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FEATURES OF 7THIS CALCULATION - -

® RETAINS NONLOCAL STRUCTURE OF MOLES. -

e CONNECTS INNER AND OUTER R/NG ;
REGIONS TOGETHER [ty ONE -
TREATMENT. -

® A SELF -CONSISTENT FINITE B
EQUILIBRIVM 8B FIELD 1S UsED, -
{ including dB ldr and 4/25/://"-’-)

o A WwiDE RANGE oOF E8T7T SIRAMZr=0r"
HAVE SEEEN EXAMIANED. -

o RELATIVISTIC EFFECTS ARE -
INCLUDED FOR THE MHoT SELECTRIN
RING.

6
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CoctABORATORS : H.L. BERK , T. w. Yarn DAM
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ASSUMPTIONS OF PRESENT CALCULATION

® FINITE LARMOR RADIUS EFFECTS NEGLECTED.

@ BALLOONING EFFECTS NEGLECTED AND
B - ¥ (EQUILIBRIUM QUANTITIZS) = 0

@ Z — PINCH GEOMETRY LOCALIZED TO RING
REGION USED WITH OUTGOING ENERGY BOUNDARY
CONDITIONS (NATURAL CURVATURE DRIFT).

4

® DELTA - FUNCTION HOT ELECTRON DISTRIBUTION:

7 Pren
A, B

J(Pu) 5(‘“—'“")

Fmt =

® WARM CORE FLECTRONS, COLD ICONS.
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BASIC EQUATIONS

@ MOMENTUM BRLANCE:

Pi¥, < (HxBIxE - ¥-£

4

g ZI FiY.p.dap

R le’f Y

& THE HOT ELECTRON PRESSURE TENSOR HAY BE

WRITTEN RS:

B = E!d%-‘i‘—;-i FlrHew) [B(L - bb) + p2hb)
i Pg ‘

where czpi = HZ - 282 - mec*
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@ F is obtained from the drift kinetic equation:

F - g

oF
,at+v|h VF + yy ¢ YF+H3H

(12 - 21822 - n3c*]2

Tc

Pa
where va = 77- = %

2
vy = b x B + pr bx(haPIh + Exb

qJ.nJ-B'T qJ.mJBT 8
B
H=QEuVI+Qt_ +_l_l____
1 T n ot

e These equations are then combined, transformed to
Z - pinch geometry, and linearized about perturbed fields
E| and By. These may be characterized by a

" displacemenl” &

E = ;R exp[-ict + ikz]
uB
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THIS RESULTS IN A SECOND ORDcR EQUATION FOR E.:

4(rpizy - 0E = 8

dr dr
X B (1 + Gy
ehere F = >
DVH
PR N6 2y
0 = — T2
VA. D VRD
K Uy VB g %
—_—t g - 2
- 2 dr (py + p) -Z VA (0 + 63)

230k 1-6)) k% VR 11 - 62
+

r o, 0 r2 D

+

2
vp g_[rxezs)
4r82d" vﬁD

+
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1-62+uk[1+61)

r
i
_ A
= 1+6, -
i
kzvs
2
24




64+ 65+ 63 ARE KINETIC INTEGRALS WHICH INVOLVE THE HOT

ELECTRON DISTRIBUTION FUNCTION:

Gl = [é'i
dpn du u F
= - Zf = - .2 [13.E+ .l_J
2 i Tn B
‘ d « du ¥ r

i B7m, Py ) 70
vhere 1 = W=y - Yy

T
12 = (__lv:._.g_i.,,___c:_v_al*’_]
" q; 8 Py Pl
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THE INTEGRALS 6. 6. G DEPEND ON THE MDDEL USED FOR
THE HOT ELECTRON DISTRIBUTION.

FOR THE CRSE OF A DELTA FUNCTION WITH NO PARRALLEL
ENERGY:

To PIH
Fuot = 8lpy) 8(x - &)
u, B

' ¥ B
1+ 51 = (W- ('hB]-iI W [1 + Bl - 51”2—;Qm70—2]
g '8

-0y [1 +‘r§[‘-’8—12m
k ig
her = -
e fevl Gl 1@ r
- KM% ®
LbB ene'TgBd‘“

— A .
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U.S/'/?j these Hdorms or G, , 5,) ZR
which are accurate -for m~b;/nz,4;g
D /R, amd W/ gy 08L Can

make a local approxinvatior :

s,

dr': 0

A dne _ 1
e dr A

T@_‘ obtain a Fifth order &4';'/5;‘:3'/2
relation :

— ™

g -y
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A. Hiqu Frequency Modes

Compressfoua.f - Alfven

Hot Electren In-}erchanje (€a>>t)

Re-!'a:n:aaj A,B awd C Herms in the
S5th orde~ eqn., B*:=z4AC gives
the marginoc/ Sﬂ‘abi//f/ /)aunc/ak‘-f.-

*

P{Pl(( + .Zg: )z’__ 2p [(H +@.;J(y ;

PH

GRS AR CICUENACE S5
+'€’("ﬁ¢)j

4

—* Cubic in Pz nNn/n

2 reots near P=1 = hot electron
7'l+¢r‘cka/njg,

| roet at p< (B/R)*2<| —» compressional
Alfvenr

~ Re Ny
( af o P oo ( ) AZXZ)
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-

MVAE lectron. Interchange

-P'—‘-" — neﬂlec'& R.H.8. = T““d"’-‘("ci

in P : only one physical
solution (i.e. with ?41);

p< pi= [l-("’+&)"]

note: ¥ q< (4—§=)"_-;, P>
and this mede stab:lizes
(acheally one goes over &
low Freq. hot interchange)
Compressional A)fuven Mode

p<< | roct = neglec,L P 2and ?
terms

e ————— e e o

P> P = %(-%)"é; (B-D(-B)(-%-E

N —

note: when Fo=1 mode stabjliees -

I

edso, when '1-%—-@_: o 7, !
i
<% (k,_z ch) Pt—»o f‘

A'Jc..
R IS '-:"?"js R A PN U R S I
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L ow Freq'ugn% Modes (wewxi)

A. Low- %{uenc} hot elechon ,nfercAach
| (g <<))

Keep B, ¢, D Herms
(justified when gl and ?c“@ﬂ)

C*z 4D gives:

2 ~\z |
1 P< Py = :’;.‘(MA)KZO(I—@J !

S

B. low- -Pre{uenc#_ ba,ckgmmnc{ ini-erclwyg

Keep C, D, and E terms (g.e< 28
‘Shbi!'%{. acheived n 2 ways

44

Bu > — - 2@.; (drift reversal)
e
L%?‘Z ch(k,._b)( J"g"g*'»’:
B/gn < )

(charge uncovering , n.e # ne.
-Pr-equcnc# shitt o (Nee-Nce)/neé = P)
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In'/'eracﬁj Back raanc/ In-’frclaenfg
’mﬁ

Keeping 8,C, D and E terms:

N
1
1
1
9
1

[1+ i(!—@)]fj"‘ - (l-gc)j:'

Be 5 4
+t(1+ %,;—-)5 +’t’@¢(l+2£—%)=o-

where T = P/@,Ck,,,a)‘

A
i
E
note: T < | | s s-%-alo;/;-(g( 3 l
condition For low.—-jcre_{. i

hot e€lectron ?n+ﬁrcc’ftanje - l

assum;vﬁ T << Cl-é:.,)z/f:’s oNneE -Q’na’.s l
I

I

i

that For -B.) smatl , 2 roots
oF 4he cubic cealesce and lead

to  instabi ity S F B}
_ —~ e —, -
('l—g:-_ < 3[%("*%-—;:;)]5; .

)
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MUMERICAL  SoLuTron
MerHoo

® Radial efaa#/on . 7’:3‘{: [rpgg)-@! =0

® Efair/a/e-l?f 2 Cau,u/e«.'/ Lorst
order equabions.:

aY = Ja
dr zy-

.,d g - .,” e e T —'?,:‘.,;::
wetre o, 2 e, Y2 VPGS

o Solve as Q'Pofnf .éaunc"do:y
value preoblems on intervals

& L - e 3 » y -
Conisy T2 iy and b 7 e

vsing the SUPPORT code.

o Powell’s hqgbrid method is wused
o solve for w bj mcéchinj.-

dy:_ | ay |
r {r~r‘" = ‘.‘El‘.“. li:--..‘.'
]

--r"'
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PLASMA AND HOT ELECTRON PROFILES

ARE CHOSEN WHICH ARE FLAT [INSIDE

AND OUTSIOE THE RING AND wHICH

HAVE CONTINUOUS DERIVAT/IVES.

o X & =X, -
: - %=X )Y (x+2)t n
P_ul("') = Pino ( axﬁ 2. sy € X 4 K
Q
O X}K‘a
/ X < 0
¥ ¥
B X =% X% -
Pe(r) = P, (:—5)< JMELLD + 5 DLx ehs !
d xcs .
S . i
&> )(o
]
e -
her ¥ = 2
where o _

A = hot electron avinaiuns
half - width

-
X = parmé‘ﬁer which Ccrz"'rv(f; -
extent ot pressure pref i

c = dens’dy chel+ Factor "'

-

J—
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20 1177 7
- ——
) CORE PLASMA
® = DENSITY
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08 MAGNETIC FIELD §
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04 -
[}
03 - i
02 ~
04 (e ]
oL L 1 1 4t t v 11
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FED
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Mhot*
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04 + ;o "“
[ N
f /L Mwort
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1

80 R
[~  MAGNETIC GRADIENT
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A _MAGNETIC EQu/L1BRIUM MODEL
IS USED WITH FE1ELD LINE
CURVATURE APPROPRIATE TO

Z —PINCH GEOMETRY (#=-1/r).

FROM : ‘
o(pu-pr) ] .
7(p + 240 2»“0 = BL[’ 8% -7 |
ONE HAS S
+ d _g..z—.- - - 4/}?& -
£ 2;("'& 240/ - T dr T ’};‘7{"’1

WHICH CAN BE INTEGRATED -

-r-f_- {rfgf— 2r2y, (pun + Puc)

-2 o f:’dr’ (Prn + 2Psc )}/L
ro
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OuUTG6oING ENERGY / EVANESCENT

BOUNDARY CONDITIONS ARE USED

AT INSIDE AND OUTSIDE OF
ANNOLUS.

L(PE)-95-0

OUTSIDE ANNULUS REGION,

P, @ == constant o o(+)

Solution s ma:.-écked onto
plane waves § . e ke X

’ ke = i N/F
t sign determined by -
(1) k-> k: ouvtgoing energy
g’% 20 for x2o

(2) k: > k. evanescext
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DEPENDENCE OF FREQUENCY ON AZIMUTHAL MODE NUMBER
FOR HOT ELECTRON INTERCHANGE (N, gec = 5x 1077 cm™3,

Npoe = 5x 101 em™3, T =0, T, , = 500 keV)

core

ORNL-DWG 82-3492 FED

Or—TT1T T 7 T T T T 1

3.5 -

3.0 —

4 Y

1
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e ... _~'. - Sy [

_Isrku;rung'"g | aor ufg-rgm

1' N TER CWA/VGE VS. MﬂDE NO.

" "
Ty oo A
A T . : . .
A A e P
. ] AN S B ErY
- ’ g
-~ N .
.t et . ol
4 L] T ; S
DR A ’
:.'.%,: \'E N 5'
T
s - ’
~ % - -
- .l
‘

Xz Cr-va)/A

S
b
..
L.
~ »
by
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- Hor ELECTRON INTERCHANGE MODE
L ..f.-;gmucragﬁt VS. CoRE DENSITY

A - (m=é)

o

¢ I" . .
RS T

1.6

55 IIG”CM"’

N 7xro” em™?

,ol:‘ cm"

,'\__‘,. . z !
B xz (r-vo) /A
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2.5

2.0

1.5
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HOT ELECTRON INTERCHANGE

(m = 2-4)
ORNL-DWG 82-3477 FED
T TTTT T T T 11711
@imag.
e Woigal
. —
- m=4
— ~
7 ’“—_-:--———‘_
7 - —— S~ -—‘-=
o P y Rl —
__~ - —
///
p— 3 —
2 \
\m=4
Ll | [
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HOT ELECTRON INTERCHANGE

(m = 5-10)
ORNL-DWG 82-3481 FED
T T 1 T 1171
wimag. —_
—— Weeal
—
3'3
~
3
—W
‘ 3
m=40 87 6.5
o THRIANN | S N .
5 1012 2 5 10'3
Nee (cm™3)
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DEPENDENCE OF FREQUENCY ON AZIMUTHAL MODE NUMBER
FOR COMPRESSIONAL ALFVEN MODE (N = 7% 1014 cm™3,

Teore = 00 Nppgy = 5x 107 cm"3 'r,,ot = 500 keV)

ORNL-DWG 82-3490 FED

SOr—T1 T T T T T T T 1
- ]
2.5 T Weegl
=== Wimag. -7
. 2.0 - —
345 - —
~
3
¢ 1.0 }— ]
0.5 — —
0 L] ] | 1 |1 1 |
0 4 8 o2 16 20

IR R B

h-ji
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L
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7l
l
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COMPRESSIONAL _ ALFVEN MODE
STRUCTURE ' ' VS. MODE _No.

. 2f

A
PR L

~é ‘F — g ? i



) oot -194-

!

:

]

_{“. o I\ . L . .- ;
{

| L kdbﬁpae."s.s?.o/wib 5 ALFVEN MODE

¥

S n 3TRUCTURE  “VS.. CoRE DENSITY
gm0 (ma7) |

B\ L. : !

I

2.4x10'%

7xs0'*

¢ L
2. PR
.4-‘/"

[ . }
. ‘. o
{ = bt
] . .
: ° * C -
T £,
. AT KX
f . .
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,_,~COMPRE$$IONAL ALFVEN MODE
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RPRE
CoR s s ve CM: /0)
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Fxr0'3
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Sxrro0’
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COMPRESSIONAL ALFVEN WAVE
(m = 2-5)
QORNL-DWG B2-3478

FED

wimom

— s e e (L)

regl

ERERE IR R IR R LU RRAL

e ———— | ge———— e——



COMPRESSIONAL ALFVEN WAVE

(m = 6-8)
ORNL-DWG 82-3479  FED
TTTT] T T TT7IT] T T TTTI7
“imagq.
— TTTTTTTT Wit ]
8
7 \\
- ha
- m'S\\\\\\\ ]
~S
m=6-778
NIRRT 72NN
s 102 2 5 10" 2 5 10'3

-3
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COMPRESSIONAL ALFVEN WAVE

(m = 9-14)
/
‘ ORNL-DWG 82-3480 FED
11 e A R 1 R M R AR
—~ - m= 14 = “ima
8 "\§§ ———— 9 —
42 § real
N\
X10
6 — L\ —
5 \\\9
3
3 N\

Q_m=14//
o Ll / LU
5

5 03 2

1ot
10 2 5  40'S

Nee (€M)
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COMPRESSIONAL ALFVEN WAVE
(m=16-20) 7
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ORNL-DWG 82-3482
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pnd Lo vrragd
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HIGH FREQUENCY MODE STABILITY BOUNDARIES
AS A FUNCTION OF m FOR T, = 0,
Npoe = 5x 101 em™3, T, = 500 keV

7xi0%¢

i
Q
)
(- ~n

(€}

-3
Ncore,etacr.tcm™)

HOT ELECTRON

ORNL-OWG 82-34086 FED
1T 0T T 7 U 7 7 1 -
— -
- 7
- -
- NO NODE MODE -
— COMPRESSIONAL  —|
- ALFVEN MODE =
N ONE NODE MODE 7
- M
UNSTABLE
| WINOOW _
= Q=1 E
i -
= A\ -
b s
~ STABLE ~

I

1042 = INTERCHANGE MODE

- % .

S~ UNSTABLE -

—  WINDOW (Q= 1) ~

2 UNSTABLE -
104 | S N N S A R S SN B
4 8 12 16 20

m=AZIMUTHAL MODE NUMBER

——

S e N e D e B R e B
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HIGH FREQUENCY MODE STABILITY BOUNDARIES
AS A FUNCTION OF m FOR T, = 0,
Npoe = 5 10" em™3, T, = 500 keV

ORNL-OWG 82-3486 FED

14
710 A O A O L O P
r— —
2 |- NO NODE MODE -
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- z
S -
" ONE NODE MODE ]
a2 LT
E UNSTABLE
S 10t WINDOW _
v E e=1 =~
- SO\
S — ) -
[
- -
2 $=.§ -
N =
s - /UNSTABLE =
- WINDOW (Q= 1) -
2 |- UNSTABLE ._
ol L 1 L L1t 1 11
) a 8 2 16 20
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DEPENDENCE OF FREQUENCY ON AZIMUTHAL MODE NUMBER

FOR INTERACTING CORE INTERCHANGE
(Npor = 5 x 101 em™3, T, , = 500 keV)

ORNL-DWG 82-349¢ FED
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_INTERACT ING _PRESSURE -DRIVEN INTERCHANGE
MODE STRUCTURE VS. CORE TERPERATURE

(mi=11)

I.4 9
1.2 =
1.0 - TC:I, kCV
A\ Te = 6 key
N1, 224 kev
[ -8 - Toz 4.2V

0 - ! 1
-/, 0. B
xXe (r-vr5) /A

F"1 ™ M 1 ey ey puaeey
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1.0

-0.5

INTERACTING CORE INTERCHANGE MODE

(Neype = 1073 em™3, m = 2-5)
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20

15

1.0

0.5

INTERACTING CORE INTERCHANGE MODE
(Neyre = 1013 ecm=3, m = 6-12)

Tee (eV)
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INTERACTING CORE INTERCHANGE MODE
(N, = 1013 .em™2, m = 13-20)
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-

TYPICAL B PROFILES USED

IN RADIALLY — DEPENDENT

CALCULATIONS
7 d / Pe r )
R (5 = G
v ~
B vs. x ¥or EBT-S
o ) at e = [0%com™3 r
) ' 10 kev
n-' (]
ol 7 [
f s ,
~ O 4
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" HOT PLASMA DECOUPLING CONDITION FOR
- PRESSURE-DRIVEN INTERCHANGE
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7 NONLOCAL CALCULATICN
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ConetysionNs.:

® HoT ELECTRON INTERCHANGE

. ','2 & Somewhat more optimistic
_Q.‘. +han /ocal +héory due +o kpd¢2!
me 6 instabilily band present (g</) 1
can be moved to mc |

by protile change (surtece plaswl

frceacncz and (4 /nc)erie TN [
reasonable agreement with expt.

0 ComMPRESSIoNAL ALFVEN

lshb'./"yt {no node moce for mzq L
ol

determine one node mode Jor mz ql

/kr)m ho‘gﬁcr than /ecal -H:eo»:y L
‘ -» /arger densiﬁ threshold [
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ConCLUSIONS : (cont'd.)

® Low PREQGUENCY HOT ELECTRON
INTERCHANGE

SIMILAR TO HIGH FREQUENCY BRANCH ,
Bur wiTH LOWER Qo

LAYER SCALING FITS Low pm resuvLTrs.

® INTERACT/NG RING-CORE INTERCHANGE

Rusw/vr PARAMETER 1s: .= "ét'( 33),,,,

&8r-S , E@r-pP B.t .2
(20 kev) -2 kev)

RING -CORE DECOUPLING LOST AT:

¢ Wev
Imno
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