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Àííîòàöèÿ
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Ñîãëàøåíèå îá îáîçíà÷åíèÿõ

Text typed in English is mainly borrowed from review paper
“Multiple Mirror Plasma Confinement” by A.J.Lichtenberg,
V.V.Mirnov, Preprint 91-116, Budker Institute of Nuclear
Physics, Novosibirsk, 1991; Reviews of Plasma Physics, v.19,
p.53, 1996, ed. B.B.Kadomtsev (Consultant Bureau/Plenum
Press, New York).

Òåêñò íà ðóññêîì ÿçûêå, à òàêæå òåêñò è ôîðìóëû,

âûäåëåííûå ñèíèì öâåòîì, ñîäåðæàò íîâóþ èíôîðìàöèþ.

Êðàñíûì öâåòîì âûäåëåíû ñîìíèòåëüíûå èëè îøèáî÷íûå

ñâåäåíèÿ è ôîðìóëû.

×èñëåííûå ìíîæèòåëè íà çåë¼íîì ôîíå â ôîðìóëàõ

ïîëó÷åíû â ðàìêàõ áîëåå òî÷íîé òåîðèè, íåæåëè

èçëàãàåìàÿ â äàííîì äîêëàäå.
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Multiple Mirror Geometry

L

l

A dramatic improvement in longitudinal confinement can be
obtained with a corrugated magnetic field. The longitudinal
confinement problem is reduced to specifying initial density and
temperature distribution along a magnetic field line and then
describing the space and time plasma parameters evolution.
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General Classi�cations

To explore the complete parameter range, requires investigation of
the various limiting case:

λ
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1.

The intermediate values are approached by extrapolation of the
limiting cases.

Regime of Small scale (Ss) corrugation: l � λ.

Regime of Large scale (Ls) corrugation: l � λ.

Regime of Weak Corrugation (WC): k − 1 � 1.

Regime of Strong Corrugation: (SC) k � 1.

These four possibilities are not of equal importance.
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Characterization of Con�nement Regimes

The axial confinement in the device can be characterized by the
local flow velocity u(z) or by the the local diffusion coefficient
D(z).
For the purposes of the qualitative examination it is sufficient to
express the local properties in terms of

u = −D

n

∂n

∂z
≈ D

L
.

When presenting estimates by the order of magnitude, the
z-variation of the quantities will be omitted.



Limits of existing theory

Èìåþòñÿ äîïîëíèòåëüíûå ðåæèìû.

Íåêîòîðûå èç íèõ íå áûëè ðàíåå èçó÷åíû òåîðåòè÷åñêè.
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Small-Scale Mild Corrugation

XSs Ss3 Ss2 Ss1 Ms Ls XLs Corner-stone case: l � λ� L, k − 1 ∼ 1

vþ

v
¦

k=2
55 cells

Λ�l=10

In the regime λ � l it is reasonable
to separate particles in each mirror cell
into particles trapped between mirrors
and transiting ones. Since the trapped
particles complete many bounces be-
tween mirrors during the time between
two successive collisions they make only
a small contribution to the transport,
i. e. the plasma flow along the axis z
is mostly carried out by the transiting
particles.



Small-Scale Mild Corrugation
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Consequently the friction occurs be-
tween the transiting particles and the
trapped particles and the latter trans-
mit the momentum received to the mag-
netic field. Therefore one can say that
the plasma undergoes friction with the
magnetic field.



Small-Scale Mild Corrugation
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In the case k − 1 ∼ 1 the friction force
on a particle can be estimated as

Ffr = miu
′νii ,

where mi is the mass of an ion, νii is the
ion-ion collision frequency (this deter-
mines the time needed for transiting par-
ticles to scatter through an angle of the
order of unity and to become trapped,
i. e. lose its momentum), and u′ is the
directed velocity of transiting particles,
which at k − 1 ∼ 1 coincides in order
of magnitude with the macroscopic flow
velocity u of the plasma, u′ ∼ u.



Small-Scale Mild Corrugation
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Equating nFfr, which is the friction force
acting on unity plasma volume, with
plasma pressure gradient

∂zp ∼ nT/L,

one finds the expansion rate:

u ∼ vTi (λ/L),

where λ = vTi/νii is the mean free
path.
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Weak corrugation geometry

L

l

Schematics of the multiple mirror trap.
Number or individual mirror cells is much greater than shown.

The introduction of even relatively small corrugation (k − 1 � 1)
causes a marked reduction of u and a corresponding increase in the
plasma expansion time τ = L/u compared with the case of a smooth
field.



Weak corrugation geometry

L

l

Schematics of the multiple mirror trap.
Number or individual mirror cells is much greater than shown.

In fact the very character of motion changes: inertial expansion
with a velocity u ∼ vTi becomes diffusion of the plasma from one
magnetic mirror cell to another and the pressure gradient is coun-
terbalanced by the friction of the plasma with the magnetic field.
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Small Scale Weak Corrugation #1

XSs Ss3 Ss2 Ss1 Ms Ls XLs l/(k − 1)3/2 � λ� L (k − 1)1/2

vþ

v
¦

k=1.2
52 cells

Λ�l=20

u=8.6 ´ 10-1

∆Θ=2.2 ´ 10-1

DΘ=1.4

A reduction of the expansion velocity
occurs even with very weak corrugation
k − 1 � 1. In this case those particles
are trapped for which a pitch-angle θ at
the minimum of magnetic field is close
enough to π/2,

ϑ = |π/2− θ| < ϑtr ≈ (k − 1)1/2,

so the time of transition from trapped
particles into transiting ones is

τtr ≈ ϑ2
tr/νii .
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The regime of small cell length, when
the transition time τtr exceeds the
bounce time of trapped particles in sin-
gle mirror trap

τb ≈ l/vTiϑtr,

exists when

l � λ(k − 1)3/2.
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The effect of a weak corrugation can be
found by introducing the frictional force
related to one particle that can be es-
timated from reasoning quite similar to
that described above for the situation
k − 1 ∼ 1.
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The only difference is that now the char-
acteristic time for the transiting particle
to lose its momentum increases corre-
spondingly to the decrease in probability
for it to find itself in narrow interval of
angles ϑtr.
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This time increases as ν−1
ii ϑ−1

tr since the
probability is evaluated as the ratio of
the spacial angle 2π×2ϑtr corresponding
to trapped particles to the entire spacial
angle 4π. Taking this into account one
can easily derive the following expression
for the friction force:

Ffr = miuνiiϑtr.



Small Scale Weak Corrugation #1
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Equating nFfr with the plasma pressure
gradient ∂zp ∼ nT/L, the expansion ve-
locity is estimated as:

u ∼ vTi
λ

L(k − 1)1/2
. (1.6)
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Note that u 6 vTi provided that

λ 6 (k − 1)1/2L.

It means that above formula for the
mass velocity is valid in the range

l/(k − 1)3/2 < λ < (k − 1)1/2L.

This range exists if

l < (k − 1)2L,

ò. å. åñëè k > 1.13 ïðè ïîëíîì ÷èñëå

ÿ÷ååê L/l = 55.
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Small Scale Weak Corrugation #2
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Ïðè λ ∼ L×(k−1)1/2, êîãäà ìàññîâàÿ

ñêîðîñòü u ïðèáëèæàåòñÿ ê ñêîðîñòè

çâóêà vTi , êîíóñ ïîòåðü çàïîëíåí. Äåé-

ñòâèòåëüíî, óãëîâîå óøèðåíèå ïó÷êà

÷àñòèö çà âðåìÿ ïðîë¼òà ÷åðåç âñþ

ëîâóøêó

τ‖ ≈ L/vTi ,

îöåíèâàåìîå êàê

θ‖ ≈
√

νiiτ‖ ∼
√

L/λ,

íà ãðàíèöå ðåæèìà ôîðìàëüíî ðàâíî

(k − 1)−1/4, ò. å. áîëüøå 90 ãðàäóñîâ.
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Ïðè ýòîì êîíóñ ïîòåðü ïîëíîñòüþ çà-

ïîëíåí ïðîë¼òíûìè ÷àñòèöàìè, ïðè-

÷¼ì äîëÿ çàïåðòûõ ÷àñòèö

ntr
n
≈ 2π × 2ϑtr

4π
∼
√

k − 1

ìàëà, ïîñêîëüêó ìàëà óãëîâàÿ øèðè-

íà çîíû çàõâàòà â ïðîñòðàíñòâå ñêî-

ðîñòåé:

ϑtr =
√

k − 1.
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Êîíóñ ïîòåðü îñòàåòñÿ çàïîëíåííûì

ïðè äàëüíåéøåì óâåëè÷åíèè äëèíû

ïðîë¼òà âïëîòü äî λ ∼ L. Âî âñ¼ì äèà-

ïàçîíå

L (k − 1)1/2 � λ � L

ñèëà òðåíèÿ ïðîë¼òíûõ ÷àñòèö î çà-

ïåðòûå íå ñóùåñòâåííà, òàê ÷òî ìàñ-

ñîâàÿ ñêîðîñòü ïëàçìû ïî ïîðÿäêó âå-

ëè÷èíû ðàâíà ñêîðîñòè çâóêà:

u ≈ vTi .
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Small Scale Weak Corrugation #3

XSs Ss3 Ss2 Ss1 Ms Ls XLs L� λ� L/ (k − 1)1/2

vþ

v
¦

k=1.2
52 cells

Λ�l=100

u=8. ´ 10-1

∆Θ=1. ´ 10-1

DΘ=8. ´ 10-1

Ïðè λ > L êîíóñ ïîòåðü ÷àñòè÷íî îïó-

ñòîøàåòñÿ, íà÷èíàÿ ñ îáëàñòè ìàëûõ

ïèò÷-óãëîâ. ×àñòü êîíóñà ïîòåðü, ïðè-

ëåãàþùàÿ ê ãðàíèöå çàõâà÷åííîé ÷à-

ñòè ôàçîâîãî ïðîñòðàíñòâà ïîäïèòû-

âàåòñÿ ÷àñòèöàìè, âûâàëèâàþùèìèñÿ

èç îáëàñòè çàõâàòà âñëåäñòâèå êóëî-

íîâñêèõ ñòîëêíîâåíèé.



Small Scale Weak Corrugation #3

XSs Ss3 Ss2 Ss1 Ms Ls XLs L� λ� L/ (k − 1)1/2

vþ

v
¦

k=1.2
52 cells

Λ�l=100

u=8. ´ 10-1

∆Θ=1. ´ 10-1

DΘ=8. ´ 10-1

Ïóñòü ϑ � 1 åñòü ãðàíèöà îáëàñòè, êî-
òîðàÿ îïóñòîøåíà, ïðè÷¼ì óãîë ϑ îò-

ñ÷èòûâàåòñÿ îò íàïðàâëåíèÿ, ïåðïåí-

äèêóëÿðíîãî ìàãíèòíîìó ïîëþ. Âðåìÿ

ïðîë¼òà ÷åðåç âñþ ëîâóøêó äëÿ ÷à-

ñòèö íà ýòîé ãðàíèöå ïðèìåðíî ðàâíî

τ‖ ≈
L

vTiϑ
.



Small Scale Weak Corrugation #3

XSs Ss3 Ss2 Ss1 Ms Ls XLs L� λ� L/ (k − 1)1/2

vþ

v
¦

k=1.2
52 cells

Λ�l=100

u=8. ´ 10-1

∆Θ=1. ´ 10-1

DΘ=8. ´ 10-1

Ãðàíèöó îáëàñòè ϑ íàéäåì èç óñëîâèÿ,

÷òî çà âðåìÿ ïðîë¼òà τ‖ ÷àñòèöû ðàñ-

ñåèâàþòñÿ êàê ðàç íà óãîë ïîðÿäêà ϑ,
ò. å.

ϑ ≈√
νiiτ‖.

Îòñþäà

ϑ ≈ 3

√
L

λ
.



Small Scale Weak Corrugation #3

XSs Ss3 Ss2 Ss1 Ms Ls XLs L� λ� L/ (k − 1)1/2

vþ

v
¦

k=1.2
52 cells

Λ�l=100

u=8. ´ 10-1

∆Θ=1. ´ 10-1

DΘ=8. ´ 10-1

Ïðè

ϑtr � ϑ

çàïåðòûõ ÷àñòèö âñ¼ åù¼ ìåíüøå, ÷åì

ïðîë¼òíûõ:

ntr
n
≈ ϑtr

ϑ
� 1.



Small Scale Weak Corrugation #3

XSs Ss3 Ss2 Ss1 Ms Ls XLs L� λ� L/ (k − 1)1/2

vþ

v
¦

k=1.2
52 cells

Λ�l=100

u=8. ´ 10-1

∆Θ=1. ´ 10-1

DΘ=8. ´ 10-1

×òîáû îöåíèòü ñèëó òðåíèÿ, íóæíî

èñõîäèòü èõ òåõ æå ïðåäñòàâëåíèé,

÷òî è â ðåæèìå l/ϑ3
tr < λ < Lϑtr, òàê

êàê âðåìÿ æèçíè çàïåðòûõ ÷àñòèö â

îòäåëüíîì ïðîáêîòðîíå

τtr ≈ ϑ2
tr/νii

ïî-ïðåæíåìó çíà÷èòåëüíî áîëüøå,

÷åì âðåìÿ îäíîãî áàóíñ-êîëåáàíèÿ

τb ≈ l/vTiϑtr.

(óñëîâèå l/ϑ3
tr � λ çàâåäîìî âûïîë-

íåíî).



Small Scale Weak Corrugation #3

XSs Ss3 Ss2 Ss1 Ms Ls XLs L� λ� L/ (k − 1)1/2

vþ

v
¦

k=1.2
52 cells

Λ�l=100

u=8. ´ 10-1

∆Θ=1. ´ 10-1

DΘ=8. ´ 10-1

Ïîýòîìó ïðîë¼òíûå ÷àñòèöû òåðÿþò

ñâîé ñðåäíèé íàïðàâëåííûé èìïóëüñ,

åñëè îíè çàõâàòûâàþòñÿ. Âðåìÿ äî çà-

õâàòà ðàñòåò êàê

τ ≈ 1

νii

ϑtr

ϑ
.

Ñëåäîâàòåëüíî, â ðàñ÷åòå íà îäíó ÷à-

ñòèöó äåéñòâóåò ñèëà òðåíèÿ

Ffr = miuνii
ϑtr

ϑ
.



Small Scale Weak Corrugation #3

XSs Ss3 Ss2 Ss1 Ms Ls XLs L� λ� L/ (k − 1)1/2

vþ

v
¦

k=1.2
52 cells

Λ�l=100

u=8. ´ 10-1

∆Θ=1. ´ 10-1

DΘ=8. ´ 10-1

Ïðèðàâíèâàÿ nFtr ê ∂zp ∼ nmiv
2
Ti/L,

íàõîäèì ïîòîêîâóþ ñêîðîñòü ïðîë¼ò-

íûõ ÷àñòèö (ò. å. âñåé ïëàçìû, òàê êàê

ïðîë¼òíûå ÷àñòèöû ñîñòàâëÿþò áîëü-

øèíñòâî):

u ≈ vTi
λ

L

ϑtr

ϑ
≈ vTi

(
λ

L

)2/3 1

ϑtr
.

Ýòà ñêîðîñòü òåì áîëåå áîëüøå òåïëî-

âîé (îíà áûëà áîëüøå òåïëîâîé óæå â

ïðåäûäóùåì ðåæèìå).



Small Scale Weak Corrugation #3

XSs Ss3 Ss2 Ss1 Ms Ls XLs L� λ� L/ (k − 1)1/2

vþ

v
¦

k=1.2
52 cells

Λ�l=100

u=8. ´ 10-1

∆Θ=1. ´ 10-1

DΘ=8. ´ 10-1

Ïîýòîìó ñèëà òðåíèÿ ïðîë¼òíûõ ÷à-

ñòèö î çàïåðòûå íå ñóùåñòâåííà, à

ìàññîâàÿ ñêîðîñòü ïëàçìû ïî ïîðÿäêó

âåëè÷èíû ðàâíà ïðîäîëüíîé ñêîðîñòè

÷àñòèö ñ ïèò÷-óãëàìè ïîðÿäêà ϑ:

u ≈ vTiϑ ≈ vTi

(
L

λ

)1/3

.

Ñîîòâåòñòâåííî âðåìÿ æèçíè íåìíîãî

ïîäðàñòàåò ïî ìåðå óìåíüøåíèÿ ïëîò-

íîñòè:

τ ≈ L

vTiϑ
≈ L

vTi

(
λ

L

)1/3

.
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Extra Small Scale Weak Corrugation

XSs Ss3 Ss2 Ss1 Ms Ls XLs λ� L/ (k − 1)3/2

vþ

v
¦

k=1.5
52 cells

Λ�l=1400

u=7.4 ´ 10-2

∆Θ=2.7 ´ 10-2

DΘ=3.3 ´ 10-1

Ïðè λ > L/(k−1)3/2 îïóñòîø¼ííàÿ çî-

íà â êîíóñå ïîòåðü äîñòèãàåò åãî ãðà-

íèöû, ò. å. ôîðìàëüíî

ϑ = (L/λ)1/3 6 ϑtr,

à ÷èñëî ïðîë¼òíûõ ÷àñòèö ñòàíîâèò-

ñÿ ìåíüøå ÷èñëà çàõâà÷åííûõ. Òåïåðü

ϑ èìååò ñìûñë óãëîâîé øèðèíû çîíû

âáëèçè ãðàíèöû êîíóñà ïîòåðü, â êî-

òîðîé èìåþòñÿ ïðîë¼òíûå ÷àñòèöû.



Extra Small Scale Weak Corrugation

XSs Ss3 Ss2 Ss1 Ms Ls XLs λ� L/ (k − 1)3/2

vþ

v
¦

k=1.5
52 cells

Λ�l=1400

u=7.4 ´ 10-2

∆Θ=2.7 ´ 10-2

DΘ=3.3 ´ 10-1

Ïðè îöåíêå âðåìåíè âûëåòà ïðîë¼ò-

íîé ÷àñòèöû èç ëîâóøêè òåïåðü íóæ-

íî ó÷èòûâàòü, ÷òî ÷àñòèöà î÷åíü ìåä-

ëåííî äâèæåòñÿ â íåêîòîðûõ ó÷àñòêàõ

ëîâóøêè, ïîñêîëüêó íàõîäèòñÿ âáëèçè

ñåïàðàòðèñû (åñëè ïðåíåáðå÷ü ýëåê-

òðè÷åñêèì àìáèïîëÿðíûì ïîëåì, òî

ýòî ðàéîí ìàãíèòíûõ ïðîáîê):

τ‖ ≈
L

vTiϑ
≈ L

vTi

(
λ

L

)1/3

.



Extra Small Scale Weak Corrugation

XSs Ss3 Ss2 Ss1 Ms Ls XLs λ� L/ (k − 1)3/2

vþ

v
¦

k=1.5
52 cells

Λ�l=1400

u=7.4 ´ 10-2

∆Θ=2.7 ´ 10-2

DΘ=3.3 ´ 10-1

Ýòî âðåìÿ ìåíüøå âðåìåíè ðàññåÿíèÿ

íà óãîë îáëàñòè çàõâàòà

τtr ≈
ϑ2
tr

νii
=

L

vTi

λϑ2
tr

L

òàê êàê (L/λ)1/3 = ϑ � ϑtr. Ïîýòî-

ìó èìåííî âðåìÿ æèçíè ÷àñòèöû â îò-

äåëüíîì ïðîáêîòîðîíå τtr îïðåäåëÿåò
âðåìÿ æèçíè ïëàçìû â ëîâóøêå â öå-

ëîì. Ôîðìàëüíî ââåä¼ì ñêîðîñòü èñ-

òå÷åíèÿ:

u ≈ L

τ‖
≈ vTi

L

λϑ2
tr

.
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Summary for Weak Corrugation

XLs Ls Ms Ss1 Ss2 Ss3 XSs

Λ 90, l
2

�����������
Jtr

4 L
= 9 l

2
�����������
Jtr

4 L
, l= 8l, l

��������
Jtr

3 < 8 l
��������
Jtr

3 , L Jtr< 8L Jtr, L< 8L, L
���������
Jtr

3 < 8 L
���������
Jtr

3 , ¥<

u

�������
vTi

1 3.3
�������

Π2
 

l
2

��������������
Jtr

4 Λ L
H 2

���
Π
L

3
����2

 
l

�����������
Jtr

4 L
1.1 

Λ
���������
Jtr L

1 H L
���
Λ
L1�3 L

�����������
Λ Jtr

2

Est

Exact

� H1.9L
H3.10L

H1.7L
H3.27L

H1.6L
H2.38L

� � �

Τ
L

�������
vTi

L
2
 Λ Hk-1L2

��������������������
l
2 vTi

L
2
 Hk-1L2

������������������
vTi

L
2
 Hk-1L1�2

��������������������
Λ vTi

L
�������vTi

L
2�3

 Λ
1�3

���������������vTi
Hk-1L
�����������

Νii

Note Free

expansion

$ if
L
���
l

>
1

��������
Jtr

4

Plateau $ if
L
���
l

>
1

��������
Jtr

4

Free

expansion

Partially

Empty LC

Empty

Loss Cone

×èñëîâûå êîýôôèöèåíòû íà çåë¼íîì ôîíå çàèìñòâîâàíû èç îáçîðà

Ìèðíîâà è Ëèõòåíáåðãà. Íîìåðà ñîîòâåòñòâóþùèõ ôîðìóë òàêæå äàíû íà

çåë¼íîì ôîíå. Â ðåæèìå Ls âìåñòî 3.3/π2 , âîçìîæíî, äîëæåí áûòü

êîýôôèöèåíò 2/π2.
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Strong corrugation geometry

k=5
n=5

L

l

lm

Plasma column in a multiple mirror trap with k = 3.
Number or individual mirror cells is much greater than shown.
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Small Scale Strong Corrugation

XSs Ss Ms Ls XLs lk � λ� Lk/ ln(k)

vþ

v
¦

k=5
55 cells

Λ�l=100

u=2.9 ´ 10-1

∆Θ=1. ´ 10-1

DΘ=8.2 ´ 10-1

A larger mirror ratio further limits the
expansion rate by reducing

(i) the number of transiting particles,
npass ∼ n/k, and

(ii) their effective free path
λeff = λ/k.



Small Scale Strong Corrugation

XSs Ss Ms Ls XLs lk � λ� Lk/ ln(k)

vþ

v
¦

k=5
55 cells

Λ�l=100

u=2.9 ´ 10-1

∆Θ=1. ´ 10-1

DΘ=8.2 ´ 10-1

The first effect results from the fact that
since the trapped particles, the number
of which is k times greater than of the
transit ones, on average are not in mo-
tion, the mass velocity u as a whole is
smaller than the velocity u′ by a factor
k:

u = u′/k.



Small Scale Strong Corrugation

XSs Ss Ms Ls XLs lk � λ� Lk/ ln(k)

vþ

v
¦

k=5
55 cells

Λ�l=100

u=2.9 ´ 10-1

∆Θ=1. ´ 10-1

DΘ=8.2 ´ 10-1

The second effect results from the fact
that, when k � 1, for capture in a cell
to occur it is sufficient for a transiting
particle to be scattered through a small
angle θK ≈ 1/

√
k. Therefore effective

collision frequency, that determine the
time of the momentum loss of the tran-
siting particles, become of the order of
νeff = νiik. For this reason “smallness”
of a magnetic mirror trap must be taken
to mean

l � λ/k.



Small Scale Strong Corrugation

XSs Ss Ms Ls XLs lk � λ� Lk/ ln(k)

vþ

v
¦

k=5
55 cells

Λ�l=100

u=2.9 ´ 10-1

∆Θ=1. ´ 10-1

DΘ=8.2 ´ 10-1

As a result of these two effects the
expansion velocity decreases with high
mirror ration by a factor k2:

u ≈ vTi
λ

Lk2
. (1.3)
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Medium Scale Strong Corrugation

XSs Ss Ms Ls XLs lm � λ� lk

z

B, r

k=5
n=5

The classification given above is related
to the geometry of a magnetic force line
with a single scale, that is, when ar-
eas with weak and strong magnetic field
have approximately the same length. A
better geometry from a practical point
of view has narrow mirrors, i. e. a scale
length lm � l . In this case of two-
scale field geometry there is an inter-
mediate range of mean free path lm �
λ � kl , when the plasma flow inside
he individual mirror cells is pure gas dy-
namic but particles move without colli-
sions through the mirrors.



Medium Scale Strong Corrugation

XSs Ss Ms Ls XLs lm � λ� lk

k=5
n=5

l

Let us consider an individual mirror cell
with lm � l . The rate of plasma losses
through a mirror throat can be esti-
mated as

nvTiSmin,

where Smin = S/k is the plasma cross
section it the throat. Dividing the total
amount of ions in the mirror cell nlS by
the loss rate, one obtains an estimate
of the particle lifetime in the individual
mirror cell

kl/vTi .



Medium Scale Strong Corrugation

XSs Ss Ms Ls XLs lm � λ� lk

vþ

v
¦

k=5
55 cells

Λ�l=5

u=1.5 ´ 10-2

∆Θ=4.5 ´ 10-1

DΘ=2.2

After this time the ion leaves one of
the mirror traps in a random direction
and becomes trapped in an adjacent cell
such that the space step of this random
motion is equal to l and time interval
is equal to kl/vTi . The diffusion coeffi-
cient then can be estimated as

D ∼ vTi l/k.

An estimation of plasma expansion ve-
locity is then

u ≈ D

L
≈ vTi

l

Lk
. (1.10)
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Summary for Strong Corrugation

XLs Ls Ms Ss1 XSs

Λ 90, l
2

�����
L
= 9 l

2
�����
L
, l= 8l, l 

k
���2 < 9l k

���2 ,
L k�2

���������������������"########################Log@ k ã
�������
2
D
= 9 L k�2

���������������������"########################Log@ k ã
�������
2
D
, ¥=

u

�������
vTi

2
���
k

5
��������������6 ln@kD  

2 l
2

���������
L Λ k

H 2
���
Π
L1�2 

2 l
������
L k

0.9 
4 Λ

��������
L k

2
L

�����������������������
Λ Log@k ã�2D

Est

Exact

� H1.9’L
H3.10L

H1.10L
H3.23L

H1.3L
H2.28L

�

Τ
L k

���������2 vTi

L
2
 Λ k

��������������2 l2 vTi

L
2
 k

������������2 l vTi

L
2
k
2

������������4 Λ vTi
Log@k ã�2D
��������������������

Νii

Note GD
expans.

Viscous
Friction

Plateau � Empty
Loss Cone

×èñëîâûå êîýôôèöèåíòû íà çåë¼íîì ôîíå çàèìñòâîâàíû èç îáçîðà

Ìèðíîâà è Ëèõòåíáåðãà. Íîìåðà ñîîòâåòñòâóþùèõ ôîðìóë òàêæå äàíû íà

çåë¼íîì ôîíå. Â ðåæèìå Ls êîýôôèöèåíò 5/6 ln k âû÷èñëåí äëÿ

àáñòðàêòíîãî ïðîôèëÿ ìàãíèòíîãî ïîëÿ âáëèçè ìàãíèòíûõ ïðîáîê è

äîëæåí áûòü çàìåíåí íà 25/12. Êðàñíûì öâåòîì ïîêàçàíû

êîýôôèöèåíòû, èñïîëüçîâàííûå äàëåå ïðè ðàñ÷åòå çàâèñèìîñòè âðåìåíè

óäåðæàíèÿ ïëàçìû â ÃÎË-3 âìåñòî òî÷íûõ .
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Ñïàñèáî çà âíèìàíèå!
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