
Ó×ÅÍÛÅ ÇÀÏÈÑÊÈ ÊÀÇÀÍÑÊÎ�Î �ÎÑÓÄÀ�ÑÒÂÅÍÍÎ�Î ÓÍÈÂÅ�ÑÈÒÅÒÀÒîì 148, êí. 1 Ôèçèêî-ìàòåìàòè÷åñêèå íàóêè 2006ÓÄÊ 530.1:512.54 ÒÎ×ÍÎÅ �ÅØÅÍÈÅ ÌÎÄÅËÈÄÆÅÉÍÑÀ�ÊÀÌÌÈÍ�ÑÀ ÄËß ÀÒÎÌÀ,ÄÂÈÆÓÙÅ�ÎÑß ÑÊÂÎÇÜ ÍÅÈÄÅÀËÜÍÛÉ�ÅÇÎÍÀÒÎ�À.Â. �îðîõîâ, È.Å. ÑèíàéñêèéÀííîòàöèÿÂ ðàáîòå ïîñòðîåíî òî÷íîå ðåøåíèå ìîäåëè Äæåéíñà �Êàììèíãñà ñ ó÷åòîì ìíîãî-êâàíòîâûõ ïåðåõîäîâ, íåèäåàëüíîñòè ðåçîíàòîðà è äâèæåíèÿ àòîìà ñêâîçü ðåçîíàòîð äëÿïðîèçâîëüíûõ íà÷àëüíûõ ñîñòîÿíèé àòîìíîé è �îòîííîé ïîäñèñòåì. Íà îñíîâå íàéäåí-íîé â ÿâíîì âèäå ìàòðèöû ïëîòíîñòè ñèñòåìû ïîñòðîåíû âûðàæåíèÿ äëÿ íàáëþäàåìûõè ðàññ÷èòàíû èõ âðåìåííûå çàâèñèìîñòè.ÂâåäåíèåÂ 1963 ã. Äæåéíñ è Êàììèíãñ ïðåäëîæèëè ïðîñòóþ è î÷åíü ïîëåçíóþ ìîäåëüâçàèìîäåéñòâèÿ èçëó÷åíèÿ ñ âåùåñòâîì [1, 2℄. Çíà÷åíèå ýòîé ìîäåëè, îïèñûâàþùåéâçàèìîäåéñòâèå äâóõóðîâíåâîãî àòîìà ñ êâàíòîâàííîé ìîäîé ýëåêòðîìàãíèòíîãîïîëÿ â èäåàëüíîì ðåçîíàòîðå, äëÿ ñîâðåìåííîé êâàíòîâîé îïòèêè òðóäíî ïåðåîöå-íèòü. Ïðåäñêàçàí ðÿä �óíäàìåíòàëüíûõ ý��åêòîâ, òàêèõ, êàê îñöèëëÿöèè �àáèâ âàêóóìíîì ïîëå, âîññòàíîâëåíèå è óíè÷òîæåíèå îñöèëëÿöèé �àáè äëÿ �îòîííîéìîäû, ïðèãîòîâëåííîé â êîãåðåíòíîì ñîñòîÿíèè [3�6℄. Âñå ýòè ïðåäñêàçàíèÿ áûëèóñïåøíî ïðîâåðåíû íà ýêñïåðèìåíòàõ ñ îäíîàòîìíûìè ìàçåðàìè [7, 8℄. Îáçîð ÌÄÊè ìíîæåñòâà åå îáîáùåíèé ïðèâåäåí â ðàáîòå [9℄.Â ïðåäûäóùèõ ðàáîòàõ [10, 11℄ àâòîðàìè ïîëó÷åíà òî÷íàÿ �îðìóëà äëÿ ìàòðè-öû ïëîòíîñòè îáîáùåííîé ÌÄÊ â ðåçîíàòîðå ñ ïîòåðÿìè â ñëó÷àå íåïîäâèæíîãîàòîìà äëÿ ïðîèçâîëüíîãî íà÷àëüíîãî ñîñòîÿíèÿ �îòîííîé ïîäñèñòåìû è âîçáóæ-äåííîé àòîìíîé. Â äàííîé ðàáîòå íà îñíîâå îáîáùåíèÿ ðàíåå ðàçâèòîãî �îðìàëèç-ìà íàéäåíà ìàòðèöà ïëîòíîñòè ñèñòåìû â ðåàëüíîì ðåçîíàòîðå ñ ó÷åòîì äâèæåíèÿàòîìà è ïðîâåäåíî ñðàâíåíèå ìîäåëåé ñ íåïîäâèæíûì è äâèæóùèìñÿ àòîìîì.1. ÌîäåëüÂ äàííîé ðàáîòå ïîëó÷åíî àíàëèòè÷åñêîå ðåøåíèå äëÿ ìîäåëè äâóõóðîâíåâî-ãî àòîìà, ïðîëåòàþùåãî ñêâîçü ðåçîíàòîð êîíå÷íîé äîáðîòíîñòè. Àòîì ñ÷èòàåòñÿäîñòàòî÷íî òÿæåëûì, è åãî äâèæåíèå îïèñûâàåòñÿ êëàññè÷åñêè. �àññìàòðèâàåòñÿâîçìîæíîñòü âçàèìîäåéñòâèÿ àòîìà ñ r -�îòîííûìè ìîäàìè, òàê ÷òî ω0 ≈ rω èãàìèëüòîíèàí ñèñòåìû èìååò âèä
Ĥ = ĤA + ĤF + ĤB + ĤAF + ĤBF ,ãäå ĤA = ~ω0Ŝ3 � ãàìèëüòîíèàí ñâîáîäíîãî àòîìà; ĤF = ~ω(â+â + 1/2) � ãà-ìèëüòîíèàí �îòîííîé ìîäû, ĤB =

∑

α
~ω̃α(ĉ+

α ĉα + 1/2) � ãàìèëüòîíèàí ¾áàíè¿,
ĤAF = ~f (t) ((â+)rŜ− + (â)rŜ+) � ãàìèëüòîíèàí âçàèìîäåéñòâèÿ àòîìà ñ ïî-ëåì, f(t) � �óíêöèÿ, ó÷èòûâàþùàÿ äâèæåíèå àòîìà ÷åðåç ðåçîíàòîð. Íàïðèìåð,



ÒÎ×ÍÎÅ �ÅØÅÍÈÅ ÌÎÄÅËÈ ÄÆÅÉÍÑÀ�ÊÀÌÌÈÍ�ÑÀ 117åñëè ðàññìàòðèâàåòñÿ îäíîêâàíòîâûé ïåðåõîä, òîãäà f (t) = g sin (pπvt/L) [12℄;
ĤBF =

∑

α
(ĉ+

α âfα + ĉαâ+f̄α) � ãàìèëüòîíèàí âçàèìîäåéñòâèÿ ïîëÿ ñ ¾áàíåé¿,
∆ = ω0 − rω .Áóäåì èñêàòü ìàòðèöó ïëîòíîñòè â ñëåäóþùåì âèäå

ρ̂(t) = ρ̂AF (t) ⊗ ρ̂B(0),òî åñòü âîñïîëüçóåìñÿ ãèïîòåçîé íåîáðàòèìîñòè è, óñðåäíèâ ïî ïåðåìåííûì òåðìî-ñòàòà óðàâíåíèå Ëèóâèëëÿ, ïîëó÷èì êèíåòè÷åñêîå óðàâíåíèå äëÿ ðåäóöèðîâàííîéìàòðèöû ïëîòíîñòè:
∂ρ̂AF

∂t
=

1

i~

[

Ĥ
(I)
AF , ρ̂AF

]

− γ

2

(

â+âρ̂AF − 2âρ̂AF â+ + ρ̂AF â+â
)

. (1)2. Ìàòðèöà ïëîòíîñòè ìîäåëèÄëÿ íàõîæäåíèÿ ðåøåíèÿ óðàâíåíèÿ (1) âîñïîëüçóåìñÿ P -ïðåäñòàâëåíèåì�ëàóáåðà �Ñóäàðøàíà:
ρ̂AF =

2
∑

µ,ν=1

∫

d2α

π
Pµν(α, t) |α〉 〈α| ⊗ |µ〉 〈ν| ,è ñäåëàåì óíèòàðíîå ïðåîáðàçîâàíèå

ρ̂′ = U−1
AF ρ̂′AF UAF ,ãäå

iU̇AF = H
(I)
AF UAF .Òîãäà êèíåòè÷åñêîå óðàâíåíèå ïðèìåò âèä

∂ρ̂
′

AF

∂t
= −γ

2

(

â+′

â
′

ρ̂
′

AF − 2â
′

ρ̂
′

AF â+′

+ ρ̂
′

AF â+′

â
′

)

.Çäåñü
â′ = U−1

AF âUAF , â+′

= U−1
AF â+UAF , |α′〉 = U−1

AF |α〉 .Íåîáõîäèìî îòìåòèòü, ÷òî ñîáñòâåííûå çíà÷åíèÿ îïåðàòîðà óíè÷òîæåíèÿ îñòà-ëèñü ïðåæíèìè:
â′ |α′〉 = α |α′〉 .Íåòðóäíî çàìåòèòü, ÷òî ïîëó÷åííîå óðàâíåíèå äëÿ ìàòðèöû ïëîòíîñòè � ýòîèçâåñòíîå óðàâíåíèå Ôîêêåðà �Ïëàíêà, îïèñûâàþùåå ðåëàêñàöèþ �îòîííîé ìîäûâ ðåçîíàòîðå, ñ õîðîøî èçâåñòíûì ðåøåíèåì

P (α, t) =

∫ (

d2α0

π
δ2

(

α − α0e
−γjt/2

)

)

P (α0, 0) .Ôóíêöèÿ P (α0, 0) îïèñûâàåò P -ñèìâîë íà÷àëüíîé ïîëåâîé ìîäû. Äëÿ òîãî÷òîáû âîñïîëüçîâàòüñÿ ïîëó÷åííûì ðåøåíèåì, íåîáõîäèìî âåðíóòüñÿ â èñõîäíîåïðåäñòàâëåíèå äëÿ ìàòðèöû ïëîòíîñòè. Äëÿ ýòîãî îïðåäåëèì ñëåäóþùèé îáúåêò:
|α′〉 = U−1

AF |α〉 . �àçëîæèì
|α〉 = e−|α|2/2

∞
∑

n=0

αn

√
n!

|n〉



118 À.Â. �Î�ÎÕÎÂ, È.Å. ÑÈÍÀÉÑÊÈÉïî �îêîâñêîìó áàçèñó è âîñïîëüçóåìñÿ íà÷àëüíûì óñëîâèåì äëÿ àòîìíîé ïîäñè-ñòåìû:
ρ̂A(0) =

(

a 0
0 b

)

, (a + b = 1; a, b > 0).Òàêèì îáðàçîì, çàäà÷à ñâîäèòñÿ ê îòûñêàíèþ U−1
AF |n, +〉 è U−1

AF |n,−〉 . Äëÿ ýòî-ãî íåîáõîäèìî íàéòè ðåøåíèå óðàâíåíèÿ Øðåäèíãåðà äëÿ äâèæóùåãîñÿ àòîìà âèäåàëüíîì ðåçîíàòîðå:
iU̇AF = f (t) ((â+)rŜ−e−i∆t + (â)rŜ+ei∆t)UAF .Çàäà÷à áóäåò ðåøàòüñÿ â áèîðòîãîíàëüíîì áàçèñå {|n, +〉 , |n + r,−〉} , â êîòîðîìóðàâíåíèå ïðèìåò âèä
iU̇AF = f (t)

√

M
[r]
[n](Ŝ

−e−i∆t + Ŝ+ei∆t)UAF .Çäåñü M
[r]
[n] =

(n + r)!

n!
.Òàê êàê ïîëó÷åííûé ý��åêòèâíûé ãàìèëüòîíèàí ÿâëÿåòñÿ ëèíåéíîé êîìáèíà-öèåé ãåíåðàòîðîâ ãðóïïû SU(2) , ìîæíî âîñïîëüçîâàòüñÿ òåõíèêîé ¾ðàñïóòûâà-íèÿ¿ [13℄. Ëþáîé ýëåìåíò ãðóïïû SU(2) ìîæíî çàïèñàòü â âèäå

U = exp (αS+) exp (βS3) exp (γS−) .Ïîäñòàâèâ åãî â óðàâíåíèå Øðåäèíãåðà, ïîëó÷èì ñèñòåìó äè��åðåíöèàëüíûõóðàâíåíèé äëÿ íåèçâåñòíûõ �óíêöèé α , β , γ

α′ − β′α − γ′e−βα2 = −iχ,

γ′e−β = −iχ̄,

β′ − i2χ̄α = 0.Ýòà ñèñòåìà ñâîäèòñÿ ê óðàâíåíèþ �èêàòòè
α′ − iχ̄α2 = −iχ,ãäå χ = f (t)

√

M
[r]
[n]e

i∆t .Ê ñîæàëåíèþ, ýòî óðàâíåíèå â îáùåì âèäå òî÷íî íå ðåøàåòñÿ, è â äàííîé ðàáîòåðàññìàòðèâàåòñÿ òîëüêî ñëó÷àé ðåçîíàíñà, ò. å. ∆ = 0 . Åñëè îáîçíà÷èòü F (t) =

=
t
∫

0

dτf (τ) , òî
α = γ = −itg

(

√

M
[r]
[n]F (t)

)

, β = −2ln

(
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(

√

M
[r]
[n]F (t)
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.Òîãäà
UAF =
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(

√

M
[r]
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)
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√

M
[r]
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)
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√

M
[r]
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)
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√

M
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.



ÒÎ×ÍÎÅ �ÅØÅÍÈÅ ÌÎÄÅËÈ ÄÆÅÉÍÑÀ�ÊÀÌÌÈÍ�ÑÀ 119Íàéäÿ îïåðàòîð ýâîëþöèè è ïîäñòàâèâ åãî â âûðàæåíèå äëÿ ìàòðèöû ïëîòíî-ñòè, ïîëó÷èì àíàëèòè÷åñêîå ðåøåíèå ìîäåëè
ρ̂AF (t) =

∫

d2α0

π
P (α0, 0)×

×
{

∞
∑

n,m=0

[(aFnm(α0, t)c̄ncm + bFn+r,m+r(α0, t)dnd̄m)|n, +〉〈m, +|+

+ (aFnm(α0, t)d̄ndm + bFn+r,m+r(α0, t)cnc̄m)|n + r,−〉〈m + r,−|+
+ (aFnm(α0, t)c̄ndm − bFn+r,m+r(α0, t)dnc̄m)|n, +〉〈m + r,−|+
+ (aFnm(α0, t)d̄ncm − bFn+r,m+r(α0, t)cnd̄m)|n + r,−〉〈m, +|]+

+

r−1
∑

n,m=0

bFnm(α0, t)|n,−〉〈m,−|+

+

∞
∑

n=0

r−1
∑

m=0

bFn,m(α0, t)(−dn|n, +〉〈m,−| + cn|n + r,−〉〈m,−|)+

+

r−1
∑

n=0

∞
∑

m=0

bFn,m(α0, t)(−d̄m|n,−〉〈m, +| + c̄m|n,−〉〈m + r,−|)
}

.Çäåñü
Fnm(α0, t) =

αn
0 ᾱ0

m

√
n!m!

exp (−γt(n + m)/2) exp(−|α0|2e−γt),

cn = cos(
√

M
[r]
[n]F (t)), dn = −i sin(

√

M
[r]
[n]F (t)).3. ÍàáëþäàåìûåÏîëó÷èâ â ÿâíîì âèäå ìàòðèöó ïëîòíîñòè, ìîæíî íàéòè ÿâíûå âûðàæåíèÿ äëÿíàáëþäàåìûõ âåëè÷èí è ñðàâíèòü èõ äëÿ ìîäåëåé ñ ó÷åòîì è áåç ó÷åòà äâèæåíèÿàòîìà.

• Ñðåäíåå ÷èñëî �îòîíîâ
n(t) = Tr[â+âρ̂] =

∫

d2α0

π
P (α0)

{

r−1
∑

n=0

nbFnn(α0, t)+

+

∞
∑

n=0

[aFnn(α0, t)(n + r|dn|2) + bFn+r,n+r(α0, t)(n + r|cn|2)]
}

.

• Èíâåðñèÿ íàñåëåííîñòè
∆N(t) = Tr[Ŝz ρ̂] =

∫

d2α0

π
P (α0)

1

2

{

−
r−1
∑

n=0

bFnn(α0, t)+

+

∞
∑

n=0

[Fnn(α0, t)(a|cn|2 + b|dn|2) − Fn+r,n+r(α0, t)(a|dn|2 + b|cn|2)]
}

.Â ñëó÷àå íåïîäâèæíîãî àòîìà f(t) = g =⇒ F (t) = gt , à åñëè àòîì äâèæåòñÿñêâîçü ðåçîíàòîð, òî f(t) = g sin

(

πvt

L

)

=⇒ F (t) =
2gL

πv
sin

(

πvt

2L

)2 .
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�èñ. 1. Çàâèñèìîñòü îò âðåìåíè ñðåäíåãî ÷èñëà �îòîíîâ â ñëó÷àå íåïîäâèæíîãî è äâèæó-ùåãîñÿ àòîìà, îáà ãðà�èêà ñîîòâåòñòâóþò íà÷àëüíîìó êîãåðåíòíîìó ñîñòîÿíèþ ñ ïàðà-ìåòðîì |α0|
2 = 1 , íà÷àëüíîå ñîñòîÿíèÿ àòîìà � a = b = 1/2 , ïî îñè àáñöèññ îòëîæåíî âðå-ìÿ â åäèíèöàõ êîíñòàíòû g , γ = 0.01 , íà ãðà�èêå (1) ïðèâåäåíà �óíêöèÿ [n(t)+0.2] äëÿíåïîäâèæíîãî àòîìà, íà ãðà�èêå (2) � n(t) äëÿ äâèæóùåãîñÿ àòîìà ïðè ýòîì L/v = 30

�èñ. 2. Äèíàìèêà ñðåäíåãî ÷èñëà �îòîíîâ â ñëó÷àå äâóõêâàíòîâûõ ïåðåõîäîâ äëÿ íåïî-äâèæíîãî è äâèæóùåãîñÿ àòîìà, îáà ãðà�èêà ñîîòâåòñòâóþò íà÷àëüíîìó êîãåðåíòíîìóñîñòîÿíèþ ñ ïàðàìåòðîì |α0|
2 = 1 , íà÷àëüíîå ñîñòîÿíèÿ àòîìà � a = b = 1/2 , ïî îñèàáñöèññ îòëîæåíî âðåìÿ â åäèíèöàõ êîíñòàíòû g , γ = 0.01 , íà ãðà�èêå (1) ïðèâåäåíà�óíêöèÿ [n(t) + 0.4] äëÿ íåïîäâèæíîãî àòîìà, íà ãðà�èêå (2) � n(t) äëÿ äâèæóùåãîñÿàòîìà ïðè ýòîì L/v = 30
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�èñ. 3. Çàâèñèìîñòü îò âðåìåíè èíâåðñèè íàñåëåííîñòè äëÿ íåïîäâèæíîãî è äâèæóùåãîñÿàòîìà, îáà ãðà�èêà ñîîòâåòñòâóþò íà÷àëüíîìó êîãåðåíòíîìó ñîñòîÿíèþ ñ ïàðàìåòðîì
|α0|

2 = 1 , íà÷àëüíîå ñîñòîÿíèÿ àòîìà � a = 1/3 , b = 2/3 , ïî îñè àáñöèññ îòëîæåíî âðåìÿâ åäèíèöàõ êîíñòàíòû g , γ = 0.01 , íà ãðà�èêå (1) ïðèâåäåíà �óíêöèÿ [∆N(t) + 0.2] äëÿíåïîäâèæíîãî àòîìà, íà ãðà�èêå (2) - ∆N(t) äëÿ äâèæóùåãîñÿ àòîìà ïðè ýòîì L/v = 30

�èñ. 4. Äèíàìèêà èíâåðñèè íàñåëåííîñòè â ñëó÷àå äâóõêâàíòîâûõ ïåðåõîäîâ äëÿ íåïî-äâèæíîãî è äâèæóùåãîñÿ àòîìà, îáà ãðà�èêà ñîîòâåòñòâóþò íà÷àëüíîìó êîãåðåíòíîìóñîñòîÿíèþ ñ ïàðàìåòðîì |α0|
2 = 1 , íà÷àëüíîå ñîñòîÿíèÿ àòîìà � a = 1/3 , b = 2/3 , ïîîñè àáñöèññ îòëîæåíî âðåìÿ â åäèíèöàõ êîíñòàíòû g , γ = 0.01 , íà ãðà�èêå (1) ïðèâåäåíà�óíêöèÿ [∆N(t)+0.2] äëÿ íåïîäâèæíîãî àòîìà, íà ãðà�èêå (2) � ∆N(t) äëÿ äâèæóùåãîñÿàòîìà ïðè ýòîì L/v = 30



122 À.Â. �Î�ÎÕÎÂ, È.Å. ÑÈÍÀÉÑÊÈÉÏðè ïðîâåäåíèè ÷èñëåííîãî ìîäåëèðîâàíèÿ ñîîòíîøåíèÿ ìåæäó ïàðàìåòðàìèìîäåëè ñîîòâåòñòâóþò àíàëîãè÷íûì ïàðàìåòðàì â îäíîàòîìíîì ìàçåðå [7, 8℄.Ïðè ðàññìîòðåíèè ïîâåäåíèÿ íàáëþäàåìûõ âåëè÷èí âðåìÿ âçàèìîäåéñòâèÿ äëÿíàãëÿäíîñòè áåðåòñÿ â íåñêîëüêî ðàç áîëüøå, ÷åì â ðåàëüíîì ýêñïåðèìåíòå, ÷òî ÿâ-ëÿåòñÿ ñòàíäàðòîì ïðè àíàëèçå îñîáåííîñòåé òåîðåòè÷åñêèõ ìîäåëåé îäíîàòîìíîãîìàçåðà.Èç ðèñ. 1�4 âèäíî, ÷òî ìîäåëè íåïîäâèæíîãî è äâèæóùåãîñÿ àòîìà õîðîøî ñî-ãëàñóþòñÿ. Îäíàêî â ñëó÷àå äâèæóùåãîñÿ àòîìà íàáëþäàåòñÿ ìåíüøåå êîëè÷åñòâîîñöèëëÿöèé �àáè çà îäèíàêîâîå âðåìÿ âçàèìîäåéñòâèÿ. Ýòî ñâÿçàíî ñ òåì, ÷òîâ ïðèíÿòîé ìîäåëè äâèæåíèÿ àòîìà ý��åêòèâíàÿ êîíñòàíòà ñâÿçè ìåíüøå, ÷åìó íåïîäâèæíîãî àòîìà â íà÷àëå è êîíöå âçàèìîäåéñòâèÿ (ïðè âëåòå è âûëåòå èçðåçîíàòîðà). Çàêëþ÷åíèåÂ äàííîé ðàáîòå ïîñòðîåíî òî÷íîå âûðàæåíèå äëÿ ìàòðèöû ïëîòíîñòè îáîáùå-íèÿ ìîäåëè Äæåéíñà �Êàììèíãñà, âêëþ÷àþùåãî ó÷åò äâèæåíèÿ àòîìà ñêâîçü ðå-çîíàòîð, �îòîííûå ïîòåðè, à òàêæå ïðîèçâîëüíîñòü íà÷àëüíîãî ñîñòîÿíèÿ ñèñòåìû.Õàðàêòåð ðàññ÷èòàííûõ çàâèñèìîñòåé õîðîøî ñîîòíîñèòñÿ ñ äàííûìè ýêñïåðè-ìåíòîâ ñ îäíîàòîìíûì ìàçåðîì è ðàñ÷åòàìè äðóãèõ àâòîðîâ.Â ïåðñïåêòèâå ïëàíèðóåòñÿ ó÷åñòü áîëåå ðåàëèñòè÷íûå ìîäîâûå �óíêöèè (f(t))è íåöåíòðàëüíîñòü ïîïàäàíèÿ àòîìà â ðåçîíàòîð.Àâòîðû áëàãîäàðÿò ïðî�åññîðà Â.Â. Ñàìàðöåâà çà ïðîÿâëåííûé èíòåðåñ ê ðà-áîòå. SummaryA.V. Gorokhov, I.E. Sinaiski. Exat solution of the Jaynes �Cummings model for atommoving through the non-ideal avity.Exat solution for generalized Jaynes �Cummings model inluding r -quant transitions,non-ideal avity and moving of the atom for arbitrary initial state of the system is obtained.Dependents from time for some observable using expression for density matrix are alulated.Ëèòåðàòóðà1. Jaynes E.T., Cummings F.W. Comparison of quantum and semilassial radiationtheories with appliation to the Beam Maser // Pro. IEEE. � 1963. � V. 51, No 1. �P. 89�109.2. Tavis M., Cummings F.W. Exat solution for an N-moleule-radiaton-�eldhamiltonian // Phys. Rev. � 1968. � V. 170. � P. 379�384.3. Yoo H.Y., Eberly J.H. Dynamial theory of an atom with two and three levels interatingwith quantized avity �elds // Physis Reports. � 1985. � V. 118. � P. 239�337.4. Singh S. Field statistis in some generalized Jaynes � Cummings models // Phys. Rev. A. �1982. � V. 25. � P. 3206�3216.5. Eberly J.H., Narozhny N.B., Sanhes-Mondragon J.J. Periodi spontaneous ollapse andrevival in a simple quantum model // Phys. Rev. Lett. � 1980. � V. 44. � P. 1323�1326.6. Sully M.O., Zubairy M.S. Quantum Optis. � Cambridge: Cambridge University Press,1997. � 630 p.
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