Físca atómica pod Otoño, 2002

1. Átomos hidrogenoides

p^{′′}(r) = 2μ ℏ^2

[U_l(r) − E] p(r) , U_l(r) = V (r) + ℏ^2 2μ l(l + 1)

r^2

, n = n_r + l + 1 , (α)_k = α · (α + k − 1)

1F_1(α, β, z) = ∞∑ k=0 (α)_k (β)_k z^k k! , p_{nl}(r) = a^{−1/2}_0 ( 2Zr na_0 )_{l+1} e^{− Zrna0}_1F_1 ( l + 1 − n, 2l + 2, 2Zr na_0 )

ψ_{nlm}(⃗r) = p_{nl}(r) r Y_{ml}(r̂) , E = − Z^2 2n^2 me^4 ℏ^2 , ∫_∞ 0 r^ne^{−ar}dr = n! a^{n+1} , ψ^{(Z)} = Z^{3/2}ψ^{(1)} , ⟨ r^k ⟩_{(Z)} = ⟨ r^k ⟩_{(1)} Z^k

H_m = − 1 8m^3c^2 p^4 = − α^2 2 ( H_p + Z r )_2 , α = e^2 ℏc = 1/137,0035 H_{so} = − eℏ 8m^2c^2 ⃗σ · ⃗∇φ × ⃗p = α^2 2 1 r dV dr ⃗L⃗S = ξ(r)⃗L⃗S , ξ(r) = Zα^2 2 1 r^3 H_{DW} = − eℏ 8m^2c^2

∇^2φ = Zα^2 2 πδ(⃗r)

⟨H_{so}⟩ = −E_n (Zα)^2 2n j(j + 1) − l(l + 1) − 3/4 l (l + 1/2) (l + 1)

(1 − δ_{l0}) ⟨H_m⟩ = −E_n ( Zα n )_2 [ 3 4 − n l + 1/2 ]

⟨H_{DW} ⟩ = −E_n (Zα)^2 n δ_{l0} ΔE_{nlj} = E_n ( Zα n )_2 [ n j + 1/2 − 3 4 ] , j = l ± 1/2

Vol. finito ΔE =

Z^4 n^3 ( M M + 1

)_3 2 5 R^2δ_{l0} , R = A^{1/3} 2,3 × 10^{−5}a_0

massa fin. E(M) = M M + m E(∞) , ΔE = E(M) − E(∞)

2. Átomos multielectrònicos ⃗R = ∑ i m_e⃗r_{ei} + M_N ⃗r_N M_n + Nm_e , ⃗r_i = ⃗r_{ei} − ⃗r_N , T = − ℏ^2 2(M_N + Nm_e)

∇^2_R − ℏ^2 2μ ∑ ∇^2_i − ℏ^2 2M_n ∑ ⃗∇_i ⃗∇_j

V = − N∑ i=1 1 r_i + ∑ i<j e^2 |⃗r_i − ⃗r_j | , S_N = 1 N! ∑ p∈S_N P , A_N = 1 N! ∑ p∈S_N (−1)^pP , A^† = A^2 = A , AS = SA = 0

F (x_1, . . . , x_N ) = ∑ i f(x_i) , G(x_1, . . . , x_N ) = ∑ i<j g(x_i, x_j ) , E ∼ n + l ∼ n , D_{eq} = ( 2(2l + 1) n )

⟨ψ F ψ⟩ = N∑ i=1 ∫ ϕ^∗_i fϕd^3r , ⟨ ψ_{1,2,...} F ψ_{~1,2,...} ⟩ = ∫ ϕ^∗_1fϕ̃_1d^3r ⟨ψ G ψ⟩ = ∑ i<j (∫∫ φ^∗_i (x_1)φ^∗_j (x_2)g(x_1x_2)φ_i(x_1)φ_j (x_2) − ∫∫ φ^∗_i (x_1)φ^∗_j (x_2)g(x_1x_2)φ_i(x_2)φ_j (x_1) )

⟨ψ_{12...} G ψ_{~12...}⟩ = ∑ j=2 (∫∫ φ^∗_1(x_1)φ^∗_j (x_2)g(x_1x_2)φ̃_1(x_1)φ_j (x_2) − ∫∫ φ^∗_i (x_1)φ^∗_j (x_2)g(x_1x_2)φ̃_1(x_2)φ_j (x_1) )

⟨ψ_{12...} G ψ_{~12...}⟩ = (∫∫ φ^∗_1(x_1)φ^∗_2(x_2)g(x_1x_2)φ̃_1(x_1)φ̃_2(x_2) − ∫∫ φ^∗_i (x_1)φ^∗_2(x_2)g(x_1x_2)φ̃_1(x_2)φ̃_2(x_1) )

[ −ℏ^2 2m ∇^2 − Ze^2 r ] φ_i + N∑ j [∫ φ^∗_j (⃗r^′) e^2d^3r^′ |⃗r − ⃗r^′| φ_j (⃗r^′) ] φ_i V_D φ_i Hartree − N∑ j [ δ_{msi msj} ∫ φ^∗_j (⃗r^′) e^2d^3r^′ |⃗r − ⃗r^′| φ_i(⃗r^′) ] φ_j V_{ech} φ_i Hartree-Fock = E_iφ_i

f(x)φ_i(x) + N∑ j=1 ∫ dx^′φ^∗_j (x^′)g(x, x^′)φ_j (x^′) φ_i(x) − N∑ j=1 [∫ dx^′φ^∗_j (x^′)g(x, x^′)φ_i(x^′) ] φ_j (x) = E_iφ_i(x)

E = ⟨ψ H ψ⟩ = ∑ i I(i) + 1 2 ∑ ij (J(ij) − K(ij)) = ∑ i E_i − 1 2 ∑ ij (J(ij) − K(ij)) 3. Átomo de helio

E_{tdp,(1s)}2 = ( −Z^2 + 5 8 Z ) Z_{eff} = Z − 5 16 . n^{2s+1}L , E ∼ (2s + 1)^{−1}

ΔE = ⟨ ψ e^2 r_{12} ψ ⟩ = e ∞∑ l=0 C^l(00, 00)C^l(00, 00)F^L(10, 10) , C^L(00, 00) = δ^{L0}

F^0(10, 10) = ∫ dr_1dr_2 1 r_> [p_{10}(r_1)p_{10}(r_2)]^2 = 5 8 Z a_0

4. Interacción con campos externos

4.1. Efecto stark ⃗A = 0 , ϕ = −ε , H^′ = eε ∑ i z_i , E^{(1)}_{100} = 0 , E^{(2)}_{100} = − 9 4 a^3_0 Z^4 ,

⟨nl^′m^′ H^′ nlm⟩ = 0 si l − l^′ = par, o m ≠ m^′ , ⟨ ⃗D ⟩ = α⃗ε , α = −1 ε ∂E^{(2)}_0 ∂ε , E^{(2)}_0 = ∑ k≠0 |⟨0 H^′ k⟩|^2 E_0 − E_k

E^{(2)}_0 ≈ e^2ε^2 E_0 ∑ i ⟨ 0 z^2_i 0 ⟩ =_{esf} e^2ε^2 E_0 N 3 ⟨ r^2 ⟩

E^{(2)}_0 ≥ −1 E_1 − E_0 ∑ k≠0 |⟨0 H^′ k⟩|^2 =

−e^2ε^2 E_1 − E_0 ∑ i ⟨ z^2 ⟩ = −e^2ε^2N/3 E_1 − E_0 ⟨ r^2 ⟩ , 4.2. Efecto Zeeman ϕ = 0 , ⃗A =^1_2 ⃗B × ⃗r , H^′ =^e_{mc} ⃗A⃗p + μ_B⃗σ ⃗B = μ_B ⃗B(⃗L + 2⃗S) = −( ⃗M_L + ⃗M_s) ⃗B , ⃗M_i = −g_iμ_B ⃗J_i • H^′ ≫ H_{so} Paschen-Back E = E_n + μ_B B(m_l + 2m_s) , ΔE_{so} = −E_n α^2Z^2 n m_lm_s l(l + 1/2)(l + 1)

(1 − δ_{l0}) ⟨γLSM^′_LM^′_J H_{so} γLSM_LM_J ⟩ = T_{γLS}M_LM_S δ_M ′_{LML} δ_M ′_{S MS} , ΔE = μ_B (M_L + 2M_S) + T_{γLS}M_LM_S • H_{so} ≫ H^′ Z. anómalo g_J = g_L

J^2 + L^2 − S^2

2J^2 + g_S J^2 + S^2 − L^2 2J^2

= 1 + j(j + 1) + s(s + 1) − l(l + 1) 2j(j + 1) H^′ = g_J μ_B BJ_z , ΔE = g_J μ_B BM_J

5. Espectroscopias atómicas ψ = ∑ n C_n(t)e^{−iEnt/ℏ} ⟨ϕ_n⟩ , Ċ^{(0)}_f = 0 , Ċ^{(1)}_f = − i ℏ ∑ n C^{(0)}_n H^′_{f n}e^{iωf nt} , C^{(t)}_f =_{t=0→|n⟩} − i ℏ ∫_t 0 dt^′H^′_{f i}e^{iωf i}

W^{est}_{f i} = n(ω_{f i})4π e^2 3ℏ ω_{f i} |⟨f ⃗r i⟩|^2 , W^S_{f i} = 4e^2 3ℏc^3 ω^3_{f i} |⟨f ⃗r i⟩|^2 , N_1 N_2 = e^{− E1−E2kT} , n = ω^2 π^2c^3 1 e^{ℏω/kT} − 1 Ṅ_{1→2} = W^{est}N_1 , Ṅ_{2→1} = W^{est}N_2 + W^sN_2 ; Δl = ±1 , Δm_l = 0, ±1 , π_i = −π_f , Δm_s = 0

W^{est} = n(ω_{f i}) 2πe^2 mc^2ℏw_{f i} | | | ⟨ f e^{i⃗k⃗r}ϵ̂ [ ⃗p + i ℏ 2 ⃗σ × ⃗k ] i ⟩| |^2 , F^{E1}_{f i} ≈ eA^0 mc ⟨f ϵ̂⃗p i⟩ est.fina Δj = 0, ±1 , Δm_l = 0, ±1 , π_f = −π_i multi. ΔJ = 0, ±1(no L = L^′ = 0) , ΔM = 0, ±1 , π_f = −π_i , ΔS = 0

W_{f i} = 4α 3c^2 ω^3_{f i} |⟨f ⃗r i⟩|^2

6. Varios

⟨Y_{l1 m1} C_{LM} Y_{l2 m2} ⟩ = √ 2l_2 + 1 2l_1 + 1

⟨Ll_200 l_10⟩ ⟨Ll_2Mm_2 l_1m_1⟩ , C_{LM} = √ 4π 2L + 1 Y_{LM} ∫_∞ 0 dr p_{n,l−1} p_{nl} r = − 3n 2Z √ n^2 − l^2a_0 ,

a_0 = ℏ^2 me^2 = 0,529177^∘A

t_0 = ℏ^3 me^4 = 2,41888 × 10^{−17}s

E_h = me^4 ℏ^2

= 27,2114eV c = 1 α μ_B = α/2 1cm^{−1} = 1,2398 × 10^{−4}eV

p_{10}(r) = ( Z a_0 )_{3/2} 2re^{−Zr/a0} p_{20}(r) = ( Z a_0 )_{3/2} 1 √ 2 [ 1 − 1 2 Zr a_0 ] e^{−Zr/2a0} p_{21}(r) = ( Z a_0 )_{3/2} 1 2 √ 6 Zr^2 a_0 e^{−Zr/2a0}

⟨ r^{−2} ⟩ = Z^2 a^2_0 1 n^3(l + 1/2) ⟨ r^{−1} ⟩ = Z a_0 1 n^2 ⟨r⟩ = a_0 Z 1 2 ( 3n^2 − l(l + 1) ) ⟨ r^2 ⟩ = a^2_0 Z^2 n^2 2 ( 5n^2 + 1 − 3l(l + 1) )

⃗L = 1 ℏ ⃗r × ⃗p , ∇^2 = 1 r ∂^2 ∂r^2 (r ) − ⃗L2 r^2 , 1 r_{12} = ∑ l=0 4π 2l + 1 r^l_< r^{l+1}_> ∑ m=−l lY^∗_{lm}(r̂_1)Y_{lm}(r̂_2)

⟨Y_{l3m3} Y_{l1 m1} Y_{l2 m2} ⟩ = √ (2l_1 + 1)(2l_2 + 1)

4π(2l_3 + 1)

⟨l_1l_200 l_30⟩ ⟨l_1l_2m_1m_2 l_3m_3⟩

[J_i, J_j ] = iϵ_{ijk} J_k , J_{±1} = ∓ 1 √ 2 (J_x ± iJ_y) , J_0 = J_z , J^2 = −J_{+1}J_{−1} + J^2_0 − J_{−1}J_{+1}

J_{±1} |jm⟩ = ∓ √ 1 2 ( j(j + 1) − m(m ± 1) ) , A_i = | ⃗A| C_{1i} , C_{LM} = √ 4π 2L + 1 Y_{LM} ⟨ j_1, 1 2 , m − m_2, m_2 = ± 1 2 jm ⟩ = j = j_1 + 1/2 (_{j1 ±m+1/2} 2j_1 +1 )_{1/2} j = j_1 + 1/2 ∓ (_{j1 ∓m+1/2} 2j_1 +1 )_{1/2}

C^1(l^′m^′_l, lm_l)δ_{q,m}′_{l−ml} = ∫ 4π dr̂ Y^∗_l′_m′ (r̂)C_{1q} (r̂)Y_{lm}(r̂) = √ 2l + 1 2l^′ + 1 ⟨l100 l^′0⟩ ⟨l1m_l, m^′_l − m_l l^′m^′_l⟩ C^k(l^′m^′; lm) = ∫ Y^∗_l′_m′ C_{k,m}′_{−m}Y_{lm} , ∑ m^′ | |C^1(l^′m^′; lm) | |^2 =

{_{l+1}

2l+1 si l

′ = l + 1 l 2l+1 si l ′ = l − 1