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3
Q 2D Collisional Transport

in Nonneutral Plasmas
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(3) Dubin, “Test Particle Diffusion and the
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ment of Cross-Magnetic-Field Heat Transport
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test particle diffusion thermal conductivity
D K

test particle diffusion
radial flux of test particles:

d/(n.,.
Liest = =D o c}r( test )

Rrotal
D~ cm2 / sec

heat conduction
radial flux of heat:

JT
FQ = -—K“&'?

3
= K/n~cm”- /sec

(thermal diffusivity % )

797/



Classical Theory of Collisional Transport
implicitly assumes r,. >>A,

Ar o~ 7

frequency of steps ~ colliston frequency v

2
<Ar- > )
~ ~Vele
At

D

K
—~ D~ \/Cza2
1

79¢2



non-neutral plasmas
typically, 7. << Ap

. most collisions are long range:
. v )
e f\: F < 1)

01070707070.0:07070°07070 0]

s

K/n~*vc<p2>

— 1~ nvcﬂ% - Kclas.xs:

Dulin O'Nenl , 97
pl'\mo?ou\bs + L | 92
N3



emission and absorption of
lightly-damped plasma waves
enhances transport

A
< B

\

o—>r

p ~ plasma width L
(butv<v,)

S S v A ifL 2102 A,

Rosenbluth + Liu ‘76
Dubin + O’Neil ‘97

79¥



Unified Theory of Heat Transport
(slab geometry; X <> 1)

Q0
, JIX
FQ _ _2 (Klocal N h\]t(ﬂ( S)TJ Slni—-—
j=1 B N

N
FT.of dT/dx

local _ 1.2nvcxl%)

K .

waves , L[] ﬂ/lD\
] Iy ) D ] f i '/

2
fle)~ 5 € << 1
3n(In[-€/1In(e)])

Ve =an2, b=62/T
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PERPENDICULAR
BEAM

"Rotating wall" => plasma confined for weeks

Steady State plasma

Typical parameters:

( nolosses !)

PARALLEL BEAM

PHOTON
PMT —>— ~OUNTER

B 08 — 47T Ny o= 2 10° fons

: 3 ' 3em - 0.9 om
n ol 10" =210 em R. 05em 0.9 ¢

- L. = 10c¢m
T 0001 3eV |
~ i/2 -1/2

. = 0.1mm T? By, Ap = 2.mm TX n'
Vi o= 1 sec’! n- Te}?/z
fhounce = 10 kHz 1e1<2 f.. = 15 kHz n,
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10° cm/ sec )

22 hours old plasma (same ions)

n (107 em™)

(

Vv

y

5 ] T ] ] 0.5
-1.5 -1 -0.5 0 0.5 1 1.5
r (cm :
( ) Rwal]f
40 [ ]
r i
- N ]
0F -
-40 | £ = 17.3kHz
- ‘ : . : ExR
-1.5 -1 0.5 0 0.5 ] 1.5

r (cm)

Relaxed to near-thermal equilibrium

PoOS7



LASER HEATING of PLASMA CENTER
TURNED OFF AT TIME t=0

- 110
- 15
0.2E;'r: O
~0.15 ]
> |
L
-
0110 ]
0.05 - ' '
-1 -0.5 0 0.5 1

X(cm)

Ao Aprit 97

79/4

n (10° em™)



T, TV2/n [107% eV3/2cm/s]

0 OOS 0.1

—_—
[ T =0.01 = 0.04 eV
- n=5x107 ¢m3

(B=4T : % -
¢ r=0.1 w ]
- m r=0.15 // t=C1s |
@ r=0.2cm & - .
L 4
t=0.4s5g9 ¢
/‘/.

’}‘0 slope gives X

i o
[ t-19s

VT [eV/cm]

Heat flux is diffusive




Thermal diffusivity vs. Temperature

0
L A e L o —
E ns =02 B=4T :

A n7=1._5 B=4TA-:
gL e ny=5 ., B=4T]
10" ?02;‘»', .- - ny=10. B =4T3
EY >~ . .a - n7=02 B=IT:

X [cm2/sec]

10-5 .1 l 1 lil 1'1.[ l. I‘ I1 lllll .V\J L 1 !LI‘LI! L 1 L L L 1 11
-4 -3 ) -1 0
10 10 10 10 10
-5 b Sl T [ev] -4 B -12 e
Al ong Range =(1 1 x 107" cm™'s) Te\' - IS (14 =107 cm=/s) Te\' "B4T “n-]

Data cover a range of 50 in density, 4 in magnetic field,
and 10° in temperature.

Heat transport is dominated by long range collisions.

¥, independent of density and magnetic field




test particle diffusion:

D~V<AX2> =>DClaSS~VI‘2

c' C

Guiding Center Collisions™:

A
Z
Coulomb
- Interaction

C
Ax = _{C dr (1)

integration along unperturbed orbits:
relative velocity v, = constant

class

D ‘
= plvo . vors (~3D

*Lifshitz and Pitaevskii Physical Kinetics, Anderegg et al. ‘97
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w

lons are tagged by spin orientation

" Reset ~Tag "Search

— -

Align all to -1/2 Tag to +1/2 " Non-Destructively

Detect n, 2

i

n 4 i
T r r
. -32 ~32 -3
P —_——1 — 12 A .z
32 —/— -1z P3: i 12 P?:——— .
v 32 fars S3n -3
Ao i [
— k2 S ik . S A
S 2R ? ; 12 T T ] 12 s
Belore After Before  Aflter
OPTICAL PINPING OPTICAL PUMPING CYCLONE TRANSITION

] Spontaneous Spin Flip is slow

F064



n /n

i rt=0.5 cm

06: t:6s M
_ Ct=155 |
0.4 | .
02 | ]
0 i ‘
-1.5 -1 1 1.5

N
r

= constant to 10%

S N RN o

n (10°em™)

70069
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(0.0

n(r)

n
Model : Ft(r,t) = —D(r) n(r) aar( ) + V(0)n (r.t)

03 -
;N ' r =0.318 cm - ]
D - s 0->2 sec A
& ' :
g 0.02 ¢ :
e ]
— 0.0l; q
™ )
= 0.00 E ]
8

Linear dependance == Diftusion

Convective term V(r)=0 to experimental accuracy

(Steady state plasma can have no radial flow of test or non-test particles)

Flux is proportional to gradient of n /n




Diffusion coefficient versus Temperature

scaled D (cm2 / sec)

]

[U—
<
(o

U
<
o

107}

<
o)

Ve 258



integration along unperturbed orbits:
particles collide only once

>0

> |3

add VELOCITY DIFFUSION from
collisions with surrounding particles:

=> particles collide several times

> B

o 4+

: U0
| ll.m L Ax =3Ax
velocity
ditfusion

—

doesn’t happen in 2D or 3D collisions:

/\Zfi\v

L ]

NS

doesn’t happen in plasma with large transverse shear

or it omp, >> oy,

"5 Uy



evaluate diffusion coefficient®:

D~V < Ax?* > and Ax =3AxIUO

— D1 9pllU0 NO!
Rate v of multiple collision events that cause Ax:
. %VIUO
~.D=3p!V0

*Dubin 97
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Diffusion coefficient versus Temperature

scaled D (cm2 / sec)

u—
<
(I8

—
<
o~

107

1070
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Add velocity diffusion to orbits:

tky, .
Ay = — fd3k ylkr

2 B k 2 velocity diffusion

coetficient

ikvo—k2D3 3
X [dre "< T2

0 \
mS(k )

| \

for D =0;

37:6(k )

| \

for D, —= 0

i(kv-w)t-k*D,t> /3
>> ]

fdte = 1o (kv — ),
0 %

7922



2D Vortex Dynamics and Turbulence
in Nonneutral Plasmas
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Electron Plasma is a 2D Inviscid Fluid

ExB Drift Eqns h Euler Eqn

—

v
n, ¢
¢

0 0
R I «

Electron Column in a Vortex in a Fluid
Conducting Cylinder within a Tank
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Lriscoll and Fine Phys Flunds 82
1389 (1990)
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CREATION OF TWO VORTICES

L INJECT

D MOVE
OFF
VY -V
CU1
Vv -V Y
DEPHASFK
- | E ] b ] A
-V V-€
[ ] [ ] [ ] ] . ] [ ] | .} “
N PASTE
G
-V -V
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