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❲♦r❦s ♦♥ s✐♠✐❧❛r t♦♣✐❝s ❤❛✈❡ ❜❡❡♥ ❝♦♥❞✉❝t❡❞ ❢♦r ✐♥st❛♥❝❡ ✐♥ ❬✹❪✱ ❬✻❪ ❛♥❞ ❬✼❪✳ ❚❤❡ ❛✉t❤♦rs

♦❢ ❬✹❪ ♣r♦♣♦s❡ ❛ ✈❡r② ❞❡t❛✐❧❡❞ ♠♦❞❡❧ ✐♥ ♦r❞❡r t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ❡✛❡❝ts ♦❢ ❛ ◆❞✿❨❆● ❧❛s❡r
❡♥❡r❣② ❞❡♣♦s✐t✐♦♥ ✐♥ ❛✐r ❢♦r s✉♣❡rs♦♥✐❝ ✢♦✇ ❝♦♥tr♦❧✳ ❚❤❡ ♣r♦❝❡ss ✇❛s ♠♦❞❡❧❧❡❞ ❢r♦♠ t❤❡
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❧♦♦❦ ❛t t❤❡ ❡✛❡❝ts ♦❢ ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡rs ♦♥ t❤❡ ♦❜s❡r✈❡❞ r❡s✉❧ts✳
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❚❤❡ ♣r❡✈✐♦✉s q✉❡st✐♦♥ ✐s ♦❢ ❝❡♥tr❛❧ ✐♥t❡r❡st ❝♦♥s✐❞❡r✐♥❣ t❤❛t t❤❡ ❞❡✈✐❝❡ ✇❡ ✐♥✈❡st✐❣❛t❡
s❤♦✉❧❞ ❜❡ ✉s❡❞ ✐♥ ❛ ♣✉❧s❡❞ ✇❛②✳ ❚❤❡ s♣❡❝✐✜❝✐t✐❡s ♦❢ ♦✉r ❞✐s❝❤❛r❣❡ ❛❧❧♦✇ ✉s t♦ ♣r♦♣♦s❡
❛ s✐♠♣❧✐✜❡❞✱ ♥✉♠❡r✐❝❛❧❧② ❝♦st✲❢r✐❡♥❞❧② ♠♦❞❡❧✱ ❛✐♠❡❞ ❛t ❛♥s✇❡r✐♥❣ t❤❡ ❛❜♦✈❡ q✉❡st✐♦♥s✳
■♥ ♦r❞❡r t♦ ❞♦ s♦✱ ✐♠♣♦rt❛♥t ❝♦✉♣❧✐♥❣ ♠❡❝❤❛♥✐s♠s ❜❡t✇❡❡♥ ✢✉✐❞ ❛♥❞ ♣❧❛s♠❛ ❤❛✈❡ ❜❡❡♥
✐♥✈❡st✐❣❛t❡❞✳ ❚❤✐s ♠♦❞❡❧ ✐s ❛❧s♦ ✐♥t❡♥❞❡❞ ❢♦r ❜❡✐♥❣ t❤❡ ❜❛s✐s ♦❢ ❛ ❧❛r❣❡r ♦♥❡ ✐♥t❡❣r❛t✐♥❣
t♦ s♦♠❡ ❞❡❣r❡❡ ♠♦r❡ ❛❝❝✉r❛t❡ ♣❤②s✐❝s ❝♦♥❝❡r♥✐♥❣ t❤❡ ♣❧❛s♠❛✲✢✉✐❞ ✐♥t❡r❛❝t✐♦♥s ❛s ✇❡❧❧ ❛s
t❤❡ ♠❡❝❤❛♥✐s♠s ❜❡❤✐♥❞ ♣❧❛s♠❛ ❣❡♥❡r❛t✐♦♥✳
❆❢t❡r ❡①♣❧❛✐♥✐♥❣ ♦✉r ♠♦❞❡❧❧✐♥❣ ❛ss✉♠♣t✐♦♥s✱ ✇❡ ✇✐❧❧ ❝♦♠♠❡♥t t❤❡ q✉❛❧✐t❛t✐✈❡ r❡s✉❧ts

t❤❡② ②✐❡❧❞✳ ■♥ t❤❡ ❛s②♠♣t♦t✐❝s ♦❢ s♠❛❧❧ ❉❡❜②❡ ❧❡♥❣t❤✱ ✇❡ ❝♦♥s✐❞❡r ❛ t✇♦✲✢✉✐❞ ♠♦❞❡❧ ✇✐t❤
t✇♦ t❡♠♣❡r❛t✉r❡s ❬✶❪✳ ❚❤✐s ✷❉✲❛①✐s②♠♠❡tr✐❝ ♠♦❞❡❧ ❝♦✉♣❧❡s t❤❡ ♣❤②s✐❝s ❣♦✈❡r♥✐♥❣ t❤❡
♣❧❛s♠❛ ✇✐t❤ ❝♦♠♣r❡ss✐❜❧❡ ❊✉❧❡r t②♣❡ ❡q✉❛t✐♦♥s ❛❝❝♦✉♥t✐♥❣ ❢♦r t❤❡ ✢✉✐❞ ❞②♥❛♠✐❝s✳ ❙❡✈✲
❡r❛❧ t✐♠❡ ❛♥❞ s♣❛❝❡ s❝❛❧❡s ❛r❡ ✐♥✈♦❧✈❡❞ ✐♥ t❤✐s ♣r♦❜❧❡♠ ❛s t❤❡ ♣❧❛s♠❛ ✐s ❜② s❡✈❡r❛❧ ♦r❞❡rs
♦❢ ♠❛❣♥✐t✉❞❡ t❤✐♥♥❡r ❛♥❞ ♠♦r❡ r❡❛❝t✐✈❡ t❤❛♥ t❤❡ ✢✉✐❞ ❛s ❢❛r ❛s t❤❡ ❞❡♥s✐t✐❡s ❛r❡ ❝♦♥❝❡r♥❡❞✳

✷✳ ❚❤❡ ♠♦❞❡❧❧✐♥❣ ❛ss✉♠♣t✐♦♥s✳

❲❡ ✇✐❧❧ ❞❡t❛✐❧ ❤❡r❡ t❤❡ ❛ss✉♠♣t✐♦♥s ♠❛❞❡ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ ❛ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧✱ t❤❡ ♦♥❡
♦✉r s✐♠✉❧❛t✐♦♥s ❛r❡ ❛❝t✉❛❧❧② ❜❛s❡❞ ✉♣♦♥✳ ❆✐r ❝❤❡♠✐str② ✐s ❛♥ ✐♥tr✐❝❛t❡ t♦♣✐❝ ❛♥❞ ✐♥ ♦✉r
❝❛s❡ ❛✐r ✇✐❧❧ ❜❡ s❡❡♥ ❛s ❛ ✜❝t✐✈❡ ♠❛tt❡r ✿ t♦ t❤✐s ❡♥❞✱ ✇❡ ✐♥tr♦❞✉❝❡ ❛ ✜❝t✐✈❡ ❛✐r ♠♦❧❡❝✉❧❡
✭❞❡♥♦t❡❞ A ✐♥ ✇❤❛t ❢♦❧❧♦✇s✮✳ ❚❤❡ ❝♦♥s✐❞❡r❡❞ s♣❡❝✐❡s ❛r❡ t❤❡♥ t❤❡ ♥❡✉tr❛❧s A✱ t❤❡ ✜rst
✐♦♥✐③❡❞ st❛t❡ A+ ❛♥❞ t❤❡ ❡❧❡❝tr♦♥s e−. ❚❤❡ ✉♥❞❡r❧②✐♥❣ ❦✐♥❡t✐❝s ❛r❡ t❤❡ ✐♦♥✐③❛t✐♦♥ r❡❛❝t✐♦♥✿

A + e− 7→ A+ + 2e−,

❛♥❞ t❤❡ t❤r❡❡✲❜♦❞② r❡❝♦♠❜✐♥❛t✐♦♥s✿

A+ + e− + e− 7→ A + e−,

A+ + e− + A 7→ A + A.

❚❤❡ r❡❛❝t✐♦♥ ❢r❡q✉❡♥❝✐❡s ❛ss♦❝✐❛t❡❞ t♦ t❤❡s❡ r❡❛❝t✐♦♥s✱ ❣✐✈❡♥ ✐♥ s−1, ❛r❡ r❡s♣❡❝t✐✈❡❧②
❞❡♥♦t❡❞ νi, νrc,n ❛♥❞ νrc,e. ❚❤❡✐r ❡①♣r❡ss✐♦♥s ❛r❡ ❞❡t❛✐❧❡❞ ✐♥ t❤❡ ❛♣♣❡♥❞✐①✳
❈♦♥s❡q✉❡♥t❧② t❤❡ ❝♦♥s❡r✈❛t✐♦♥ ♦❢ ♠❛ss ❢♦r t❤❡ ❞✐✛❡r❡♥t s♣❡❝✐❡s ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s✿

(1) ∂tne + ∇.(neve) = ne(νi − νrc,n − νrc,e),

(2) ∂tn+ + ∇.(n+v+) = n+(νi − νrc,n − νrc,e),

(3) ∂tnn + ∇.(nnv) = −nn(νi − νrc,n − νrc,e).
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❲❡ ❛r❡ ✐♥t❡r❡st❡❞ ✐♥ ❛ ❞❡♥s❡ ♣❧❛s♠❛✱ ✇❤✐❝❤ ✐♠♣❧✐❡s ✐t ❤❛s ❛ s♠❛❧❧ ❉❡❜②❡ ❧❡♥❣t❤✳ ❲❡ ♦♣t
t❤❡♥ ❢♦r ❛ q✉❛s✐✲♥❡✉tr❛❧ ♠♦❞❡❧✱ ✇❤✐❝❤ ✐s ✈❛❧✐❞ ✐♥ t❤❡ ❧✐♠✐t ♦❢ s♠❛❧❧ ❡♥♦✉❣❤ ❉❡❜②❡ ❧❡♥❣t❤✳
Pr❛❝t✐❝❛❧❧② ✇❡ ❛ss✉♠❡ t❤❛t✱ ❛t t❤❡ s❝❛❧❡ ♦❢ ❡✈❡r② ❝♦♥s✐❞❡r❡❞ ✈♦❧✉♠❡✱ t❤❡ ❧♦❝❛❧ ❞❡♥s✐t② ♦❢
♣♦s✐t✐✈❡ ❝❤❛r❣❡ ❡q✉✐❧✐❜r❛t❡s t❤❡ ❞❡♥s✐t② ♦❢ ♥❡❣❛t✐✈❡ ♦♥❡s✿ ne = n+.
❉✉❡ t♦ ❡❧❛st✐❝ ❝♦❧❧✐s✐♦♥s ✇✐t❤ t❤❡ ♥❡✉tr❛❧s✱ ✇❡ ❤❛✈❡ v+ ≃ vn. ❲❡ ❝❤♦♦s❡ t♦ t❛❦❡ v+ = vn.
▼♦r❡♦✈❡r t❤❡ ✢✉① ♦❢ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s Γ := −e(neve−n+v+) ✐s ❛ss✉♠❡❞ t♦ ❜❡ ❞✐✈❡r❣❡♥❝❡

❢r❡❡ ✐♥ ♦r❞❡r t♦ ❡♥s✉r❡ t❤❡ ❝♦♥s❡r✈❛t✐♦♥ ♦❢ t❤❡ ❝❤❛r❣❡✳
❆s ❝♦♠♠♦♥❧② ❛ss✉♠❡❞ ❛s ❛ ✜rst ❛♣♣r♦①✐♠❛t✐♦♥ ✭❝♦♥❣r✉❡♥❝❡ ❛ss✉♠♣t✐♦♥ ❬✽❪✮✱ t❤❡ ❡❧❡❝✲

tr♦♥✐❝ ✢✉① Γ ✐s ❝❧♦s❡ t♦ ③❡r♦ ✇❤✐❝❤ ❧❡❛❞s ✐♥ t✉r♥ t♦ t❤❡ ✈❡❧♦❝✐t② ve ❜❡✐♥❣ ❝❧♦s❡ t♦ t❤❡ ✈❡❧♦❝✐t②
♦❢ t❤❡ ♥❡✉tr❛❧s vn, ♠♦❞✉❧♦ ❛ ❞✐✛✉s✐✈❡ ❝♦rr❡❝t✐♦♥ ✭❛♠❜✐♣♦❧❛r ❞✐✛✉s✐♦♥ ❛ss✉♠♣t✐♦♥✮✿

ve = vn − Da

∇ne

ne

.

❈♦♥❝❡r♥✐♥❣ t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ ✐♦♥✐❝ ♠♦❧❡❝✉❧❡s✱ ✇❡ ❛ss✉♠❡ t❤❛t T+ = Tn. ❍❡♥❝❡ ♥♦
❡q✉❛t✐♦♥ r❡❧❛t✐✈❡ t❤❡ st❛t❡ ♦❢ t❤❡ ✐♦♥s ♥❡❡❞s t♦ ❜❡ ❝♦♠♣✉t❡❞✳ ▼♦r❡ ♣r❡❝✐s❡❧②✱ t❤❡ q✉❛♥t✐t✐❡s
✇❤♦s❡ ❡✈♦❧✉t✐♦♥ ♥❡❡❞s t♦ ❜❡ ❝♦♠♣✉t❡❞ ❛r❡✿ (n, v, T ) ❢♦r t❤❡ ✢✉✐❞✱ ✇❤❡r❡ n := nn + n+

✐s t❤❡ ❞❡♥s✐t② ♦❢ ❤❡❛✈② ♣❛rt✐❝❧❡s✱ v := vn = v+ ✐s t❤❡ ✈❡❧♦❝✐t② ♦❢ ❤❡❛✈② ♣❛rt✐❝❧❡s ❛♥❞
T := Tn = T+ t❤❡✐r t❡♠♣❡r❛t✉r❡✳ ❋♦r t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞✱ ✇❡ ❛r❡ ✐♥ ❛ ❝❛s❡ ✇❤❡r❡
♠❛❣♥❡t✐❝ ❡✛❡❝ts ❛r❡ ♥❡❣❧✐❣✐❜❧❡✳ ❚❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✇✐❧❧ ♥♦t ❜❡ s♦❧✈❡❞ ❤❡r❡ ❜✉t ❝♦♥s✐❞❡r❡❞
❛s ❛ ♣❛r❛♠❡t❡r ❛❝t✐♥❣ ❛s ❛ s♦✉r❝❡ ♦❢ ❡♥❡r❣② ❢♦r t❤❡ ❡❧❡❝tr♦♥s✳ ❲❡ ❣❡t t❤❡♥ t❤❡ ❢♦❧❧♦✇✐♥❣
s②st❡♠ ♦❢ ❡q✉❛t✐♦♥s✱ ✇❤❡r❡ p := nkBT ❞❡♥♦t❡s t❤❡ ✢✉✐❞ ♣r❡ss✉r❡ ❛♥❞ pe := nekBTe t❤❡
❡❧❡❝tr♦♥✐❝ ♣r❡ss✉r❡✳











∂tn + ∇.(nv) = 0,

∂t(nv) + ∇.(nv ⊗ v) = Smov,

∂t (5/2p) + ∇. (7/2pv) = SNRJ .

{

∂tne + ∇.(nev) −∇.(Dane) = Schem
e ,

∂t (3/2pe) + ∇. (5/2peue) −∇.(λe∇Te) = SNRJ
e .

❚❤❡ s♦✉r❝❡ t❡r♠ ❛❝❝♦✉♥t✐♥❣ ❢♦r t❤❡ ♠♦♠❡♥t✉♠ tr❛♥s❢❡r ❢r♦♠ t❤❡ ♣❧❛s♠❛ t♦ t❤❡ ✢✉✐❞
✐s✿

Smov = neνe(ve − v),

t❤❡ ❡♥❡r❣② tr❛♥s❢❡rr❡❞ ❢r♦♠ t❤❡ ♣❧❛s♠❛ t♦ t❤❡ ✢✉✐❞ ✐s ❞❡s❝r✐❜❡❞ ❜②✿

SNRJ = 2
me

mair

kBneνe(Te − T ) + neeνrc,nWi,

t❤❡ ♣❧❛s♠❛ ❦✐♥❡t✐❝s ❛r❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t t❤r♦✉❣❤✿

Schem
e = ne(νi − νrc,n − νrc,e),

❛♥❞ t❤❡ ♣❧❛s♠❛ ❡♥❡r❣② ❜❛❧❛♥❝❡ ✐s ❡①♣r❡ss❡❞ ❜②✿

SNRJ = −2
me

mair

kBneνe(Te − T ) + nee(νrc,n − νi)Wi.



✹ ❇✳ ❋♦r♥❡t ✱ ●✳ ❉✉❢♦✉r ❛♥❞ ❋✳ ❘♦❣✐❡r

✸✳ ◆✉♠❡r✐❝❛❧ ❛s♣❡❝ts✳

✷✲❉ ❛①✐s②♠♠❡tr✐❝ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ ❛ ❝♦♠♣r❡ss✐❜❧❡ ✢✉✐❞ s♦❧✈❡r ❝♦✉♣❧❡❞
✇✐t❤ ❛ ♣❧❛s♠❛ s♦❧✈❡r✳ ❋♦r t✐♠❡ ✐t❡r❛t✐♦♥ ✐♥ ♦✉r ✢✉✐❞ s♦❧✈❡r✱ ✇❡ ✉s❡ t❤❡ ❜❧♦❝❦ ✐♥✈❡rs✐♦♥
s♣❛t✐❛❧❧② s♣❧✐t ❛♣♣r♦①✐♠❛t❡ ❢❛❝t♦r✐③❛t✐♦♥ s❝❤❡♠❡✳ ❆s ❛ ❧✐♠✐t❡r✱ ❱❡♥❦❛t❛❦r✐s❤❛♥✬s ✐s ✉s❡❞✳
❚❤❡ ❝❤♦s❡♥ str✉❝t✉r❡❞ ✢✉✐❞ s♦❧✈❡r ❛❧❧♦✇s t♦ s♦❧✈❡ ◆❛✈✐❡r✲❙t♦❦❡s ❛s ✇❡❧❧ ❛s ❊✉❧❡r ❡q✉❛t✐♦♥s✳
❆s ♣r❡s❡♥t❡❞ ❛❜♦✈❡ ✇❡ ✇✐❧❧ ❝♦♥s✐❞❡r ❤❡r❡ ❛ ♥♦♥✲✈✐s❝♦✉s ♠♦❞❡❧ ❢♦r t❤❡ ✢✉✐❞✳ ❚❤❡ ❣r✐❞ ✇❡ ✉s❡
✐s r❡✜♥❡❞ ♦♥ t❤❡ ▼❛❝❤ ❝♦♥❡ ❛s ✇❡❧❧ ❛s ♦♥ t❤❡ ❛①✐❛❧ ❛r❡❛ ❝♦♥t❛✐♥✐♥❣ t❤❡ ♣❧❛s♠❛✳ ●❧♦❜❛❧❧②✱
t❤❡ ♠❡t❤♦❞ ❝❤♦s❡♥ ✐s ❜❛s❡❞ ♦♥ ❋✐♥✐t❡ ❱♦❧✉♠❡s ❛♥❞ t❤❡ ✐♥t❡❣r❛t✐♦♥ ✐♥ t✐♠❡ ✐s ✐♠♣❧✐❝✐t ❢♦r
t❤❡ ✢✉✐❞ ❛♥❞ ❡①♣❧✐❝✐t ❢♦r t❤❡ ♣❧❛s♠❛✳ ❋♦r t❤❡ ♣❧❛s♠❛✱ t❤❡ ▼❯❙❈▲ s❝❤❡♠❡ ✐s ✉s❡❞ ❢♦r
t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ ❝♦♥✈❡❝t✐♦♥ t❡r♠s✳ ❚❤❡ s♦✉r❝❡ t❡r♠s ❞❡s❝r✐❜✐♥❣ t❤❡ ✐♥t❡r❛❝t✐♦♥s
❜❡t✇❡❡♥ ✢✉✐❞ ❛♥❞ ♣❧❛s♠❛ ❛r❡ tr❡❛t❡❞ ❡①♣❧✐❝✐t❧②✳ ❋✐♥❛❧❧②✱ ❞✉❡ t♦ t❤❡ str♦♥❣ ♠✉❧t✐s❝❛❧❡
❢❡❛t✉r❡ ♦❢ t❤❡ ♣r♦❜❧❡♠ ❛t ❤❛♥❞✱ t❤❡ ❜❡❤❛✈✐♦rs ♦❢ t❤❡ ♣❧❛s♠❛ ❛♥❞ t❤❡ ✢✉✐❞ ❛r❡ s♦❧✈❡❞ ♦♥
❞✐✛❡r❡♥t t✐♠❡ ❛♥❞ s♣❛❝❡ s❝❛❧❡s✳
❲❡ ✉s❡ s✉❜❝②❝❧✐♥❣ ❢♦r t❤❡ t✐♠❡ ✐♥t❡❣r❛t✐♦♥ ❛♥❞ ❛ ✜♥❡r✱ ♣r❡❝✐s❡❧② ❧♦❝❛❧✐③❡❞ ❣r✐❞ t♦ s♦❧✈❡

t❤❡ ♣❧❛s♠❛ ❜❡❤❛✈✐♦r✳ ❚❤❡s❡ r❡s✉❧ts ❛r❡ t❤❡♥ ❛✈❡r❛❣❡❞ ♦♥ ❛ r♦✉❣❤❡r ❣r✐❞ ✉s❡❞ ❢♦r t❤❡
❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ ✢✉✐❞ ❜❡❤❛✈✐♦r✳
▲❡t ✉s ❞❡t❛✐❧ ♦✉r ✐♥t❡r♣♦❧❛t✐♦♥ ♣r♦❝❡❞✉r❡✳ ■♥ ❛ ❝♦♥✐❝❛❧ ❛r❡❛ ❛r♦✉♥❞ t❤❡ ❛①✐s②♠♠❡tr✐❝

❛①✐s r = 0✱ t❤❡ ✷✲❉ ♣❧❛s♠❛ ♠❡s❤ ❛♥❞ t❤❡ ✷✲❉ ✢✉✐❞ ♠❡s❤ ❛r❡ t❤❡ s❛♠❡ ✐♥ t❤❡ ❛①✐❛❧
❞✐r❡❝t✐♦♥✱ ✇❤✐❧❡✱ ✐♥ t❤❡ r❛❞✐❛❧ ❞✐r❡❝t✐♦♥ t❤❡ ♣❧❛s♠❛ ♠❡s❤ ✐s ♠✉❝❤ t❤✐♥♥❡r ❛♥❞ ❝♦✈❡rs ♦♥❧②
❛ s♠❛❧❧ ♣❛rt ♦❢ t❤❡ ✢✉✐❞ ♠❡s❤ ✭r ≤ 600µm✮✳ ❲❡ ✉s❡ t❤❡♥ ❧✐♥❡❛r ✐♥t❡r♣♦❧❛t✐♦♥ ✐♥ t❤❡ r❛❞✐❛❧
❞✐r❡❝t✐♦♥✳ ❇② t❡st✐♥❣ ❞✐✛❡r❡♥t ♠❡s❤❡s✱ ✇❡ ❝❤❡❝❦❡❞ t❤❛t ❡♥♦✉❣❤ ♣♦✐♥ts ✇❡r❡ t❛❦❡♥ ❢♦r t❤❡
✢✉✐❞ ❣r✐❞ ✐♥ t❤❡ ♣❧❛s♠❛ ❝❤❛♥♥❡❧ ✐♥ ♦r❞❡r t♦ ❣❡t ❛❝❝✉r❛t❡ r❡s✉❧ts✳ ❲❡ ✉♥❞❡r❧✐♥❡ t❤❛t t❤❡
s❛♠❡ ♠❡s❤ ✐s ✉s❡❞ t♦ s❡❛r❝❤ ❢♦r ❛ st❛❜❧❡ st❛t❡ ❛♥❞ t♦ t❡st t❤❡ ♣❧❛s♠❛ ❡✛❡❝ts✳ ❉✉❡ t♦ t❤❡
❧♦❝❛❧ r❡✜♥❡♠❡♥t ♥❡❡❞❡❞ ♥❡❛r t❤❡ ♣❧❛s♠❛ ❝♦❧✉♠♥✱ st✉❞②✐♥❣ ♣r♦♣❡r❧② ❝♦♥✈❡r❣❡♥❝❡ t♦✇❛r❞s
❛ st❛❜❧❡ st❛t❡ ✐s ❛❧r❡❛❞② ❛♥ ✐ss✉❡✳
❆s ❜♦t❤ t❤❡ t✐♠❡ st❡♣ ❛♥❞ ♠❡s❤ ❛r❡ ❞✐✛❡r❡♥t ❢♦r ✢✉✐❞ ❛♥❞ ♣❧❛s♠❛ ✇❡ ✉s❡ t❤❡ ♣r✐♠❡

s✉♣❡rs❝r✐♣t ❢♦r t❤❡ ♣❧❛s♠❛✳ ❋♦r ✐♥st❛♥❝❡ nk
e,(i′,j′) ❞❡♥♦t❡s t❤❡ ❡❧❡❝tr♦♥✐❝ ❞❡♥s✐t② ♦♥ t❤❡ ❝❡❧❧

✇❤♦s❡ ❝❡♥t❡r ✐s (ri′ , zj′) ❛t t✐♠❡ tk. tk ✐s t❤❡ ♣❤②s✐❝❛❧ t✐♠❡ r❡❛❝❤❡❞ ❛❢t❡r k t✐♠❡ ✐t❡r❛t✐♦♥s
♦♥ t❤❡ ✢✉✐❞✳
❙❝❤❡♠❛t✐❝ ♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❞✐✛❡r❡♥t st❡♣s ♦❢ ♦✉r ❛❧❣♦r✐t❤♠✳

• P❧❛s♠❛ ✐♥✐t✐❛❧✐③❛t✐♦♥

✕ ❘❡❛❞ ✢✉✐❞ ♠❡s❤✳

✕ ●❡♥❡r❛t✐♦♥ ♦❢ ♣❧❛s♠❛ ♠❡s❤✳

✕ ■♥✐t✐❛❧✐③❛t✐♦♥ ♦❢ ♣❧❛s♠❛ ✈❛r✐❛❜❧❡s✿ n0
e,(i′,j′), v0

e,(i′,j′), T 0
e,(i′,j′).

• ❋❧✉✐❞ ✐♥✐t✐❛❧✐③❛t✐♦♥

✕ ❘❡❛❞ ✢✉✐❞ ♠❡s❤✳

✕ ■♥✐t✐❛❧✐③❛t✐♦♥ ♦❢ ✢✉✐❞ ✈❛r✐❛❜❧❡s✿ n0
(i,j), v0

(i,j), T 0
(i,j).

✕ ❘❡❛❞ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s✳

✕ ❘❡❛❞ ✐♥✐t✐❛❧ t✐♠❡ st❡♣✳

✕ ❘❡❛❞ t♦t❛❧ ✐t❡r❛t✐♦♥ ♥✉♠❜❡r✳
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• P❧❛s♠❛ t✐♠❡ ✐t❡r❛t✐♦♥ tk
′

7→ tk
′+1 ♦♥ ❣r✐❞ (ri′ , zj′)

✕ ■♥t❡r♣♦❧❛t✐♦♥ ♦❢ nk
(i,j), vk

(i,j), T k
(i,j) ♦♥ nk

(i′,j′), vk
(i′,j′), T k

(i′,j′).

✕ ❊✈❛❧✉❛t✐♦♥ ♦❢ vk′

e,(i′,j′).

✕ ❈♦♠♣✉t❛t✐♦♥ ♦❢ δt′ = tk
′+1 − tk

′

.

✕ ❈♦♠♣✉t❛t✐♦♥ ♦❢ vk′+1
e,(i′,j′) ❛♥❞ T k′+1

e,(i′,j′).

• ❋❧✉✐❞ t✐♠❡ ✐t❡r❛t✐♦♥ tk 7→ tk+1 ♦♥ ❣r✐❞ (ri, zj)

✕ ❘❡s♦❧✉t✐♦♥ ♦❢ ✢✉✐❞ ❡q✉❛t✐♦♥s ✇✐t❤♦✉t s♦✉r❝❡ t❡r♠✳

✕ ❚❡st ♦❢ ♣❧❛s♠❛ ❛❝t✐✈✐t②✿ ✐❢ ♣❧❛s♠❛ st✐❧❧ ❛❝t✐✈❡ ❞♦ st❡♣s ✸✴ t❤r♦✉❣❤ ✻✴✳

✕ P❧❛s♠❛ t✐♠❡ ✐t❡r❛t✐♦♥ ❣✐✈❡s
nk

e,(i′,j′), vk
e,(i′,j′), T k

e,(i′,j′).

✕ ❇② ✐♥t❡r♣♦❧❛t✐♦♥ ✇❡ ❣❡t nk
e,(i,j), vk

e,(i,j), T k
e,(i,j).

✕ ❊①♣❧✐❝✐t t✐♠❡ ✐t❡r❛t✐♦♥✿ Sources ∗ δt ❛❞❞❡❞ t♦ s♦❧✉t✐♦♥ ♦❜t❛✐♥❡❞ ❛t st❡♣ ✶✴✳

✕ ■❢ |Sources ∗ δt| ✐s s♠❛❧❧ ❡♥♦✉❣❤✱ ❝❤♦♦s❡ δtk+1 > δtk.

✹✳ ❚❤❡ s✐♠✉❧❛t❡❞ ❡①♣❡r✐♠❡♥t✳

■♥ t❤✐s ✇♦r❦ ✇❡ ❛r❡ ✐♥t❡r❡st❡❞ ✐♥ t❤❡ ❡✛❡❝ts ♦❢ ❡♥❡r❣② ❛♥❞ ♠♦♠❡♥t✉♠ ❞❡♣♦s✐t✐♦♥ ♦♥ ❛
✢♦✇✳ ❲❡ ❝❤♦♦s❡ t♦ ❢♦❝✉s ♦♥ ❝♦♠♠❡♥t✐♥❣ q✉❛❧✐t❛t✐✈❡❧② t❤❡ ♦❜s❡r✈❡❞ ❡✛❡❝ts✳ ❚❤❡ ❝♦♥s✐❞❡r❡❞
❞✐♠❡♥s✐♦♥s ♦❢ ♦✉r ♣r♦✜❧❡ ❛r❡ ❛♥❛❧♦❣♦✉s t♦ ♦♥❡s ✇❡ ❝♦✉❧❞ ❝❤♦♦s❡ ❢♦r ❛ ♣❤②s✐❝❛❧ ❡①♣❡r✐♠❡♥t✳
❲❡ ✜rst ♣❡r❢♦r♠ ❛♥ ❛❡r♦❞②♥❛♠✐❝ s✐♠✉❧❛t✐♦♥ t❤❛t ❝♦♥✈❡r❣❡s t♦✇❛r❞s ❛ st❛❜❧❡ st❛t❡✳
❆s ✇❡ ❛ss✉♠❡ t❤❛t ❛ ❞❡♥s❡ ♣❧❛s♠❛ ❛♣♣❡❛rs ✐♥st❛♥t❛♥❡♦✉s❧②✱ t❤❡ ♠❡❝❤❛♥✐s♠s ♦❢ ❝r❡❛t✐♦♥

❛♥❞ s✉st❛✐♥♠❡♥t ♦❢ t❤❡ ♣❧❛s♠❛ ❛r❡ ♥♦t ✐♥✈❡st✐❣❛t❡❞✳ ❲❡ ❛ss✉♠❡ t❤❛t t❤❡ ❝r❡❛t❡❞ ♣❧❛s♠❛
❤❛s ♣r♦♣❡rt✐❡s s✐♠✐❧❛r t♦ t❤❡ ♦♥❡ ♦❜s❡r✈❡❞ ✐♥ t❤✉♥❞❡r✳ ◆❛♠❡❧②✱ ✇❡ t❛❦❡✿

ne = 1024m−3, Te = 30000K.

❆s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✱ t❤❡ ❡❧❡❝tr♦♥✐❝ ✈❡❧♦❝✐t② ✐s ❞❡❞✉❝❡❞ ❢r♦♠ t❤❡ ♦t❤❡r q✉❛♥t✐t✐❡s✳
❚❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ♣❧❛s♠❛ ✐s ❛ss✉♠❡❞ ❝②❧✐♥❞r✐❝❛❧✱ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ♣❧❛s♠❛ ❞❡♥s✐t✐❡s

❛r❡ ❣✐✈❡♥ ❛s ❛♥ ❛♥❛❧②t✐❝ ❢✉♥❝t✐♦♥ ✇✐t❤ ❛ s♠♦♦t❤ tr❛♥s✐t✐♦♥ t♦ t❤❡ ♥❛t✉r❛❧ ❡❧❡❝tr♦♥✐❝ ❞❡♥s✐t②
♦❢ ❛✐r ❛ss✉♠❡❞ t♦ ❜❡ 1010m−3✳ ❚❤❡ ❛♣♣r♦①✐♠❛t❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❞✐✛✉s❡ ♣❧❛s♠❛ ❝♦❧✉♠♥ ✐s
25cm ❢♦r ❛ r❛❞✐✉s ✉♥❞❡r 200µm. ❚❤❡ ♣❧❛s♠❛ ❞♦♠❛✐♥ ❝♦✈❡rs t❤❡ r❛♥❣❡ r ≤ 600µm.
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✺✳ ❚❤❡ ♦❜s❡r✈❡❞ ❡✛❡❝ts✳

❚❛❜❧❡ ✶
❙♦♠❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡✳

Fluid heating by plasma ✭s✮ 10−7

Density remains unchanged ✭s✮ 10−6

Pressure equilibrates ✭s✮ 10−5

Formation of low density channel ✭s✮ 10−5

Expansion of the bow shock ✭s✮ 10−2

Positive effects on the fluid ✭s✮ 10−1

❚❤❡s❡ ♥✉♠❜❡rs ✐❧❧✉str❛t❡ t❤❛t t❤❡ ❝♦♥s✐❞❡r❡❞ ♣❤❡♥♦♠❡♥❛ ♦❝❝✉r ♦♥ ❞✐s♣❛r❛t❡ t✐♠❡ s❝❛❧❡s✳

✺✳✶✳ ❚❤❡ ✐♥✐t✐❛❧ ✢✉✐❞ st❛t❡
❲❡ ❝♦♠♣✉t❡ ❛ st❛❜❧❡ st❛t❡ ❢♦r ❛ tr✉♥❝❛t❡❞ q✉❛s✐✲r❡❛❧✐s❛t✐❝ ♣r♦✜❧❡ ♣✉t ✉♥❞❡r ❛♥ ✐♥❝♦♠✐♥❣

✢✉✐❞ ❛t ▼❛❝❤ 3. ❚❤❡ ♣❧❛♥❡ ♣r♦✜❧❡ ✐s ❝♦♥str✉❝t❡❞ ❛♥❛❧②t✐❝❛❧❧②✱ ✇❤✐❝❤ ♣r♦✈❡s t♦ ❜❡ ✉s❡❢✉❧
❞✉r✐♥❣ ♠❡s❤ ❣❡♥❡r❛t✐♦♥✳ ❚❤❡ ✢✉✐❞ ✐s ❝♦♥s✐❞❡r❡❞ ❛s ❛♥ ✐❞❡❛❧ ❣❛s ✇✐t❤ ❛ s♣❡❝✐✜❝ ❤❡❛t r❛t✐♦
γ = 1.4✳ ❋♦r t❤❡ ♣r❡s❡♥t❡❞ r❡s✉❧ts✱ t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ✐♥❝♦♠✐♥❣ ✢♦✇ ✐s t❛❦❡♥ ❛s 260K
✇❤✐❧❡ ✐ts ❞❡♥s✐t② ✐s 2.1025m−3. ❚❤❡ ❝♦♠♣✉t❡❞ st❛❜❧❡ st❛t❡ ✐s t❤❡ ✢✉✐❞ st❛t❡ ♣r✐♦r t♦ t❤❡
✐♥st❛♥t❛♥❡♦✉s ♣❧❛s♠❛ ❛♣♣❡❛r❛♥❝❡✳

✺✳✷✳ ❚❤❡ ♣❧❛s♠❛✴✢✉✐❞ ❜❡❤❛✈✐♦r ❞✉r✐♥❣ t❤❡ ✜rst ♠♦♠❡♥ts
❲❡ ❞❡s❝r✐❜❡ ❤❡r❡ t❤❡ ♣❤❡♥♦♠❡♥❛ ♦❜s❡r✈❡❞ ✐♥ t❤❡ t✐♠❡ ✇✐♥❞♦✇ 0 < t < 3µs. ❚❤❡ ❞❡♥s✐t②

♦❢ t❤❡ ✢✉✐❞ ❞♦❡s ♥♦t ❝❤❛♥❣❡ s✐❣♥✐✜❝❛♥t❧② ❞✉r✐♥❣ t❤✐s ♣❡r✐♦❞✳ ❚❤❡ ♣❧❛s♠❛ r❡❝♦♠❜✐♥❡s ✈❡r②
❢❛st ✉♥t✐❧ ✐t r❡❛❝❤❡s ❛ st❛t❡ ✇❤❡r❡ ✐t ✐s ♥♦t ❞❡♥s❡ ❛♥❞ ❤♦t ❡♥♦✉❣❤ t♦ ♣r♦❞✉❝❡ ❛♥② s✐❣♥✐✜❝❛♥t
❡✛❡❝t ♦♥ t❤❡ ✢✉✐❞ ❛♥②♠♦r❡✳ ❉✉r✐♥❣ t❤❡ ✜rst ♠✐❝r♦s❡❝♦♥❞ t❤❡ ✢✉✐❞ r❡♠❛✐♥s ❛❧♠♦st st❡❛❞②✳
❚❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♣❧❛s♠❛ ❞❡♣❡♥❞s ♦♥ t❤❡ ✢✉✐❞ ♣r♦♣❡rt✐❡s✳ ❲❡ ❤❛✈❡ ❛ ❧♦❝❛❧✐③❡❞ str♦♥❣
❤❡t❡r♦❣❡♥❡✐t② ♦❢ t❤❡ ✢✉✐❞ ❝❤❛r❛❝t❡r✐st✐❝s ❞✉❡ t♦ t❤❡ ❜♦✇ s❤♦❝❦✳ ❖♥ ♦♥❡ ❤❛♥❞✱ ✐♥ t❤❡ ③♦♥❡
♦❢ ❤✐❣❤ ❞❡♥s✐t② ❛♥❞ ♣r❡ss✉r❡ ❜❡❤✐♥❞ t❤❡ ❝❡♥tr❛❧ ♣❛rt ♦❢ t❤❡ s❤♦❝❦✱ t❤❡ ♣❧❛s♠❛ ❞❡❝❛② ✐s
❢❛st❡r✱ ✇❤✐❧❡ ✐t ✐s s❧♦✇❡r ❛❤❡❛❞ ♦❢ ✐t✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛s t❤❡ ❞❡♥s✐t② ♦❢ t❤❡ ✢✉✐❞ ✐s ❤✐❣❤❡r
❜❡❤✐♥❞ t❤❡ s❤♦❝❦✱ ❢♦r ❛ s❛♠❡ ♣❧❛s♠❛ st❛t❡✱ t❤❡ ❡♥❡r❣② tr❛♥s♠✐tt❡❞ t♦ t❤❡ ✢✉✐❞ ✐s ❤✐❣❤❡r✳
■♥❞❡❡❞✱ ✇❤✐❧❡ t❤❡ ❡♥❡r❣② ❞❡♣♦s✐t✐♦♥ ❜② ❡❧❛st✐❝ ❝♦❧❧✐s✐♦♥s ✐s ✇❡❛❦❡r✱ s✐♥❝❡ ♣r♦♣♦rt✐♦♥❛❧ t♦
Te−T, t❤❡ ❣❧♦❜❛❧ ✐♥❝r❡❛s❡ ✐♥ ❡♥❡r❣② ✐s ❞✉❡ t♦ t❤❡ t❤r❡❡ ❜♦❞② r❡❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ ❛ ♥❡✉tr❛❧✳
❆s ❛ r❡s✉❧t ♦❢ t❤❡s❡ t✇♦ ❝♦♥✢✐❝t✐♥❣ ❡✛❡❝ts✱ ✇❡ ♦❜s❡r✈❡ ✐♥ ❋✐❣✉r❡ ✶ t❤❡ ✈❛r✐❛t✐♦♥s ♦❢ ✢✉✐❞
♣r❡ss✉r❡ ❛♥❞ t❡♠♣❡r❛t✉r❡ ♥❡❛r t❤❡ s❤♦❝❦ ❛❢t❡r 3µs✳
■♥ ❛❧❧ ♦✉r ❣r❛♣❤✐❝❛❧ r❡♣r❡s❡♥t❛t✐♦♥s✱ ✇❡ ♣r❡s❡♥t✱ ❡①❝❡♣t ❢♦r t❤❡ ♣r❡ss✉r❡ P ❡①♣r❡ss❡❞ ✐♥

❜❛r✱ t❤❡ ♦t❤❡r st❛t❡ q✉❛♥t✐t✐❡s ✇✐❧❧ ❜❡ ❡①♣r❡ss❡❞ ✐♥ ❙■ ✉♥✐ts✳



■♥t❡r❛❝t✐♦♥s ♦❢ ❛ ♣❧❛s♠❛ ❛♥❞ ❛♥ ✐♥❝♦♠✐♥❣ ✢♦✇ ❛t ▼❛❝❤ 3 ✼

❚❡♠♣❡r❛t✉r❡ ♣r♦✜❧❡ Pr❡ss✉r❡ ♣r♦✜❧❡

❋✐❣✉r❡ ✶✳ Pr♦✜❧❡ ♦❢ t❤❡ s❤♦❝❦ ❛❢t❡r ♣❧❛s♠❛ ❤❡❛t✐♥❣ ❛t t✐♠❡ 3µs.
❲❡ s❡❡ t❤❛t t❤❡ ✢♦✇ ❝♦♥❞✐t✐♦♥s ✐♥s✐❞❡ t❤❡ ❜♦✇ s❤♦❝❦ ✐♠♣❡❞❡s
t❤❡ ✢✉✐❞ ❤❡❛t✐♥❣ ✐♥ t❤✐s ❛r❡❛✳

❈♦♥tr❛r② t♦ ✇❤❛t ❤❛♣♣❡♥❡❞ ✐♥ t❤❡ ✐♥✐t✐❛❧ st❛t❡✱ ✐♥ t❤❡ ✈❡r② t❤✐♥ ❝❤❛♥♥❡❧ ❤❡❛t❡❞ ❜②
t❤❡ ♣❧❛s♠❛ t❤❡ t❡♠♣❡r❛t✉r❡ ❜❡❝♦♠❡s ❤✐❣❤❡r ❛❤❡❛❞ ♦❢ t❤❡ s❤♦❝❦ t❤❛♥ ❜❡❤✐♥❞ ✐t✳ ▲❡t ✉s
r❡♠❛r❦ t❤❛t ♦♥❡ ♠✐❝r♦s❡❝♦♥❞ ❛❢t❡r t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ t❤❡ ♣❧❛s♠❛✱ ❛s t❤❡ ❞❡♥s✐t② r❡♠❛✐♥s
✉♥❝❤❛♥❣❡❞ ✐♥ t❤❡ ❤❡❛t❡❞ r❡❣✐♦♥✱ t❤❡ ♣r❡ss✉r❡ s❤♦❝❦ ♣r♦✜❧❡ ✐s ❝❤❛♥❣❡❞✱ ❛s ❛ ✧s♣✐❦❡✧ ✐s
❛❞❞❡❞ t♦ ✐t✳ ▲❡t ✉s ❛❧s♦ ♥♦t❡ t❤❛t t❤❡ ♦❜s❡r✈❡❞ ❡✛❡❝ts ♦❢ ♠♦♠❡♥t✉♠ tr❛♥s❢❡r ❜❡t✇❡❡♥ t❤❡
✢✉✐❞ ❛♥❞ t❤❡ ♣❧❛s♠❛ ❛r❡ ♥♦t ✈❡r② str♦♥❣✳ ❚❤❡ r❛❞✐✉s ♦❢ t❤❡ ♦❜t❛✐♥❡❞ ❤❡❛t❡❞ ❝❤❛♥♥❡❧ ✐s
❧❡ss t❤❛♥ ❤❛❧❢ ❛ ♠✐❧❧✐♠❡t❡r✳ ❉✉❡ t♦ t❤❡ s❤♦rt ❧✐❢❡ t✐♠❡ ♦❢ t❤❡ ✐♥tr♦❞✉❝❡❞ ♣❧❛s♠❛✱ ♠♦st ♦❢
t❤❡ ❣❛s t❡♠♣❡r❛t✉r❡ ✐♥❝r❡❛s❡ ♦❝❝✉rs ❞✉r✐♥❣ t❤❡ ✜rst t✇❡♥t② ♥❛♥♦s❡❝♦♥❞s✳

✺✳✸✳ ❚❤❡ r❡s✉❧t✐♥❣ ❛❡r♦❞②♥❛♠✐❝ ❡✛❡❝ts
❚❤❡ r❡s✉❧t✐♥❣ ❛❡r♦❞②♥❛♠✐❝ ❡✛❡❝ts ♦❢ t❤❡ ❣❛s ❤❡❛t✐♥❣ ♦❝❝✉r ♦♥ ❛ ❢❛r ❧❛r❣❡r t✐♠❡ s❝❛❧❡✳

❆❢t❡r t❤❡ ❣❛s ❤❡❛t✐♥❣✱ t❤❡ ♦✈❡r♣r❡ss✉r❡ ✐♥ t❤❡ ❤❡❛t❡❞ ❝❡♥tr❛❧ ❝❤❛♥♥❡❧ ❞✐s❛♣♣❡❛rs ✐♥ ❧❡ss
t❤❛♥ t❤✐rt② ♠✐❝r♦s❡❝♦♥❞s✳ ❚❤✐s ✐s ❛❝❝♦♠♣❛♥✐❡❞ ❜② t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❛ ❧♦✇ ❞❡♥s✐t② ❝❤❛♥♥❡❧
❡①♣❛♥❞✐♥❣ r❛❞✐❛❧❧② ♦✈❡r t✐♠❡✳
❚❤❡ r❛❞✐✉s ♦❢ t❤❡ ♦❜t❛✐♥❡❞ ❧♦✇ ❞❡♥s✐t② ❝❤❛♥♥❡❧ ✐s ❢❛r ❢r♦♠ ❜❡✐♥❣ ❧❛r❣❡ ❡♥♦✉❣❤ t♦ ♦❜s❡r✈❡

❛♥② r❡❛❧ ✐♠♣r♦✈❡♠❡♥t ♦❢ t❤❡ ✢✐❣❤t ❝♦♥❞✐t✐♦♥s ❞✉❡ t♦ ✐ts ❡①✐st❡♥❝❡✳ ❍♦✇❡✈❡r✱ t❤❡ ❡①✐st❡♥❝❡
♦❢ t❤✐s ❝❤❛♥♥❡❧ ❧❡❛❞s✱ ❜② ❝♦♥s❡r✈❛t✐♦♥ ♦❢ ♠♦♠❡♥t✉♠✱ t♦ ❛ ❤✐❣❤ ✈❡❧♦❝✐t② ✢✉✐❞ ✐♥❝♦♠❡✳
❚❤✐s t❤✐♥ ❝♦❧✉♠♥ ♦❢ ✢✉✐❞ ❛✛❡❝ts t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ✈❡❧♦❝✐t② s❤♦❝❦ ❜② ❧♦❝❛❧❧② ♣✉s❤✐♥❣

✐t ✐♥s✐❞❡✳ ❚❤❡ r❡✢❡❝t❡❞ ✇❛✈❡ ♠❛❦❡s t❤❡ ✢✉✐❞ ✢♦✇ ❜❛❝❦✳ ❚❤❡ ✐♥t❡r❡st✐♥❣ ❡✛❡❝ts ✇❡ ♦❜t❛✐♥
❛r❡ ❛ r❡s✉❧t ♦❢ t❤✐s ♣❤❡♥♦♠❡♥♦♥✳ ❚❤❡ ❧♦❝❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ❝❡♥tr❛❧ ♣❛rt ♦❢ t❤❡ s❤♦❝❦ ❢r♦♥t ✐s
♣✉s❤❡❞ ❛❤❡❛❞✳ ❚❤❡ ❝❤❛♥❣❡s ♦❝❝✉r s♣❛t✐❛❧❧② ♦♥ ❛ s❝❛❧❡ ♦❢ t❤❡ s❛♠❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ❛s
t❤❡ ♦♥❡ ♦❢ ♦✉r tr✉♥❝❛t❡❞ ♣r♦✜❧❡✱ ✇❤✐❝❤ ❤❛s ❛ r❛❞✐✉s ❡q✉❛❧ t♦ t✇♦ ❝❡♥t✐♠❡t❡rs✳ ❚❤❡ ❢r♦♥t
✐s ❧♦❝❛❧✐③❡❞ ❛t t❤❡ ❢r♦♥t✐❡r ❜❡t✇❡❡♥ t❤❡ t✇♦ ✢✉✐❞s ✢♦✇✐♥❣ ✇✐t❤ ♦♣♣♦s✐t❡ r❛❞✐❛❧ ❞✐r❡❝t✐♦♥s✳



✽ ❇✳ ❋♦r♥❡t ✱ ●✳ ❉✉❢♦✉r ❛♥❞ ❋✳ ❘♦❣✐❡r

❚❤✐s ♥❡✇ s❤♦❝❦ ❢r♦♥t tr❛✈❡❧s ❛❤❡❛❞ ♦❢ t❤❡ ♣❧❛♥❡ ♥♦s❡ ❜❡❢♦r❡ ❜❡✐♥❣ ♣✉s❤❡❞ ❜❛❝❦ ✐♥t♦
✐♥✐t✐❛❧ ♣♦s✐t✐♦♥✳ ▲❡t ✉s r❡♠❛r❦ t❤❛t ❤❡❛t✐♥❣ ❧♦❝❛❧❧② ♦❝❝✉rs ♦♥ t❤❡ ❛①✐s ❛s t❤❡ t✇♦ ✢✉✐❞s
✇✐t❤ ♦♣♣♦s✐t❡ ✢♦✇✐♥❣ ❞✐r❡❝t✐♦♥ ♠❡❡t✳
❆s s❤♦✇♥ ❜② ❋✐❣✉r❡ ✷✱ ♣♦s✐t✐✈❡ ❡✛❡❝ts ❜❡❣✐♥ t♦ ❛♣♣❡❛r ♦♥ t❤❡ ✢✐❣❤t ❝♦♥❞✐t✐♦♥s ❛❜♦✉t

15 ms ❛❢t❡r t❤❡ ♣❧❛s♠❛ ✇❛s ✐♥tr♦❞✉❝❡❞✳ ❚❤❡ ❡✛❡❝ts ❝❡❛s❡ t♦ ❜❡ s✐❣♥✐✜❝❛♥t ♦✈❡r 200 ms
❛❢t❡r t❤❡ ♣❧❛s♠❛ ✐♥tr♦❞✉❝t✐♦♥✳
❲❡ ♦❜t❛✐♥ ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❧✐❢t t♦ ❞r❛❣ r❛t✐♦ ✉♣ t♦ ❛❜♦✉t 27%. ❚❤❡s❡ ❡✛❡❝ts ✇❡r❡

♣r♦❞✉❝❡❞ ❜② ❛♥ ❡♥❡r❣② ❞❡♣♦s✐t❡❞ ✐♥t♦ t❤❡ t❤❡ ✢✉✐❞ ♦❢ ❛❜♦✉t 10 mJ. ❆s ✷✲❉ ❛①✐s②♠♠❡tr✐❝
❝♦♠♣✉t❛t✐♦♥s ✇❡r❡ ❝♦♥❞✉❝t❡❞✱ t❤❡ ❧♦✇❡r ♣❛rts ✐♥ ❋✐❣✉r❡ ✸ ✇❡r❡ r❡❝♦♥str✉❝t❡❞ ❜② s②♠♠❡✲
tr②✳ ❲❡ ❝❤♦♦s❡ t♦ s❤♦✇ t❤❡ ✢✉✐❞ st❛t❡ ❛t 50 ms, s✐♥❝❡ t❤❡ ❧✐❢t t♦ ❞r❛❣ r❛t✐♦ ✐s r❡❛❝❤✐♥❣ ❛
♠❛①✐♠✉♠ ❛r♦✉♥❞ t❤✐s t✐♠❡✳

❋✐❣✉r❡ ✷✳ ❱❛r✐❛t✐♦♥ ♦❢ t❤❡ ❧✐❢t t♦ ❞r❛❣ r❛t✐♦ ♦✈❡r t✐♠❡✳



■♥t❡r❛❝t✐♦♥s ♦❢ ❛ ♣❧❛s♠❛ ❛♥❞ ❛♥ ✐♥❝♦♠✐♥❣ ✢♦✇ ❛t ▼❛❝❤ 3 ✾

❋❧✉✐❞ ❞❡♥s✐t②✭m−3✮ ❛t t = 0 ❋❧✉✐❞ ❞❡♥s✐t②✭m−3✮ ❛t t = 50 ms

▼❛❝❤ ♥✉♠❜❡r ❛t t = 0 ▼❛❝❤ ♥✉♠❜❡r ❛t t = 50 ms

❚❡♠♣❡r❛t✉r❡✭K✮ ❛t t = 0 ❚❡♠♣❡r❛t✉r❡✭K✮ ❛t t = 50 ms

❋✐❣✉r❡ ✸✳ ❲❡ s❡❡ ❜♦t❤ t❤❡ ❞❡❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❜♦✇ s❤♦❝❦ ❛♥❞ t❤❡ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ▼❛❝❤
♥✉♠❜❡r ❛r♦✉♥❞ t❤❡ ♥♦s❡ ♦❢ t❤❡ ❛✐r❝r❛❢t✳ ❲❡ r❡♠❛r❦ ♣♦s✐t✐✈❡ ❛①✐❛❧ ✈❡❧♦❝✐t✐❡s ❛s ✇❡❧❧ ❛s
❤❡❛t✐♥❣ ❧♦❝❛❧✐③❡❞ ♦♥ t❤❡ ♠❡❡t✐♥❣ ③♦♥❡ ♦❢ t✇♦ ✢✉✐❞ ✢♦✇ ♦❢ ♦♣♣♦s✐t❡ ❞✐r❡❝t✐♦♥s✳



✶✵ ❇✳ ❋♦r♥❡t ✱ ●✳ ❉✉❢♦✉r ❛♥❞ ❋✳ ❘♦❣✐❡r

✻✳ ❈♦♥❝❧✉s✐♦♥ ❛♥❞ ♣❡rs♣❡❝t✐✈❡s

❉✉❡ t♦ ♦✉r s✐♠✉❧❛t✐♦♥s✱ ✇❡ ♦❜s❡r✈❡ t❤❛t ❛❧t❤♦✉❣❤ t❤❡ ❝r❡❛t❡❞ ♥♦♥✲❡q✉✐❧✐❜r✐✉♠ ♣❧❛s♠❛
❝♦❧✉♠♥ ✐s ✈❡r② t❤✐♥ ❛♥❞ s❤♦rt✲❧✐✈❡❞✱ ✐t ❝❛♥ ❤❛✈❡ ❧❛st ❧♦♥❣✐♥❣ ♣♦s✐t✐✈❡ ❡✛❡❝ts ♦✈❡r t❤❡ ✢✉✐❞✳
■♥ ♦r❞❡r t♦ ✐♠♣r♦✈❡ t❤❡ q✉❛♥t✐t❛t✐✈✐t② ♦❢ ♦✉r r❡s✉❧ts✱ ✇❡ ❤❛✈❡ t♦ ❝♦♥t✐♥✉❡ t♦ ✐♥✈❡st✐❣❛t❡
t❤❡ ❞♦♠✐♥❛♥t ♣❤②s✐❝❛❧ ❡✛❡❝ts ❣♦✈❡r♥✐♥❣ t❤❡ ❡♥❡r❣❡t✐❝ tr❛♥s❢❡r ❜❡t✇❡❡♥ ✢✉✐❞ ❛♥❞ ♣❧❛s♠❛✳
■♥ ♣❛r❛❧❧❡❧✱ ♠♦❞❡❧❧✐♥❣ ❛♥❞ s✐♠✉❧❛t✐♥❣ t❤❡ ♠❡❝❤❛♥✐s♠s ❤✐❞❞❡♥❡❞ ❢♦r ♥♦✇ ✐♥ ♦✉r ✐♥✐t✐❛❧
st❛t❡ ✇♦✉❧❞ ❜❡ ✈❡r② ✐♥t❡r❡st✐♥❣ ❛s ✐t ✇♦✉❧❞ ❛❧❧♦✇ ❛ ❣♦♦❞ ❡st✐♠❛t✐♦♥ ♦❢ ❡♥❡r❣② ❡✛❡❝✐❡♥❝②✳
❚❤✐s ❡①t❡♥s✐♦♥ ✐s ♥♦t s♦ str❛✐❣t❤❢♦r✇❛r❞ ❛s ✐t ✇♦✉❧❞ ♥❡❡❞ t♦ ❛♥❛❧②③❡ t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢
❡❧❡❝tr♦♠❛❣♥❡t✐s♠ ❛♥❞ ♦♣t✐❝s ✇✐t❤ t❤❡ ♣❤②s✐❝s ♣r❡s❡♥t❧② t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✳ ❋✐♥❛❧❧②✱ ❛s
t❤❡ ❞❡✈✐❝❡ ❤❛s t♦ ❜❡ ✉s❡❞ ✐♥ ❛ ♣✉❧s❡❞ ❢❛s❤✐♦♥✱ ✇❡ ❝❛♥ ✉s❡ t❤❡ ♣r♦♣♦s❡❞ ♠♦❞❡❧✱ ✇✐t❤ ❢✉rt❤❡r
❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♣❤②s✐❝s ✐❢ ♥❡❝❡ss❛r②✱ ✐♥ ♦r❞❡r t♦ t❡st t❤r♦✉❣❤ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❤♦✇
t❤❡ ❞❡✈✐❝❡ s❤♦✉❧❞ ❜❡ ♦♣❡r❛t❡❞✳

❘❊❋❊❘❊◆❈❊❙

✶✳ ❋✳ ❇♦✉❧❛♥❣❡r✱ ♣❤❞ ❖rs❛② ✉♥✐✈❡rs✐t② ✭❋r❛♥❝❡✮ ✭✶✾✽✾✮✳
✷✳ ❆✳ ❱✳ ●✉r❡✈✐❝❤✱ ▲✳ P✳ P✐t❛❡♥s❦✐✐✱ ❙♦✈✳ P❤②s✳ ❏❊❚P ✶✾ ✭✶✾✻✹✮ ✽✼✵✳
✸✳ ❊✳ ❍✐♥♥♦✈✱ ❏✳ ●✳ ❍✐rs❝❤❜❡r❣✱ P❤②s✳ ❘❡✈✳ ✶✷✺ ✭✶✾✻✷✮✳
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✺✳ ■✳ ❑♦ss②✐✱ ❆✳ ❨✳ ❑♦t✐♥s❦②✱ ❆✳ ❆✳ ▼❛t✈❡②❡✈✱ ❱✳ P✳ ❙✐❧❛❦♦✈✱ P❧❛s♠❛ ❙♦✉r❝❡ ❙❝✐✳ ❚❡❝❤✳ ✶

✭✶✾✾✷✮ ✷✵✼✳
✻✳ ❑✳ ❑r❡♠❡②❡r✱ ❑✳ ❙❡❜❛st✐❛♥✱ ❈✳✲❲✳ ❙❤✉✱ ❆■❆❆ ❏✳ ✹✹ ◆♦✳ ✽ ✭✷✵✵✻✮ ✶✼✷✵✳
✼✳ ■✳ ●✳ ●✐r❣✐s✱ ▼✳ ◆✳ ❙❝❤♥❡✐❞❡r✱ ❙✳ ❖✳ ▼❛❝❤❡r❡t✱ ●✳ ▲✳ ❇r♦✇♥✱ ❘✳ ❇✳ ▼✐❧❡s✱ ❏✳ ❙♣❛❝❡❝r❛❢t

❘♦❝❦❡ts ✹✸ ◆♦✳ ✸ ✭✷✵✵✻✮ ✻✵✼✳
✽✳ ▼✳ ▼♦✐s❛♥✱ ❏✳ P❡❧❧❡t✐❡r✱ ❇♦♦❦ ❈✳●✳❙✳ ✭✷✵✵✻✮ ✹✷✾♣✳
✾✳ ❱✳ ▼✳ ❋♦♠✐♥✱ P✳ ❑✳ ❚r❡t②❛❦♦✈✱ ❏✳✲P✳ ❚❛r❛♥✱ ❆❡r♦s♣❛❝❡ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣② ◆♦✳ ✽

✭✷✵✵✹✮ ✹✶✶✳

✼✳ ❆♣♣❡♥❞✐①

❚❤❡ ✐♦♥✐③❛t✐♦♥ r❛t❡ ✭❬✸❪✮ ✐s ❣✐✈❡♥ ❜②✿

νi = 1.51 × 1011

√

Te

11.6 × 103

(

1 + 2
Te

11.6 × 103Wi

)

n − ne

NL

exp

(

−11.6 × 103Wi

Te

)

,

❋♦r t❤❡ t❤r❡❡ ❜♦❞② r❡❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ ❛ ♥❡✉tr❛❧ ♣❛rt✐❝❧❡ ❛s t❤❡ t❤✐r❞ ❜♦❞② ✭❬✺❪✮ ✇❡
t❛❦❡✿

νrc,n = 6 × 10−39

(

300

Te

)1.5

nen,

❛♥❞ ❢♦r t❤❡ t❤r❡❡ ❜♦❞② r❡❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ ❛♥ ❡❧❡❝tr♦♥ ❛s t❤❡ t❤✐r❞ ❜♦❞② ✭❬✷❪✮✱ ✇❡ ❤❛✈❡✿

νrc,e = 1.71 × 10−20T−4.5
e × ln

(

1.24 × 107

√

T 3
e

ne

)

n2
e.


