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6

6.1

(1)

=

6

∂fs

∂t
+ v · ∂fs

∂x
+

qs

ms

(
E +

v ×B

c

)
· ∂fs

∂v
= 0, (6.1.1)

∂E

∂t
= c∇×B − 4πj, (6.1.2)

∂B

∂t
= −c∇×E, (6.1.3)

∇ ·E = 4πρ, (6.1.4)

∇ ·B = 0. (6.1.5)
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fs(x,v) s q,m c E(x),B(x)

ρ(x) j(x)

ρ(x) =
∑

s

qs

∫
fs(x,v)dv, (6.1.6)

j(x) =
∑

s

qs

∫
vfs(x,v)dv, (6.1.7)

6

6.2

(6.1.1)

∂fs

∂t
+ v · ∂fs

∂x
= 0, (6.2.1)

∂fs

∂t
+

qs

ms
E · ∂fs

∂v
= 0, (6.2.2)

∂fs

∂t
+

qs

ms

v ×B

c
· ∂fs

∂v
= 0. (6.2.3)

(6.2.1) v (x, t)

(6.2.2)

(6.2.3)

(2) Splitting

1

(7) t = nΔt fn

1. (6.2.1) fn → f∗.

2. (6.2.2) f∗ → f∗∗.

3. (6.2.3) 1 f∗∗ → f∗∗∗.
1

Δtm
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4. (6.2.2) f∗∗∗ → f∗∗∗∗.

5. (6.2.1) f∗∗∗∗ → fn+1.

2 2 4 t = (n + 1/2)Δt

(En+1/2,Bn+1/2) (6.2.1)-(6.2.3)

Buneman-Boris

6.2.1

· (3; 4)

6

1 1 B=0

(12; 14)

2012

(6.2.3)

2

∼
3

MMA f(v) 0 2

Mm (v) =
1

m!

∫ v
v′mfdv′, (m = 0, 1, 2) (6.2.4)

1

∂f

∂t
+ a

∂f

∂v
= 0, (6.2.5)

∂Mm

∂t
+

a

m!

∫
dv

∂

∂v
(vmf) =

{
0, (m = 0)

a
(m−1)!

∫
vm−1fdv, (m = 1, 2)

(6.2.6)

fi = f(vi)

Mm
i+1/2 =

1

m!

∫ vi+1

vi

vmfdv, (m = 0, 1, 2) (6.2.7)

2

3 / ∼
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BKSB 84x84CSL2 42x42MMA 34x34

(c)

50.0 rotations

(b)

50.0 rotations
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300.0 rotations
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(g) σ
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6.1: 2 (a,b,c) MMA 342 CIP-CSL2 422

Backsubstitution 842 50 (d,e,f) 300 (g)

MMA CIP-CSL2 Backsubstitution

(6.2.5) (6.2.6)

(8; 9)

6.1 2 (6.2.2) (6.2.3) MMA CIP CIP-CSL2

(13) Backsubstitution (11)

MMA MMA

MMA

CIP-CSL2

6.3

(6.1.2),(6.1.3)

Finite-Difference Time-Domain

FDTD

CIP (10)

(5; 6) (6.1.2),(6.1.3)

δE = αcΔt∇× δB + cΔt∇×Bn − 4πΔtjn+1/2, (6.3.1)

δB = −αcΔt∇× δE − cΔt∇×En, (6.3.2)

(δE, δB) = (En+1−En,Bn+1−Bn) α = 1 1

α = 0.5 2 · 1 (∂/∂y = ∂/∂z = 0)
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δEx = −4πΔtjn+1/2
x , (6.3.3)

δBx = 0, (6.3.4)

δEy = −αcΔt
∂δBz

∂x
− cΔt

∂Bn
z

∂x
− 4πΔtjn+1/2

y , (6.3.5)

δBy = αcΔt
∂δEz

∂x
+ cΔt

∂En
z

∂x
, (6.3.6)

δEz = αcΔt
∂δBy

∂x
+ cΔt

∂Bn
y

∂x
− 4πΔtjn+1/2

z , (6.3.7)

δBz = −αcΔt
∂δEy

∂x
− cΔt

∂En
y

∂x
, (6.3.8)

(6.3.3) 4 (6.3.5)-(6.3.8) z

y 2

δEy,i+1/2 = −p (δBz,i+1 − δBz,i) + Ky,i+1/2, (6.3.9)

δBy,i+1/2 = p (δEz,i+1 − δEz,i) + Ly,i+1/2, (6.3.10)

δEz,i = p
(
δBy,i+1/2 − δBy,i−1/2

)
+ Kz,i, (6.3.11)

δBz,i = −p
(
δEy,i+1/2 − δEy,i−1/2

)
+ Lz,i, (6.3.12)

p = αcΔt/Δx K,L

Ky,i+1/2 = −cΔt

Δx

(
Bn

z,i+1 −Bn
z,i

)− 4πΔtj
n+1/2
y,i+1/2, (6.3.13)

Kz,i =
cΔt

Δx

(
Bn

y,i+1/2 −Bn
y,i−1/2

)
− 4πΔtj

n+1/2
z,i , (6.3.14)

Ly,i+1/2 =
cΔt

Δx

(
En

z,i+1 − En
z,i

)
, (6.3.15)

Lz,i = −cΔt

Δx

(
En

y,i+1/2 − En
y,i−1/2

)
, (6.3.16)

(6.3.9)-(6.3.12)

−p2δEz,i−1 +
(
1 + 2p2

)
δEz,i − p2δEz,i+1 = p

(
Ly,i+1/2 − Ly,i−1/2

)
+ Kz,i, (6.3.17)

−p2δBz,i−1 +
(
1 + 2p2

)
δBz,i − p2δBz,i+1 = −p

(
Ky,i+1/2 −Ky,i−1/2

)
+ Lz,i. (6.3.18)

3 1 Thomas 5 (δEz , δBz)

(6.3.9) (6.3.10) (δEy, δBy)

FDTD α = 0.5 CFL

4 (6.1.4)

5
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6.4

t ω−1
pe

v c

x λD

q e

m me

E,B B0

f n0c
−3

ρ en0

j ecn0

ωpe =
√

4πn0e2/me λD =
√

kTe/4πn0e2 n0

Te (6.1.1)-(6.1.7)

∂fe

∂t
+

√
2v

ve;th
· ∂fe

∂x
− ωge

ωpe
(E + v ×B) · ∂fe

∂v
= 0, (6.4.1)

∂fi

∂t
+

√
2v

ve;th
· ∂fi

∂x
+ Zi

me

mi

ωge

ωpe
(E + v ×B) · ∂fi

∂v
= 0, (6.4.2)

∂E

∂t
=

√
2

ve;th
∇×B − ωpe

ωge
j, (6.4.3)

∂B

∂t
= −

√
2

ve;th
∇×E, (6.4.4)

∇ ·E =
ve;th√

2

ωpe

ωge
ρ, (6.4.5)

ρ =

∫
(Zifi − fe) dv, (6.4.6)

j =

∫
v (Zifi − fe) dv. (6.4.7)

ωge = eB0/mec ve;th =
√

βeωge/ωpe

Zi βs = 8πn0kTs/B
2
0

mi/me ωge/ωpe
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6.2: - fv, fx

6.5 -

6.2-6.3 -

2 6.2

0. t = nΔt t = (n−1/2)Δt (fn,En−1/2,Bn−1/2).

1. fn jn

2. jn t = (n − 1/2)Δt 1 (En−1/2,Bn−1/2) →
(En+1/2,Bn+1/2).

3. (En+1/2,Bn+1/2) 6.2 t = nΔt 1

fn → fn+1.

1 Leap-Frog

CFL

CFL

vmax

: vmaxΔt ≤ Δx, (6.5.1)

:
qsE

ms
Δt ≤ Δv, (6.5.2)

:
qsvmaxB

msc
Δt ≤ Δv, (6.5.3)

: cΔt ≤ Δx, (6.5.4)
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1 2 3 4 5
krge

2

4

6

8

ω
/ω

ge

(a) Vlasov

0.01

0.50

1.00

1 2 3 4 5
krge

2

4

6

8
(b) PICPerpendicular waves

6.3: (a) (b)

Ex

Δx, Δv, Δt

(6.5.3) (6.5.4) 6 6.2

ωpeΔt ≤ 1, (6.5.5)

6.6

7 x 1

2 v = (vx, vy, 0) ,E = (Ex, Ey, 0) ,B = (0, 0, Bz)

Zi = 1

6.6.1

mi/me = 16 ωge/ωpe = 0.5 βi = βe = 0.04 512
66.3 (6.5.4)
7 1 1

(4)
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ωpeT = 31415.93, ωgeT =  314.16, mp/me =  25

6.4: 1 (a,b) (fe(vx, x), fe(vy, x))

c,d (fi(vx, x), fi(vy, x)) (e,f,g) (Bz, Ex, Ey)

(Ey = vxBz/c)

· ±4 512 502

0.05/
√

2

6.3(a) ωget = 361.7 Ex

ω = nωge (n = 1, 2, . . . )

·
50 MMA 10−6

6.3(b) 1 5,000
8

6.6.2

2

mi/me = 25 ωge/ωpe = 0.01

8 1 100



92 6

βi = βe = 1.0 MA = 5 7.5

20,480 ±6 ±3

1,024 722 0.1π

6.4 ωget = 314

(fe(vx, x), fe(vy, x)) (fi(vx, x), fi(vy, x)) (Bz, Ex, Ey)

(x = 50) a,b,e

f,c -

20

6.7

•

• CFL 1

CFL

•

• v u = γv

γ

ωg = eB/γmc
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