŋőćőčő”) (Ňĺčďăń).

2 Ŋăľâĺ ďěâěàňĺŋăŋâ Ľőáâă–Ťàěďčőńìňă, Š-ňăâàĺæã, áěçěŋĺě, ć.ä. àăááěïŋĺï ĺ áćïğăŋŋëå áőáâőïŋĺľ ďńï áěŕăàăąěńìŋőčő ŕőâěŋæĺăńă ŕěàćőčő àăŋčă: (łăłőňã ňőňěŋâã l őŋ áőőâćěâáâćãěâ?) (Ŋìîâőŋ)

⟨p|U|q⟩ = χ(p)χ^∗(q) (p · q), čďě : χ(p) − áłăńïàŋăï äãŋłæĺï;

3 Šőęě ďńï áěŕăàăąěńìŋőčő ŕőâěŋæĺăńă ćâőàőčő àăŋčă á íàňĺâőćőľ ňăâàĺæěľ λ_{lj} :

⟨p| ^U|q⟩ = χ_l(p)λ_{lj} χ^∗_j (q); l, j = 1, 2.

4 Šőęě ďńï áěŕăàăąěńìŋőčő ŕőâěŋæĺăńă àăŋčă n, âő ěáâì ŕàĺ l, j = 1, 2, . . .n (Ŋìîâőŋ).

5 Řăğďěńĺć ŕěàěňěŋŋëě, ŕőńãçĺâì àăďĺăńìŋőě Şà. Ÿà. ć ŕàőáâàăŋáâćě ŕàőĺğćőńìŋőľ àăğňěàŋőáâĺ N.

(Ąěľâňěŋ-İàďěľĺ, Čàăďèâěľŋ-Řëęĺł, Ćĺńěŋłĺŋ).

6 Ćëçĺáńĺâì äãŋłæĺĺ Čàĺŋă őŕěàăâőàă áćőąőďŋőčő Şà. Ÿà. ć ŕőàáâàăŋáâćě ŕàőĺğćőńìŋőľ àăğňěàŋőáâĺ N ĺ ŋăľâĺ áćïğì ňěęďã ŋĺňĺ ŕàĺ àăğŋëå ğŋăçěŋĺïå N (Ąěľâňěŋ-İàďěľĺ, Čàăďèâěľŋ-Řëęĺł, Ćĺńěŋłĺŋ): ⟨x| 1 −∇^2 − k^2 ∓ i0 |y⟩, ⟨x|p⟩ = e^{i(px)} (2π)^{N/2} e^{−iaπ/2}, a = 3 − N 2 , çâő ŕőńãçĺâáï ďńï N=1,2,3,4 ?: Ŋăľâĺ ěě ăáĺňâőâĺłã ŕàĺ |x| → ∞.

7 Ĺáåőďï ĺğ àěèěŋĺľ ŕàěďëďãéěľ ğăďăçĺ ŕőáâàőĺâì âěőàĺî àăááěïŋĺï ć ŕàőáâàăŋáâćě 1-čő (Ńĺŕłĺŋ) ĺ 2-å (ČŁŁ) ĺğňěàěŋĺľ.

8 Ďńï áĺŋčãńïàŋőčő ďěńìâă-ŕőâěŋæĺăńă ć ďćãåňěàŋőň ŕàőáâàăŋáâćě: U(x) = γ_0δ_2(x), ŋăľâĺ ”ŕěàěŋőàňĺàőćăŋŋëě” Š-ňăâàĺæã, ć.ä. àăááěïŋĺï ĺ áćïğăŋŋëå áőáâőïŋĺľ, “áěçěŋĺě” àăááěïŋĺï, ĺáŕőńìğãï łăł ŕàæěďãàã “ćëçĺâăŋĺï”, âăł ĺ áçĺâăï ěčő ŕàěďěńőň ŕàĺ Λ → ∞ áěŕăàăąěńìŋőčő ŕőâěŋæĺăńă (ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ):

⟨p|U_Λ|q⟩ = Υ(Λ) χ_Λ(p)χ^∗_Λ(q), χ_Λ(p) = Θ(Λ − |p|),

ŕàĺ ŕőďåőďïéěľ ğăćĺáĺňőáâĺ γ_0 → Υ(Λ) ĺ ŋăľâĺ ěě (Ţãăŋč !!).

9 Ŕàőćěàĺâì ćëŕőńŋěŋĺě őŕâĺçěáłőľ âěőàěňë ďńï ăňŕńĺâãďë àăááěïŋĺï ć ŕàĺąńĺęěŋĺĺ íľłőŋăńă, ŕőńăčăï, çâő ŕàĺ àăááěïŋĺĺ ŕőçâĺ ćŕěàěď (Śãŋăłăćă):

dΩ(k) ≃ d^2k_⊥ k^2 . 10 Ďőłăğăâì âěőàěňã Ńěćĺŋáőŋă ĺáåőďï ĺğ ĺğćěáâŋëå ăŋăńĺâĺçěáłĺå áćőľáâć äãŋłæĺĺ Ľőáâă F_l(−ik) ć ćěàåŋěľ ŕőńãŕńőáłőáâĺ k. Ŕőïáŋĺâì àăğńĺçĺě áńãçăěć l = 0 ĺ l ≠ 0 (Ŋìîâőŋ, Śãŋăłăćă, Ăńìäăàő- Řěďęě, Śĺâěŋłő).

11 Ć ąőàŋőćáłőň ŕàĺąńĺęěŋĺĺ ćëçĺáńĺâì äăğőćëě áďćĺčĺ δ_l(k) ŋă ŕőâěŋæĺăńăå ĺ ŕàőćěàĺâì ĺå őáŋőćŋëě áćőľáâćă ŕàĺ k → 0, k → ∞:

U(r) = U_0 exp [ − r^2 a^2 ] ; U(r) = U_0 a^2 r^2 + a^2

; U(r) = U_0 a r e^{−r/a}. 12 Ŋăľâĺ âőçŋőě ćëàăęěŋĺě ďńï S_{ℓ=0}(k) ďńï ŕőâěŋæĺăńőć (Ťńîččě, Śĺâěŋłő, ČŁŁ):

(a) U(r) = U_0e^{−r/a}, (b) U(r) = U_0(e^{r/a} − 1)^{−1}.

13 Ŋăľâĺ âőçŋëě äăğë àăááěïŋĺï δ_l(k) ŋă ŕőâěŋæĺăńě U(r) = g/r^2. Ŕàĺ łăłĺå l ĺ g čăňĺńìâőŋĺăŋ ąãďěâ áăňőáőńàïęěŋŋëň őŕěàăâőàőň (Ąěľâňěŋ-İàďěľĺ, Ěńîâĺŋ-Łàĺćçěŋłő, ČŁŁ)?

14 Ŕàőćěàĺâì, çâő äãŋłæĺï Čàĺŋă ŕăàæĺăńìŋőčő őŕěàăâőàă Şà.Ÿà. (Ŋìîâőŋ):

^h^r_l = −∂^2_r + l(l + 1)r^{−2} + U(r); ( ^h^r_l − k^2 ) G^±_l (r.y; k^2) = δ(r − y), ć âěàňĺŋăå äĺğĺçěáłőčő àěèěŋĺï Ψ^±_l (k, r) ĺ àěèěŋĺï Ľőáâă f_l(∓ik, r) ĺňěěâ ćĺď:

G^±_l (r.y; k^2) = Θ(r − y) i^{∓l} k f_l(∓ik, r)Ψ^±_l (k, y) + (r ⇀↽ y), čďě : ( f_l(∓ik, r)^↔∂_r Ψ^±_l (k, r) ) = i^{±l}k. 15 Ĺáåőďï ĺğ ŕàěďáâăćńěŋĺï ŕăàæĺăńìŋőľ S-ňăâàĺæë, ŕőńãçĺâì ŕàěďáâăćńěŋĺě ďńï äăğë àăááěïŋĺï çěàěğ àěèěŋĺï Ľőáâă ŕàĺ ćěéěáâćěŋŋëå k (Ŋìîâőŋ – ŋě ŕőćâőàïâì!):

S_l(k) = e^{2iδl(k)} = lim_{r→0} e^{iπl} f_l(ik, r) f_l(−ik, r) , δ_l(k) = πl 2 − k ∞∫ 0 drr d dr 1 |f_l(ik, r)|^2 .

16 Ĺáŕőńìğãï áćőľáâćă ćàőŋáłĺăŋőć, ŕőďãçĺâì ŋěŕőáàěďáâćěŋŋő ĺğ Şà. Ÿà. ćëàăęěŋĺě ďńï ŕăàæĺăńìŋőľ ăňŕńĺâãďë ĺ äãŋłæĺĺ Ľőáâă (Ŋìîâőŋ, Śãŋăłăćă, Ăńìäăàő-Řěďęě):

kη_l(k) = e^{±iδl(k)} sin δ_l(k) = − 1 k ∞∫ 0 drΨ^0_l (k, r)U(r)Ψ^±_l (k, r),

f_l(κ) =⇒ ( f_l(κ, r)^↔∂_r φ_l(0, r) )| | |_{r=0} = κ^2 ∞∫ 0 drφ_l(0, r)f_l(κ, r).

17 Ĺááńěďőćăâì ŕőćěďěŋĺě äăğë s-àăááěïŋĺï δ_0(k) ŕàĺ k → 0, ŕàĺ ŕőïćńěŋĺĺ áćïğăŋŋëå áőáâőïŋĺľ ĺńĺ ęě ”àěğőŋăŋáőć” á ŋãńěćőľ íŋěàčĺěľ ďńï ŕàïňőãčőńìŋőľ ŕőâěŋæĺăńìŋőľ ïňë U(r), čńãąĺŋë −U_0 ĺ èĺàĺŋë R. Ŋăľâĺ ďńĺŋã àăááěïŋĺï ĺ íääěłâĺćŋëľ àăďĺãá (Ŋìîâőŋ, Śãŋăłăćă, Śĺâěŋłő).

18 Ŋăľâĺ áŕěłâà ĺ âőçŋãî äăğã àăááěïŋĺï δ_l(k) c l = 0 ĺ ŕàőćěàĺâì ćëŕőńŋěŋĺě âěőàěňë Ńěćĺŋáőŋă á ĺğňěŋěŋĺěň U_0 ŋă ŕőâěŋæĺăńě (ČŁŁ- 2.12, 2.52; Ťč v.I- 39; ČŁ §1- 11, §2- 5, §8- 11): U(r) = − U_0 cosh^2 αr , r > 0, 19 Ďőłăğăâì ŋěàăćěŋáâćő Ąăàčňăŋă ďńï çĺáńă N_l áćïğăŋŋëå áőáâőïŋĺľ á ďăŋŋëň ğŋăçěŋĺěň l ãčńőćőčő ňőňěŋâă: N_l(2l + 1) ≤ ∫_∞ 0 drr|V (r)| (Śĺâěŋłő, Ăńìäăàő-Řěďęě, ČŁŁ?).

20 Ŋăľâĺ ăňŕńĺâãďã àăďãęŋőčő àăááěïŋĺï (Ŋìîâőŋ, §§5.5, 18.2)

21 Ŋăľâĺ ăňŕńĺâãďã àăááěïŋĺï ć áńãçăě čńőàĺĺ (Ŋìîâőŋ, §§5.5, 18.2)