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×òî òàêîå ñòðèìåð?

Ñòðèìåðû � ýòî êàíàëû ïîâûøåííîé
èîíèçàöèè â ãàçà (èëè æèäêîñòè), êîòîðûå
ðàñïðîñòðàíÿþòñÿ, èîíèçèðóÿ ìàòåðèþ âïåðåäè
ñåáÿ ïîâûøåííûì ïîëåì íà êîíöå

Ïîêàçàí ëàáîðàòîðíûé ðàçðÿä ñ
ìåæýëåêòðîäíûì ïðîìåæóòêîì ∼1 m è
íàïðÿæåíèåì ∼MV. Âèäíà ðàçâåòâë¼ííàÿ
ñòðèìåðíàÿ ñòðóêòóðà.

Ãäå âñòðå÷àþòñÿ:

1. â ïðèðîäå: ìîëíèÿ, ñïðàéòû;

2. â ïðîìûøëåííîñòè (ñîçäàíèå
ñóïðàòåðìàëüíûõ ýëåêòðîíîâ).

[Kochkin et al., 2014, Fig. 8]
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Ñïðàéòû
(high-speed video)

Credit: H. H. C. Stenbaek-Nielsen
https://www.youtube.com/watch?v=i3StAXEbGSM

<sprite movie>
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Èåðàðõèÿ ïðîöåññîâ â äëèííûõ èñêðàõ (ìîëíèè)

1. Ýëåêòðîííàÿ ëàâèíà: Òàóíñåíäîâñêèé ðàçðÿä. Ïðîñòàíñòâåííûì çàðÿäîì ìîæíî
ïðåíåáðå÷ü. Ýëåêòðîíû íàãðåâàþòñÿ, íî ïëîõî ïåðåäàþò ýíåðãèþ ìîëåêóëàì
(àòîìàì â èíåðòíûõ ãàçàõ) è èîíàì.

2. Ñòðèìåðû: Ëàâèíà âûðàñòàåò äî îïðåäåë¼ííîé âåëè÷èíû è ïðîñòðàíñòâåííûé
çàðÿä íà÷èíàåò èãðàòü âàæíóþ ðîëü � ýòî êðèòåðèé Ìèêà (Meek). Ýëåêòðîíû
íàãðåòû (òèïè÷íàÿ ýíåðãèÿ 3.6 eV), íî íåéòðàëüíûå ìîëåêóëû îñòàþòñÿ õîëîäíûìè.

3. Ëèäåðû: Òîæå êàíàëîîáðàçíûé ðàçðÿä. Ñòðèìåðû ñëèâàþòñÿ è îáðàçóþò ñèëüíûé
òîê. Íåéòðàëüíûå ìîëåêóëû íàãðåâàþòñÿ, ïðîèñõîäèò ñèëüíàÿ èîíèçàöèÿ.
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Çåìíûå ãàììà-âñïûøêè (Terrestrial Gamma Flashes (TGF))

I Îòêðûòû BATSE íà CGRO [Fishman et al., 1994], íàáëþäàëèñü äðóãèìè, áîëåå
÷óâñòâèòåëüíûìè èíñòðóìåíòàìè íà îðáèòå ∼ 1 â äåíü: RHESSI, Fermi, AGILE,
ASIM.

I Äëèòåëüíîñòü ∼0.1 ms, ýíåðãèÿ &1 kJ.
I Ïðîèñõîäÿò îäíîâðåìåííî ñ ìîëíèÿìè.
I Ïðåäïîëîæèòåëüíî, ñîçäàþòñÿ ýíåðãè÷íûìè ýëåêòðîíàìè (ëàâèíàìè óáåãàþùèõ

ýëåêòðîíîâ, RREA = Relativistic Runaway Electron Avalanche), â ðåçóëüòàòå
òîðìîçíîãî èçëó÷åíèÿ (bremsstrahlung). Õàðàêòåðíûé ïîòåíöèàë äëÿ ðîñòà ëàâèíû
� 7.4 MeV.

Courtesy: Brant Carlson [Wikipedia]
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Ðåíòãåíîâñêèå ëó÷è â ëàáîðàòîðèè

Îòðèöàòåëüíûé ðàçðÿä [Kochkin et al., 2015, Fig. 4]
D1, D2 � ðåíòãåí, ∼100 keV

I Ëàâèíà óáåãàþùèõ
ýëåêòðîíîâ íåâîçìîæíà
(íåäîñòàòî÷åí ïîòåíöèàë).

I Åñòü ãèïîòåçà, ÷òî ýòî
ïðîèñõîäèò â ïðîöåññå
ñòîëêíîâåíèÿ ñòðèìåðîâ,
èëè ëèäåðîâ,
ïðîòèâîïîëîæíîé
ïîëÿðíîñòè.
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Îñíîâíûå ðåàêöèè ñ ó÷àñòèåì ýëåêòðîíîâ â âîçäóõå

I νi � ÷àñòîòà óäàðíîé èîíèçàöèÿ
(ionization) N2 è O2.

I νa � ÷àñòîòà ïðèëèïàíèÿ
(attachment): äèññîöèàòèâíîå â
ñèëüíûõ ïîëÿõ (2-õ
êîìïîíåíòíîå, ∝ Natm), èëè 3-õ
êîìïîíåíòíîå â ñëàáûõ
(∝ N

2
atm).

I Ìû áóäåì ÷àñòî èñïîëüçîâàòü
ýôôåêòèâíóþ ÷àñòîòó
èîíèçàöèè

νt(E) ≡ νi (E)− νa(E)

I Ýòè ïðîöåññû è äðóãèå ðåàêöèè
îïèñàíû, íàïð., â Bazelyan and
Raizer [1998, ch. 2].

Morrow and Lowke [1997]
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Ýëåêòðè÷åñêîå ïîëå ïðîáîÿ

×àñòî ïîëå ïåðåñå÷åíèÿ Ek ≈ 3 MV/m, ïðè êîòîðîì νt = νi − νa = 0, íàçûâàþò
êðèòè÷åñêèì, è ïóòàþò ñ ïîëåì ïðîáîÿ. Íóæíî èìåòü â âèäó ñëåäóþùåå:

I Â òàóíñåíäîâñêîì ðàçðÿäå, êîòîðûé ïðîõîäèò â ñòàöèîíàðíûõ óñëîâèÿõ, èãðàåò
áîëüøóþ ðîëü îòëèïàíèå ýëåêòðîíîâ îò îòðèöàòåëüíûõ èîíîâ, îáðàçîâàâøèõñÿ â
ðåçóëüòàòå ïðèëèïàíèÿ. Ýòî ìîæåò ñäåëàòü ðàçðÿä âîçìîæíûì ïðè E < Ek .

I Ìèíèìàëüíîå ïîëå, â êîòîðîì âîçíèêàåò ñòðèìåðíûé ðàçðÿä â êîíå÷íîì
ïðîìåæóòêå, âû÷èñëÿåòñÿ ïðè ïîìîùè êðèòåðèÿ Ìèêà è ìîæåò áûòü E > Ek ,
îñîáåííî äëÿ ìàëûõ ïðîìåæóòêîâ.
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Ìåõàíèçìû, îòâåòñòâåííûå çà ðàñïðîñòðàíåíèå
còðèìåðíîãî èîíèçàöèîííîãî ôðîíòà

1. Äðåéô ýëåêòðîíîâ (âïåð¼ä äëÿ îòðèöàòåëüíîãî ñòðèìåðà).

v = −µ(E )E, µ � ïîäâèæíîñòü (mobility)

2. Äèôôóçèÿ ýëåêòðîíîâ (åñëè íåò ôîòîèîíèçàöèè), D ∼ 0.1 m2/s.

3. Ôîòîèîíèçàöèÿ (ãëàâíûé ìåõàíèçì â âîçäóõå)
Ôîòîíû ñ λ =980 �A�1025 �A ïîëó÷àþòñÿ â ðåçóëüòàòå ñòîëêíîâåíèé ýëåêòðîíîâ ñ
N2, çàòåì ðàñïðîñòðàíÿþòñÿ âïåð¼ä ñòðèìåðà è èîíèçèðóþò O2.

e− + N2 → e− + N∗2

N∗2 → N2 + hν(980�1025 �A)

hν + O2 → O+
2 + e−
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Ìåõàíèçì ïîëîæèòåëüíîãî ñòðèìåðà

Loeb and Meek [1941]: Ôîòîíû, âîçíèêøèå â ãîëîâêå ñòðèìåðà, ëåòÿò âïåð¼ä ñòðèìåðà è
ïðîèçâîäÿò èîíèçàöèþ. Âîçíèêøèå ýëåêòðîíû âûñòóïàþò â êà÷åñòâå çàòðàâêè äëÿ
èîíèçàöèîííûõ ëàâèí â âûñîêîì ïîëå ãîëîâêè.

Ðèñ.: Ïîëîæèòåëüíûé (êàòîäîíàïðàâëåííûé) ñòðèìåð [Raizer, 1991, p. 335]
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Ìåõàíèçì îòðèöàòåëüíîãî ñòðèìåðà

Ëàâèíû, íà÷àòûå ôîòîýëåêòðîíàìè, ëåòÿò âïåð¼ä, íî ñòðèìåð èõ äîãîíÿåò. Â ñèñòåìå
îòñ÷¼òà, ñâÿçàííîé ñ ãîëîâêîé, ëàâèíû èäóò íàçàä!

Ðèñ.: Îòðèöàòåëüíûé (àíîäîíàïðàâëåííûé) ñòðèìåð [Raizer, 1991, p. 338]
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Ãèäðîäèíàìè÷åñêèå óðàâíåíèÿ

×èñëåííî ðåøàåì [Lehtinen and Østgaard, 2018]:

∂n

∂t
= −∇ · (vn) +∇ · (D∇n) + (νi − νa)n + νdn− − βnn+ + sp

∂n+

∂t
= νin − (βn + β−n−)n+ + sp

∂n−
∂t

= νan − νdn− − β−n+n−

∇ · E =
e

ε0
(n+ − n − n−)

I n, n± � êîíöåíòðàöèè ýëåêòðîíîâ è èîíîâ,

I νi , νa, νd , β, β− � êîýôôèöèåíòû, îïðåäåëÿþùèå âðåìÿ ðåàêöèé: èîíèçàöèÿ, ïðèëèïàíèå, îòëèïàíèå,
ðåêîìáèíàöèÿ (ýëåêòðîí-èîí, èîí-èîí),

I sp � ôîòîèîíèçàöèÿ,

sp(r) =

∫
CF (

∣∣r − r′
∣∣)νi (∣∣E(r′)

∣∣)n(r′) d3r′

Íåëîêàëüíîñòü çàäà¼òñÿ ÿäðîì [Zheleznyak et al., 1982]:

F (r) =
e−r/Λ2 − e−r/Λ1

4πr3 log(Λ2/Λ1)
, Λ2 ≈ 2 mm,Λ1 ≈ 35 µm

Ãèäðîäèíàìè÷åñêàÿ ìîäåëü ñòðèìåðà 14 / 46



Ðåçóëüòàò ìîäåëèðîâàíèÿ
Lehtinen and Østgaard [2018]
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Ñòîëêíîâåíèå ñòðèìåðîâ

https://www.youtube.com/watch?v=xbaDeLYERkQ
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Âåòâëåíèå ñòðèìåðîâ

Ãèäðîäèíàìè÷åñêàÿ ñèìóëÿöèÿ, Liu and Pasko [2004, Fig. 8]
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Î íåîáõîäèìîñòè ïàðàìåòðè÷åñêîé ìîäåëè

Ãèäðîäèíàìè÷åñêîå ìîäåëèðîâàíèå äà¼ò ÷èñëåííûé îòâåò, íî íå îáúÿñíÿåò, ïî÷åìó ó
ñòðèìåðà èìåííî òàêèå ñêîðîñòü è ðàäèóñ. Áîëåå òîãî, â òàêèõ âû÷èñëåíèÿõ ìîãóò
áûòü êîëè÷åñòâåííûå îøèáêè, âûçâàííûå ÷èñëåííîé äèôôóçèåé, è ÷èñëåííûå
íåóñòîé÷èâîñòè.

Ìåõàíèçìû, áëàãîäàðÿ êîòîðûì ó ïëàçìåííîãî ïðîâîäíèêà óñòàíàâëèâàåòñÿ [...]
ðàäèóñ [...] äî ñèõ ïîð íå âïîëíå ÿñíû.

� Bazelyan and Raizer [1998, Sec. 3.1.2]

Ðåçóëüòàòû, ñâÿçàííûå ñ âåòâëåíèåì, îñîáî íåáëàãîíàä¼æíû:

... the authors [have] disagreement on whether the branching of model streamers ...
is a consequence of a numerical instability. � Pasko [2006, p. 291]
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Ïðåäûäóùàÿ ðàáîòà â ýòîì íàïðàâëåíèè

Òèïè÷íàÿ ðåàêöèÿ ó÷¼íûõ íà ïàðàìåòðè÷åñêèå ìîäåëè:

Ìû ñòðåìèëèñü èçëàãàòü ñóùåñòâî äåëà âîçìîæíî ïðîùå, íå çàñëîíÿÿ ôèçè÷å-
ñêóþ ñóòü íåïðîçðà÷íûìè óðàâíåíèÿìè è ìíîãîýòàæíûìè ôîðìóëàìè, êîòîðûå
òàê ëþáÿò ïèñàòü íåêîòîðûå àâòîðû òåîðèé. Ìåíåå îïûòíûé ÷èòàòåëü â ëó÷-
øåì ñëó÷àå áëàãîãîâåéíî îñòàíàâëèâàåòñÿ ïåðåä íèìè. Äðóãîé, ïîòåðÿâ íàäåæ-
äó ðàçîáðàòüñÿ, ìàøåò ðóêîé è íà÷èíàåò âûäóìûâàòü òåîðèþ ñàì. Ìû îòíîñèì
ñåáÿ ê ïîñëåäíåé êàòåãîðèè. � Bazelyan and Raizer [1998]

Ïàðàìåòðè÷åñêàÿ ìîäåëü áûëà ðàññìîòðåíà, íàïðèìåð, D'yakonov and Kachorovskii
[1989]. Íî, èç-çà ñëîæíîñòè ôîðìóë, â òàêèõ ìîäåëÿõ ñëîæíî çàìåòèòü âíóòðåííèå
ïðîòèâîðå÷èÿ (ïåðåîïðåäåë¼ííîñòü ñèñòåìû óðàâíåíèé), íåäîñòàòî÷íîñòü ñèñòåìû
(çàâèñèìûå óðàâíåíèÿ), íàëè÷èå íåîáîñíîâàííûõ ôèçè÷åñêè ïðîèçâîëüíûõ ïàðàìåòðîâ.
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Öåëü è ïîäõîä
Lehtinen [2020, submitted to PRE]

Öåëü

Îïèñàòü ñòðèìåð êîíå÷íûì, íî äîñòàòî÷íûì ÷èñëîì ïàðàìåòðîâ, è âû÷èñëèòü èõ.

Ïîäõîä

I èùåì ðåøåíèå â âèäå êàíàëîîáðàçíîãî èîíèçàöèîííîãî ôðîíòà (ñòðèìåðà);

I óïðîùàåì ãèäðîäèíàìè÷åñêèå óðàâíåíèÿ è ïîëó÷àåì êîíå÷íóþ ñèñòåìó

àëãåáðàè÷åñêèõ óðàâíåíèé äëÿ êîíå÷íîãî ÷èñëà ïàðàìåòðîâ ñòðèìåðà;

I ðåøàåì å¼.
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Ôîðìà ñòðèìåðà
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positively charged surface

neutral conducting bulk

I Ñòðèìåð � ýòî êàíàë â âèäå öèëèíäðà ñ ãîëîâêîé â âèäå ïîëóøàðèÿ.

I Âíåøíåå ýëåêòðè÷åñêîå ïîëå Ee (îäíîðîäíîå) è äëèíà L çàäàíû.

I Ìû õîòèì íàéòè ïàðàìåòðû: ðàäèóñ a, ñêîðîñòü V , è ò. ä.
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Ñèñòåìà àëãåáðàè÷åñêèõ óðàâíåíèé

1. Ñîîòíîøåíèå ìåæäó ïîëÿìè E , îïðåäåëÿåòñÿ ýëåêòðîñòàòèêîé (çàðÿä
ñêîíöåíòðèðîâàí íà ïîâåðõíîñòè).

2. Íåïðåðûâíîñòü ïîëíîãî òîêà íà êîíöå ñòðèìåðà: òîê ïðîâîäèìîñòè â êàíàëå
ïðåâðàùàåòñÿ â òîê ñìåùåíèÿ ñíàðóæè.

3. Áàëàíñ âðåìåíè èîíèçàöèè è âðåìåíè ðåëàêñàöèè â êàíàëå.

4. Áàëàíñ ìåæäó ìàêñèìàëüíîé èîíèçàöèåé è ôîòîèîíèçàöèåé, îïðåäåëÿåìûé
ëàâèíîé [Pancheshnyi et al., 2001].
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Óðàâíåíèå 1: Ïîëÿ
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positively charged surface

I Âíåøíåå îäíîðîäíîå ïîñòîÿííîå ïîëå Ee (çàäàíî!)

I Âíóòðè êàíàëà âûñîêàÿ ïðîâîäèìîñòü íî åñòü ïîëå Es , òàêîå ÷òî 0 < Es < Ee .

I Bazelyan and Raizer [1998, p. 78]: Ïîòåíöèàë íà êîíöå îòëè÷àåòñÿ îò
íåâîçìóù¼ííîãî íà ∆U = L(Ee − Es), è ïîëå ïðèáëèçèòåëüíî Ef = ∆U/a. Òî÷íåå
ìîæíî íàéòè ìåòîäîì ìîìåíòîâ.
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ñêîíöåíòðèðîâàí íà ïîâåðõíîñòè).
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ëàâèíîé [Pancheshnyi et al., 2001].

Äîìàøíÿÿ ðàáîòà: ðàññìîòðåòü ýòî óðàâíåíèå ñàìîñòîÿòåëüíî.
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1. Ñîîòíîøåíèå ìåæäó ïîëÿìè E , îïðåäåëÿåòñÿ ýëåêòðîñòàòèêîé (çàðÿä
ñêîíöåíòðèðîâàí íà ïîâåðõíîñòè).

2. Íåïðåðûâíîñòü ïîëíîãî òîêà íà êîíöå ñòðèìåðà: òîê ïðîâîäèìîñòè â êàíàëå
ïðåâðàùàåòñÿ â òîê ñìåùåíèÿ ñíàðóæè.

3. Áàëàíñ âðåìåíè èîíèçàöèè è âðåìåíè ðåëàêñàöèè â êàíàëå.

4. Áàëàíñ ìåæäó ìàêñèìàëüíîé èîíèçàöèåé è ôîòîèîíèçàöèåé, îïðåäåëÿåìûé
ëàâèíîé [Pancheshnyi et al., 2001].
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Óðàâíåíèå 3: Èîíèçàöèîííûé ôðîíò

Ãèäðîäèíàìè÷åñêèå óðàâíåíèÿ ìîæíî ïåðåïèñàòü â òàêîì âèäå:

ε0∂tE = evn + J
∂tn +∇ · (vn) = νtn + sp

}
Ïðåíåáðåãàÿ ôîòîèîíèçàöèåé sp, äëÿ ïëîñêîãî ñòàöèîíàðíîãî ôðîíòà äâèæóùåãîñÿ ñî ñêîðîñòüþ V

ïîëó÷àåì
−ε0V∂ξE = −evn

−∂ξ([V ± v ]n) = νtn

}
ãäå v = ∓vx > 0. Òîê J = const = 0 (íà áåñêîíå÷íîñòè âïåðåäè ôðîíòà). Ïîäåëèì óðàâíåíèÿ îäíî íà
äðóãîå:

e

ε0

d

dE

[
(V ± v)n

V

]
=
νt
v
≡ αt(E) =⇒ en(E)

ε0
=

V

V ± v

∫ E
f

E

αt(E) dE

Çäåñü αt � ýôôåêòèâíûé êîýôôèöèåíò Òàóíñåíäà. ×àñòîòà ðåëàêñàöèè äàëåêî ïîçàäè ôðîíòà (E = 0):

τ−1M =
σs
ε0

=
ensµ0
ε0

= µ0

∫ E
f

0

νt(E)

µE
dE ∼ νt(Ef )

(ãäå ns = n(E = 0) � êîíöåíòðàöèÿ ýëåêòðîíîâ â êàíàëå, ïðè ξ → −∞) ÷òî ìû è îáåùàëè.
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Òåîðèÿ ïëîñêîãî èîíèçàöèîííîãî ôðîíòà

Õîðîøèé îáçîð: Lagarkov and Rutkevich [1994]. Ïîäñòàâèâ íàéäåííîå n(E) â îäíî èç óðàâíåíèé,
ìîæíî íàéòè ïðîñòðàíñòâåííóþ ôîðìó n(ξ),E(ξ). Íàïðèìåð, äëÿ νt(E) = KE , v = 0 � ôîðìà â âèäå
ñèãìîèäà, ñ øèðèíîé d = V /νt(Ef ):

6 4 2 0 2 4 6
/d

0.0

0.5

1.0
E/

E f
,n

/n
s E/Ef

n/ns

Ìîæíî íàéòè V , èç ãðàíè÷íûõ óñëîâèé ïðè ξ →∞ (âïåðåäè ôðîíòà), äëÿ ðàçíûõ ìåõàíèçìîâ.
Âîçìîæíûå çíà÷åíèÿ V óäîâëåòâîðÿþò íåðàâåíñòâó V > V0, ãäå:

I Åñëè µ > 0,D > 0: ôîðìóëà Êîëìîãîðîâà-Ïåòðîâñêîãî-Ïèñêóíîâà [1937]

V0 = ∓µ(Ef )Ef +
√
2Dνt(Ef )

I Åñëè åñòü ôîòîèîíèçàöèÿ, íî D = 0 [Lagarkov and Rutkevich, 1994, eq. (3.1.85)]:

V0 = ∓µ(Ef )Ef + νt(Ef )Λmax
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Ñèñòåìà àëãåáðàè÷åñêèõ óðàâíåíèé

1. Ñîîòíîøåíèå ìåæäó ïîëÿìè E , îïðåäåëÿåòñÿ ýëåêòðîñòàòèêîé (çàðÿä
ñêîíöåíòðèðîâàí íà ïîâåðõíîñòè).

2. Íåïðåðûâíîñòü ïîëíîãî òîêà íà êîíöå ñòðèìåðà: òîê ïðîâîäèìîñòè â êàíàëå
ïðåâðàùàåòñÿ â òîê ñìåùåíèÿ ñíàðóæè.

3. Áàëàíñ âðåìåíè èîíèçàöèè è âðåìåíè ðåëàêñàöèè â êàíàëå.

4. Áàëàíñ ìåæäó ìàêñèìàëüíîé èîíèçàöèåé è ôîòîèîíèçàöèåé, îïðåäåëÿåìûé
ëàâèíîé [Pancheshnyi et al., 2001].
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Óðàâíåíèå 4: Ôîòîèîíèçàöèîííûé áàëàíñ

p

I Ôîòîíû èçëó÷àþòñÿ èç ôðîíòà, èõ ÷èñëî ∝ ns ;
I Ïðîèçâîäÿò çàòðàâêè äëÿ ëàâèí íà ðàññòîÿíèè ∼ a îò ôðîíòà, ñ êîíöåíòðàöèåé np ;
I Â ðåçóëüòàòå ëàâèíû ýêñïîíåíöèàëüíî ðàñòóò, íî íå ñ îáû÷íûì Òàóíñåíäîâñêèì êîýôôèöèåíòîì

αt = νt/v , à ñ ¾Äîïïëåðîâñêèì ñìåùåíèåì¿ αe� = νt/(V ± v)
I Îáðàòíàÿ ê αe� îïðåäåëÿåò òîëùèíó ôðîíòà d = (V ± v)/νt
I Loeb [1965]: Èç åêñïîíåíöèàëüíîãî ðîñòà ïîëó÷àåì log(ns/np) = αe�a, îòñþäà

V ± v =
aνt(Ef )

log(ns/np)

I log(ns/np) ∼ 8 [Naidis, 2009], íî ìîæíî âûâåñòè áîëåå òî÷íîå âûðàæåíèå [Pancheshnyi et al., 2001].
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Óðàâíåíèå 4: Ôîòîèîíèçàöèîííûé áàëàíñ
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Óðàâíåíèå 4: Ôîòîèîíèçàöèîííûé áàëàíñ
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Óðàâíåíèå 4: Ôîòîèîíèçàöèîííûé áàëàíñ
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Óðàâíåíèå 4: Ôîòîèîíèçàöèîííûé áàëàíñ
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Óðàâíåíèå 4: Ôîòîèîíèçàöèîííûé áàëàíñ
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Ñèñòåìà àëãåáðàè÷åñêèõ óðàâíåíèé äëÿ (a,V ,Es ,Ef , ns)

Parameters: streamer radius a, streamer velocity V , channel �eld Es , front �eld Ef , channel electron density ns .
1. Relation between E �elds from electrostatic distribution of surface charge [analytical �t from method-of-moment

calculations] [Bazelyan and Raizer, 1998, p. 78], [Naidis, 2009] (Es , Ef ):

E(ξ) ≈
[
2 + 0.56(2L/a)0.92

] Ee − Es

1 + ξ/`
+ Ee , Ef = E(0)

2. Continuity of total current through the streamer front [Babaeva and Naidis, 1997] (Es , ns , V ):

Jc = ε0
∂E

∂t

∣∣∣∣
ξ=0

=⇒ ensv(Es) =
ε0V (Ef − Ee)

`

v � drift velocity.
3. Propagation stability criterion from the �at ionization front theory [Lagarkov and Rutkevich, 1994, ch. 3] (ns , Ef ):

ns =
ε0

e

∫ E
f

0

νt(E ′)

v(E ′)
dE
′

νt � net ionization rate. This is approximately equivalent to τM ∼ τion.
4. Velocity-radius relation, from the photoionization mechanism [Pancheshnyi et al., 2001] (V , Ef , a):∫ ∞

0

Sph(ξ) exp

[∫ ξ

0

νt(E) dξ′

V ± v(E)

]
dξ = 1

Sph is the photoionization source from a front of radius ∼ a (for unit ns).
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Ñèñòåìà àëãåáðàè÷åñêèõ óðàâíåíèé è å¼ ðåøåíèå

Ñèñòåìà àëãåáðàè÷åñêèõ óðàâíåíèé

1. Ñîîòíîøåíèå ìåæäó ïîëÿìè E , îïðåäåëÿåìîå ïîâåðõíîñòíûìè çàðÿäàìè.

2. Íåïðåðûâíîñòü ïîëíîãî òîêà íà êîíöå ñòðèìåðà: òîê ïðîâîäèìîñòè â êàíàëå
ïðåâðàùàåòñÿ â òîê ñìåùåíèÿ ñíàðóæè.

3. Áàëàíñ âðåìåíè èîíèçàöèè è âðåìåíè ðåëàêñàöèè â êàíàëå.

4. Áàëàíñ ìåæäó ìàêñèìàëüíîé èîíèçàöèåé è ôîòîèîíèçàöèåé.

Ïðîáëåìà: íåò îäíîçíà÷íîãî ðåøåíèÿ! Åñòü îäèí ñâîáîäíûé ïàðàìåòð.
Òî åñòü, ó íàñ ïîëó÷àåòñÿ F(V , a) = 0, à âñå äðóãèå ïàðàìåòðû � ôóíêöèè V and a.

Ïðåæäå ÷åì ñäàâàòüñÿ, ïîñìîòðèì íà äðóãóþ çàäà÷ó, â êîòîðîé òîæå óïðîùàþòñÿ
ãèäðîäèíàìè÷åñêèå óðàâíåíèÿ: òåîðèÿ âîçìóùåíèé ïëîñêîãî ôðîíòà
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Ñèñòåìà àëãåáðàè÷åñêèõ óðàâíåíèé è å¼ ðåøåíèå
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Ïàðàìåòðè÷åñêàÿ ìîäåëü ñòðèìåðà Ñèñòåìà óðàâíåíèé 32 / 46



Ñèñòåìà àëãåáðàè÷åñêèõ óðàâíåíèé è å¼ ðåøåíèå

Ñèñòåìà àëãåáðàè÷åñêèõ óðàâíåíèé

1. Ñîîòíîøåíèå ìåæäó ïîëÿìè E , îïðåäåëÿåìîå ïîâåðõíîñòíûìè çàðÿäàìè.

2. Íåïðåðûâíîñòü ïîëíîãî òîêà íà êîíöå ñòðèìåðà: òîê ïðîâîäèìîñòè â êàíàëå
ïðåâðàùàåòñÿ â òîê ñìåùåíèÿ ñíàðóæè.

3. Áàëàíñ âðåìåíè èîíèçàöèè è âðåìåíè ðåëàêñàöèè â êàíàëå.

4. Áàëàíñ ìåæäó ìàêñèìàëüíîé èîíèçàöèåé è ôîòîèîíèçàöèåé.

Ïðîáëåìà: íåò îäíîçíà÷íîãî ðåøåíèÿ! Åñòü îäèí ñâîáîäíûé ïàðàìåòð.
Òî åñòü, ó íàñ ïîëó÷àåòñÿ F(V , a) = 0, à âñå äðóãèå ïàðàìåòðû � ôóíêöèè V and a.

Ïðåæäå ÷åì ñäàâàòüñÿ, ïîñìîòðèì íà äðóãóþ çàäà÷ó, â êîòîðîé òîæå óïðîùàþòñÿ
ãèäðîäèíàìè÷åñêèå óðàâíåíèÿ: òåîðèÿ âîçìóùåíèé ïëîñêîãî ôðîíòà

Ïàðàìåòðè÷åñêàÿ ìîäåëü ñòðèìåðà Ñèñòåìà óðàâíåíèé 32 / 46



Âîçìóùåíèÿ ïëîñêîãî ôðîíòà

I Â íà÷àëå èìååì ïëîñêèé ôðîíò, èäóùèé ââåðõ íà êàðòèíêå.

I Ìàëûå âîçìóùåíèÿ ∼ cos ky ðàñòóò ∝ est ñ èíêðåìåíòîì s (ëèí. íåóñòîé÷èâîñòü)

I Íåëèíåéíàÿ ñòàäèÿ.
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Ðåøåíèå Derks et al. [2008] (äèôôóçèÿ, áåç ôîòîèîíèçàöèè)

Èíêðåìåíò êàê ôóíêöèÿ ïîïåðå÷íîãî âîëíîâîãî ÷èñëà s(k)�äèñïåðñèîííàÿ ôóíêöèÿ.

I k � ýòî ñâîáîäíûé ïàðàìåòð, ýâîëþöèÿ çàâèñèò îò íà÷àëüíûõ óñëîâèé;
I Âîçìóùåíèå íà ìàêñèìóìå s(k) ðàñò¼ò áûñòðåå âñåãî, òàê ÷òî 1/k �

ïðåäïî÷òèòåëüíûé ïîïåðå÷íûé ðàçìåð a.
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Àíàëîãèÿ: âîçìóùåíèÿ ïëîñêîãî ôðîíòà vs ñòðèìåð

Ëèí. âîçìóùåíèÿ [Derks et al., 2008]

I Ãåîì. ôîðìà: ãàðìîíè÷åñêàÿ

I k � ñâîáîäíûé ïàðàìåòð

I Ñêîðîñòü âûñòóïà V = V0 + s(k)L

I Ïðàâèëüíîå ðåøåíèå: maxk s(k)⇔ maxk V

Ñòðèìåð

I Ãåîì. ôîðìà: ñòðèìåð

I Íåëüçÿ íàéòè a ∼ 1/k èç óðàâíåíèé

I Íåò s(k), íî åñòü ñêîðîñòü V (a, L,Ee)
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I Ïðàâèëüíîå ðåøåíèå òîæå íà maxa V ?

max-V criterion

Ðàäèóñ a íåâîçìîæíî îïðåäåëèòü èç óðàâíåíèé, íî åãî ìîæíî çàôèêñèðîâàòü íà ìàêñèìóìå ñêîðîñòè V .
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Àíàëîãèÿ: âîçìóùåíèÿ ïëîñêîãî ôðîíòà vs ñòðèìåð

Ëèí. âîçìóùåíèÿ [Derks et al., 2008]
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Äèñïåðñèîííûå ôóíêöèè

Äèñïåðñèîííûå ôóíêöèè V (a) äëÿ ïîëîæèòåëüíûõ ñòðèìåðîâ äëèíû L = 120 mm è
íåñêîëüêèõ çíà÷åíèé Ee . Òî÷êè îòìå÷àþò max-V .
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Ïîëîæèòåëüíûå ñòðèìåðû (ïîñëå max-V )
ñðàâíeíèå ñ ýêñïåðèìåíòîì Allen and Mikropoulos [1999]
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(Ñàìîå ãðóáîå � îäíîðîäíîñòü ïîëÿ âíóòðè êàíàëà.)
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Ïîëîæèòåëüíûå ñòðèìåðû
ñðàâíåíèå ñ ãèäðîäèíàìè÷åñêèìè âû÷èñëåíèÿìè

Ãèäðîäèíàìè÷åñêèå ìîäåëè, íåñìîòðÿ íà ñëîæíîñòü âû÷èñëåíèé, äàþò ∼10% îøèáêè.
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Îòðèöàòåëüíûå ñòðèìåðû
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Íèæå îïðåäåë¼ííîãî Ee , ðåøåíèå îòñóòñòâóåò. Ôèçè÷åñêîé ïðè÷èíîé ìîæåò áûòü òî, ÷òî
îòðèöàòåëüíûé ñòðèìåð äîëæåò ðàñòè áûñòðåå ñêîðîñòè äðåéôà ýëåêòðîíîâ.
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Ïîðîãîâûå ïîëÿ ñòðìåðîâ

Ïîðîãîâîå ïîëå E±t � ýòî ìèíèìàëüíîå Ee ïðè êîòîðîì ñòðèìåð ìîæåò ðàñòè.
Îíî çàâèñèò îò L è ìåõàíèçì çàâèñèò îò ïîëÿðíîñòè:
I Ïîëîæèòåëüíûå ñòðèìåðû: Ïðèëèïàíèå â êàíàëå îñòàíàâëèâàåò òîê.
I Îòðèöàòåëüíûå ñòðèìåðû: Ñêîðîñòü ïàäàåò íèæå äðåéôîâîé.
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Èòîãè

I Ñòðèìåðíûé ðàçðÿä â ïîëå Ee äëèíîé L ìîæíî îïèñàòü ñèñòðåìîé àëãåáðàè÷åñêèõ
óðàâíåíèé, ðåøàÿ êîòîðûå ïîëó÷àåì ¾ìîäû¿ äëÿ ðàçíûõ ðàäèóñîâ a.

I Ìàêñèìèçèðóÿ V , ïîëó÷àåì ïðåäïî÷òèòåëüíîå, åäèíñòâåííîå ¾ôèçè÷åñêîå¿
ðåøåíèå.

I Âû÷èñëåííûå ïàðàìåòðû ñòðèìåðà ñîâìåñòèìû ñ ýêñïåðèìåíòîì è
ãèäðîäèíàìè÷åñêèìè ìîäåëÿìè.

I Ïîðîãîâûå ïîëÿ ÿâëÿþòñÿ ôóíêöèÿìè L, ïðè÷¼ì ïîëîæèòåëüíûå è îòðèöàòåëüíûå
ïîðîãè èìåþò ðàçíûå ôèçè÷åñêèìè ïðè÷èíû. Îòðèöàòåëüíûé ïîðîã ñîâìåñòèì ñ
ýêñïåðèìåíòàëüíûì çíà÷åíèåì E−t ≈ 0.75�1.25 MV/m [Raizer, 1991, p. 362], à
ïîëîæèòåëüíûé â íàøåé ìîäåëè ñîâìåñòèì ñ ýêñïåðèìåíòàëüíûì çíà÷åíèåì
E+t ≈ 0.45 MV/m òîëüêî ïðè çàíèæåííîì çíà÷åíèè êîýôôèöèåíòà ïðèëèïàíèÿ.
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ïîðîãè èìåþò ðàçíûå ôèçè÷åñêèìè ïðè÷èíû. Îòðèöàòåëüíûé ïîðîã ñîâìåñòèì ñ
ýêñïåðèìåíòàëüíûì çíà÷åíèåì E−t ≈ 0.75�1.25 MV/m [Raizer, 1991, p. 362], à
ïîëîæèòåëüíûé â íàøåé ìîäåëè ñîâìåñòèì ñ ýêñïåðèìåíòàëüíûì çíà÷åíèåì
E+t ≈ 0.45 MV/m òîëüêî ïðè çàíèæåííîì çíà÷åíèè êîýôôèöèåíòà ïðèëèïàíèÿ.
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