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Tohn U
The effects of a tenuous exterior plasma corona with anomalous

resistivity on the compression and heating of a hollow, collisional

I/
. ho e

aluminum z-pinch plasma are predicted by a one-dimensional code. As the

interior ("core") plasma is imploded by its axial current, the energy
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exchange between core and corona determines the current partition. Under
conditions of rapid core heating and compression, the increase in coronal

current provides a trade-off between radial acceleration and compression,

. AL

L

which reduces the implosion forces and softens the pinch. Combined with

an heuristic account of energy and momentum transport in the strongly
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A

coupled core plasma (¢ypically l.-‘~»0 1)‘%ndﬂan approximate radiative
loss calculation including Al line, recombination and Bremsstrahlung
emission, the current model can provide a reasonably accurate description
of imploding annular plasma loads that remain azimuthally symmetric. The

implications for optimization of generator load coupling are examined.7(
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{a) Initial Multiple-Wire Array (b} Formation of Annular Core Plasma (1)
and Early Corona Plasma (2)

(c) Z-Pinch Collapse

(d) Axial Assembly

¢ Growth of Coronal Current, I, o Sharp Growth of I, Compression and

Heating in the Core Plasma
* Compression and Heating of Core Plasma

¢ Decay of Core Current, I,
and Resultant Softening of the Pinch
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(e) Peak Compression o
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i * T; ~ 0.5 keV,n; ~ 1020 cm~3
¥
‘ ¢ Reversal of Inward Momentum
R

* Peak of I, T,

\
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: (f) Late Time Behavior
{
e Simple ]
: 1D |
'.'- 53 © Hot Spot

2D “'-:"'.- (Sausage Instability) 1
,‘ 3D e Ribbon ‘
’ (Kink Instability)

¢ Requires Most Detailed Treatment of
Plasma Dynamics and Radiation
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Dynamics in the Simple Model

@ Energy Out

—pid

Radiation Losses

Radial KE,
Momentum

—» Retarding Pressures

Core Implosion Forces, —-Mﬁ— Low Density Current Channel

FJ xB

Corona

T2' T1l ll 9

Circuit Relation

1(t)

(_I) Energy In

Generator
Vit
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Effective Circuit Relation
]
|
i
i
- O Zg Lo
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3 3 Vglit)
= Ve
£
% o— ‘
!
. I4 Flows in a Classically Resistive Region j = oE
{
I, Flows in a Drift Speed Limiting Region j = en,C(T,)
=
" The Circuit Element Replacing V,,, is Like
.‘-; .- O—
!
? e Ry oeed Lp
|
= o-
o With the Current Source 1,(t) Controlling the Inductance and Resistance Values. |
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I1. CORO!NA EVOLUTION:

ASSUME A MARGINALLY STABLE, DRIFT-SPEED LIMITING SYSTEM IN ;
AN AVERAGED STATE OF PRESSURE BALANCE - ‘ 3

v(nem[T,* Z:T;]) = cUy(NXBy(r)
IJZ(r)I = ng(r)ecyT)

FOR THE ISOTHERMAL SYSTEM, T2 AND Jz(o.) DETERMINE

{ Bolr), eed), I-1,+1, }

UNIQUELY.
8= -—1-1- = [1 - B, +(Sﬁ°/2)z] - 9B, /2

elr)= n“(ﬁ')m[(:-/;jhs ]2 |

WHERE

na= I, [enc,(a*-r?)

a g = (n/a ) /(1 - (r/a))
a8 Bo= 22T, fec,I .

1F 1(t), g(t) ARE GIVEN, ONE NEEDS ONLY

] f 'jT(szz T;) = I(1 -ﬁ)EZ + le = Qrad —Qend ’

d - -1
" Tt (Nz) = Fy+Z, (EFFECTIVE I1ON EXCHANGE RATE)
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WITH @19, Fyo EVALUATED BY MEANS OF A SIMPLE KROOK MODEL IN .

THE TWO REGIONS,
rn.TJ"{_ Tee (-3 2ne) Tew(3rtnne +42:InTe)

}

le = S'TTQ-V{ T; . 23’3 me J 1 + (n ‘Tee)?- { + (Q‘Tew)z
F.= Tay,- T | { Tee (=3c2nne)  _ Tw(afmne + 3 J»JZ)}
12 . zllzme 4 1 + (naar‘e )7. 1 + (ﬂa T‘w)z

IN ORDER TO ADVANCE THE COMPLETE CORONA IMPLICITLY FROM ONE
PRESSURE BALANCE TO THE NEXT.
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ITI. CORE PLASMA EVOLUTION

A.

STRONGLY-COUPLED PLASMA

SPiTzER's PARAMETER In A;; = 23 -Inlf2m; (1Y 1]
(T;, Te in eV, h;in c.m")

o InITIALLY T, = 15eV, z =3, 3 X 10'8<n; 21,2 x 10°
InA; = 204 — 1.45

o TypicAL PEAK coMPRESSION: 750 eV, z = 10,
(1—1)x 1019 en?
My = 3.8 31
o LATER COLLAPSE PHASE: 30eV, z = 4, (1-4)x 19%°,
I\ = 06—-0.12

CLASSICAL TRANSPORT APPLIES TO PLASMA WITH ImA;; % 10.

ALTERNATIVE: DISSIPATIVE PROCESSES DOMINATE FLUID
EVOLUTION:

(1)  RAPID THERMAL CONDUCTION —» V' [; x 0
(11) RAPID THERMAL EQUILIBRATION—— [, & ;

(111) RAPID VISCOUS MOMENTUM TRANSFER — v (V. V)= 0

(1v) RAPID RADIATIVE DIFFUSION -~ v(n’/n.)=0

RESULT: SIMPLIFIED RADIATION/HYDRO,
USEFUL MODEL WHERE CLASSICAL THEORY

INAPPLICABLE
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B. INiTIAL CoNDITIONS:

o CHOOSE COMPATIBLE WITH (I -1V),

o CURRENT IN OUTER PART OF CORE: (I3,a)

o Vny/n e« J, X By /Ne(r) - avir)

o Vv(r)= Gyr + G r”

(THESE PROFILES REMAIN SELF-SIMILAR IN SLAB-GEOMETRY
EXPANSION, COMPRESSION AND TRANSLATION, PROVIDED
E,(r,t) HOLDS J,/en, =V, CONSTANT.)

PARAMETER o conTRoLs DV,/Dt at %,.

EVOLUTION WITHOUT EXTERNAL STRESS: DV,/Dt =olf)V, To GIVE
VISCOUS STRESS RELAXED TO

ZERO,

(DENSITY MAXIMUM STATIONARY IN THIS CASE, WHILE PRO-
FILE EXPANDS SUBJECT TO BOUNCARY CONDITIONS AT

@& & b - WHERE VP MOVES PLASMA.)

C. Response 7o EXTERNAL FORCES
® TRANSMISSION OF STRESS FROM CURRENT-CARRYING LAYER

TO INTERIOR FLUID:  pF 4 ' J,x By + fuise .

E_ f...  ARISE IN MAINTAINING VsV HOMOGENEOUS
v, vist

R
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® CLASSICAL PLASMA CAN SNOWPLOW; STRONGLY-COUPLED VISCOUS
PLASMA ERASES INHOMOGENEOUS COMPRESSIONS AND ABSORBS
MOMENTUM OVER ENTIRE VOLUME.

® SIMPLEST MODEL: OUTER-SURFACE STRESSES ARE TRANSMITTED
UNATTENUATED INTO PLASMA, VISCOUS REACTION FORCES
" INSTANTANEOUSLY' REDISTRIBUTE MOMENTUM TO KEEP V(V-Vv)=0

® SIMPLE REPRESENTATION OF MODEL: FOCUS ON DENSITY
MAX (r_,) AND INNER RADIUS (b), WHERE EFFECTIVE STRESSES
ARE KNOWN:

M (‘sz 'a.)/cmne(rm)
o HOMOGENEITY OF VeV THEN REQUIRES
2 1 . 2_ 2
a:;t.fl"_]+-a;-—£n-) —b(b)(cz l"m)
m\a e = b? a /\rn-b*

AND 6IVES DV, /Dt = oy (V. -F ) + o,

ASSEMBLY ON AXIS:
[STRONG VN , VV
INTERPENETRATING STRONGLY-COUPLED FLUIDS

hMICROTURBULENCE
st

[FLUID MIXING

DISSOLUTION OF Vn & VV

LTHERM!\LIZATION OF FLOW KINETIC ENERGY
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SIMPLE "“COLLECTION” MODEL:

(1) INSIDE A "COLLECTION RADIUS" r. , THERMALIZE ANY

FLOW ENERGY IN EXCESS OF THAT IN STAGNANT FLOW

(v, =%£a)

(2) WHEN PARTICLES COLLECTED WITHIN r, ARE NUMEROUS

ENOUGH TO ERASE OR REVERSE Vn AT r, , MOVE I,

OUTWARD ONE GRID CELL.,

(3) ConTINUE DOING (2) UNTIL r,, MEETS I

(1) CONTINUE COMPRESSION OF UNIFORMLY-FILLED CENTER

(rer.)

MotioN oF THE COLLECTED PLASMA

® SIMPLE REPRESENTATION OF STRESS TRANSMISSION

o~
;: _ 2T
m r‘ﬁ'rm
o0 o0 a
a=rT —
m rm

szBe la

cﬁn,(rm}

(EXPLICIT PRESSURE DIFFERENCE)

( VsV HOMOGENEITY )

® SELF-SIMILARITY OF v(r) MAINTAINED BY

Dvir)

Dt = £ v(r)

FROM VISCOUS RESPONSES RATHER THAN FROM A PRESCRIBED

PRESSURE GRADIENT.



| F. Core ENERGY TRANSPORT (SPATIALLY INTEGRATED)

L(Tg) ASSUMED

, _ é‘ _2Am,
: Jt (ZITI) 311’(0. b)f{ t Qvisc + Qohmic

\ 3me Ny
b + 7(a’- bz) (TI - Ty )
N T A m' Te
- ' Qi+ P,,.;}
| | d 2 A
K m
B Ty = 2R b Qun s b (32 -
' v + Qyise ¥ Hla- i
. _
a8 WITH le THE CORE/CORONA INTERFACE HEAT EXCHANGE,
i »
[
1 QVISCCALCULATED FOR THE VELOCITY FIELD Vp(a,b,a,b),
E
T4 PRAD A COMBINATION OF LINE, RECOMBINATION AND BREMSSTRAH -
LUNG,
e G. ExTermAL CIRrculT
E, =V 1IN THE CORONA REGION
ya PLASMA

. (FrB,), ON CORE/CORONA INTERFACE.

N, J(a)=Ef)rc
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FRom FARADAY'S LAW é
S L(n) i
v =] R* 4 3.!. S’_[I th -t E
PLASMA c? dtlJ, ry %
\, . AND INCLUDING THE BALANCE OF THE CIRCUIT g
& V)= 1Z, +IL, + IR" + 32 mE - Letn(14d)] |
- WITH
E “: 2a b
y q‘ R =4 [rr( r2) c‘a.] ’ 1
1 i B, %, § CORONA PARAMETERS, i
4 3; Grven I(t), Vj (t), a(t), 2, (t), AND THE CCRONA PARAMETERS j
L THE EXPLICIT DERIVATIVE [(%) IS CALCULATED.
f‘ 3” H. TRACKING THE DENSITY PROFILE
¥
= Ler Yt) = rr,L[a‘(t) - b‘(t)] , AND IF
7 4
< to ;
v(v.v)=zo & r°=r(f)+ft' d-tiv(r({’),tl)

THEN
o n(ret), ) =n(n,t,)exp fdt (vev)[ntt,), ]
oR n(r,t) ¢'l/({'.,

Mo (r,t) V() F

o ANY n(r,,t,) CAN BE EVOLVED BY FOLLOWING F(t,r,),
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RADIATIVE LCSSES

FOR DIAGNOSTICS, DIVIDE INTO

o Low enerey LINES ( hr<1keV)
o HicH ENEreY LINES (hzz>1keV )
e ConTinuum (RECOMB. AND BREMSS.)

1
USE CURVE FIT TO CRE MODEL OF DusTON AND DAVIS( ) FOR

Al. (THIN cYLINDER, .05 cM RADIUS ELEMENTAL RADIATOR.)

2
Use APRUZESE PROBABILITY-OF'ESCAPE( ) TO FURTHER ATTENU-

ATE EACH SPECTRAL CATEGORY,

INTEGRATE RADIATIVE LOSS OVER THE DENSITY PROFILE,

TYPICAL IMPLOSION TRAJECTORIES

o SiMPLE CoLrArse (SC)--IMPLOSION HEATING TOO WEAK TO
REVERSE RADIAL MOTION. DENSITY PEAK AFTER TEMPERATURE

PEAK. R
e Dounce AND CoLLAPSE (BC)--IMPLOSION HEATING HALTS

RADIAL MOTION. PLASMA BOUNCES, COOLS, COLLAPSES AGAIN,

TEMPERATURE AND DENSITY PEAKS CLOSER TOGETHER




PAause AND CoLLAPSE (PC)--ON THE DIVIDING LINE BETWEEN
SC anD BC. PLATEAU IN DENSITY, THEN FURTHER COMPRES-

SION.

Bounce AND Dissi1PATE--NOT SEEN FOR THE DRIVING VOLTAGE
WAVEFORMS USED. RADIATIVE LOSSES PREVENT THIS

TRAJECTORY,

TBF TYPICAL INITIAL CONDITION IS SHOVIN -
Fo ~ 0.96
q(ry,a)~ 9.0
T.(0) ~15eV
75x10" AL ATOMS

SC AND BC ImprLosioNS: FIGURE sHOWS LAGRANGIAN ZONES

[b(t) <)<, (t)<cr,it)< a({—)]
AVERAGE DENSITY

m; (t)
ION TEMPERATURE

T: (t)

As FUNCTIONS OF

't IN ARBITRARY UNITS, ViTH EARLY DENSITY VALUES SHOWN

FOR EACH ZONE.

® A seaueNce oF BC pensiTYy PROFILES, (M) DENOTES THE

NUMBER OF TIME STEPS.,
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.I'nitial Density Profile: n(r;(t_]),[10"® cm~3]
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VI. GENERATOR AND LOAD COUPLING

As A GENERAL MEASURE OF IMPLOSION PERFORMANCE, DEFINE

T = sor T (t)

1 ]
o<t<tm“

OVER THE TIME SCALB'tMAX CHARACTERISTIC OF A SINGLE COMPRES-

= SION AND SUBSEQUENT EXPAMSION OF THE LOAD.
9§
. IN THE FIGURE BELOW THIS PARAMETER IS SHOWN AS A FUNCTION
. OF : ah
J Rg - INITIAL DENSITY PROFILE PEAK (LOAD RADIUS)
& :
! V..., - PEAK GENERATOR VOLTAGE
: GEN
¢
o 9° - INITIAL CURRENT PENETRATION PARAMETER
¥
j My ~ TOTAL MASS OF THE LOAD

B AND THE COMMON CASE AMONG THESE FIGURES IS

N RE = 0.96 (cM)
VGEN = V0 (ARBITRARY UNITS)
® = 9.0
Mo = 12, 1.5 miL AL wires (7.51 x 108 atoms oF AL)

‘ THE ABSOLUTE LOCATION OF THESE CURVES IS SENSITIVE FUNCTION
OF THE CURRENT PENETRATION PARAMETER 3°, WHICH EFFECTIVELY
SETS A "MEAN SKIN DEPTH” FOR THE ELECTROMAGNETIC FIELD PENETRA-

TION OVER THE IMPLOSION HISTORY.

et p e
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VII. COMCLUSIONS

THE IMPLOSION DYNAMICS ARE DOMINATED BY THE AMOUNT OF ENERGY Co
DELIVERED BY.THE GENERATOR TO THE RADIAL FLOW OF THE FLUID LOAD.
® FOR LOW VALUES OF THIS ENERGY, THE HEATING ON ASSEMBLY IS
‘ TOO WEAK TO REVERSE THE IMPLOSION, AND A REFRIGERATION (SC)
“ OCCURS, WITH THE PEAK COMPRESSION AFTER THE PEAK TEMPERATURE.

N ® As DELIVERED ENERGY IS INCREASED, THE COMPRESSION PEAK AND
ASSEMBLY~-HEATING TEMPERATURE PEAK BECOME CLOSER IN TIME,
ASSEMBLY HEATING AND COMPRESSION HEATING WORK TOGETHER TO - ;

b

PRODUCE HIGHER PEAK TEMPERATURE.

3 ] ® IN CONTRAST, WHEN FURTHER FLOW ENERGY IS GIVEN TO THE LOAD, .
7 ,g THE ASSEMBLY HEATING TENDS TO HALT THE COMPRESSION VERY
- RAPIDLY (AND AT A LARGER RADIUS) AND THE COMPRESSION REVERSES
! T00 SOON. THIS RESULTS IN A LOWER PEAK TEMPERATURE,

ALL THESE EFFECTS ARE SUPERIMPOSED ON A VERY SENSITIVE
COUPLING TO THE CORONAL REGION, AS MEASURED IN PART BY THE

i RELATIVE SKIN DEPTH PARAMETER §. As THE CURRENT IS FORCED TO
A THIN LAYER (g-’“) THE SURFACE STRESSES ON THE CORE PLASMA
BECOME STRONGER UNTIL VERY LARGE 9 VALUES DEMAND THAT p-0 AND

FORCE MOST OF THE CURRENT TO THE CORONA, AS g-0 THE CORONA
BECOMES RELATIVELY UNIMPORTANT AND THE SURFACE STRESSES WEAKEN,
AN ACCURATE ASSESSMENT OF THE IMPORTANCE OF TURBULENT CURRENT
TRANSPORT IN THE LOW DENSITY REGIONS OF THE ANNULAR LOAD MUST
THUS DEPEND UPON A PROPER ELECTROMAGNETIC TREATMENT OF THE
E,,E,AND B, r1ELD(3) PROFILES WITHIN THE LOAD, THIS IS A SUBJECT

OF FURTHER WORK AND THE OUTCOME WILL PROVIDE A FIRST-PRINCIPLES gi
GUIDE TO THE APPROPRIATE 9 VALUES FOR THIS S‘IMPLE MODEL.,
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