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Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÏëàí äîêëàäà1 Ñïèí 1/2 â çàâèñèìûõ îò âðåìåíè ìàãíèòíûõ ïîëÿõçàäà÷à Ðàáè - ðåçîíàíñ â ïîëå âðàùàþùåéñÿ âîëíûïðåäëîæåíèå:
~B = {2Nkνcn(νt, k) cosωt, 2Nkνcn(νt, k) sinωt, ω0}ôîðìóëèðîâêà çàäà÷è2 Ðåøåíèå çàäà÷è÷àñòíûå ñëó÷àèñõåìà ðåøåíèÿ â îáùåì ñëó÷àåÿâíûå âûðàæåíèÿ äëÿ N = 1, 23 Èíòåðïðåòàöèÿ ðåçóëüòàòîâðåçîíàíñ â íåëèíåéíî ìîäóëèðîâàííîì ïîëå Ðàáèðåçîíàíñ â ïîëå, ïðèáëèæàþùåìóñÿ ê �ëèíåéíî ïîëÿðèçîâàííîéâîëíå� ñ ìàëîé àìïëèòóäîéðîëü ïàðàìåòðîâ âíåøíåãî ïîëÿ â ðåçîíàíñå 2 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÓíèâåðñàëüíàÿ çàäà÷à:äâóõóðîâíåâàÿ êâàíòîâàÿ ñèñòåìà + âíåøíåå ïîëå,èíäóöèðóþùåå äèíàìèêóÝòàïû ðåøåíèÿâûáîð ïîëÿ (âîçìîæíîñòè äëÿ âû÷èñëåíèé vs ñîïîñòàâèìîñòü ñýêñïåðèìåíòîì, ïðåäïîëàãàåìûé ðåçóëüòàò)íàõîæäåíèå äèíàìèêè (íåòðèâèàëüíîå â îáùåì ñëó÷àå!)àíàëèç äèíàìèêè (â çàâèñèìîñòè îò êîíêðåòíûõ öåëåé)Ñïèí 1/2 + ìàãíèòíîå ïîëåìàãíèòíûé (ñïèíîâûé) ðåçîíàíñ: ïåðåõîä ìåæäóñîñòîÿíèÿìè �ñïèí ââåðõ� è �ñïèí âíèç�óïðàâëåíèå êâàíòîâîé äèíàìèêîé (quantum control):ïåðåâîä ñèñòåìû ñ îäíîãî ñîñòîÿíèÿ â äðóãîå (èëè â èõñóïåðïîçèöèþ) 3 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÑïèí 1/2 + ìàãíèòíîå ïîëåÂûáîð ïîëÿïîëå çàäà÷è Ðàáè ~B(t) = {2a cosωt, 2a sinωt, ω0}ïîñëåäîâàòåëüíîñòè ìàãíèòíûõ èìïóëüñîâ
~B(t) = {B1sechωt, 0, ω0}Ïîëå Ðàáèèñïîëüçóåòñÿ êàê ïðèáëèæåíèå ê ðåàëüíîé ýêñïåðèìåíòàëüíîéñèòóàöèè ëèíåéíî ïîëÿðèçîâàííîé âîëíû

~B(t) = {2a cosωt, 0, ω0}åñëè a << ω0, ðàáîòàåò ïðèáëèæåíèå âðàùàþùåéñÿ âîëíû(RWA), ðåçîíàíñ ïðè ω0 = ωïîïðàâêè ê óñëîâèþ ðåçîíàíñà: ω0 = ω(1− a24 − 5a464 − ...) - ñäâèãÁëîõà-Çèãåðòà 4 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÍåëèíåéíî ìîäóëèðîâàííîå ïîëå Ðàáè
~B = {2Nkνcn(νt, k) cosωt, 2Nkνcn(νt, k) sinωt, ω0}, N ∈ ZÏðè ω = 0;N → ∞, k → 0,Nk = const � ëèíåéíîïîëÿðèçîâàííàÿ âîëíà: ~B ∼ {cos(νt), 0, ω0}.Ïðè k → 1 � N-ñîëèòîííîå âîçáóæäåíèå: Ω− = 2Nνe−ıωtcosh(νt) .Â óðàâíåíèÿ âõîäèò âåëè÷èíà Ω−(t) ≡ B1(t)− ıB2(t),

Ω−(t) = 2Nkνcn(νt|k)e−ıωtÏðè N = 1 ÿâëÿåòñÿ ðåøåíèåì �ñòàöèîíàðíîãî� íåëèíåéíîãîóðàâíåíèÿ Øðåäèíãåðà (x ↔ t)
Ω′′

− + 2ıΩ′
− + 2|Ω|2Ω− −

[
ω2 + ν2(2k2 − 1)]Ω− = 0,à ïðè N ≥ 2 � âûñøèõ åãî àíàëîãîâ. 5 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûCïèí 1/2 + ïåðåìåííîå ìàãíèòíîå ïîëåÃàìèëüòîíèàí ñèñòåìû èìååò âèä
Ĥ = (~B(t), ~̂σ),

~B(t) = {B1(t),B2(t),B3(t)} - ïðîèçâîëüíîå ìàãíèòíîå ïîëå,
~̂σ = {σ̂1, σ̂2, σ̂3} - îïåðàòîð ñïèíîâîãî ìîìåíòà.Ñòàíäàðòíîå ïðåäñòàâëåíèå â âèäå ìàòðèö Ïàóëè
σ̂1 = ( 0 11 0 )

, σ̂2 = ( 0 −ı
ı 0 )

, σ̂3 = ( 1 00 −1 )
,òîãäà ãàìèëüòîíèàí ñèñòåìû ìîæíà ïîäàòü â ìàòðè÷íîé ôîðìå

Ĥ(t) = ( B3(t) B1(t)− ıB2(t)B1(t) + ıB2(t) −B3(t) )
. 6 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûCïèí 1/2 + ïåðåìåííîå ìàãíèòíîå ïîëåÑîñòîÿíèå ñèñòåìû
σ̂3|±〉 = ±1|±〉 ⇒ |Ψ(t)〉 = C+(t)|+〉+ C−(t)|−〉,

|C+(t)|2 + |C−(t)|2 = 1Ýâîëþöèÿ ñîñòîÿíèÿ îïèñûâàåòñÿóðàâíåíèåì Øðåäèíãåðà
ı
∂

∂t |Ψ(t)〉 = Ĥ(t)|Ψ(t)〉,èëè, ÿâíî,
ı
∂

∂t [ C+(t)C−(t) ]
=

[
Ω3(t) Ω−(t)
Ω+(t) −Ω3(t) ] [ C+(t)C−(t) ]ãäå Ω±(t) ≡ B1(t)± ıB2(t), Ω3(t) ≡ B3(t). 7 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÅñëè B3 ≡ Ω3 = const, òîãäà:d2C±dt2 − dΩ∓dt 1
Ω∓

dC±dt +

(
Ω23 + |Ω−|2 − ıΩ3 dΩ−dt 1

Ω−

)
= 0Â ñëó÷àå Ω− = 2Nkνcn(νt, k)e−ıωtóðàâíåíèå, îïðåäåëÿþùåå ñïèíîâóþ äèíàìèêó:d2C±dt2 +

[
νsn(νt, k)dn(νt, k)cn(νt, k) ± ı(ω0 − ω)

] dC±dt +

+N2ν2k2cn2(νt, k)C± = 0d2C±dτ2 +

[sn(τ, k)dn(τ, k)cn(τ, k) ± ı∆

] dC±dτ + N2k2cn2(τ, k)C± = 0,
∆ =

(ω0 − ω)

ν
, τ = νt 8 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÖåíòðàëüíîå óðàâíåíèåd2C±dτ2 +

[sn(τ, k)dn(τ, k)cn(τ, k) ± ı∆

] dC±dτ + N2k2cn2(τ, k)C± = 0,
∆ =

(ω0 − ω)

ν
, τ = νtÇàìåíà τ → s = sn(τ, k) →d2C±ds2 −

[ k2s1− k2s2 ± ı∆√
(1− s2)(1− k2s2)] dC±ds +

N2k21− k2s2C± = 0óðàâíåíèå òèïà Ôóêñà íà ðèìàíîâîé ïîâåðõíîñòè, êîòîðàÿîòâå÷àåò êðèâîé w2 = (1− s2)(1− k2s2) 9 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÀíàëèç ÷àñòíûõ ñëó÷àåâd2C±ds2 −
[ k2s1− k2s2 ± ı∆√

(1− s2)(1− k2s2)] dC±ds +
N2k21− k2s2C± = 0

↓

∆ = 0 d2C±ds2 − k2s1− k2s2 dC±ds +
N2k21− k2s2C± = 0k = 1 d2C±ds2 − s ± ı∆1− s2 dC±ds +
N21− s2C± = 0 10 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÀíàëèç ÷àñòíûõ ñëó÷àåâ: ∆ = 0d2C±ds2 − k2s1− k2s2 dC±ds +
N2k21− k2s2C± = 0èìååò òðè îñîáåííûå òî÷êè:

− 1k , 1k , ∞ → óðàâíåíèå ãèïåðãåîìåòðè÷åñêîãî òèïàC+ = αF(N ,−N ,
12 , 1− ks2 )N ∈ Z ⇒C+ = TN(−ks), C− = −ı
√1− k2s2UN−1(−ks),ãäå TN(x) è UN(x) � ïîëèíîìû ×åáûøåâà ïåðâîãî è âòîðîãîðîäîâ, ñîîòâåòñòâåííî.Âàæíî:ïðè ∆ = 0 âåëè÷èíà |C+| ÿâëÿåòñÿ ïîëèíîìîì ñòåïåíè N. 11 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÀíàëèç ÷àñòíûõ ñëó÷àåâ: k = 1d2C±ds2 − s ± ı∆1− s2 dC±ds +
N21− s2C± = 0èìååò òðè îñîáåííûå òî÷êè:

−1, 1, ∞ → óðàâíåíèå ãèïåðãåîìåòðè÷åñêîãî òèïàC+ = αF(N ,−N ,
12(1+ ı∆),

1− s2 ),N ∈ Z ⇒ C+ = P(− 12{1−ı∆},− 12{1+ı∆})N (s)ãäå P(a,b)N � ïîëèíîì ßêîáè.Âàæíî:ïðè ∆ 6= 0 âåëè÷èíà |C+| îñòà¼òñÿ ïîëèíîìîì ñòåïåíè N. 12 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÌåòîä ðåøåíèÿd2C+ds2 −
[ k2s1− k2s2 +

ı∆√
(1− s2)(1− k2s2)] dC+ds +

N2k21− k2s2C+ = 0Áóäåì èñêàòü ðåøåíèå â âèäåC+ = exp ∫ t0 χ(τ)dτ,òîãäà χ(t) = C ′

+C+
, à ñîîòâåòñòâóþùåå óðàâíåíèå

χ′ + χ2 + p(s)χ+ q(s) = 0,ãäå p(s) = −
[ k2s1−k2s2 + ı∆w ]

, q(s) = N2k21−k2s2 ,w =
√

(1− s2)(1− k2s2) ÿâëÿåòñÿ óðàâíåíèÿ Ðèêêàòè. 13 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÌåòîä ðåøåíèÿ
χ(s) ìîæíà ïðåäñòàâèòü â âèäå

χ(s) = R0(s) + R̃1w(ñîãëàñîâàíî è ñî ñòðóêòóðîé óðàâíåíèÿ, è ñ ðàçáèåíèåìC+ = |C+|eıϕ)â òåðìèíàõ ìîäóëÿ è ôàçû:
R0(s) = 12 |C+|2′

|C+|2 , R1(s) = wϕ′C+ = exp(∫ s0 [
R0(s ′) + ı

R1(s ′)w ] ds ′) 14 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÌåòîä ðåøåíèÿÈñõîäíîå óðàâíåíèå ïðåâðàùàåòñÿ â ñèñòåìó óðàâíåíèé Ðèêêàòè
R′0 +R20 − k2s1− k2s2R0 + 1w2 (∆R1 −R21) + N2k21− k2s2 = 0,

R′1 +R1(2R0 − ss2 − 1 ) = ∆R0.ïî èçâåñòíîé R0(s), ôóíêöèÿ R1(s) îïðåäåëÿåòñÿ îäíîçíà÷íî
R1(s) = ∆

∫ s0 exp(− ∫ sy [2R0(s ′)− s ′s2′ − 1] ds ′)R0(y)dyïðåäïîëîæåíèå î ïîëèíîìèàëüíîé ñòðóêòóðå |C+| äàåòñòðóêòóðó R0òîãäà îñíîâíàÿ çàäà÷à � ðåøåíèå óðàâíåíèÿ íà êîðíè ïîëèíîìà,êîòîðîå âîçíèêàåò êàê óñëîâèå ñîâìåñòíîñòè ñèñòåìû óðàâíåíèéíà R0 è R1 15 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÌåòîä ðåøåíèÿ: îáùàÿ ñõåìà1 ïðåäëàãàåòñÿ |C+|2 ∼ P2N(s, ei )2 âû÷èñëÿåòñÿ R0 : R0(s) = 12 |C+|2′
|C+|23 âû÷èñëÿåòñÿ R1 :

R1(s) = ∆
∫ s0 exp(− ∫ sy [2R0(s ′)− s′s2′−1] ds ′)R0(y)dy4 R′0 +R20 − k2s1−k2s2R0 + 1w2 (∆R1 −R21) + N2k21−k2s2 = 0 → óðàâíåíèåíà êîðíè ei5 C+ = exp(∫ s0 [

R0(s ′) + ıR1(s′)w ] ds ′)6 ïîñëå íàõîæäåíèÿ C+ íàäî âûïèñàòü îáà ëèíåéíî íåçàâèñèìûåðåøåíèÿ ñòàðòîâîãî óðàâíåíèÿ, óòî÷íèòü ñîîòâåòñâóþùèå C− èñîñòàâèòü ëèíåéíûå êîìáèíàöèè, óäîâëåòâîðÿþùèå íà÷àëüíûìóñëîâèÿì: C+(0) = 1, C−(0) = 0 16 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÐåøåíèå ïðè N = 1
|C+|2 = s2 + e2 → R0(s) = s2s2+e2 → R1(s) = ∆ s2−1s2+e2
⇒ k2e4 − (∆2 − 1)e2 −∆2 = 0e21,2 = (

∆2 − 1)2k2 ± 12k2√(∆2 − 1)2 + 4k2∆2
ϕ =

∫ s0 R1w ds ′ → ∆
[∫ s0 ds′w − (1+ e2i ) ∫ s0 ds′

(s2′+e2i )w ]
ϕi = ∆τ −∆

(1+ e2i )e2i Π

[
− 1e2i , am(τ), k] ,ãäå Π [n, am(τ), k ] = ∫ s0 dx

(1−nx2)√(1−x2)(1−k2x2) � ýëëèïòè÷åñêèéèíòåãðàë òðåòüåãî ðîäà. 17 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÐåøåíèå ïðè N = 1Ëèíåéíûå êîìáèíàöèè, óäîâëåòâîðÿþùèå íà÷àëüíûìóñëîâèÿì:C+(τ) =

√e21e21 − e22 (s2 + e21)1/2 e−ıϕ1 + √
−e22e21 − e22 (

−s2 − e22)1/2 e−ıϕ2
C−(τ) = −ı

√
−e22e21 − e22 (s2 + e21)1/2 eıϕ1 + ı

√e21e21 − e22 (
−s2 − e22)1/2 eıϕ2

ϕi = ∆τ −∆
(1+ e2i )e2i Π

[
− 1e2i , am(τ), k] ,e21,2 = (

∆2 − 1)2k2 ± 12k2√(∆2 − 1)2 + 4k2∆2, s = sn(τ, k). 18 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÐåøåíèå ïðè N = 2
|C+|2 = (s2 − e1)(s2 − e2) →

R0(s) = [2s2−(e1+e2)]s
(s2−e1)(s2−e2) → R1(s) = ∆ (s2−1)(2/3s2+4/3−(e1+e2))

(s2−e1)(s2−e2)13 ( 23 s6 − ess4 + 2e1e2s2) (9k2es +∆2 − 9)− 4k2(e1e2)2+19 (4− 3es)2∆2 + e1e2 (es(1−∆2) + 4∆23 )
= 0, es = e1 + e2e1,2 = −∆2−99k2 ±

√236k2√9(9+√D)
+ 54 (1− 2k2)∆2 − 7∆4e ′1,2 = −∆2−99k2 ±

√236k2√9(9−√D)
+ 54 (1− 2k2)∆2 − 7∆4D =

[(
∆2 − 9) (∆2 − 1)+ 12∆2k2]2 + (4∆k)2 (∆2 − 9+ 48k2)2 19 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÐåøåíèå ïðè N = 2Ëèíåéíûå êîìáèíàöèè, óäîâëåòâîðÿþùèå ÍÓ:C+(τ) =

√
(−e1e2)e′1e′2−e1e2 [(−s2 + e1)(s2 − e2)]1/2 eıϕ(e1,e2,∆)+

+

√
(e ′1e ′2)e ′1e ′2 − e1e2 [(−s2 + e ′1)(−s2 + e ′2)]1/2 eıϕ(e′1 ,e′2,∆)C−(τ) = ı

√
(e′1e′2)e′1e′2−e1e2 [(−s2 + e1)(s2 − e2)]1/2 eıϕ(e1,e2,−∆)−

−ı

√
(−e1e2)e ′1e ′2 − e1e2 [(−s2 + e ′1)(−s2 + e ′2)]1/2 eıϕ(e′1 ,e′2,−∆)

ϕ(e1, e2,∆) = ∆2/3τ −∆ (e1−1)(−4+e1+3e2)3e1(e1−e2) Π
[ 1e1 , am(τ), k]+

+∆
(e2 − 1)(−4+ 3e1 + e2)3e2(e1 − e2) Π

[ 1e2 , am(τ), k] 20 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÔîðìà ïðåäñòàâëåíèÿ ðåøåíèéÌàòðèöà îïåðàòîðà ýâîëþöèè Û(t) ∈ SU(2)
[ C̃+(t)C̃−(t) ]

= Û(t)[ C̃+(0)C̃−(0) ]
, Û(t) = [

α(t) β(t)
−β∗(t) α∗(t) ]

.Ñðåäíèå çíà÷åíèÿ ñïèíîâûõ îïåðàòîðîâ ⇒ âåêòîð ÁëîõàSi (t) = 〈Ψ(0)|Û−1
(t)σ̂i Û(t)|Ψ(0)〉 ⇒ ~S = {S1,S2,S3}S21 + S22 + S23 = 1Ýâîëþöèÿ âåêòîðà Áëîõà äëÿ S3(0) = ±1S1(t) = −(αβ + α∗β∗)S3(0), S2(t) = ı(α∗β∗ − αβ)S3(0),S3(t) = (|α|2 − |β|2)S3(0) 21 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÐåçîíàíñ â íåëèíåéíî ìîäóëèðîâàííîì ïîëå Ðàáè
~B = {2Nkνcn(νt, k) cosωt, 2Nkνcn(νt, k) sinωt, ω0}C+ = TN(−ks), C− = −ı

√1− k2s2UN−1(−ks) →S3(τ) = 2TN(−ks)2 − 1Óñëîâèÿ ðåçîíàíñà:
ω0 = ωS3(τmin) = −1 → TN (−kres)2 = 0

K 2K 3K 4K
t

-1

1
S3HtL

9kres=1� 2 , N=2=

K 2K 3K 4K
t

-1

1
S3HtL

8kres=0.89, N=3<

K 2K 3K 4K
t

-1

1
S3HtL

8kres=0.38, N=4<
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Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÐåçîíàíñ â ïîëå ~B = {2Nkcn(τ, k), 0, ω0}×àñòîòûïîñòîÿííîå ïîëå � ω0ïîïåðå÷íîå ïîëå � π2K(k)νÏðåäïîëàãàåìûé ðåçîíàíñ
ω0 = π2K(k)νÏðè ìàëûõ k
ω0 = ν(1− k24 − 5k464 − ...) � ñäâèã Áëîõà-Çèãåðòà!ïðè k → 0: ω0 = ν ⇔ ∆ = 1 23 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÐåçîíàíñ â ïîëå ~B = {2kcn(τ, k), 0, ω0} → ∆ = 1Ïðè N = 1, ∆ = 1 ⇔ ω0 = νS3(τ) = {1− k2sn4(τ, k)}1/2×
× cos(kτ +

ı2 ln [dn(τ, k)− ıksn(τ, k)cn(τ, k)dn(τ, k) + ıksn(τ, k)cn(τ, k)])Â ïîëå Ðàáè ~BR = {2k cosω0t, 2k sinω0t, ω0} : S3(τ) = cos kτÓñëîâèÿ ðåçîíàíñàS3(τmin) = −1sn(τmin, k) = 0 ⇒ τmin = 2mK (k), m ∈ Zcos(kτmin) = 1 ⇒ τmin = (2n + 1)πk , n ∈ Z2mK (k) = (2n + 1)πk 24 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÐåçîíàíñ â ïîëå ~B = {2kcn(ω0t, k), 0, ω0} → ∆ = 1
Π�k 3Π�k

Τ

-1

1
S3HΤL

8D=1, k=0.279972<

Π�k 3Π�k

Τ

-1

1
S3HΤL

8D=1, kres=0.384474<

Π�k 3Π�k

Τ

-1

1
S3HΤL

8D=1, kres=0.598529<

Π�k 3Π�k

Τ

-1

1
S3HΤL

8D=1, kres=0.792726<
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Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÐåçîíàíñ â ïîëå ~B = {2kcn(ω0t, k), 0, ω0} → ∆ = 1
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Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÐåçîíàíñ â ïîëå
~B = {4kcn(ω0t, k), 0, ω0} → ∆ = 1, N = 2Óñëîâèÿ ðåçîíàíñà:

ω0 = ω2mK (k) = (2n+ 1) π2k
Out[16]=

Π�2k 3Π�2k

Τ

-1

1
S3HΤL

8D=1, k=0.2<

Π�2k 3Π�2k

Τ

-1

1
S3HΤL

8D=1, k=0.32<
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Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÂåêòîð Áëîõà äëÿ ïðîèçâîëüíîãî ñïèíà j :S[j]i (t) = 〈Ψ(0)|Û−1
(t) Ŝ [j]i Û(t)|Ψ(0)〉,ãäå Ŝ [j]i - îïåðàòîð ñïèíà j. Åñëè |Ψ(0)〉 = (1 0 . . . 0) ⇒,S [j]3 (t) = j∑m=−jm |U[j]mj |2Ìàòðè÷íûå ýëåìåíòû íåïðèâîäèìûõ ïðåäñòàâëåíèé ãðóïïûSU(2) U[j]nm = αj−m(α∗)j+m(−β∗)m−n×

×
N∑l=M √

(j −m)!(j − n)!(j +m)!(j + n)!l !(j −m − l)!(j + n − l)!(m − n + l)! (−|β|2
|α|2)l

,M = max (0, n −m), N = min (j −m, j +m), j = 0, 1/2, 1, . . .,n,m = −j , . . . , j . 28 / 30



Ïîñòàíîâêà çàäà÷è Ðåøåíèå çàäà÷è Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÂûâîäûÂûâîäûèññëåäîâàíà äèíàìèêà ñïèíà 1/2 â ïîëå
~B = (2Nkνcn(νt|k) cosωt, 2Nkνcn(νt|k) sinωt, ω0)ïðåäëîæåíà îáùàÿ ñõåìà ïîèñêà òî÷íîãî ðåøåíèÿïîêàçàíî, ÷òî â íåëèíåéíî ìîäóëèðîâàííîì ïîëå Ðàáè ðåçîíàíñâîçìîæåí ïðè ω0 = ω è kres , îïðåäåëÿåìûõ èç óñëîâèÿ:TN(−kres)2 = 0ïîêàçàíî, ÷òî â ïîëå ~B = {2Nkcn(τ, k), 0, ω0} óñëîâèÿìè äëÿðåçîíàíñà ÿâëÿþòñÿ ω0 = ν è 2mK (k) = (2n + 1) πNkíåïåðòóðáàòèâíî ïîëó÷åí ñäâèã Áëîõà-Çèãåðòà
ω0 = ν(1− k24 − 5k464 − ...)ïîëó÷åííûå ôîðìóëû ïî èçâåñòíîìó àëãîðèòìó ìîãóò áûòüîáîáùåíû íà ïðîèçâîëüíûé ñïèí j 29 / 30
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