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�åíåðèðîâàíèå ýëåêòðè÷åñêèõ êîëåáàíèé

Êîý��èöèåíò óñèëåíèÿ ñ îáðàòíîé ñâÿçüþ:

Kβ =
K

1− βK

K è β � êîìïëåêñíûå âåëè÷èíû.

Óñëîâèÿ ñàìîâîçáóæäåíèÿ:

áàëàíñ àìïëèòóä: |K| |β| = 1, (1)

áàëàíñ �àç: ϕK +ϕβ = 2πn, n = 0, 1, 2 . . . (2)

Áàëàíñ àìïëèòóä (1) è áàëàíñ �àç (2):

�âûæèâàþò� òîëüêî òå êîëåáàíèÿ, ó êîòîðûõ áàëàíñ åñòü.
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PSfrag repla
ements

R

C

L

L

M

Ïðîñòåéøèé ãåíåðàòîð

q � çàðÿä íà êîíäåíñàòîðå C:

Lq̈+ Rq̇+
q

C
= M

dI

ÑÈ

dt
,

Â ëèí. ïðèáë.: I

ÑÈ

= SU

ÇÈ

= Sq/C,

Lq̈+

(

R−
MS

C

)

q̇+
q

C
= 0

Â ëèíåéíîì ïðèáëèæåíèèè:

q(t) = q0 exp

(

−

[

R −
MS

C

]

t

L

)

cos(ω0t+ϕ).

Ýòî êîððåêòíî, åñëè

[

R− MS
C

]

/L ≪ ω0

2π
, ω0 ≃ 1√

LC

.

Â îáùåì ñëó÷àå: S(q,U=) � íåëèíåéíàÿ �óíêöèÿ.

Ó÷òåì íåëèíåéíóþ çàâèñèìîñòü S(q).
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Ìÿãêèé ðåæèì âîçáóæäåíèÿ

PSfrag repla
ements S̄I

ÑÈ

U

ÇÈ

q/C

q0/C
q(t)/C

R = MS̄/C

Àâòîêîëåáàíèÿ âîçíèêàþò îò íóëÿ (!)

Ìîæíî ñ÷èòàòü S̄ = S0 − S1q
2

, (óñðåäíåíèå ïî q = cU

ÇÈ

)

q(t) = q0 cosωt.
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Ìÿãêèé ðåæèì íà �àçîâîé ïëîñêîñòè:

PSfrag repla
ements

Óñòîé÷èâûé ïðåäåëüíûé öèêë

q

q

q̇/Lω0

t
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Æåñòêèé ðåæèì

PSfrag repla
ements

S̄I
ÑÈ

U
ÇÈ

q/C

q1/C
q2/Cq(t)/C

R = MS̄/C

Íåóñòîé÷èâî Óñòîé÷èâî

Àâòîêîëåáàíèÿ ÍÅ âîçíèêàþò îò íóëÿ.

Ñåðäöå � æåñòêèé ðåæèì.
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Æåñòêèé ðåæèì íà �àçîâîé ïëîñêîñòè:

PSfrag repla
ements

Óñòîé÷èâûé ïðåäåëüíûé öèêë

Íåóñòîé÷èâûé ïðåäåëüíûé öèêë

q

q
q̇/Lω0

t
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RC-ãåíåðàòîðû

(ÍÅèíâåðòèðóþùèé óñèëèòåëü)

PSfrag repla
ements

R1

R2

C1

C2

K

β =
Z2

Z1 + Z2

,

Z1 = R1 +
1

iωC1
,

Z2 =
R2

1+ iωC2R2

1

β
= 1+

Z1

Z2

= 1+
R1

R2

(

1+ iωC2R2

)

+
1

iωC1R2

(

1+ iωC2R2

)

1

β
= 1+

R1

R2

+
C2

C1

+

(

iωC2R1 +
1

iωC1R2

)

,

Ïóñòü ω2 = ω2
0 =

1

R1R2C1C2

⇒ β(ω0) =
1

1+ R1

R2
+ C2

C1

.
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Ïóñòü ω2 = ω2
0 =

1

R1R2C1C2

⇒ β(ω0) =
1

1+ R1

R2
+ C2

C1

.

Ïóñòü R1 = R2, C1 = C2 ⇒ β(ω0) =
1

3
,

Kβ =
K

1− Kβ
, Óñëîâèå ãåíåðàöèè: K(ω0) =

1

β(ω0)
= 3

Åñëè K ≥ 3 è arg(K) = 2π � ñèíóñîèäàëüíûå êîëåáàíèÿ.

Åñëè K áîëüøå, íàïðèìåð, K = 30 � ðåëàêñàöèîííûå

(ðàçðûâíûå) êîëåáàíèÿ, ò.ê. óñëîâèÿ âîçáóæäåíèÿ âûïîëíÿþòñÿ

äëÿ øèðîêîé ïîëîñû ÷àñòîò.

PSfrag repla
ements

t

U

ω

β1/3

1/30
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Ñòàáèëèçàöèÿ ÷àñòîòû àâòîãîíåðàòîðà

Ïî÷åìó

dω
dt

6= 0? êàê ñäåëàòü

dω
dt

→ 0?

Ïðè÷èíû íåñòàáèëüíîñòè ÷àñòîòû:

1. Òåõíè÷åñêèå (äîëãîâðåìåííàÿ íåñòàáèëüíîñòü)

(a) Íåñòàáèëüíîñòü òåìïåðàòóðû êîíòóðà.

(b) Ñòàðåíèå.

(
) Äðåé�û ðàçëè÷íûõ ïàðàìåòðîâ.

2. Ôëóêòóàöèîííûå (êîðîòêîâðåìåííàÿ íåñòàáèëüíîñòü)

(a) Òåïëîâûå.

(b) Äðîáîâûå (åñëè åñòü).

(
) Êâàíòîâûå.
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Òåõíè÷åñêàÿ íåñòàáèëüíîñòü ÷àñòîòû

1 (a). ω0 = 1√
LC

,

∆ω0

ω0
= α

ò.ê.÷.

∆T , α

ò.ê.÷.

= dω0

ω0 dT

�

òåìïåðàòóðíûé êîý��èöèåíò ÷àñòîòû (ò.ê.÷.).

Â îáû÷íîì ñëó÷àå ò.ê.÷. ≃ αT � ëèíåéíûé êîý��èöèåíò

òåïëîâîãî ðàñøèðåíèÿ.

Ïðèìåð: αT ≃ 2 · 10−5 1/K◦

, T = 300 K◦ ⇒
∆ω0

ω0
≃ 2 · 10−5 × 5 · 10−3 ≃ 10−7

� îáû÷íûé ðåçóëüòàò.

Êâàðöåâûé ãåíåðàòîð (êðèñòàëë SiO2 çàïîëíÿåò åìêîñòü

LC-ãåíåðàòîðà, ïüåçîý��åêò):

α

ò.ê.÷.

≃ 10−8 1/K◦ ⇒
∆ω0

ω0
≃ 1 · 10−10

çà 1 ñåê.

∆ω0

ω0
≃ 1 · 10−7

çà ãîä (ñòàðåíèå).

1 (á) è (â) � íåò òåîðèè, åñòü ýìïèðè÷åñêèå ðåçóëüòàòû. Ëþáîå

�èçè÷åñêîå (è êîëè÷åñòâåííîå!) ïîíèìàíèå ìåõàíèçìîâ

ñòàðåíèÿ è äðåé�îâ ïðèâîäèò ê óìåíüøåíèþ íåñòàáèëüíîñòè.
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Ôëóêòóàöèîííàÿ íåñòàáèëüíîñòü ÷àñòîòû àâòîãåíåðàòîðà

PSfrag repla
ements

L
C

U

�ë

R

R

íåë

Óðàâíåíèå äëÿ çàðÿäà q:

Lq̈+ (R+ R

íåë

)
︸ ︷︷ ︸

â ñðåäíåì =0

q̇+
q

C
= U

�ë

R

íåë

= −MS/C

Àìïëèòóäà îïðåäåëÿåòñÿ

íåëèíåéíîñòüþ. Â îáùåì âèäå:

q(t) = (q0 + ∆q) cos(ωt+ ∆ϕ) ≃
≃ (q0 + ∆q) cos(ωt) − q0 ∆ϕ sin(ωt)

Ïðåíåáðåæåì íåëèíåéíîñòüþ. Îöåíèì ∆ϕ â ëèíåéíîì

ïðèáëèæåíèè (∆q � óñòîé÷èâîñòü ïðåä. öèêëà).
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PSfrag repla
ements

q

q̇/ω0 δq = q0 ∆ϕ

φ

q0
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Íàïîìèíàíèå:

Lδ̈q+
δq

C
= U0 cos(ω0t), ω0 = 1/

√
LC, δq =

U0t

2ω0L
sinω0t

Çàìåíèì

U0 =

√

4κTR

t0
, ω0t0 ≫ 1, íî t ≫ t0

Òîãäà èçìåíåíèå çàðÿäà çà âðåìÿ t0:

δqT = q0 ∆ϕ ≃
√
4κTRt0

2Lω0

Eñëè t ≫ t0, òî âàðèàöèè δqT ñêëàäûâàþòñÿ íåçàâèñèìî:

∆qT ≃
√
4κTRt0

2Lω0

×
√

t

t0
=

√
κTRt

Lω0

,
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∆ϕT ≃ ∆qT

q0

=

√
κTRt

Lω0

× 1

q0

=

√

κT t Lω0/Q

Lq0ω0

=

√

κTt

Lω0Qq2
0

,

W =
I20R

2
=

ω2
0q

2
0R

2
⇒ q2

0 =
2W

ω2
0R

=
2W

ω2
0

× Q

ω0L
,

(∆ϕT )
2 =

κT t

Lω0Q
× ω2

0

2W
× Lω0

Q
=

κTω2
0t

2Q2W
= Dt,

(∆ϕT )
2 = Dt, D =

κTω2

0

2Q2W

D � êîý��èöèåíò äè��óçèè �àçû (�àçà �ãóëÿåò� êàê

áðîóíîâñêàÿ ÷àñòèöà). Ââåäåì âðåìÿ êîãåðåíòíîñòè τ

êîã

è

äëèíó êîãåðåíòíîñòè L

êîã

:

(∆ϕT )
2 = π2 = Dτ

êîã

, L
êîã

= cτ

êîã

.
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Åñòåñòâåííàÿ øèðèíà ëèíèè

Ïîëó÷èì �îðìóëó äëÿ îòíîñèòåëüíîé åñòåñòâåííîé øèðèíû

ëèíèè ∆ωT/ω0 àâòîãåíåðàòîðà

∆ωT ≃ ∆ϕT

t
,

∆ωT

ω0

≃ ∆ϕT

ω0t
.

∆ωT

ω0

≃

√

κT

2Q2Wt
, ïðè T → 0

∆ωT

ω0

≃

√

~ω0

2Q2Wt

Ïîñëåäíÿÿ � �îðìóëà Òàóíñà. Ýòî òî÷íûå �îðìóëû è îíè

ïîëó÷åíû ñ ó÷åòîì òîëüêî îäíîãî èñòî÷íèêà � òåïëîâûõ

�ëóêòóàöèé.

(Âñåãäà åñòü è äðóãèå èñòî÷íèêè).
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Ïðèìåð:

Ïóñòü Q = 102, W = 1mW, T = 300K◦, t = 1 ñåê,

ω0 = 107 ñåê−1
. Òîãäà

∆ωT/ω0 ≃ 1.4 · 10−11,

τ
êîã

≃ 5 · 108 ñåê,
L

êîã

≃ 1.5 · 1017 ì.

Êâàðöåâûé ãåíåðàòîð:

Q ≃ 107, ⇒ ∆ωT/ω0 ≃ 1/4 · 10−16
(çà 1 ñåê).
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Ïðèìåð äëÿ êâàðöåâîãî ãåíåðàòîðà

PSfrag repla
ements

∆ωT

ω

t ñåê

10−1 1 101 102 103

10−11

10−10

10−9

Òåïëîâûå �ëóêòóàöèè

Åñëè áû íå áûëî äðåé�îâ

Äðåé�û
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Âîäîðîäíûé ñòàíäàðò

f00 = 1 420 405 751, 786± 0, 004 �ö

Óðîâåíü âîñïðîèçâåäåíèÿ (ìåòðîëîãè÷åñêàÿ òî÷íîñòü):

∆f

f
≃ 3 · 10−13

Ìàçåðíûé ý��åêò: Mi
rowave Ampli�
ation by Stimulated

Emission of Radiation = MASER.
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Ïðèíöèïèàëüíàÿ ñõåìà âîäîðîäíîãî ìàçåðà

PSfrag repla
ements

H2

�óá÷àòàÿ

ïëàòèíà

≃ 1016 øò/ñåê ≃ 1012 øò/ñåê

ÑÂ×

âîçáóæäåíèå

Ìîùíîå

ìàãíèòíîå ïîëå

(ñåëåêöèÿ àòîìîâ)

ðåçîíàòîð

(òå�ëîíîâàÿ êîëáà)

Îòáîð

ìîùíîñòè

Ìîùíîñòü âîäîðîäíîãî ìàçåðà:

W ≃ 1012 × 2π~f00 ≃ 10−12
Âò,
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Òåõíè÷åñêèå óõîäû âîäîðîäíîãî ìàçåðà:

∆B ≃ 7 · 10−3

�ñ ⇒
∆ω

ω
≃ 3 · 10−12, 1�ñ = 10−4

Òë

∆T

ïó÷êà

≃ 1 K◦
⇒

∆ω

ω
≃ 1.5 · 10−13

Äîñòèæåíèå :
∆ω

ω
≃ 3 · 10−16

çà 3 ÷àñà

Ïðèìåðíî ñòîëüêî æå äàþò ÑÂ× àâòîãåíåðàòîðû,

ñòàáèëèçèðîâàííûå ÑÏ�. Öåëü íà 4-5 ëåò (2000 ãîäû):

∆ω

ω
≃ 10−17 . . . 10−18 (!) . . .Íå äîñòèãíóòà
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Îïûò R. Vessot (18.04.1976)

Âîäîðîäíûé ñòàíäàðò íà áîðòó ñïóòíèêà. Õîä ýòèõ �÷àñîâ�

ñâåðÿåòñÿ ñ õîäîì �÷àñîâ� íà çåìëå. Èçìåðåíà ðåëÿòèâèñòñêàÿ

ðàçíèöà õîäà ÷àñîâ íà áîðòó è íà Çåìëå.

∆ω

ω

∣

∣

∣

∣

Rel

=
∆Φgrav

c2
≃ 7× 10−10

∣

∣

H=104 km

H-maser:

∆ω

ω
≃ 2× 10−15

çà 1 ÷àñ,

Ýêïåðèìåíò:

∆ω

ω

∣

∣

∣

∣

Rel

=
∆Φgrav

c2

(

1± 2 · 10−4
)

.
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Ñòàíäàðò íà îäèíî÷íûõ èîíàõ ðòóòè

199Hg+
Ïðåäåëüíàÿ íåñòàáèëüíîñòü ÷àñòîòû (äèñïåðñèÿ Àëëàíà):

σ(τ) ≃
〈

∆νrms

ν0

〉

≃ ∆ν

πν0

√

T

Nτ

∆ν, ν0 � øèðèíà è ÷àñòîòà àòîìíîãî ïåðåõîäà, T � âðåìÿ

öèêëîâ (ò.å. âðåìÿ îïðåäåëåíèÿ öåíòðà ëèíèè), N � ÷èñëî

àòîìîâ, τ � âðåìÿ íàáëþäåíèÿ.

Äëÿ îäèíî÷íîãî èîíà ðòóòè

199Hg+

ïðåäåë äîëæåí áûòü îêîëî

〈

∆νrms

ν0

〉

≃ 1× 10−15 ×
√

1

τ

Ýêñïåðèìåíòàëüíî ïîëó÷åíî:

〈

∆νrms

ν0

〉

≃ 7× 10−15 ×
√

1

τ
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�òóòíûé ñòàíäàðò èñïîëüçóåò ñëåäóþùèå äîñòèæåíèÿ

1. �ëóáîêîå ëàçåðíîå îõëàæäåíèå àòîìîâ è èîíîâ.

2. Ìåòîäû ÷àñòîòíîé ñòàáèëèçàöèè ëàçåðîâ: øèðèíà ëèíèè

≃ 0.2 �ö.

3. Ìåòîäû ïåðåíîñà ÷àñòîòû èç îïòè÷åñêîãî äèàïàçîíà â ÑÂ×

äèàïàçîí.

×àñòîòà íåïðåðûâíîãî ëàçåðà óäâàèâàåòñÿ è ïðèâÿçûâàåòñÿ ê

ïåðåõîäó îäèíî÷íîãî è îõëàæäåííîãî èîíà

199Hg+

(ëåæàùåì â

ÓÔ îáëàñòè).
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Èñïîëüçóåòñÿ ëàçåð íà êðàñèòåëÿõ íåïðåðûâíîãî èçëó÷åíèÿ

(CW) ñ äëèíîé âîëíû λ ≃ 563 nm è ìîùíîñòüþ W ≃ 200 mW.

Åãî ÷àñòîòà óäâàèâàåòñÿ è ïðèâÿçûâàåòñÿ ê ÷àñòîòå ÓÔ

ïåðåõîäà

199Hg+ 2S1/2 → 2D1/2 îäèíî÷íîãî èîíà

199Hg+

(äëèíà âîëíû λ ≃ 282 nm, åñòåñòâåííàÿ øèðèíà ëèíèè 2 �ö).

Êîðîòêîâðåìåííàÿ ( 1 � 10 ñåê) íåñòàáèëüíîñòü ÷àñòîòû òàêîãî

ëàçåðà ∆ω/ω ≤ 5× 10−15

(∆ω/ω ∼ τ−1/2

) .

Êàê òåïåðü ïîëó÷èòü �òèêè� ?

×àñòîòà CW ëàçåðà ïîíèæàåòñÿ äî äèàïàçîíà 109 �ö=1 ��ö

ïóòåì ñâÿçè ñ èìïóëüíûì òèòàí-ñàï�èðîâûì (Ti:sapphire)

�åìòî-ñåêóíäíûì (ÔÑ) ëàçåðîì è ñïåöèàëüíûì

��îíîííî-êðèñòàëëè÷åñêèì� âîëíîâîäîì (âîëíîâîä ñ

èñêóññòâåííîé ïåðèîäè÷íîñòüþ). ÔÑ ëàçåð âûäàåò èìïóëüñû

ñâåòîâîãî èçëó÷åíèÿ äëèíû τimp ∼ 25 �ñåê ñ ïåðèîäè÷íîñòüþ

îêîëî τr ≃ 10−9

ñåê.
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1 íñ

1 íñåê

∼ 2 �ñåê

óâåëè÷åíèå ∼ 5× 105Íåïð. ëàçåð

�Òèêè�
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Ôåìòî-ñåêóíäíûé ëàçåð

Ñïåêòð �åìòî-ñåêóíäíîãî ëàçåðà � ãðåáåíêà ëèíèé:

fn = f0 + nfr, fr = 1/τr

(f0 � âîçíèêàåò èç-çà ðàçíèöû ãðóïïîâîé è �àçîâîé ñêîðîñòè â

ðåçîíàòîðå ëàçåðà). Âàæíî, ÷òî:

• Ñïåêòð ïîêðûâàåò ïî÷òè îêòàâó.

• Ïðàêòè÷åñêè îòñóòñòâóåò äèñïåðñèÿ ãðóïïîâîé ñêîðîñòè â

��îòîí-êðèñòàëëè÷åêîì (ÔÊ)� âîëíîâîäå.
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Ïåòëÿ ÎÑ2

fb = αfr

f0

fb

fr/100

fr/100

Ä1

Ä2

Ä3

×2

I

fn = f0 + nfr f2n = f0 + 2nfr

Âûõîä

fr =
fHg

m+α+β

Íåïð. ëàçåð

(fHg)

ÔC ëàçåð +

�ÔÊ�

âîëíîâîä

Ïåòëÿ ÎÑ 1

f0 = βfr
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Äåòåêòîð Ä1 èçìåðÿåò f0. Äåòåêòîð Ä2 èçìåðÿåò fb. ×åðåç

ïåòëè îáðàòíîé ñâÿçè ñèãíàëû ñ äåòåêòîðîâ ïîäàþòñÿ íà ÔÑ

ëàçåð ìîäóëèðóÿ âûõîäíóþ ìîùíîñòü è äëèíó ðåçîíàòîðà. Öåïè

îáðàòíîé ñâÿçè ïîääåðæèâàþò ñëåäóþùèå ñîîòíîøåíèÿ:

f0 ⇒ β fr, β =
1

100
, (3)

fb ≡ fHg − f0 −mfr ⇒ α fr, α =
1

100

(4)

Äåòåêòîð Ä3 âûäàåò íà âûõîä ÷àñòîòó "òèêîâ"

fr =
Hg

m± α± β

(5)

Åñëè α = −β, òî âûõîäíàÿ ÷àñòîòà ÿâëÿåòñÿ ïðîñòî

ñóáãàðìîíèêîé fHg
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Ïðîñòåéøèé ãåíåðàòîð ðåëàêñàöèîííûõ êîëåáàíèé
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U=

U

U U1

U1

U2

U2

I

t

t

ðàçðÿäà

t0

R

C

�àçîâûé ðàçðÿäíèê

U(t) =U=

(

1− et/RC
)

⇒
U= t0

RC
≃ U2 −U1,

T =t0 + t

ðàçðÿäà

≃ U2 −U1

U=

× RC+ t

ðàçðÿäà
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Ñèììåòðè÷íûé ìóëüòèâèáðàòîð

PSfrag repla
ements

A B

F D

R

í

R
í
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I1

I2
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U=

C

ÑÈ

C

ÑÈ

Äëÿ îáû÷íûõ ïàðàìåòðîâ Rí, C1, C2, R3, óñëîâèå âîçáóæäåíèÿ

�ïåðåâûïîëíåíî�: Kβ = K1K2 ≫ 1
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F D

R

í

R

í

C1 C2

I1

I2

R3 R3

U=

C

ÑÈ

C

ÑÈ

Îáû÷íî åùå âûïîëíå-

íî óñëîâèå

R

í

C

ÑÈ

≪ C1, 2R3

Ïóñòü òîêè ÷åðåç

òðàíçèñòîðû ðàâíû.

Ïóñòü èç-çà �ëóêòóàöèé I1 âîçðîñ íà +∆I10. Òîãäà:

∆UA = −∆I10Rí, ∆UC1
≃ 0,

∆UD = −∆I10Rí ⇒ ∆UB = −K∆UD = +K∆I10Rí,

∆UC2
≃ 0 ⇒ ∆UF = ∆UB,

⇒ ∆I1 = +SK∆UB = SR

í

K2∆I10 ≫ ∆I10 ò.å. íåóñòîé÷èâîñòü!

Ëàâèííûé ïðîöåññ: τfront ≃ R

í

C

ÑÈ

≃ 103 × 10−11 = 10−8

ñåê.
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C1 C2
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U=

C

ÑÈ

C

ÑÈ

Ëàâèííûé ïðîöåññ:

τfront ≃ R

í

C

ÑÈ

≃
103×10−11 = 10−8

ñåê.

Âî âðåìÿ ñêà÷êà UC1

ïðàêòè÷åñêè íå ìå-

íÿåòñÿ. Ñêà÷îê êîí-

÷èòñÿ, êîãäà ïðàâûé

òðàíçèñòîð áóäåò

çàïåðò.

Âî âðåìÿ ñêà÷êà UA ðåçêî óïàëî (òîê I1 ñèëüíî âûðîñ),

ïîýòîìó ïîñëå ñêà÷êà C1 � ðàçðÿæàåòñÿ. Ýòîò òîê IC1 ñîçäàåò

îòðèöàòåëüíîå íàïðÿæåíèå íà ïðàâîì çàòâîðå è

ïîääåðæèâàåò ïðàâûé òðàíçèñòîð çàïåðòûì. Îäíîâðåìåííî C2

� äîçàðÿæàåòñÿ îò UC2

äî U=. Ýòîò òîê ïîääåðæèâàåò

ïîëîæèòåëüíîå íàïðÿæåíèå íà ëåâîì òðàíçèñòîðå (îí

îòêðûò).
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U=

C

ÑÈ

C

ÑÈ

Âî âðåìÿ ñêà÷êà UA

ðåçêî óïàëî (òîê I1

ñèëüíî âûðîñ), ïîýòî-

ìó ïîñëå ñêà÷êà C1

� ðàçðÿæàåòñÿ. Ýòîò

òîê IC1 ñîçäàåò îòðè-

öàòåëüíîå íàïðÿæå-

íèå íà ïðàâîì çàòâîðå

è

ïîääåðæèâàåò ïðàâûé òðàíçèñòîð çàïåðòûì. Îäíîâðåìåííî C2

� äîçàðÿæàåòñÿ îò UC2

äî U=. Ýòîò òîê ïîääåðæèâàåò

ïîëîæèòåëüíîå íàïðÿæåíèå íà ëåâîì òðàíçèñòîðå (îí

îòêðûò). (*) Êîãäà C1 ðàçðÿäèòñÿ, íàïðÿæåíèå íà çàòâîðå

ïðàâîãî òðàíçèñòîðà ñòàíåò ìåíüøå çàïèðàþùåãî. Òîãäà òîê

÷åðåç ïðàâûé òðàíçèñòîð âîçðàñòåò, è ïðîèçîéäåò îáðàòíûé

ñêà÷îê: â èòîãå áóäåò çàïåð ëåâûé òðàíçèñòîð.
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Ìóëüòèâèáðàòîð - äåëèòåëü ÷àñòîòû

Ñäåëàåì òàêîå ïðåîáðàçîâàíèå

PSfrag repla
ements

t
U

Åñëè ñ�îðìèðîâàííîå òàêèì îáðàçîì íàïðÿæåíèå ïîäêëþ÷èòü

ê çàòâîðó, òî ïåðèîä ìóëüòèâèáðàòîðà áóäåò óïðàâëÿòüñÿ

(ñèíõðîíèçàöèÿ). Óäîáíî äåëèòü ÷àñòîòó â 2. . . 30 ðàç. Â

îñöèëëîãðà�å ýòî îáû÷íàÿ ïðîöåäóðà.
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Òðèããåð

� ñèñòåìà ñ äâóìÿ óñòîé÷èâûìè ïîëîæåíèÿìè ðàâíîâåñèÿ

(îñíîâíîé ýëåìåíò ÝÂÌ). Ýòî ìîäè�èöèðîâàííûé

ìóëüòèâèáðàòîð: íàïðÿæåíèå ïèòàíèÿ ïîíèæåíî, òàê ÷òî

àâòîêîëåáàíèé íåò. Ïîäáîðîì ïàðàìåòðîâ ìîæíî äîáèòüñÿ äâóõ

óñòîé÷èâûõ ïîëîæåíèé ðàâíîâåñèÿ (1-ûé òðàíçèñòîð îòêðûò, à

2-îé çàêðûò, èëè íàîáîðîò). Èìïóëüñ âõîäíîãî íàïðÿæåíèÿ

ïåðåáðàñûâàåò òðèããåð â äðóãîå ñîñòîÿíèå.
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Ïðåðûâèñòàÿ ãåíåðàöèÿ. Äèíàìè÷åñêèé õàîñ.

Ñòðàííûé àòòðàêòîð Ëîðåíöà

PSfrag repla
ements

L

L

C C1R1

R

UC

t

τ ≃ R1C1

Êàðòèíêà íå ïîâòîðÿåòñÿ. �àáî÷àÿ òî÷êà ïîëçàåò ñ

�õàðàêòåðíûì âðåìåíåì� τ ≃ R1C1.
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Ñòðàííûé àòòðàêòîð (àòòðàêòîð Ëîðåíöà).
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q

q̇/ω

Ôàçîâàÿ ïëîñêîñòü �ðàâíîìåðíî� ïîêðûòà ðåøåíèÿìè. Íåò

ïðåäåëüíîãî öèêëà
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Êëèñòðîí

PSfrag repla
ements

L
L

t

t

e

x

U

V0 − ∆V

V0 + ∆V

∆V ≃ eUτ/md

Ôîðìèðîâàíèå ñãóñòêîâ: Ïîòîê ýëåêòðîíîâ � ñíà÷àëà

÷åðåç ïåðâûé ðåçîíàòîð (âðåìÿ ïðîëåòà τ ≪ 1/ω0). Ýëåêòðîíû

ïîëó÷àþò äîïîëíèòåëüíûé èìïóëüñ ∆p = ± eUτ/d �

�îðìèðîâàíèå ýëåêòðîííûõ ñãóñòêîâ ïðè ïðîëåòå âòîðîãî

ðåçîíàòîðà íà ðàññòîÿíèè L îò ïåðâîãî ðåçîíàòîðà.
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Êëèñòðîí (ïðîäîëæåíèå)

Ïîäáèðàþò âðåìÿ ïðîëåòà òàê, ÷òîáû â ìîìåíò âëåòà ñãóñòêîâ

ýëåêòðîíîâ âî âòîðîé ðåçîíàòîð ýëåêòðè÷åñêîå ïîëå â íåì áûëî

áû òîðìîçÿùèì � òîãäà ýëåêòðîíû áóäóò îòäàâàòü ýíåðãèþ

ýëåêòðî-ìàãíèòíûì êîëåáàíèÿì. Ïåðâûé è âòîðîé ðåçîíàòîðû

äîëæíû áûòü ñâÿçàíû.

Îòðàæàòåëüíûé êëèñòðîí.

Ìîùíîñòü êëèñòðîíîâ: äî 1 ÌÂò â íåïðåðûâíîì è äî 20 ÌÂò â

èìïóëüñíîì ðåæèìå λ ≃ 1mm . . . 10 cm. Âûñîêîå çíà÷åíèå ê.ï.ä.

(äî 70% êèíåòè÷åñêîé ýíåðãèè ýëåêòðîíîâ ïðåîáðàçîâûâàåòñÿ â

ýíåðãèþ êîëåáàíèé).
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Âñïîìîãàòåëüíàÿ çàäà÷à:

äâèæåíèå ýëåêòðîíà (çàðÿä q è ìàññà m) â ñêðåùåííûõ ïîëÿõ

PSfrag repla
ements

x

y

z

~E

~B

mẍ = q
(

~V × ~B
)

x
= q ẏ B,

mÿ = qE− q ẋ B.

Ïåðåõîäèì â äðóãóþ èíåðöè-

àëüíóþ ñèñòåìó x = x ′ + V0t:

mẍ ′ = q ẏ B,

mÿ = qE− qV0B
︸ ︷︷ ︸

âûáèðàåì =0

−q ẋ ′ B.

Âûáèðàåì V0 = E/B � íàëîæåíèå ïîñòóïàòåëüíîãî è

âðàùàòåëüíîãî äâèæåíèé, V0 � ñêîðîñòü äðåé�à. Öèêëîèäà.
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Ïðè V0 = E/B � íàëîæåíèå ïîñòèóïàòåëüíîãî äâèæåíèÿ è

âðàùåíèÿ â ìàãíèòíîì ïîëå B. Öèêëîèäà. Âàæíî: ~V0 ⊥ ~E, ~B

Â ìàãíåòðîíå: ýëåêòðîíû èñïûòûâàþò �êëèñòðîííûé�

ý��åêò: ó îäíîãî ðåçîíàòîðà îíè ïîëó÷àþò äîáàâêè ê

ñêîðîñòÿì, êîòîðûå ïðèâîäÿò ê �îðìèðîâàíèþ ñãóñòêîâ çàðÿäà.

Ó äðóãîãî � ñãóñòêè (�ñïèöû�) îòäàþò ýíåðãèþ. Êîëåáàíèÿ â

ñîñåäíèõ ðåçîíàòîðàõ â ïðîòèâî�àçå.

Ìîùíîñòü ìàãíåòðîíîâ: îò 1 Âò (ìàëîãàáàðèòíûå ëàáîðàòîðíûå

ìàãíåòðîíû) äî 1 ÌÂò èìïóëüñíîé ìîùíîñòè â �ËÑ.
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Ñõåìà ðàäèîëîêàòîðà

PSfrag repla
ements

Èñòî÷íèê ïèòàíèÿ

Òèðàòðîí Ìàãíåòðîí

Çàäàþùèé ãåíåðàòîð

Ïðèåìíèê

Àíòåííà

�àç. ðàçðÿäíèê

τ1

τ1

τ2

τ1 = 10−3




τ2 = 10−6




R = cτ1 ≃ 10−3 × 3× 108 = 300 km

l l = λ/4


