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Ñîäåðæàíèå

1 Ââåäåíèå
Íåîïòè÷åñêèå ðàçðÿäíûå ñõåìû
Íåêîòîðûå ïðèìåðû íåëèíåéíîé òðàíñôîðìàöèè èíòåíñèâíîãî ñâåòà â
ìàãíèòíûå ïîëÿ

2 Îïòè÷åñêè èíäóöèðîâàííûå ðàçðÿäû è òîêè, ïàðàìåòð ξ â ëàçåð-ïëàçìåííîì
âçàèìîäåéñòâèè.

"Ìåäëåííîå" âçàèìîäåéñòâèå, ξ � 1.
"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè

3 Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì
Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì ïðè ξ & 1.
Ìèøåíè ñî ñêîëüçÿùèì ðàñïðîñòðàíåíèåì ëàçåðíîãî èìïóëüñà â ôñ
ðåæèìå, ξ � 1.
Êàïèëëÿðíûå ñòðóêòóðèðîâàííûå ìèøåíè, ξ � 1.

4 "Ïðîòÿæ¼ííûå" ìèøåíè â ôñ ðåæèìå âçàèìîäåéñòâèÿ, ξ � 1.
Ýëåêòðîìàãíèòíûå ïîëÿ, âîçáóæäàåìûå êîëüöåâûìè ìèøåíÿìè
Êîíòðîëèðóåìîå ÒÃö èçëó÷åíèå èç îíäóëÿòîðíûõ ïðîâîëîê

5 Çàêëþ÷èòåëüíûå çàìå÷àíèÿ è âûâîäû
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Õàðàêòåðíûå âåëè÷èíû ìàãíèòíûõ ïîëåé

Earth magnetosphere

Discharge coil 
(nondistructively)

Radio pulsars

Magnetars

Magneto-Resonance 
Imaging

Solar magnetic fields

Neodymium magnets

Interstellar fields

Strong effect
 on atomic structure

Record values for 
laser-plasma magnetic fields
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Çà÷åì íóæíû ñèëüíûå ìàãíèòíûå ïîëÿ â ëàçåðíîé ëàáîðàòîðèè

Ôóíäàìåíòàëüíûå èññëåäîâàíèÿ

Àñòðîôèçè÷åñêèå ÿâëåíèÿ

Ñîëíöå è çâ¼çäû
Êîñìè÷åñêèå ëó÷è
Óäàðíûå âîëíû
Àñòðîôèçè÷åñêèå äæåòû
...

Âåùåñòâî â ñèëüíûõ ìàãíèòíûõ ïîëÿõ

Àòîìíàÿ ôèçèêà
Òâåðäîå òåëî
ßäåðíàÿ ôèçèêà
...

Ïðèëîæåíèÿ

Óïðàâëåíèå è óñêîðåíèå ÷àñòèö è ïëàçìû

Ïó÷êè ÷àñòèö
Ãåíåðàöèÿ âòîðè÷íîãî èçëó÷åíèÿ
Íàïðàâëåííûå ïîòîêè ïëàçìû

Óäåðæàíèå ïëàçìû

Èíåðöèàëüíûé òåðìîÿäåðíûé ñèíòåç ñ
ìàãíèòíûì ïîëåì

Ïîäàâëåíèå ýëåêòðîííîé
òåïëîïðîâîäíîñòè
Êîëëèìàöèÿ ÷àñòèö äëÿ Fast Ignition
Ïåðñïåêòèâíûå ñõåìû

...
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Íåîïòè÷åñêèå ðàçðÿäíûå ñõåìû
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Ìàãíèòíûå ïîëÿ â êàòóøêàõ ìíîãîðàçîâîãî èñïîëüçîâàíèÿ.

Ôîòîãðàôèÿ ðàçðÿäíîé êàòóøêè.

B ∼ 5..40 T,
V ∼ 1cm3

Ðàçðÿäíûå êàòóøêè ñïîñîáíû
ñîçäàâàòü ìàãíèòíîå ïîëå
â âàêóóìå â èìïóëüñíîì
ðåæèìå äî τ ∼ 10−6 sec.

Ïðåäåë ïðî÷íîñòè ñòàëè: äî 1500 Ìïà, ñîîòâåòñòâóåò ìàãíèòíîìó ïîëþ B ≈ 40Ò.
P = B2

8π , (1 äèí/ñì2 = 0.1 Ïà.)
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Èíåðöèàëüíûé (èìïóëüñíûé) ðåæèì

Âçðûâîìàãíèòíûå ãåíåðàòîðû�: ñæàòèå ìàãíèòíîãî ïîòîêà (öèëèíäðè÷åñêàÿ èìïëîçèÿ) :
äî 2500 � 3000 Ò.

�A. D. Sakharov, Magnetoimplosive generators, Soviet Physics Uspekhi 9, 294 (1966);
A. I. Bykov, M. I. Dolotenko, N. P. Kolokolchikov, V. D. Selemir, and O. M. Tatsenko, VNIIEF achievements on ultra-high
magnetic �elds generation, Physica B: Condensed Matter 294�295, 574 (2001)
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MIFEDS è èìïóëüñíûå îäíîðàçîâûå ðàçðÿäíûå êàòóøêè

MIFEDS (magneto-inertial fusion electrical discharge system)

                                          LLE Rochester
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Íåëèíåéíîå ïðåîáðàçîâàíèå ëàçåðíîãî èçëó÷åíèÿ â èìïóëüñ ìàãíèòíîãî ïîëÿ

Óðîâåíü 1 êÒ ñ ïîìîùüþ "êîíâåíöèàëüíûõ"
(íåëàçåðíûõ) ñõåì ìîæíî ïîëó÷èòü, ïî

âèäèìîìó, ëèøü ïðè âçðûâå.w�
Íåëèíåéíîå ïðåîáðàçîâàíèå ëàçåðíîãî

èçëó÷åíèÿ â èìïóëüñíûå (êâàçèñòàöèîíàðíûå)
ìàãíèòíûå ïîëÿ

Áîëüøàÿ ïëîòíîñòü ýíåðãèè, áîëüøàÿ ìîùíîñòü
ëàçåðíîãî âîçäåéñòâèÿ
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Íåëèíåéíàÿ òðàíñôîðìàöèÿ ñâåòà â ìàãíèòíûå ïîëÿ

Íåêîòîðûå ïðèìåðû íåëèíåéíîãî ïðåîáðàçîâàíèÿ
(îïòè÷åñêàÿ ãåíåðàöèÿ ìàãíèòíûõ ïîëåé)

Â ëàçåðíîì èçëó÷åíèè, íàïðèìåð, ïðè I ∼ 1018Âò/ñì2, λ ∼ 1µm, îñöèëëèðóþùåå ìàãíèòíîå ïîëå
ïîðÿäêà 10 êÒ. Çàäà÷à â åãî ýôôåêòèâíîì ïðåîáðàçîâàíèè âî âðåìåíè è ïðîñòðàíñòâå.

Ãèäðîäèíàìèêà

ïðè ðàçë¼òå ëàçåðíîé
ïëàçìû

Êîëëåêòèâíûå
êèíåòè÷åñêèå ýôôåêòû
(áûñòðûå ýëåêòðîíû)

ëàçåðíîå óñêîðåíèå
ýëåêòðîíîâ

Íåèíòåãðèðóåìîñòü,
ñòîõàñòè÷åñêèé íàãðåâ,
ïëàçìåííûå âîëíû

Ïåðåäà÷à ìîìåíòà
èìïóëüñà ïëàçìå,
îáðàòíûé ýôôåêò
Ôàðàäåÿ ...

Ëàçåðíî-èíäóöèðîâàííûå ðàçðÿäû
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Íåëèíåéíàÿ òðàíñôîðìàöèÿ ñâåòà â ìàãíèòíûå ïîëÿ

"Çàòðàâî÷íîå" ìàãíèòíîå ïîëå âî Âñåëåííîé è â ëàçåðíî-ïëàçìåííîì
âçàèìîäåéñòâèè.

Ïðîáëåìà âîçíèêíîâåíèÿ ìàãíèòíûõ ïîëåé ïðè ýâîëþöèè Âñåëåííîé � � îòêóäà âî Âñåëåííîé ìàãíèòíûå
ïîëÿ?

�Biermann, L. and Schl�uter, A. (1950) `�Uber den Ursprung der Magnetfelder auf Sternen und im interstellaren Raum',
Zeitschrift fur Naturforschung - Section A Journal of Physical Sciences, 5(2), pp. 65�71
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Íåëèíåéíàÿ òðàíñôîðìàöèÿ ñâåòà â ìàãíèòíûå ïîëÿ

Ñêðåùåííûå ãðàäèåíòû èëè "áàòàðåÿ Áèðìàíà"

Âñïîìíèì óðàâíåíèå ìàãíèòíîé ãèäðîäèíàìèêè ñ áåçìàññîâûìè ýëåêòðîíàìè è áåç âÿçêîñòè�,

∂ ~B

∂t
= rot[~v × ~B]− rot

[
~J

ene
× ~B

]
− c

en
[∇n×∇T ]− c

e
rot

~RT
ne
− c rot

(
~J||

σ||
+
~J⊥
σ⊥

)
,

ãäå ~RT � òåðìîñèëà, σ � ïðîâîäèìîñòü.

�Braginskii, S. I. (1965) `Transport processes in a plasma'
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Íåëèíåéíàÿ òðàíñôîðìàöèÿ ñâåòà â ìàãíèòíûå ïîëÿ

"Êèíåòè÷åñêàÿ ìàãíåòèçàöèÿ" � òîêè ëàçåðíî-óñêîðåííûõ ýëåêòðîíîâ

Òîêè âîçíèêàþò ïðè ñòîëêíîâèòåëüíîì èëè áåññòîëêíîâèòåëüíîì ïîãëîùåíèè ëàçåðíîé ýíåðãèè â
ïëàçìå, îáû÷íî ïðè íàëè÷èè ïðîôèëÿ ïëîòíîñòè.
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Íåëèíåéíàÿ òðàíñôîðìàöèÿ ñâåòà â ìàãíèòíûå ïîëÿ

Ãèäðîäèíàìè÷åñêèé èëè êèíåòè÷åñêèé ìåõàíèçì?

Óñêîðåííûå "íàðóæó" ýëåêòðîíû è ñêðåùåííûå
ãðàäèåíòû âîçáóæäàþò ïîëå îäèíàêîâîé òîïîëîãèè
è íàïðàâëåíèÿ, ýòè ìåõàíèçìû ñëîæíî ðàçëè÷èòü.
Ýêñïåðèìåíò íà óñòàíîâêå PALS (×åõèÿ) ¶:
Ïëîñêàÿ ìàññèâíàÿ ìèøåíü,

Ïàðàìåòðû âçàèìîäåéñòâèÿ:
I ∼ 1..5× 1016W/cm2 ïÿòíî ôîêóñèðîâêè ∼ 50 µm
λ ≈ 1 µm
äëèòåëüíîñòü ≈ 250ïñ (HWFM)
îñíîâíàÿ äèàãíîñòèêà: èíòåðôåðîìåòðèÿ è
ïîëÿðîìåòðèÿ

¶Pisarczyk, T. et al. Kinetic magnetization by fast electrons in laser-produced plasmas at sub-relativistic intensities.
Physics of Plasmas 24, 102711 (2017)
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Íåëèíåéíàÿ òðàíñôîðìàöèÿ ñâåòà â ìàãíèòíûå ïîëÿ

Ïåðåäà÷à óãëîâîãî îðáèòàëüíîãî ìîìåíòà ëàçåðíîãî èìïóëüñà ïëàçìå�

�Ðàäèàëüíàÿ� ïîëÿðèçàöèÿ: ~E(r, θ, t, z) = E0 × g(t)× f(r)× cos(lθ − ω0t)~er

Ïðèìåð èìïóëüñà ñ óãëîâûì
îðáèòàëüíûì ìîìåíòîì.

�Nuter, R. et.al., Plasma solenoid driven by a laser beam carrying an orbital angular momentum. Phys. Rev. E 98,
033211 (2018)
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Íåëèíåéíàÿ òðàíñôîðìàöèÿ ñâåòà â ìàãíèòíûå ïîëÿ

Ïåðåäà÷à óãëîâîãî îðáèòàëüíîãî ìîìåíòà ëàçåðíîãî èìïóëüñà ïëàçìå��

×èñëåííîå ìîäåëèðîâàíèå ïîêàçûâàåò ýôôåêòèâíóþ ãåíåðàöèþ ìàãíèòíîãî ïîëÿ, íî åñòü âîïðîñû...**

Öåíòðàëüíîå ñå÷åíèå B|| ïîñëå âçàèìîäåéñòâèÿ ñ ëàçåðíûì èìïóëüñîì ñ "ðàäèàëüíîé ïîëÿðèçàöèåé", ñëåâà
l = −1, τ = 6T , ñïðàâà l = 1, τ = 12T .

Ðàñïðåäåëåíèå ìîìåíòà èìïóëüñà
ýëåêòðîíîâ ïîñëå âçàèìîäåéñòâèÿ.
Ïóíêòèð - ìàêñèìàëüíàÿ
àìïëèòóäà.

**ñì. ñåìèíàðû 6À.
��Nuter, R., et.al., Plasma solenoid driven by a laser beam carrying an orbital angular momentum. Phys. Rev. E 98,
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Íåëèíåéíàÿ òðàíñôîðìàöèÿ ñâåòà â ìàãíèòíûå ïîëÿ

Ïëàçìåííûå âîëíû ñ óãëîâûì îðáèòàëüíûì ìîìåíòîì��

Ñóùåñòâóþò "çàêðó÷åííûå" ïëàçìåííûå âîëíû (â áàçèñå Ëàãåðð-Ãàóñîâûõ ôóíêöèé),

Φ(z, r, θ, t) =
∑
p,l

φp,lFp,l(X) exp (−iωt+ ikz + ilθ + iϕp,l + iqX) ,

δfe(z, r, θ,v, t) =
∑
p,l

fp,l(v)Fp,l(X) exp (−iωt+ ikz + ilθ + iϕp,l + iqX) .

ÿâëÿþùèåñÿ ðåøåíèÿìè óðàâíåíèÿ Ïóàññîíà

∆Φ =
e

ε0
δne

è Âëàñîâà
−i(ω − kvz) δfe + v⊥ · ∇⊥δfe = −iekvzΦ ∂εfe0 − ev⊥ · ∇⊥Φ∂εfe0.

ñ äèñïåðñèîííûì óðàâíåíèåì è çàòóõàíèåì Ëàíäàó, ñîîòâåòñòâåííî

ω2 = ω2
pe

(
1 + 3k2λ2

De +
2p+ |l|+ 1

k2w2
b

)
,

Imω

ω
= −

√
π

8

1

k3λ3
De

exp

(
− ω2

2k2v2
th

)
R

(
2

√
p+ (|l|+ 1)/2

k2λDewb

)
.

��Blackman et.al.,(2019), PRE, 100(1), p. 013204; Blackman et.al., (2019) Journal of Russian Laser Research, 40(5), p.
419
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Íåëèíåéíàÿ òðàíñôîðìàöèÿ ñâåòà â ìàãíèòíûå ïîëÿ

Ïëàçìåííûå âîëíû ñ óãëîâûì îðáèòàëüíûì ìîìåíòîì*

Âî âòîðîì ïîðÿäêå â òàêèõ âîëíàõ ïðèñóòñòâóåò ñòàöèîíàðíîå ìàãíèòíîå ïîëå

Ïðîôèëü ïëîòíîñòè äëÿ p = 0, l = 2.

ñëåâà ââåðõó: àçèìóòàëüíîå ìàãíèòíîå ïîëå Bθ; ñëåâà
âíèçó: àêñèàëüíîå ìàãíèòíîå ïîëå Bz.
ñïðàâà: ïîïåðå÷íûå öåíòðàëüíûå ñå÷åíèÿ ìàãíèòíûõ
ïîëåé.

*Blackman et.al.,(2019), PRE, 100(1), p. 013204; Blackman et.al., (2019) Journal of Russian Laser Research, 40(5), p.
419
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Íåëèíåéíàÿ òðàíñôîðìàöèÿ ñâåòà â ìàãíèòíûå ïîëÿ

Ïëàçìåííûå âîëíû ñ óãëîâûì îðáèòàëüíûì ìîìåíòîì�

Íåëèíåéíîå çàòóõàíèå Ëàíäàó
ïðèâîäèò ê ïåðåäà÷å ìîìåíòà
èìïóëüñà îò âîëíû ýëåêòðîíàì,
÷òî ñîîòâåòñòâóåò àçèìóòàëüíîìó
òîêó è àêñèàëüíîìó ìàãíèòíîìó
ïîëþ.

Ðèñ:Ïàðàìåòðû óñêîðåííûõ ÷àñòèö

Ñòàöèîíàðíîå ðàñïðåäåëåíèå
ñîîòâåòñòâóåò θ−ïèí÷ó.

�Blackman et.al.,(2019), PRE, 100(1), p. 013204; Blackman et.al., (2019) Journal of Russian Laser Research, 40(5), p.
419
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Êîíòðîëèðóåìûå ëàçåðíî-èíäóöèðîâàííûå
ðàçðÿäû:

ãåíåðàöèÿ ìàãíèòíûõ ïîëåé è äëèííîâîëíîâîãî
èçëó÷åíèÿ.
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Ïåðåðàñïðåäåëåíèå çàðÿäà (òîêè) ïîä äåéñòâèåì èíòåíñèâíîãî ëàçåðíîãî
èçëó÷åíèÿ

Èíòåíñèâíûå èìïóëüñû (& 1015...1016 W/cm2) ñóùåñòâåííî ìåíÿþò ïðîñòðàíñòâåííî-ýíåðãåòè÷åñêîå
ðàñïðåäåëåíèå çàðÿäîâ (ýëåêòðîíîâ)

Laser pulse
Charged particles

Charged particles

Radiation

Radiation

Radiation

Radiation

Radiation

Radiation

Discharge

Îáùàÿ ñõåìà âîçäåéñòâèÿ
Ýêñïåðèìåíòàëüíûå äàííûå* ïî àìïëèòóäå ýëåêòðîìàãíèòíîãî
èìïóëüñà (EMP).

*F. Consoli et al., Laser Produced Electromagnetic Pulses: Generation, Detection and Mitigation, High Power Laser
Science and Engineering 8, (2020)
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Äëèíà è äëèòåëüíîñòü ðàçðÿäíîãî èìïóëüñà òîêà

Âàæíåéøèå îïðåäåëÿþùèå ïàðàìåòðû

Äëèòåëüíîñòü ëàçåðíîãî èìïóëüñà

Ðàçìåð ïÿòíà ôîêóñèðîâêè

Èìïåäàíñ ìèøåíè (èíäóêòèâíîñòü ïðåæäå âñåãî äëÿ
òîêîâ)

Ðàñïðîñòðàíåíèå ðàçðÿäà: äèñïåðñèÿ, ïîãëîùåíèå,
íàãðåâ è ìîäèôèêàöèÿ âåùåñòâà ìèøåíè ...

Äëÿ êîðîòêèõ ñèëüíî ñôîêóñèðîâàííûõ èìïóëüñîâ è
ïðîòÿæ¼ííûõ ìèøåíåé ïåðåðàñïðåäåëåíèå çàðÿäà èìååò
"ïåðåõîäíóþ" ïðèðîäó.

×òî îçíà÷àåò ïðîòÿæ¼ííûå ìèøåíè è êîðîòêèå èìïóëüñû?

laser pulse
duration

discharge
pulse 
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a
ra
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×òî îçíà÷àåò ïðîòÿæ¼ííûå ìèøåíè è êîðîòêèå èìïóëüñû?

Â îáùåì ñëó÷àå

Ñîîòíîøåíèå ξ = cτ0/L îïðåäåëÿåò, íàñêîëüêî ïåðåõîäíûå
ïðîöåññû âàæíû
(c � ñêîðîñòü ñâåòà, τ0 äëèòåëüíîñòü èìïóëüñà, L
õàðàêòåðíàÿ äëèíà ìèøåíè.)

ξ � 1 � "êîìïàêòíàÿ" ìèøåíü, "äëèííûé" èìïóëüñ,
êâàçèñòàöèîíàðíûé ðåæèì ïåðåðàñïðåäåëåíèÿ çàðÿäà;

ξ � 1 � "ïðîòÿæ¼ííàÿ" ìèøåíü, "êîðîòêèé" èìïóëüñ,
ðåæèì ðàñïðîñòðàíåíèÿ.

laser pulse
duration

discharge
pulse 

ch
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Çàìå÷àíèå ïî ïîâîäó èíäóêòèâíîñòè.

Èíäóêòèâíîñòü îïðåäåëÿåòñÿ ýíåðãèåé ìàãíèòíîãî ïîëÿ äëÿ ïîñòîÿííîãî òîêà

Ïðÿìîé ïðîâîäíèê d = 10 µm, L = 100π µm
→ L ≈ 0.25 nH

ñðàâíèìî ñ

îäíîâèòêîâàÿ êàòóøêà D = 100 µm, òàêàÿ æå ïðîâîëîêà
d = 10 µm
→ L ≈ 1 nH ⇐ âçàèìíàÿ èíäóêöèÿ

Â ýëåêòðîìàãíèòíûõ ïðîöåññàõ â ïðèñóòñòâèè ïëàçìû,
ïðè íàëè÷èè èçëó÷åíèÿ è ò.ä. èñïîëüçîâàíèå ïîíÿòèÿ
èíäóêòèâíîñòè çàòðóäíåíî.
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ξ � 1

"Äëèííûå" ëàçåðíûå èìïóëüñû = "êîìïàêòíûå" ìèøåíè

Âçàèìîäåéñòâèå â ñëó÷àå ξ � 1 .
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ξ � 1

Ñòàíäàðòíàÿ ìèøåíü òèïà �êîíäåíñàòîð-êàòóøêà�: íñ ðåæèì

Ñòàíäàðòíàÿ ìèøåíü òèïà �êîíäåíñàòîð-
êàòóøêà� *

ìì ðàçìåðû è íñ ëàçåðíûå èìïóëüñû

Â ýòîì ñëó÷àå: ξ � 1

Ëàçåðíûé èìïóëüñ îáëó÷àåò îäíó
ïëàñòèíó "êîíäåíñàòîðà"

"Êîíäåíñàòîð" ðàçðÿæàåòñÿ ÷åðåç
ïðîâîëî÷íûé âèòîê

*Korobkin, V. V. and Motylev, S. L. (1979), Soviet Technical Physics Letters (in Russian), 5, p.474; Daido et.al., PRL,
56(8), pp. 846 (1986); Fujioka et.al., Scienti�c Reports, 3(1), p. 1170 (2013); Santos et.al., New Journal of Physics. 17(8),
p. 083051 (2015)
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ξ � 1

Ñòàíäàðòíàÿ ìèøåíü òèïà �êîíäåíñàòîð-êàòóøêà�: � àêêóðàòíûå èçìåðåíèÿ è
îñîáåííîñòè äèàãíîñòèêè*

Äëèòåëüíîñòü ïîðÿäêà äëèòåëüíîñòè ëàçåðíîãî èìïóëüñà; ñëîæíîñòü èçìåðåíèÿ...

*Santos, J. J. et al. Laser-driven platform for generation and characterization of strong quasi-static magnetic �elds. New
Journal of Physics 17, 083051 (2015); Santos, J. J. et al. Laser-driven strong magnetostatic �elds with applications to
charged beam transport and magnetized high energy-density physics. Physics of Plasmas 25, 1�11 (2018)
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ξ � 1

Ñòàíäàðòíàÿ ìèøåíü òèïà �êîíäåíñàòîð-êàòóøêà�: � àêêóðàòíûå èçìåðåíèÿ è
îñîáåííîñòè äèàãíîñòèêè�

Ïðîòîííàÿ ðàäèîãðàôèÿ: îäèí èç ïðèìåðîâ

�Santos, J. J. et al. Laser-driven platform for generation and characterization of strong quasi-static magnetic �elds. New
Journal of Physics 17, 083051 (2015); Santos, J. J. et al. Laser-driven strong magnetostatic �elds with applications to
charged beam transport and magnetized high energy-density physics. Physics of Plasmas 25, 1�11 (2018)

Êîðíååâ Ôîðìèðîâàíèå ñèëüíûõ ìàãíèòíûõ ïîëåé è çàìàãíè÷åííîé ïëàçìû ñ ïîìîùüþ ìîùíûõ ëàçåðíûõ èìïóëüñîâ07.11.2024, Íåëèíåéíûå âîëíû - 2024



Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

ξ � 1

Ïðèìåð èñïîëüçîâàíèÿ ìàãíèòíûõ ïîëåé äëÿ óïðàâëåíèÿ ïîòîêàìè ÷àñòèö
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ξ � 1

�Êîíäåíñàòîð-êàòóøå÷íûå ìèøåíè� ñ "äëèííûìè" èìïóëüñàìè

Ïàðàìåòðû: τ & 100 ïñ, L ∼ 100..1000 µm: êâàçèñòàöèîíàðíûé ðåæèì ãåíåðàöèè ìàãíèòíîãî ïîëÿ

ξ & 300� 1.

time

laser intensity

1 ns

0.1cm/3x1010cm/s = 3 ps

1mm

B-fieldB-fieldB-field

Êîðíååâ Ôîðìèðîâàíèå ñèëüíûõ ìàãíèòíûõ ïîëåé è çàìàãíè÷åííîé ïëàçìû ñ ïîìîùüþ ìîùíûõ ëàçåðíûõ èìïóëüñîâ07.11.2024, Íåëèíåéíûå âîëíû - 2024
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ξ � 1

Çàìå÷àíèå î ðåæèìå âçàèìîäåéñòâèÿ

×åì áîëüøå ìîùíîñòü (êîðî÷å ëàçåðíûé èìïóëüñ), òåì áîëüøå ìàãíèòíîå ïîëå

Âî ìíîãèõ ïðèëîæåíèÿõ ãîðàçäî äåøåâëå è ïðàêòè÷íåå èñïîëüçîâàòü êîðîòêèå
èìïóëüñû (íàïð. çàäà÷à óñêîðåíèÿ ÷àñòèö)

Íî ïðè óìåíüøåíèè äëèòåëüíîñòè ξ . 1!
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ξ � 1

�Êîíäåíñàòîð-êàòóøå÷íûå ìèøåíè� ìîãó áûòü ïðîñòî óìåíüøåíû

Ïðèìåð âçàèìîäåéñòâèÿ ñ ìàëîé ìèøåíüþ äëÿ
ïîëó÷åíèÿ ìàãíèòíîãî ïîëÿ áîëüøîé àìïëèòóäû �

τ ∼ 100 fs, L ∼ 10 µm:

ïðè ýòîì ξ & 1.

Êîðîòêèå èìïóëüñû, âûñîêàÿ èíòåíñèâíîñòü èìïóëüñîâ, ìàëûé
îáú¼ì � 10 êÒ.

�Brantov et.al. (2019) Laser Physics Letters, 16(6), p. 066006
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"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè

"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè

Óìåíüøåíèå äëèòåëüíîñòè ëàçåðíîãî èìïóëüñà → óâåëè÷åíèå èíòåíñèâíîñòè...

Îæèäàåòñÿ, ÷òî:
áîëåå âûñîêîàÿ èíòåíñèâíîñòü → áîëüøå ãîðÿ÷èõ (áûñòðûõ, íåòåïëîâûõ)

ýëåêòðîíîâ →
ñèëüíåå ðàçðÿäíûå ïðîöåññû (òîêè) → ñèëüíåå ìàãíèòíûå ïîëÿ.

Êàê ïðè óñëîâèè ξ . 1 ñîçäàòü îáëàñòü êâàçèîäíîðîäíîãî êâàçèñòàöèîíàðíîãî
ìàãíèòíîãî ïîëÿ?

Ìîæíî ëè ýôôåêòèâíî óâåëè÷èòü äëèòåëüíîñòü ðàçðÿäíîãî èìïóëüñà?
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"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè

"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè

Ðàçðÿäíûé ýëåêòðîìàãíèòíûé èìïóëüñ ðàñïðîñòðàíÿåòñÿ ïî ïðîâîäíèêó�:
Ýêñïåðèìåíò: ïåðåõîäíûå ïðîöåññû, íî ðàçðÿäíûé èìïóëüñ çàìåòíî äëèííåå ëàçåðíîãî èìïóëüñà,

vpropagation < c.

�M. Ehret et al., Guided Electromagnetic Discharge Pulses Driven by Short Intense Laser Pulses: Characterization and
Modeling, Physics of Plasmas 30, 013105 (2023).
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè

×òî îïðåäåëÿåò ñêîðîñòü ðàñïðîñòðàíåíèÿ èìïóëüñà?

Íàïèøåì óðàâíåíèÿ Ìàêñâåëëà äëÿ áåñêîíå÷íîãî ïëàçìåííîãî öèëèíäðà
(∂zEr(r, z, t)− ∂rEz(r, z, t))~eθ = − 1

c∂t
~B(r, z, t),

1
r∂r(rBθ(r, z, t))~ez − ∂zBθ(r, z, t)~er = 1

c∂t
~D(r, z, t),

1
r∂r(rDr(r, z, t)) + ∂zDz(r, z, t) = 0.

ñ òåíçîðîì äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè äëÿ ïëàçìû

εrr(ω, k) = 1− ω2
e

ω2
F

(
ω√

2kvT

)
, εzz(ω, k) = 1 +

ω2
e

(kvT )2

[
1 + F

(
ω√

2kvT

)]
,

ãäå F (x) = x√
π

∞∫
−∞

e−z2

z−x−i0dz, ωe =
√

4πnee2/me � ýëåêòðîííàÿ ïëàçìåííàÿ ÷àñòîòà, vT =
√
Te/me.

Äèñïåðñèîííîå ñîîòíîøåíèå�

K0(αka)

K1(αka)
= −

(
1

εrr(ω,k)
− ω2

k2c2

)
αβ

I0(βka)

I1(βka)
, (1)

ãäå α ≡ ±
√

1− ω2

(kc)2 , β ≡ ±
√

εzz(ω,k)
εrr(ω,k)

− εzz ω2

(kc)2 , Ii(x) è Ki(x) � ìîäèôèöèðîâàííûå ôóíêöèè Áåññåëÿ i-ãî
ïîðÿäêà ïåðâîãî è âòîðîãî òèïà ñîîòâåòñòâåííî.

�M. Ehret et al., Guided Electromagnetic Discharge Pulses Driven by Short Intense Laser Pulses: Characterization and
Modeling, Physics of Plasmas 30, 013105 (2023).
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè

Áåññòîëêíîâèòåëüíîå ïîãëîùåíèå, çàâèñèìîñòü îò íàãðåâà

Àíàëèç äèñïåðñèîííîãî ñîîòíîøåíèÿ íà êà÷åñòâåííîì óðîâíå ⇒
èìïóëüñ ðàñïðîñòðàíÿåòñÿ â ïðèïîâåðõíîñòíîé ïðîãðåòîé ïëàçìå�

this does not match

�M. Ehret et al., Guided Electromagnetic Discharge Pulses Driven by Short Intense Laser Pulses: Characterization and
Modeling, Physics of Plasmas 30, 013105 (2023).
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè

Ìàãíèòíîå ïîëå "âìîðàæèâàåòñÿ" â ïðèïîâåðõíîñòíóþ íàãðåòóþ ïëàçìó�

Â ðåçóëüòàòå:

Ðàçðÿäíûé èìïóëüñ ãîðàçäî äëèííåå, ÷åì ëàçåðíîå âîçäåéñòâèå.

Áåññòîëêíîâèòåëüíîå ïîãëîùåíèå ñóùåñòâåííî äëÿ ðåæèìà ðàñïðîñòðàíåíèÿ!

Â êàòóøêå êîíòóð òîêà çàìûêàåòñÿ â ïðèïîâåðõíîñòíîé íàãðåòîé ïëàçìå→ôîðìèðóåòñÿ "ìàãíèòíîå
ïîëå êîëüöà".

assymetry indicates B-field

�M. Ehret et al., Guided Electromagnetic Discharge Pulses Driven by Short Intense Laser Pulses: Characterization and
Modeling, Physics of Plasmas 30, 013105 (2023).
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè

Ïîïðîáóåì óïðîñòèòü ìèøåíü äëÿ íàèáîëåå ýôôåêòèâíîé ãåíåðàöèè ïîëÿ

Ñêîíöåíòðèðóåì âåñü ðàçðÿä â îáëàñòè âèòêà
⇒

Îñòàâèì òîëüêî ñàì âèòîê, íî íóæíî ñîçäàòü íàïðàâëåííûé òîê.
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè

"Êàòóøå÷íàÿ" ìèøåíü¶ ñ ∅ ∼ 100 µm è 0.5 ïñ ëàçåðíûì èìïóëüñîì:

"ïðîòÿæ¼ííàÿ" ìèøåíü ξ ∼ 0.5

p+

ΔθSP2

SP1

TNSA 
foil mesh

studied 
target

RCF
stack

2.95 mm 163 mm

Ýêñïåðèìåíò áûë ñäåëàí íà óñòàíîâêå PHELIX (GSI, Darmstadt)
I ≈ 2× 1019 W/cm2, τ ≈ 0.5 ïñ,
Ýíåðãèÿ≈ 50 J
Äèàãíîñòèêà: ïðîòîííàÿ ðàäèîãðàôèÿ

¶Iu. Kochetkov et al., Neural Network Analysis of Quasistationary Magnetic Fields in Microcoils Driven by Short Laser
Pulses, Sci Rep 12, 13734 (2022)
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"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè

"Êàòóøå÷íàÿ" ìèøåíü¶ ñ ∅ ∼ 100 µm è 0.5 ïñ ëàçåðíûì èìïóëüñîì:

"ïðîòÿæ¼ííàÿ" ìèøåíü ξ ∼ 0.5

Äâå îðèåíòàöèè ìèøåíè äëÿ èäåíòèôèêàöèè ìàãíèòíîãî ïîëÿ
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¶Iu. Kochetkov et al., Neural Network Analysis of Quasistationary Magnetic Fields in Microcoils Driven by Short Laser
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè

"Êàòóøå÷íàÿ" ìèøåíü¶ ñ ∅ ∼ 100 µm è 0.5 ïñ ëàçåðíûì èìïóëüñîì:

"ïðîòÿæ¼ííàÿ" ìèøåíü ξ ∼ 0.5

Àíàëèç ýêñïåðèìåíòàëüíûõ äàííûõ ïîêàçûâàåò
äîëãîæèâóùåå ìàãíèòíîå ïîëå ∼ 300T �
ñàìîñîãëàñîâàííàÿ ñòðóêòóðà ïîëå-òîê:
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max[C(x, y)]
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0.69

0.73

0.77

0.81
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eIu. Kochetkov et al., Neural Network Analysis of Quasistationary Magnetic Fields in Microcoils Driven by
Short Laser Pulses, Sci Rep 12, 13734 (2022)
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"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè

Êàê ôîðìèðóåòñÿ ñòàöèîíàðíàÿ ñòðóêòóðà ïðè óñëîâèè ξ . 1 ?

×èñëåííîå ìîäåëèðîâàíèå äåìîíñòðèðóåò äâà ñöåíàðèÿ â
çàâèñèñìîñòè îò çàìûêàíèÿ êîíòóðà ñ òîêîì:

Ìàãíèòíîå ïîëå èñ÷åçàåò ïîñëå ∼ 1 ïñ
(ðàçðÿä óõîäèò èç êîíòóðà).

Ìàãíèòíîå ïîëå êâàçèñòàöèîíàðíî
(ðàçðÿä çàìûêàåòñÿ â êîíòóðå).
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Êâàçèñòàöèîíàðíîñòü = çàìêíóòûé êîíòóð ñ òîêîì
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"Êîðîòêèå" èìïóëüñû, "ïðîòÿæ¼ííûå" ìèøåíè: ãåîìåòðè÷åñêèå ýôôåêòû

Êàê ðàñïðîñòðàíèòü âçàèìîäåéñòâèå íà âñþ ïðîòÿæ¼ííóþ ìèøåíü?

laser pulse
the same

laser pulse

once more
the same

laser pulse

hot
magnetized 

plasma

hot
magnetized 

plasma

hot
magnetized 

plasma

surface

Â ñëó÷àå ñêîëüçÿùåãî ïàäåíèÿ, äëèíà âçàèìîäåéñòâèÿ çàâèñèò îò

èñòîùåíèÿ èìïóëüñà, à íå åãî äëèòåëüíîñòè.
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Snails, ξ & 1.

Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì ïðè ξ ∼ 1

Â ïîëîñòíûõ ìèøåíÿõ ñî
ñêîëüçÿùèì ïàäåíèåì* ñîçäà¼òñÿ
çàìàãíè÷åííàÿ ïëàçìà, â êîòîðîé
çàìûêàåòñÿ êîíòóð ñ òîêîì.

Ýêñïåðèìåíòàëüíî ïîêàçàíà
ðàáîòîñïîñîáíîñòü òàêèõ ìèøåíåé
â ns ðåæèìå� (ξ � 1) è â ïñ
ðåæèìå�,�,¶ (ξ ∼ 1).

*Ph.K., E. D'Humi�eres, and V. Tikhonchuk, Gigagauss-Scale Quasistatic Magnetic Field Generation in a Snail-Shaped
Target, Physical Review E 91, 43107 (2015).

�T. Pisarczyk et al., Magnetized Plasma Implosion in a Snail Target Driven by a Moderate-Intensity Laser Pulse, Scienti�c
Reports 8, 17895 (2018).

�K. F. F. Law et al., Relativistic Magnetic Reconnection in Laser Laboratory for Testing an Emission Mechanism of
Hard-State Black Hole System, Physical Review E 102, 033202 (2020).

�M. Ehret et al., Kilotesla Plasmoid Formation by a Trapped Relativistic Laser Beam, Phys. Rev. E 106, 045211 (2022).
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

Snails, ξ & 1.

Ãåíåðàöèÿ çàìàãíè÷åííîé ãîðÿ÷åé ïëàçìû ñ B & 1kT �, ξ . 1

Ýêñïåðèìåíò íà óñòàíîâêå PHELIX
(GSI, Darmstadt)
I ≈ 2× 1019 W/cm2, τ ≈ 0.5 ïñ,
Ýíåðãèÿ≈ 50 J
Äèàãíîñòèêà: ïðîòîííàÿ
ðàäèîãðàôèÿ

PHELIX splitted beam SP2

PHELIX splitted beam SP1

TNSA
(foil)
targetGrid

Snail Target (S9)
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Snail Target 
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�M. Ehret et al., Kilotesla Plasmoid Formation by a Trapped Relativistic Laser Beam, Phys. Rev. E 106, 045211 (2022).
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

Snails, ξ & 1.

Ãåíåðàöèÿ çàìàãíè÷åííîé ãîðÿ÷åé ïëàçìû ñ B ∼ 200T *, ξ ∼ 150µm/800µm� 1

Åù¼ îäèí ýêñïåðèìåíò íà óñòàíîâêå
PHELIX (GSI, Darmstadt)
I ≈ 2× 1019 W/cm2, τ ≈ 0.5 ïñ,
Ýíåðãèÿ≈ 50 J
Äèàãíîñòèêà: ïðîòîííàÿ
ðàäèîãðàôèÿ

PHELIX splitte
d beam SP1

PHELIX splitted beam SP2

TNSA (foil) target Snail Target (S6)

RCF stack

Snail Target 
(S6)

Grid

424 µm

*Ph.K, N. Bukharskii, I. Kochetkov, M. Ehret, J. J. Santos, Y. Abe, K. F. F. Law, S. Fujioka, G. Schaumann, and B.
Zielbauer, Optical Generation of Quasi-Stationary Plasma Electromagnetic Structures for Particle Collimation with PetaWatt
Picosecond Laser, arXiv:2304.07816.
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

Snails, ξ & 1.

Ãåíåðàöèÿ çàìàãíè÷åííîé ãîðÿ÷åé ïëàçìû ñ B ∼ 200T*, ξ ∼ 150µm/800µm� 1

Ñîòíè Òåñëà â êâàçèñòàöèîíàðíîì
ðåæèìå (äåñÿòêè ïñ).

a

b

*Ph.K, N. Bukharskii, I. Kochetkov, M. Ehret, J. J. Santos, Y. Abe, K. F. F. Law, S. Fujioka, G. Schaumann, and B.
Zielbauer, Optical Generation of Quasi-Stationary Plasma Electromagnetic Structures for Particle Collimation with PetaWatt
Picosecond Laser, arXiv:2304.07816.
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

Snails, ξ & 1.

Èññëåäîâàíèå ìàãíèòíîãî ïåðåçàìûêàíèÿ â ðåëÿòèâèñòñêîé ïëàçìå*

Ýêñïåðèìåíò íà óñòàíîâêå LFEX
(Osaka)
I ∼ 2× 1019 W/cm2, τ ≈ 1 ïñ,
Ýíåðãèÿ≈ 500 J
Äèàãíîñòèêà: ïðîòîííàÿ
ðàäèîãðàôèÿ è ñïåêòðîìåòðû

Îáùàÿ ñõåìà ýêñïåðèìåíòà.

*K. F. F. Law et al., Relativistic magnetic reconnection in laser laboratory for testing an emission mechanism of hard-state
black hole system, Physical Review E 102, 033202 (2020).
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

Snails, ξ & 1.

Ôîðìèðîâàíèå áèïîëÿðíîé ñèëüíî-çàìàãíè÷åííîé ñòðóêòóðû�

Ãåîìåòðèÿ îáëó÷åíèÿ ñîîòâåòñòâîâàëà , ñõåìå (à), ìàãíèòíûå ïîëÿ
ðàñïðåäåëåíû ñîãëàñíî (b), òîêè Jy ïîêàçàíû íà ïàíåëè (c).

�K. F. F. Law et al., Relativistic magnetic reconnection in laser laboratory for testing an emission mechanism of hard-state
black hole system, Physical Review E 102, 033202 (2020).
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

Snails, ξ & 1.

Ñðàâíåíèå ýêñïåðèìåíòàëüíûõ è ðàcñ÷èòàííûõ ñïåêòðîâ�

(a) Ïðîòîííûå ñïåêòðû (÷¼ðíûå
êðåñòèêè) > 6 MeV.

(b) Ýëåêòðîííûå ñïåêòðû > 100 keV.

Ñïåêòðû, ïîëó÷åííûå â ÷èñëåííîì
ìîäåëèðîâàíèè, äëÿ ïðîòîíîâ (c) è
ýëåêòðîíîâ (d).

�K. F. F. Law et al., Relativistic magnetic reconnection in laser laboratory for testing an emission mechanism of hard-state
black hole system, Physical Review E 102, 033202 (2020).
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

Snails, ξ & 1.

Ïàðàìåòðû ïëàçìû â ìèøåíè**

Magnetized hot plasmas B [T] ne [m
−3] Te [K] σhote =

B2

µ0nemec2Γehe

vA/c

Laser-driven �snail� ∼ 3000 1023..1024 109..1010 40-200 0.22-0.58

Cygnus X-1 � 1000 5× 1024 109 130 0.3

Microquasar coronae¶ 10..1000 1019..1022 109 10−1..105 0.003..1
Fast reconnection region
of GRB jet �

7× 104 1016 108 5× 1012 0.9

�Del Santo et.al. The magnetic �eld in the x-ray corona of Cygnus X-1. MNRAS 430, 209-220 (2013)
¶Melzani, M. et.al. The energetics of relativistic magnetic reconnection: ion-electron repartition and particle distribution

hardness. A&A 570, A112 (2014); Reis, R. et.al. On the size and location of the X-ray emitting coronae around black holes.
AJL 769, L7 (2013).

�Melzani, M. et.al. The energetics of relativistic magnetic reconnection: ion-electron repartition and particle distribution
hardness. A&A 570, A112 (2014); McKinney, J. C. & Uzdensky, D. A. A reconnection switch to trigger gamma-ray burst
jet dissipation. MNRAS 419, 573-607 (2011).

**K. F. F. Law et al., Relativistic magnetic reconnection in laser laboratory for testing an emission mechanism of hard-state
black hole system, Physical Review E 102, 033202 (2020).
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

Snails, ξ & 1.

Ñâÿçü ñ àñòðîôèçè÷åñêèìè íàáëþäåíèÿìè: Cygnus X-1�

Ñòåïåííûå õâîñòû â ýëåêòðîííîì ðàñïðåäåëåíèè � ñòåïåííûå õâîñòû â æ¼ñòêîì èçëó÷åíèè

Ïðåäëàãàåìûå* îáúÿñíåíèÿ íàáëþäàåìûõ ñïåêòðîâ: (a) ìîäåëü 1: ìÿãêèé ñïåêòð èíæåêòèðóåìûõ ýëåêòðîíîâ
(p = 2.5), êîìïòîíèçàöèÿ. (b) ìîäåëü 2: æ¼ñòêèé ñïåêòð èíæåêòèðóåìûõ ýëåêòðîíîâ (p = 1.4), ñèíõðîòðîííîå
èçëó÷åíèå.

*
Zdziarski et.al., (2014) `Jet contributions to the broad-band spectrum of Cyg X-1 in the hard state', MNRAS, 442(4), pp. 3243.

�
K. F. F. Law et al., Relativistic magnetic reconnection in laser laboratory for testing an emission mechanism of hard-state black hole system, Physical Review

E 102, 033202 (2020).
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

Snails, ξ & 1.

Êóñî÷åê çâåçäû â ëàáîðàòîðèè

Ïîëîæåíèå èñòî÷íèêà Ëåáåäü Õ-1 íà
íåáå è åãî èçîáðàæåíèå â ðåíòãåíîâñêîì
ñïåêòðå (Chandra X-ray Observatory)�

Â ìèêðîñêîïè÷åñêîì îáú¼ìå, íà êîðîòêîå âðåìÿ ñîçäàíî ñîñòîÿíèå ïëàçìû ñ ïàðàìåòðàìè,
ñîîòâåòñòâóþùèìè ïëàçìå â àêêðåöèîííûõ äèñêàõ òåñíûõ äâîéíûõ ñèñòåì.

�https://fr.wikipedia.org/wiki/Cygnus_X-1
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

Snails, ξ & 1.

Ïðèìåð � âîçìîæíîñòü óïðàâëåíèÿ ïîòîêàìè ÷àñòèö *, ξ ∼ 150µm/800µm� 1

Âîçìîæíà ýôôåêòèâíàÿ êîëëèìàöèÿ ïðîòîíîâ è
ýëåêòðîíîâ â ðàìêàõ îäíîé îïòè÷åñêîé ñõåìû.
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*Ph.K, N. Bukharskii, et.al., Optical Generation of Quasi-Stationary Plasma Electromagnetic Structures for Particle
Collimation with PetaWatt Picosecond Laser, arXiv:2304.07816.
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Ìîæíî ëè âîçáóæäàòü êâàçèñòàöèîíàðíûå ìàãíèòíûå ïîëÿ ôñ ëàçåðíûìè
èìïóëüñàìè?

Â ýòîì ñëó÷àå ξ ∼ 0.1...0.001!
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Ìèøåíü òèïà "óëèòêà" â ôñ ðåæèìå *, ξ � 1

Ìîæíî!

Ìîæíî èñïîëüçîâàòü
íåñêîëüêî èìïóëüñîâ, ìîæíî
ïîëó÷àòü áîëüøèå çíà÷åíèÿ
êâàçèñòàöèîíàðíûõ ìàãíèòíûõ
ïîëåé ïðè ñïîëüçîâàíèè äîñòàòî÷íî
ìîùíûõ äðàéâåðîâ **
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*N. D. Bukharskii & PhK, Study of a Highly Magnetized Relativistic Plasma in the Context of Laboratory Astrophysics
and Particle Flow Control, Bulletin of the Lebedev Physics Institute 50(8), p. S869 (2023).

**Building ExaWatt facility, 12 multiPetaWatt beams, Nizhny Novgorod, Russian Federation
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Ìèøåíü òèïà "óëèòêà" â ôñ ðåæèìå*
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*N. D. Bukharskii & PhK, Study of a Highly Magnetized Relativistic Plasma in the Context of Laboratory Astrophysics
and Particle Flow Control, Bulletin of the Lebedev Physics Institute 50(8), p. S869 (2023).
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Êàïèëëÿðíûå ñòðóêòóðèðîâàííûå ìèøåíè, ξ � 1

Êàïèëëÿðíûå ñòðóêòóðèðîâàííûå ìèøåíè îáåñïå÷èâàþò ðåæèì ñêîëüçÿùåãî
ðàñïðîñòðàíåíèÿ â ïñ, ôñ ðåæèìå ��

Ïðèìåðû êàïèëëÿðíûõ ìèøåíåé

��PhK, Tikhonchuk, V., D'Humi�eres, E. Magnetization of laser-produced plasma in a chiral hollow target. New Journal
of Physics, 19(3), 033023 (2017)
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Êàïèëëÿðíûå ñòðóêòóðèðîâàííûå ìèøåíè, ξ � 1

Ñòðóêòóðèðîâàííûå êàïèëëÿðíûå ìèøåíè ξ ∼ 0.1...0.001
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×òî åñëè âîçäåéñòâîâàòü íà äëèííûå ïðîâîëîêè ôñ èìïóëüñàìè?

Áåç ñêîëüçÿùåãî ïàäåíèÿ, ïðè óñëîâèè ξ ∼ 0.1...0.001
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Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

Ñóá-ìì ìèøåíè â ôñ ðåæèìå âçàèìîäåéñòâèÿ ξ ∼ 0.1...0.001

Êàêîé ñöåíàðèé ìîæíî îæèäàòü?

Ýíåðãèÿ â ôñ èìïóëüñå ãîðàçäî ìåíüøå, ÷åì
â ïñ èìïóëüñå ïðè òîé æå èíòåíñèâíîñòè.

Íàãðåâ è ïîãëîùåíèå èìïóëüñà ñóùåñòâåííî
ìåíüøå.

Ìîæíî ëè çàìêíóòü êîíòóð ñ òîêîì?
Ïîëó÷èòñÿ ëè êâàçèñòàöèîíàðíîå ìàãíèòíîå
ïîëå?

laser pulse
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Loops, ξ � 1

Ñóá-ìì ìèøåíè â ôñ ðåæèìå : ÒÃö èçëó÷åíèå

Åñòü èññëåäîâàíèÿ äëÿ ïðÿìûõ ïðîâîëîê:

Fig. 1. Electron density contour plot at instant of 350 fs
after wire irradiation by laser pulse with a0 = 2.7.

Fig. 2. Transversal (x>0) and longitudinal (x<0) electric
field distributions in x-y plane at the instant of 350 fs after
wire irradiation by laser pulse with a0 = 4.7. Wire lies be-

Laser induced THz Sommerfeld waves along metal wire

A.V.Brantov1,2, A.S.Kuratov1, A. Maksimchuk3, Yu. M. Aliev2 and V.Yu.Bychenkov1,2

EPJ Web of Conferences 195, 03002 (2018) https://doi.org/10.1051/epjconf/201819503002
TERA-2018

PHYSICAL REVIEW E 95, 013201 (2017)

Terahertz generation from laser-driven ultrafast current propagation along a wire target

H. B. Zhuo,1,2,* S. J. Zhang,1 X. H. Li,1 H. Y. Zhou,1 X. Z. Li,1 D. B. Zou,1 M. Y. Yu,3

H. C. Wu,2,3 Z. M. Sheng,2,4,5 and C. T. Zhou1,6
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Loops, ξ � 1

Ñóá-ìì ìèøåíè â ôñ ðåæèìå : ÒÃö èçëó÷åíèå îò êîëüöà*, ξ � 1

Ðàññìîòðèì àíàëîã îäíîâèòêîâîé
ìèøåíè äëÿ ãåíåðàöèè
êâàçèñòàöèîíàðíîãî ìàãíèòíîãî
ïîëÿ â ôñ ñëó÷àå.

Äëÿ çàìûêàíèÿ â ñëó÷àå ôñ
èìïóëüñà íóæíà î÷åíü òîíêàÿ ùåëü.

Ìîæíî çàïóñòèòü ðàçðÿä ïî êðóãó!

intense
laser
pulse plasma

discharge
current
pulse

THz 
radiation

coil
target

*Bukharskii, N., Kochetkov, Iu. & PhK, Terahertz annular antenna driven with a short intense laser pulse.
Appl. Phys. Lett., vol. 120, no. 1, p. 014102, (2022)
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Loops, ξ � 1

Ñóá-ìì ìèøåíè â ôñ ðåæèìå : ÒÃö èçëó÷åíèå îò êîëüöà*, ξ � 1

Ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ
(SMILEI):

Ðàçðÿä ðàñïðîñòðàíÿåòñÿ ïî êîëüöó
(ïî ÷àñîâîé ñòðåëêå íà ðèñóíêå).

Ïðîòèâîïîëîæíûé ðàçðÿä ñëàáåå
(ïðîòèâ ÷àñîâîé ñòðåëêå íà ðèñóíêå).

Ùåëü çàïîëíÿåòñÿ ïëàçìîé çà âðåìÿ
îäíîãî ïðîõîäà èìïóëüñà ïî êîëüöó.
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Ðàçðÿä ìîæåò ìíîãîêðàòíî ïðîéòè ïî êîëüöó â çàäàííîì íàïðàâëåíèè.

*Bukharskii, N., Kochetkov, Iu. & PhK, Terahertz annular antenna driven with a short intense laser pulse. Appl. Phys.
Lett., vol. 120, no. 1, p. 014102, (2022)
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Loops, ξ � 1

Êîëåáàíèÿ òîêà â ñóá-ìì êîëüöå â ôñ ðåæèìå*, ξ � 1

λ = 800 nm, τ = 24 ôñ, focal spot ≈ 8 µm, I0 ≈ 1021 W/cm2, E0 ≈ 10 J.

Ñëèøêîì øèðîêàÿ ùåëü (4µm vs 0.8µm äëÿ Cu)
ïðåïÿòñòâóåò êîëåáàíèÿì.

Ñëèøêîì ë¼ãêîå âåùåñòâî (Al vs Cu vs Au)
ïðåïÿòñòâóåò êîëåáàíèÿì.

Ñóùåñòâóåò îïòèìàëüíîå çíà÷åíèå
èíòåíñèâíîñòè äëÿ ãåíåðàöèè èçëó÷åíèÿ (∼ I0)
è äëÿ ãåíåðàöèè ìàãíèòíîãî ïîëÿ ∼ 2.5× I0.

Ïðè âûñîêîé èíòåíñèâíîñòè ñèëüíåå íàãðåâ �
áîëüøå ïîãëîùåíèå è ñèëüíåå ðàñòÿãèâàåòñÿ
èìïóëüñ.

aBukharskii, N., Kochetkov, Iu. & PhK,
Terahertz annular antenna driven with a short intense laser pulse,
Appl. Phys. Lett., vol. 120, no. 1, p. 014102, (2022)
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Îíäóëÿòîðû,ξ � 1

Ìîæíî èñïîëüçîâàòü ïðîèçâîëüíóþ ôîðìó ïðîâîëîêè*

J

J

~100 μm

sinewire

fs laser

fs laser

J
fs laser

trianglewire

squarewire

Ðàññìîòðèì ïðîâîëî÷íûé îíäóëÿòîð, îáëó÷àåìûé ∼
10..50 ôñ èíòåíñèâíûì ëàçåðíûì èìïóëüñîì.

Ðåëÿòèâèñòñêèé ðàçðÿä ðàñïðîñòðàíÿåòñÿ âäîëü
ïðîâîäíèêà è èçëó÷àåò â ñîîòâåòñòâèè ñ

φ =

∫
ρt−R/c
R

d3r,

A =
1

c

∫
jt−R/c
R

d3r.

Ïðîñòàÿ îöåíêà äëÿ íåñóùåé ÷àñòîòû (òî÷íîñòü .

10%):

ω0 ∼
κ

2κ
πv0
l1/2 +

cos θ
c

.

*N. Bukharskii and Ph. K, Intense Widely-Controlled Terahertz Radiation from Laser-Driven Wires, Matter and Radiation
at Extremes 8, 044401 (2023).

Êîðíååâ Ôîðìèðîâàíèå ñèëüíûõ ìàãíèòíûõ ïîëåé è çàìàãíè÷åííîé ïëàçìû ñ ïîìîùüþ ìîùíûõ ëàçåðíûõ èìïóëüñîâ07.11.2024, Íåëèíåéíûå âîëíû - 2024



Ââåäåíèå Îïòè÷åñêè-èíäóöèðîâàííûå ðàçðÿäû Ìèøåíè ñî ñêîëüçÿùèì ïàäåíèåì Ïðîâîëîêè, ξ � 1 Âûâîäû

Îíäóëÿòîðû,ξ � 1

Ôîðìèðîâàíèå êîìïàêòíîãî ðàçðÿäíîãî èìïóëüñà*

Â ÷èñëåííîì ìîäåëèðîâàíèè ìû
âèäèì, ÷òî ðàçðÿäíûé èìïóëüñ â ôñ
ðåæèìå âçàèìîäåéñòâèÿ îñòà¼òñÿ
êîìïàêòíûì è ìàñøòàáèðóåòñÿ
ïî îòíîøåíèþ ê ïàðàìåòðàì ôñ
äðàéâåðà.
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Îíäóëÿòîðû,ξ � 1

Èçëó÷åíèå èëè êâàçèñòàöèîíàðíûé ðåæèì?*

Äëÿ ýôôåêòèâíîé ãåíåðàöèè
èçëó÷åíèÿ ðàçðÿäíûé èìïóëüñ
äîëæåí áûòü êîðîòêèé!
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Çàêëþ÷èòåëüíûå çàìå÷àíèÿ è âûâîäû

Ñðåäè âñåõ îïòè÷åñêèõ ìåòîäîâ ãåíåðàöèè ìàãíèòíûõ ïîëåé íàèáîëåå ðàçðàáîòàíû
ðàçðÿäíûå ìåòîäû.

Ïàðàìåòð ξ = cτ0/L îïðåäåëÿåò ðåæèì ðàñïðîñòðàíåíèÿ ðàçðÿäíîãî òîêà ïî ïðîâîäÿùåé
ìèøåíè.

Ïåðåõîäíûå ïðîöåññû âàæíû ïðè ξ . 1.

Ïîãëîùåíèå, äèñïåðñèÿ, ãåîìåòðè÷åñêèå îñîáåííîñòè ðàñïðîñòðàíåíèÿ ïîçâîëÿþò
êîíâåðòèðîâàòü âðåìåííûå ìàñøòàáû âîçäåéñòâèÿ äëÿ ïîëó÷åíèÿ êâàçèñòàöèîíàðíûõ ïîëåé.

Êîðîòêèå ìîùíûå ëàçåðíûå èìïóëüñû (ïñ, ñóá-ïñ, ôñ) ìîãóò áûòü èñïîëüçîâàíû äëÿ
ñîçäàíèÿ ìàãíèòíûõ ïîëåé â ñóá-ìì ïðîñòðàíñòâåííîì ìàñøòàáå â êâàçèñòàöèîíàðíîì
ðåæèìå.

Åñëè ðàçðÿäíûé èìïóëüñ îñòà¼òñÿ êîìïàêòíûì, ξ = cτ0/L� 1 (íàïðèìåð, ïðè ôñ
âçàèìîäåéñòâèè) ìèøåíü ìîæåò ñòàòü ýôôåêòèâíûì èçëó÷àòåëåì â ÒÃö äèàïàçîíå.

Ñïàñèáî çà âíèìàíèå

Êîðíååâ Ôîðìèðîâàíèå ñèëüíûõ ìàãíèòíûõ ïîëåé è çàìàãíè÷åííîé ïëàçìû ñ ïîìîùüþ ìîùíûõ ëàçåðíûõ èìïóëüñîâ07.11.2024, Íåëèíåéíûå âîëíû - 2024


	
	  
	        

	    ,    - .
	"" , 1.
	"" , "" 

	   
	     1.
	        , 1.
	  , 1.

	""     , 1.
	 ,   
	     

	   

