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Äâóìåðíûå ôîòîííûå êðèñòàëëû

Áîëüøîé èíòåðåñ â íàñòîÿùåå âðåìÿ âûçûâàþò ôîòîííûå êðèñòàëëû, îáðà-
çîâàííûå ïàðàëëåëüíûìè íèòÿìè èëè ïðîâîëî÷êàìè. Â çàâèñèìîñòè îò ïå-
ðèîäà è òîëùèíû ïðîâîëî÷åê ýòè êðèñòàëëû ìîãóò ðàáîòàòü â øèðîêîì äèà-
ïàçîíå ÷àñòîò � îò ìèêðîâîëíîâûõ è ÒÃö ñ ïðîâîëî÷êàìè ìèëëèìåòðîâîé è
ñóáìèëëèìåòðîâîé òîëùèíû äî èíôðàêðàñíûõ è îïòè÷åñêèõ ïðè èñïîëüçî-
âàíèè ïðîâîëî÷åê ñ ðàçìåðàìè íàíîìåòðîâîãî ìàñøòàáà (ò.í. nanowires and
nanorods).

[1] C.R. Simovski, P.A. Belov [et al], Advanced Materials, 24(31), 4229, 2012.
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Ïàðàìåòðè÷åñêîå (êâàçè÷åðåíêîâñêîå) èçëó÷åíèå

Âïåðâûå áûëî ïðåäñêàçàíî â ðåíò-
ãåíîâñêîì äèàïàçîíå (äëÿ åñòå-
ñòâåííûõ êðèñòàëëîâ). Ýòî èçëó÷å-
íèå ïîÿâëÿåòñÿ áëàãîäàðÿ äèôðàê-
öèè ôîòîíîâ â êðèñòàëëå: â óñëî-
âèÿõ äèôðàêöèè ïîëå â êðèñòàëëå
ïðåäñòàâëÿåò ñîáîé ñóììó íåñêîëü-
êèõ âîëí, ñðåäè êîòîðûõ åñòü êàê
áûñòðûå, êîòîðûå ìîæíî õàðàê-
òåðèçîâàòü ïîêàçàòåëåì ïðåëîìëå-
íèÿ n < 1, òàê è ìåäëåííûå, äëÿ
êîòîðûõ n > 1.

[2] V.G Baryshevsky, I.D. Feranchuk, A.P. Ulyanenkov. Parametric X-Ray Radiation in

Crystals: Theory, Experiment and Applications. � Springer, 2005.
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Ïðåäûäóùèå ðåçóëüòàòû

Ïîëó÷åíî äèñïåðñèîííîå óðàâíåíèå, ïîçâîëÿþùåå íàéòè âîç-
ìîæíûå çíà÷åíèÿ âîëíîâîãî âåêòîðà â êðèñòàëëå ïðè 0 < kR .
1 (à íå òîëüêî kR � 1); ó÷òåí àíèçîòðîïíûé õàðàêòåð ðàññåÿ-
íèÿ âîëí íà îòäåëüíûõ ïðîâîëî÷êàõ.

Ïîêàçàíà âîçìîæíîñòü ÷åðåíêîâñêîãî èçëó÷åíèÿ â êðèñòàëëå
èç ìåòàëëè÷åñêèõ ïðîâîëî÷åê.

Íàéäåíî, ÷òî èíòåíñèâíîñòü ÷åðåíêîâñêîãî è ïàðàìåòðè÷åñêî-
ãî èçëó÷åíèÿ ðàñòåò ñ óâåëè÷åíèåì ðàäèóñà ïðîâîëî÷åê è äî-
ñòèãàåò ìàêñèìàëüíîãî çíà÷åíèÿ â îáëàñòè kR ∼ 1; íàéäåíî
çíà÷åíèå ýòîãî ìàêñèìóìà.

Ðàññìîòðåíà ãåíåðàöèÿ èçëó÷åíèÿ ðåëÿòèâèñòñêèìè ýëåêòðîí-
íûìè ïó÷êàìè ñîâðåìåííûõ óñêîðèòåëåé. Ìãíîâåííàÿ ìîùíîñòü
èçëó÷åíèÿ â ÒÃö-äèàïàçîíå ïðè âûïîëíåíèè óñëîâèÿ kR ∼ 1
ìîæåò ñîñòàâëÿòü äåñÿòêè ÌÂò.

[3] V.G. Baryshevsky, E.A. Gurnevich, Journal of Nanophotonics, 6, 061713 (2012).

[4] V.G. Baryshevsky, A.A. Gurinovich, Nucl. Instr. Meth. B, 355, 69�75, 2015.

[5] V.G. Baryshevsky, E.A. Gurnevich, Nucl. Instr. Meth. B, 2017,

doi:10.1016/j.nimb.2017.03.015
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Öåëè äàííîãî èññëåäîâàíèÿ

Ðàññìîòðåòü èçëó÷åíèå ðåëÿòèâèñòñêèõ ÷àñòèö â êîìïàêòíûõ
ñòðóêòóðàõ (íåñêîëüêî êðèñòàëëè÷åñêèõ ïëîñêîñòåé).

Ïðîâåñòè àíàëèç ïàðàìåòðè÷åñêîãî èçëó÷åíèÿ â ãåîìåòðèè
Áðýããà íà îòíîñèòåëüíî íèçêèõ ÷àñòîòàõ (ïåðâàÿ-âòîðàÿ ïîëî-
ñû ïðîïóñêàíèÿ, ka ∼ 3, ãäå a � ïåðèîä êðèñòàëëà).
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Äèñïåðñèîííàÿ õàðàêòåðèñòèêà êðèñòàëëà
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Àìïëèòóäû ðàññåÿíèÿ íà ïðîâîëî÷êàõ ÿâíûì îáðàçîì çàâèñÿò
òîëüêî îò ñîñòàâëÿþùåé âîëíîâîãî âåêòîðà kρ = (ky, kz), ïåðïåí-
äèêóëÿðíîé îñè ïðîâîëî÷êè. Â äèñïåðñèîííîå óðàâíåíèå òàêæå ÿâ-
íûì îáðàçîì âõîäèò òîëüêî kρ (îò ÷àñòîòû òàêæå ìîæåò çàâèñåòü
ε ïðîâîëî÷åê).
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Ãåîìåòðèÿ çàäà÷è

Ðàññìàòðèâàåòñÿ ïàðàìåòðè÷åñêîå èçëó÷åíèå â ñëó÷àå äâóõâîëíî-
âîé äèôðàêöèè â ãåîìåòðèè Áðýããà. Ïðåäïîëàãàåòñÿ, ÷òî ñêîðîñòü
÷àñòèöû ïåðïåíäèêóëÿðíà ïîâåðõíîñòè êðèñòàëëà (v íàïðàâëåíà
âäîëü îñè z). Àíàëèçèðóåòñÿ èçëó÷åíèå â íàïðàâëåíèè äèôðàêöèè
è ò.í. ïàðàìåòðè÷åñêîå èçëó÷åíèå âïåðåä.
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Ñïîíòàííîå ïàðàìåòðè÷åñêîå èçëó÷åíèå âïåð¼ä

×èñëî ôîòîíîâ, èñïóñêàåìûõ ïðîëåòàþùåé ÷åðåç êðèñòàëë ÷àñòèöåé â åäè-
íè÷íîì èíòåðâàëå ÷àñòîò â åäèíèöó òåëåñíîãî óãëà, â ñëó÷àå ãåîìåòðèè
Áðýããà

d2Ns
0

dωdΩ
=
e2Q2ω

4π2~c3
(esv)2

∣∣∣∣∣ ∑
µ=1,2

γ0
µse

i ω
cγ0

εµsL

[
1

ω − kv
− 1

ω − qµsv

]
×

× (ei(ω−qµsv) L
cγ0 − 1)

∣∣∣2 ,
ãäå qµs � êîðíè äèñïåðñèîííîãî óðàâíåíèÿ, εµs = qzµs/kz − 1, γ0 = kN/k,
N � íîðìàëü ê âõîäíîé ïîâåðõíîñòè êðèñòàëëà, íàïðàâëåííàÿ âíóòðü êðè-
ñòàëëà, e1||[k×τττ ], e2||[k×e1], γ0

1(2)s = [2ε2(1)s−g0]× [(2ε2(1)s−g0)− (2ε1(2)s−
g0)×exp[i ωγ0 (ε2(1)s−ε1(2)s)L]]−1, g0 � ýôôåêòèâíàÿ äèýëåêòðè÷åñêàÿ âîñïðè-
èì÷èâîñòü êðèñòàëëà.

[6] V.G Baryshevsky, Nucl. Inst. and Meth. B, 122, 13�18, 1997.



Introduction Our Results/Contribution Summary

Ñïîíòàííîå ïàðàìåòðè÷åñêîå èçëó÷åíèå âïåð¼ä

Ñïåêòðàëüíî-óãëîâîå ðàñïðåäåëåíèå èçëó÷åíèÿ ìîæåò áûòü íàéäåíî, åñëè

èçâåñòíî ðåøåíèå îäíîðîäíûõ óðàâíåíèé Ìàêñâåëëà E
(+)s
−k , îïèñûâàþùåå

ðàññåÿíèå ïëîñêîé âîëíû ñ âîëíîâûì âåêòîðîì −k íà êðèñòàëëå:

d2Ns
0

dωdΩ
=
e2Q2ω

4π2~c3

∣∣∣∣∫ E
(+)s
−k (r(t), ω)v(t)eiωtdt

∣∣∣∣2.
Íàïðèìåð, äëÿ TM-ïîëÿðèçîâàííîé âîëíû

d2N
‖
0

dωdΩ = e2Q2

~c
1
ω |I
‖|2, ãäå

I‖ =
iωkx

kρ
√
ω2 − k2

ρv
2

sinh a
√
ω2/v2 − k2

ρ

cosh a
√
ω2/v2 − k2

ρ − cos kya
×
M−1∑
m=0

F0me
iωma/v,

M � ÷èñëî êðèñòàëëè÷åñêèõ ïëîñêîñòåé, à ñèñòåìà óðàâíåíèé äëÿ íàõîæäå-
íèÿ àìïëèòóä F0m ïîëó÷åíà â [7].

[7] V.G. Baryshevsky, E.A. Gurnevich, Nonlinear Dynamics and Applications, 21,

126�138, 2015.
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Èíäóöèðîâàííîå ïàðàìåòðè÷åñêîå èçëó÷åíèå

Â ñëó÷àå, åñëè ÷åðåç êðèñòàëë äâèãàåòñÿ ïó÷îê ÷àñòèö (íàïðèìåð,
ýëåêòðîííûé ïó÷îê), äëÿ àíàëèçà ïðîöåññîâ èíäóöèðîâàííîãî èç-
ëó÷åíèÿ íåîáõîäèìî èñïîëüçîâàòü ñëåäóþùóþ ñèñòåìó íåëèíåéíûõ
óðàâíåíèé:

~∇× ~∇× ~E(~r, ω) =
4πiω

c2
~j(~r, ω) +

ω2

c2
~D(~r, ω),

dvα
dt

=
e

mγ

{
~E(~rα, t) +

1

c

[
~vα, ~H(~rα, t)

]
− ~vα
c2

(
~vα, ~E(~rα, t)

)}
,

ãäå ~j(~rα, t) = e
∑
α
~vα(t)δ(~r−~rα(t)), ~D(~r, ω) = ε(~r, ω) ~E(~r, ω), ε(~r, ω) =∑

τ
ετ (ω)e−i~τ~r, ε0 = 1 + g0, ετ ≡ gτ � Ôóðüå-êîìïîíåíòû äèýëåêòðè-

÷åñêîé âîñïðèèì÷èâîñòè êðèñòàëëà, ~τ � âåêòîð îáðàòíîé ðåø¼òêè.
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Óãëîâîå ðàñïðåäåëåíèå: TM-ïîëÿðèçàöèÿ

ωa/c = 2.5 ωa/c = 3.5

Óãëîâûå ðàñïðåäåëåíèÿ èçëó÷åíèÿ äëÿ êðèñòàëëà, ñîñòîÿùåãî èç
M = 101 ïëîñêîñòè; Ëîðåíö-ôàêòîð ýëåêòðîíà γ = 10. Â îáëàñòè
÷àñòîò âûøå âåðõíåé ãðàíèöû ïåðâîé ïîëîñû ïðîïóñêàíèÿ èçëó÷å-
íèå ñêîíöåíòðèðîâàíî â óçêîì êîíóñå ñ äîñòàòî÷íî áîëüøèì óãëîì
ðàñêðûâà (â ïðèìåðå îêîëî 30◦), ïîäîáíî îáû÷íîìó ÷åðåíêîâñêîìó
èçëó÷åíèþ.
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Óãëîâîå ðàñïðåäåëåíèå: TE-ïîëÿðèçàöèÿ

ωa/c = 2.1: M = 5 M = 39 M = 101 (L ∼ λγ2)

ωa/c = 3.0: M = 5 M = 9 M = 15 (L� λγ2)
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Óãëîâîå ðàñïðåäåëåíèå
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Äèàãðàììà íàïðàâëåííîñòè èçëó÷åíèÿ â îáëàñòè ÷àñòîò âûøå ãðà-
íèöû ïåðâîé ïîëîñû ïðîïóñêàíèÿ äîñòàòî÷íî õîðîøî ôîðìèðóåòñÿ
óæå íà î÷åíü òîíêèõ ïëàñòèíêàõ êðèñòàëëà (ïîðÿäêà 10 ïåðèîäîâ),
à óãîë ðàñêðûâà êâàçè÷åðåíêîâñêîãî êîíóñà ñèëüíî çàâèñèò îò ÷à-
ñòîòû.
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Èíòåíñèâíîñòü èçëó÷åíèÿ
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a = 0.2 ìì, L = 10 ñì, πR2/a2 = 0.001, γ = 10

Â ïðèâåäåííîì ïðèìåðå îäèí ýëåêòðîí ïðè ïðîëåòå ÷åðåç êðèñòàëë
èçëó÷àåò â óçêîì èíòåðâàëå ÷àñòîò 0.8±5% ÒÃö â ñðåäíåì 10−2 ôî-
òîíîâ. Ôåìòîñåêóíäíûé ýëåêòðîííûé ñãóñòîê ñ Ne ∼ 1.25 · 109 (ïà-
ðàìåòðû SwissFEL) áóäåò èçëó÷àòü â òîì æå äèàïàçîíå ∼ 1.6 · 1016

ôîòîíîâ (ìãíîâåííàÿ ìîùíîñòü ∼ 25 êÂò).
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Âûâîäû

Â îáëàñòè ÷àñòîò âûøå ãðàíèöû ïåðâîé ïîëîñû ïðîïóñêàíèÿ
ïàðàìåòðè÷åñêîå èçëó÷åíèå â äâóìåðíûõ ôîòîííûõ êðèñòàëëàõ
îáëàäàåò ðÿäîì îñîáåííîñòåé:

Óãëîâîå ðàñïðåäåëåíèå èçëó÷åíèÿ ñòàíîâèòñÿ ïîäîáíûì ðàñ-
ïðåäåëåíèþ îáûêíîâåííîãî ÷åðåíêîâñêîãî èçëó÷åíèÿ è ïðåä-
ñòàâëÿåò ñîáîé êîíóñ ñ äîñòàòî÷íî áîëüøèì (äåñÿòêè ãðàäóñîâ)
óãëîì ðàñêðûâà, çíà÷åíèå êîòîðîãî çàâèñèò îò ÷àñòîòû.

Äèàãðàììà íàïðàâëåííîñòè èçëó÷åíèÿ äîñòàòî÷íî õîðîøî ôîð-
ìèðóåòñÿ óæå íà î÷åíü òîíêèõ ïëàñòèíêàõ êðèñòàëëà (ïîðÿäêà
10 ïåðèîäîâ).

Èíòåíñèâíîñòü èçëó÷åíèÿ äîñòèãàåò çíà÷èòåëüíûõ âåëè÷èí, ÷òî
ïîçâîëÿåò èñïîëüçîâàòü ýòîò ýôôåêò äëÿ ñîçäàíèÿ êîìïàêò-
íûõ ìîùíûõ èñòî÷íèêîâ òåðàãåðöîâîãî è îïòè÷åñêîãî èçëó÷å-
íèÿ.
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Ñïàñèáî çà âíèìàíèå!
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