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Èçâåñòåí òî÷íûé ìåòîä äèñòàíöèîííîãî îïðåäå-
ëåíèÿ òåìïåðàòóðû, îñíîâàííûé íà èçìåðåíèè èí-
òåíñèâíîñòè òåìïåðàòóðíî-çàâèñèìîé ôëóîðåñöåí-
öèè ðåäêîçåìåëüíûõ èîíîâ â òâåðäîòåëüíîì îáðàç-
öå [1–4]. ×óâñòâèòåëüíîñòü ìåòîäà âîçðàñòàåò ïðè
óìåíüøåíèè òåìïåðàòóðû îáðàçöà [3]. Äëÿ óâåëè-
÷åíèÿ ÷óâñòâèòåëüíîñòè ôëóîðåñöåíòíîãî äàò÷èêà
òåìïåðàòóðû ïðåäëàãàëîñü èñïîëüçîâàòü ëàçåðíîå
îõëàæäåíèå òâåðäîòåëüíîãî îáðàçöà [5]. Ïðè ýòîì
ïðåäïîëàãàëîñü âíåñåíèå â ðàáî÷åå òåëî äàò÷èêà
öåíòðîâ àíòèñòîêñîâîãî îõëàæäåíèÿ íàðÿäó ñ öåí-
òðàìè àíòèñòîêñîâîãî ïðåîáðàçîâàíèÿ èíôðàêðàñ-
íîãî èçëó÷åíèÿ â âèäèìîå. Â ýòîì ñëó÷àå, îäíàêî,
ïðåîáðàçîâàííîå èçëó÷åíèå ìîæåò âçàèìîäåéñòâî-
âàòü ñ öåíòðàìè îõëàæäåíèÿ, âûçûâàÿ äîïîëíèòåëü-
íûé íàãðåâ îáðàçöà, è, íàîáîðîò, àíòèñòîêñîâîå
èçëó÷åíèå, âîçíèêàþùåå â ïðîöåññå ëàçåðíîãî îõ-
ëàæäåíèÿ, ìîæåò âçàèìîäåéñòâîâàòü ñ öåíòðàìè
ïðåîáðàçîâàíèÿ, óõóäøàÿ îòíîøåíèå ñèãíàë/øóì
äàò÷èêà.

Â ýòîé ðàáîòå ìû ðàññìîòðèì âîçìîæíîñòü èñ-
ïîëüçîâàíèÿ îäíîãî òèïà öåíòðîâ êàê äëÿ èçìåðå-
íèÿ òåìïåðàòóðû, òàê è äëÿ îõëàæäåíèÿ ðàáî÷åãî
òåëà äàò÷èêà. Ïðè ýòîì ñòàíîâèòñÿ âîçìîæíûì èç-
ìåðåíèå òåìïåðàòóðû ñòîðîííåãî òåëà ïî èçìåíå-
íèþ ïîãëîùåíèÿ èçëó÷åíèÿ íàêà÷êè ýòèìè öåíòðà-
ìè ïîä âîçäåéñòâèåì òåïëîâîãî èçëó÷åíèÿ ñòîðîí-
íåãî òåëà. Íà ïðàêòèêå ñòîðîííåå òåëî ìîæåò áûòü
òåðìè÷åñêè ñâÿçàíî ñ âàêóóìíîé êàìåðîé, â êîòî-
ðîé íàõîäèòñÿ îõëàæäàåìûé îáðàçåö, ñîäåðæàùèé
óêàçàííûå öåíòðû (ðèñ. 1).

Ãàìèëüòîíèàí ñèñòåìû ïðèìåñíûõ èîíîâ èëè
ìîëåêóë â òâåðäîì òåëå, âçàèìîäåéñòâóþùèõ ñ ôî-
òîíàìè è ôîíîíàìè, ìîæíî ïîñòðîèòü, ðàññìàòðè-

âàÿ ìîäóëÿöèþ ôîíîíàìè ãàìèëüòîíèàíà âçàèìîäåé-
ñòâèÿ äâóõóðîâíåâûõ àòîìîâ ñ êâàíòîâàííûì ýëåêò-
ðîìàãíèòíûì ïîëåì â äèïîëüíîì ïðèáëèæåíèè. Åãî
ìîæíî çàïèñàòü â ñëåäóþùåì âèäå: H = H0 + H1, ãäå
H0 = Hd + Hf + Hl – îñíîâíîé ãàìèëüòîíèàí, H1 =
= Hdf + Hl

df + Hll – ãàìèëüòîíèàí âîçìóùåíèÿ. Hd =

0
z
j

j
S= ω∑ – ãàìèëüòîíèàí ñèñòåìû ïðèìåñíûõ

èîíîâ èëè ìîëåêóë â ìîäåëè äâóõóðîâíåâîãî àòîìà,
j – íîìåð ïðèìåñíîé ìîëåêóëû, ω0 – ÷àñòîòà ýëåêò-
ðîííîãî ïåðåõîäà, Sz

j – îïåðàòîð z-ïðîåêöèè ýôôåê-

òèâíîãî ñïèíà, S = 1/2; f k k k
k

H a a+= ω∑ – ãàìèëüòî-

íèàí ïîëÿ ôîòîíîâ,  k – ìîäà ïîëÿ, íóìåðóþùàÿ òðè
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Ðèñ. 1. Áëîê-ñõåìà óñòàíîâêè èçìåðåíèÿ òåìïå-
ðàòóðû ñòîðîííåãî îáúåêòà ïî ïîãëîùåíèþ îáðàç-
öà, îõëàæäàåìîãî ëàçåðíûì èçëó÷åíèåì (ÑÎ –
ñòîðîííèé îáúåêò, Ë – ëàçåð, Î – îáðàçåö, Ä – äå-
òåêòîð, ÂÊ – âàêóóìíàÿ êàìåðà).
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êîìïîíåíòà âîëíîâîãî âåêòîðà è ïîëÿðèçàöèþ ôîòî-
íîâ; ωk – ÷àñòîòà ôîòîíîâ, ak

+ è ak – îïåðàòîðû ðîæ-

äåíèÿ è óíè÷òîæåíèÿ ôîòîíîâ; l q q q
q

H b b+= Ω∑ –

ãàìèëüòîíèàí ïîëÿ ôîíîíîâ, q – ìîäà ïîëÿ, íóìå-
ðóþùàÿ òðè êîìïîíåíòà âîëíîâîãî âåêòîðà è ïîëÿ-
ðèçàöèþ ôîíîíîâ; Ωq – ÷àñòîòà ôîíîíîâ, bq

+ è bq –
îïåðàòîðû ðîæäåíèÿ è óíè÷òîæåíèÿ ôîíîíîâ; Hdf =

( )j ji i
k j k k j k

jk
g e S a g e S a−+ ∗ − += +∑ kr kr – îïåðàòîð âçàèìî-

äåéñòâèÿ àòîìîâ ñ ýëåêòðîìàãíèòíûì ïîëåì íà ïðÿ-
ìîì ïåðåõîäå â ïðèáëèæåíèè âðàùàþùåéñÿ âîëíû,
gk – ïîñòîÿííàÿ ñâÿçè, rj – ðàäèóñ-âåêòîð ïðèìåñíî-
ãî àòîìà, Sj

+ è Sj
– – ïîâûøàþùèé è ïîíèæàþùèé

êîìïîíåíòû îïåðàòîðà ñïèíà;

( ){
( )}

( )

( )

j

j

il
df kq j k q q

jkq

i
kq j k q q

H h e S a b b

h e S a b b

− + +
−

− −∗ − + +
−

= + +

+ +

∑ k q r

k q r

– îïåðàòîð âçàèìîäåéñòâèÿ àòîìîâ ñ ýëåêòðîìàãíèò-
íûì ïîëåì è ðåøåòêîé íà íåïðÿìûõ ïåðåõîäàõ ÷åðåç
òå èëè èíûå ïîäóðîâíè íà ôîíå ñïëîøíîãî ñïåêòðà
ôîíîíîâ â ïðèáëèæåíèè âðàùàþùåéñÿ âîëíû, ãäå
hkq – ïîñòîÿííàÿ ñâÿçè;

( )
1 2 3

1 2 3

1
1 2 3, , ý.ñ.ll q q q

q q q
H V b b b− τ + +

τ

= Φ +∑ q q q

– îïåðàòîð âçàèìîäåéñòâèÿ ôîíîíîâ äðóã ñ äðóãîì,
Φτ(q1, q2, q3) – ïîñòîÿííàÿ ñâÿçè, V – îáúåì ýëåìåí-
òàðíîé ÿ÷åéêè, τ – ïðîèçâîëüíûé âåêòîð îáðàòíîé
ðåøåòêè.

Â êà÷åñòâå äèíàìè÷åñêèõ ïåðåìåííûõ âûáåðåì
ñëåäóþùèå îïåðàòîðíûå âåëè÷èíû: nq = bq

+bq – ÷èñ-
ëî ôîíîíîâ ìîäû q, nk = a+

kak – ÷èñëî ôîòîíîâ ìîäû

k è 2 .z
z j

j
R S= ∑

Â ðàìêàõ ìåòîäà íåðàâíîâåñíîãî ñòàòèñòè÷åñêî-
ãî îïåðàòîðà [6, 7] äëÿ íèõ ìîæíî çàïèñàòü ñëåäóþ-
ùèå êèíåòè÷åñêèå óðàâíåíèÿ:

ãäå N – ÷èñëî ïðèìåñíûõ àòîìîâ,

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

phot
11 1 1

11 1 1

1 1
2

1 1 1 ,
2

q qk k z
k s as s

q

k z
q k zs as as

q q

n nn n R N
n

t kkq kq kq

n R N
n n R

kkq kq kq

⎧ ⎫⎡ ⎤+∂ +⎪ ⎪⎢ ⎥+ ∇ = + + + +⎨ ⎬
∂ ττ τ τ⎢ ⎥⎪ ⎪⎣ ⎦⎩ ⎭
⎧ ⎫⎡ ⎤ −⎪ ⎪+ + + +⎢ ⎥⎨ ⎬

ττ τ τ⎢ ⎥⎪ ⎪⎣ ⎦⎩ ⎭

∑

∑ ∑

v

( ) ( )

phon
1 1

1 1
( ) 2( ) ( )

1 1 ,
( ) ( ) 2 ( )

q q q z
q s as

s

z
q z q q

s as as

n n n R N
n

t qq q

N R
n R L n I n

q q q

⎡ ⎤∂ + +
⎢ ⎥+ ∇ = − + +

∂ ττ τ⎢ ⎥⎣ ⎦
−⎡ ⎤

+ − + − +⎢ ⎥τ τ τ⎣ ⎦

v

( )

( )

1 1 1 1

1 1 1
( ) ( )

1 1 1 12 ,
( ) ( )

q qz
zs s as

qs

q z z
qr s as as

n nR
N R

t q q

n R N R
q q

⎧ ⎫⎡ ⎤∂ ⎪ ⎪⎢ ⎥= − + + + + + −⎨ ⎬
∂ τ ττ τ τ⎢ ⎥⎪ ⎪⎣ ⎦⎩ ⎭
⎧ ⎫⎡ ⎤⎪ ⎪− + + + −⎨ ⎬⎢ ⎥τ τ τ τ⎪ ⎪⎣ ⎦⎩ ⎭

∑

∑

(1)

(2)

(3)

– èíòåãðàë ñòîëêíîâåíèé ôîíîíîâ, I(nq) – îïèñûâà- åò ïðÿìîé ðàäèàöèîííûé òåïëîîáìåí,

( ) ( ) ( )( ) ( )( ) ( ){ }1 2 3 1 2 3 3 1 2 1 2 3

1 2 3

2
1 2 32

2 1 1 1q q q q qq qq qq q q q q q q
q q q

L n q q q n n n n n nτπ
= Φ δ ω +ω −ω δ + δ − δ + + − +∑
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( )2
02

1 1

1 1 2
( ) k

k k

g
k

π
= = δ ω−ω

τ τ∑ ∑
– îáðàòíîå âðåìÿ ñïîíòàííîé ðåëàêñàöèè íà ïåðå-
õîäå 2 → 1,

( )2
02

1 1 1

1 1 1 2
( ) ( ) kq k qs s s

k k

h
q kq

π
= = = δ ω −ω −Ω

τ τ τ∑ ∑
– îáðàòíîå âðåìÿ ñïîíòàííîé ðåëàêñàöèè íà ïåðå-
õîäå 2 → 1′ → 1,

( )
1 1

2
02

1

1 1
( )

1 2
( )

as as

kq k qas
k k

q

h
kq

= =
τ τ
π

= = δ ω −ω + Ω
τ∑ ∑

– îáðàòíîå âðåìÿ ñïîíòàííîé ðåëàêñàöèè íà ïåðå-
õîäå 2 → 2′ → 1,

( )2
02

1

1 2
( )
k

k k k
r k k

n
g n

k
π

= = δ ω −ω
τ τ∑ ∑

– îáðàòíîå âðåìÿ âûíóæäåííûõ ïðÿìûõ ïåðåõîäîâ
2 → 1;

( )
1

2
02

1 1
( ) ( )

2

k
s

s s k

kq k k q
k

n
q kq

h n

= = =
τ τ τ

π
= δ ω −ω −Ω

∑

∑
– îáðàòíîå âðåìÿ âûíóæäåííûõ ïåðåõîäîâ 2 → 1′ → 1,

( )
1

2
02

1 1
( ) ( )

2

k
as

as as k

kq k k q
k

n
q kq

h n

= = =
τ τ τ

π
= δ ω −ω + Ω

∑

∑
– îáðàòíîå âðåìÿ âûíóæäåííûõ íåïðÿìûõ ïåðåõî-
äîâ 2 → 2′ → 1 (pèñ. 2).

Ðàññìîòðèì ðåøåíèå óðàâíåíèé (1)–(3) â ñòàöè-
îíàðíûõ óñëîâèÿõ â ïðîñòðàíñòâåííî îäíîðîäíîì
ïðèáëèæåíèè è â ïðèáëèæåíèè âûñîêèõ òåìïå-
ðàòóð, êîãäà ÷èñëî ôîíîíîâ ìîäû q ìîæíî çàïè-
ñàòü êàê nq = kBT/h– Ωq, ãäå T – òåìïåðàòóðà îõëàæäà-
åìîãî îáðàçöà.

Â óêàçàííûõ ïðèáëèæåíèÿõ óðàâíåíèå (3) ñâî-
äèòñÿ ê

( )

( )

1 1
1 1

1 1 1

2 0,

s as
z s

s

z s z

R N F T F T

R N F T R

⎛ ⎞
+ + + + + ×⎜ ⎟

τ ττ⎝ ⎠
× + + =

    (4)

ãäå

1 1
1 1

, ,
( ) ( )

s asB B
s as

q qq q

k kF F
q q

= =
Ω τ Ω τΣ Σ

Í ÏÏ ÀÍÏ

1

1′

2
2′

.
( )

B
s

q sq

kF
q

=
Ω τΣ

Èç óðàâíåíèÿ (4) ïîëó÷àåì

( )1

2
,

2
s

z
s

F TNR N
F F T

= − +
γ + +                 (5)

ãäå

1 1 1 1 1
1 1

1 1 1 , .s s as
s s

s
F F Fγ = γ + γ + γ = + + = +

τ ττ

Óìíîæèâ îáå ÷àñòè óðàâíåíèÿ (2) íà h– Ωq è ïðî-
ñóììèðîâàâ ïî q, â ñòàöèîíàðíîì ðåæèìå è â ïðî-
ñòðàíñòâåííî îäíîðîäíîì ïðèáëèæåíèè ïîëó÷èì

( ) ( ) ( )

( )

1 1

1 1
2

0,

q q z
q s as

sq

q q q
q z q

s qq q

n n R N
qq q

n n n
R

q

⎡ ⎤+ +
⎢ ⎥Ω − + +

ττ τ⎢ ⎥⎣ ⎦

−
+ Ω + Ω =

τ τ

Σ

Σ Σ
   

(6)

ãäå 0/ ,q B qn k T= Ω T0 – òåìïåðàòóðà îêðóæàþùåé
ñðåäû.

Ïîäñòàâèâ âûðàæåíèå (5) â óðàâíåíèå (6), ïîëó-
÷èì óðàâíåíèå âòîðîãî ïîðÿäêà äëÿ òåìïåðàòóðû
îáðàçöà

( ) ( )

( )
( )

2
1 1 1 1

1

1 0 0

2

2 0,

s as
B s B s B l s

s
s s B s B l

B l s B l

T k F N k F N k F F

T F N k N k

k F F T k T

⎡ ⎤γ − γ − γ − γ + +⎣ ⎦
⎡+ Γ + Γ − γ γ − γ γ −⎣

⎤− γ + + γ γ =⎦

(7)

ãäå

1 11/ , ( ), ( ).s s
l q q s q s

q q q
q qγ = τ Γ = Ω γ Γ = Ω γ∑ ∑ ∑

Ïåðåïèøåì óðàâíåíèå (7) â ñëåäóþùåì âèäå:

AT2 + (B1 – B2T0)T – CT0 = 0,             (8)

Ðèñ. 2. Ñõåìà ýíåðãåòè÷åñêèõ óðîâíåé è ïåðåõî-
äîâ ïðè êîìáèíèðîâàííîé ñõåìå àíòèñòîêñîâà ìå-
õàíèçìà ëàçåðíîãî îõëàæäåíèÿ (Í – íàêà÷êà, ÏÏ –
ïðÿìîé ïåðåõîä, ÀÍÏ – àíòèñòîêñîâûé íåïðÿìîé
ïåðåõîä).
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ãäå

( ) ( )1 1 1 12 ,s as
B s l s sA k F N F F F N⎡ ⎤= γ + γ + − γ − γ⎣ ⎦   (9)

( ) ( )1 1 ,s
B s l s sB k N F N= γ γ + γ − Γ + Γ          (10)

( )2 1 2 ,B l sB k F F= γ +                      (11)

.B lC k= γ γ                              (12)

Ðåøåíèå óðàâíåíèÿ (8) çàïèñûâàåòñÿ êàê

( )2
2 0 1 2 0 1 04

.
2

B T B B T B ACT
T

A
− + − +

=      (13)

Ðàçëàãàÿ âûðàæåíèå (13) ïî ñòåïåíÿì 1/T0, ïîëó÷èì

2 0 1

2
.

B T B CT
A B
−

= +

Èç ýòîé ôîðìóëû íåòðóäíî ïîëó÷èòü âûðàæåíèå äëÿ
òåìïåðàòóðû îêðóæàþùåé ñðåäû ÷åðåç òåìïåðàòó-
ðó îáðàçöà

0 1
2 2

1 .ACT AT B
B B

⎛ ⎞
= + −⎜ ⎟

⎝ ⎠                    (14)

Ïîäñòàâëÿÿ â ôîðìóëó (14) çíà÷åíèÿ ïàðàìåòðîâ èç
âûðàæåíèé (9)–(12), â ïðåíåáðåæåíèè ðåëàêñàöèîí-
íûìè ïðîöåññàìè íà íåîñíîâíûõ ïåðåõîäàõ ïîëó÷èì

( )1 1
0 .

2 2
s l s

l s s

N
T T

F F
γ γ + γ γ + γ

= + −
γ            (15)

Ïðåäïîëàãàÿ íàêà÷êó ìîíîõðîìàòè÷åñêîé, èç âûðà-
æåíèÿ (15) â ïðèáëèæåíèè ñèëüíîé íàêà÷êè è ìà-
ëîãî îáðàçöà áóäåì èìåòü

0 1
0 1 ,

2 B l
T T N

k
⎛ ⎞Ω γ

= + −⎜ ⎟γ⎝ ⎠                  (16)

ãäå Ω0 – ÷àñòîòíàÿ îòñòðîéêà íàêà÷êè îò ðåçîíàíñ-
íîãî çíà÷åíèÿ.

Òåìïåðàòóðó îáðàçöà T, âõîäÿùóþ â âûðàæåíèå
(16), ìîæíî îïðåäåëèòü, èçìåðÿÿ ïîãëîùåíèå ôî-
òîíîâ íàêà÷êè. Èç óðàâíåíèÿ (1) â ñòàöèîíàðíîì
ñëó÷àå â ïðîñòðàíñòâåííî îäíîðîäíîì ïðèáëèæå-
íèè è â ïðåíåáðåæåíèè èçëó÷åíèåì ôëóîðåñöåíöèè
ïîëó÷èì âûðàæåíèå äëÿ ÷èñëà ôîòîíîâ ìîäû k1 â
äëèííîâîëíîâîì êðûëå ëèíèè ïîãëîùåíèÿ

( )
1 1 1

1
1 1 1 1

,k k q
k zs

k

n n n
n R

k q

−
= −

τ τ

ãäå 
1kn – ÷èñëî ôîòîíîâ, ïàäàþùèõ íà îáðàçåö, 

1kn –
÷èñëî ôîòîíîâ íà âûõîäå èç îáðàçöà, τk1

= L/ck1
 – âðå-

ìÿ ïðîõîæäåíèÿ ôîòîíîâ ÷åðåç îáðàçåö äëèíîé L ñî
ñêîðîñòüþ ck1

. Ñîãëàñíî çàêîíó Áóãåðà–Áåðà
1kn =

1
,L

kn e−α= ãäå α – ïîêàçàòåëü ïîãëîùåíèÿ. Ïîëüçó-
ÿñü ýòèì çàêîíîì, ïîëó÷èì â âûñîêîòåìïåðàòóðíîì
ïðèáëèæåíèè äëÿ îïòè÷åñêè òîíêîãî îáðàçöà

( )1
0 1 1 1

.zB
k s

R Tkc
k q

α = −
Ω τ                   

(17)

Ïðè íå î÷åíü áîëüøèõ ìîùíîñòÿõ íàêà÷êè, êàê âèä-
íî èç âûðàæåíèÿ (5), ïðèáëèæåííî ìîæíî ñ÷èòàòü,
÷òî 〈Rz〉 = –N. Òîãäà èç ôîðìóëû (17) ñëåäóåò:

( )
10 1 1 1 .s

k
B

T k q c
k N

= Ω τ α              
(18)

Âûðàæåíèå (18) ïîçâîëÿåò, çíàÿ êîýôôèöèåíò
ïîãëîùåíèÿ, îïðåäåëÿòü òåìïåðàòóðó îõëàæäàåìî-
ãî îáðàçöà, ÷òî, â ñâîþ î÷åðåäü, ïîçâîëÿåò ïî ôîð-
ìóëå (16) îïðåäåëÿòü òåìïåðàòóðó ñòîðîííåãî îáúåê-
òà, íàõîäÿùåãîñÿ â òåðìîäèíàìè÷åñêîì ðàâíîâåñèè
ñ âàêóóìíîé êàìåðîé, îêðóæàþùåé îõëàæäàåìûé
îáðàçåö. Âõîäÿùèå â ôîðìóëû (16), (18) ïàðàìåòðû
ìîãóò áûòü îïðåäåëåíû íà ïðåäûäóùåé ñòàäèè èç-
ìåðåíèé ïðè îïîðíîé òåìïåðàòóðå Ò1. Òàêèì îáðà-
çîì, èçìåðÿÿ ïîãëîùåíèå èçëó÷åíèÿ íàêà÷êè ïðè ëà-
çåðíîì îõëàæäåíèè òâåðäîòåëüíîãî îáðàçöà, ìîæ-
íî êîíòðîëèðîâàòü òåìïåðàòóðó ñòîðîííåãî îáúåêòà,
òåðìè÷åñêè ñâÿçàííîãî ñ âàêóóìíîé êàìåðîé, â
êîòîðîé íàõîäèòñÿ îõëàæäàåìûé îáðàçåö.
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