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27-40, a toroida) Z pinch, uses its drivinz
circuits to procucze progranzed zagnetic flelds. The
field proflles must lie witnin certain bounds in order
to meet the criteria imposed by the physics. 1he
drivinz eircult design i3 complicated by the atrong
influence of the plasna on the cirzuit performance.
The plasma appears to tne driving circuit as time
varying inductance and resistance, Since the
infuctance comprises from 20 to £0% of tre total
inductsnce, dependinz on the plasma configuration and
the circuit, driving circuit perforaance i1s not essilly
calculated. Tne ZT-40 fleld requirexents are
presented and the proposed circuits are discussed.
Tne modeling used to Iinclude the plasma as an
electrical component with time varyinz inauctance and

resistance is described, The results of
representative calculations are given,
Antroducticn

wlT=bk) 13 a toroidal reversed fleld pinch bLeing
bullt at Los Alamos oclentifie Laboratzry. 4iT=40 nas
been describea In other pancrs presented at tnis
symposiunx, In tnis paper, 1 want to disouss how
¢i=U0's circulits were desizned.

The exnerimenters who will run ZT-40 nave arawn
up a set f operating criteria that they want the
machine to meec. ‘rhese criterla consist, in part, of
certain programred fleld risetimes, anplitudes and
pulse lengtns that the driving eircuits must produce.
The plasna 1in the torus has a strong effect on the
driving circuits and tnis prevents tne use of standard
eircuit theory for the driving circuit desizin.

There are Sseveral] ways that the plasma affects
tne cirnitt action. The driving oircuits are used to
produce ,.:rpendlcular magnetic fields. One field is
in the theta direction and is desimnated B,. The
other fleld !s parallel to the minor axis of tne Loyrus
and 1s denoted (by 2n abuse of notation) b_. Theae
fields produce currents in the plasma and Ehe nlasapa
taus acts as ir it foras a palr of transformer
secondary circuits, one transforzer driven by the By
driving circuit ana the other driven by the b, driving
elircuit. Ihe changing shape of the plaama appears %o
the external c¢lrcuit as a chanzing 1inductarce and
resistance. The chansine 1iaductance causes L-dot
vcltages to appear so the plasma affects the cirecuits
in a decided)y non-linear manner.

The changing 1inductance also results in a crocs
coupling between tne driving circuilts., Since one of
the driving circults is capable of changzing the plasna
configuration, 1t can chan,e the inductance and L=dot
voltage seen by the otuer circuit, This can so change
tne current ln the Jatter circuilt that it can tall to
produce the desired magnetic fleld.

For tneze reasons it i3 necessary that the plaama
be Iincluded as an electrical element in the desivrn of
the clicult,
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darnetic fleld regyiremante fom Zi-4D

Tnere are several po=sible operation xodes for
ir-40. In the follovirz, I wil) describe only four.
Three correspond to relatively fast rise of the
magnetic flelds. These are tae liatched Yode, the
standard Mode and the Padua lMode. The fourth made is
a slow rise mode and 1s called 3low Mode i.

Figure 1 shows the progra~red flelds needed for
the Hatched Mode. The rise in Bz froa t4 to t is
produled by the blas bark; this bank aust te capable
of driving the bias fleld to D.6T. 7The ry 'leld (roa
ty to tz is tne preionization pulsa. 1he fast bank
producing the by field is fired at ta and must be
capable of pusning by to 0.6T at its crowbar tize ,
ty- Tne fast B_-I_ bank ls fired at £, and drives Ez
nesative; this reverse fleld nceds to Ee able to reaca
-0.5T. The dz-l. cank 1s crowbarred at hs.

Tnis mode 18 =allea the atched -ode because tne
kg and b field risetizes ape about the saze during
the time fo)lowinz the fliring of their respective
driving ban<s,

The risctiues of the various
prescribed. Table I lists the requirczents on he
banks. The mozt stringent of these are the rlsetizes
and the I values.

fields are a)so
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Tne Standard Mode is very similar to the Matched
Kode; the principal) difference is that tne reversing
tize of b, is to be azpproximately twice as Joig as in
tna satcned Mode. inus the timing diagram of rig. !
aprlies to tne Standard Mode [provided that the
gifrerence, tc-t,, is made about tvice as long. trom
a ci~cuit stan pognt, this means tnat what work:s for
tne iiatched Mode i)l worx for the Stanaard Mode if
exira inductance is added.

The timing diagram for the Padua Mode 13 shown in
Fiz, 2. T i3 shown well ahead of the preionization
ban< fire time, ty. This allows a bias field to be
used if cesired. Tne fast lg-E, bank 1is fired at t,;
t- s chosen s0 that E_, wil) be a maximum at tg. %t
t-, nrearly conplete ionlzation of the plagma 1s
assused and the b, field existing at that time 1is
trzpped inside the plasma. At the same time, the main

s

banx (12-3.) {a fired. lt rises until it is
erowbarred at t,. The fast I.-bz bany is crowbarred
at t.5-

The tnree fast nodes are 1intended to be power
croabarred. ‘tne present design calls for 10 kV banks
tc supply the power crowbar energy. ‘These banks wil)

;g0 requirc crowbarring and t? in Figs. ' and 2
ecrresponds to the firing of tne '.-b, power-crowbar

crowbar switch,

ine desirable field prozrauming of the possible
8.cw ~0ues has not been coupleLely aelined. One
pescipility would be siwmilar to that snown in Fig.3.
in.ie nogde is gesignatea Slow wiode I. ln Jlow Mode I,
trz lg-k bias bank 13 used to produce a blas fileld
beiore the preionization pank provides a plaama. The
i_=lg POwer crowoar bans will be switched at thia time
te produce a Jonc slowly rlsing ; :lse. rigure 3 1is
taren froa conputed results for one Slow HMode 1
circuit unaser conaiaerstion., The sudden end iIs due to
s-uraticn of the 1iron 1in tne driving circult
traustorrers. In this example, the b, field falls off

teo rapldly. This can oe corrected by adding
irauct nce to the b, driving circuit.
Elegrrica) circuit desoription
ine external drivinr circults used to calculate

the ..atched and Pradua 1ode perrormance are ghown 1in
4 and 5. Ihe blas bank consists of 170uf, 10
Kv capzcitors ignitron switched and crowbarred, It
prcduces a slowly rising bt ield that 18 ‘trapped
inside tn~ plasma at icnizatlon time. Long cablas
provije ls=olation and connect it to the Mixer, The
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fast Io-nz ban« uses 1,b5ut’, 0 kV capacitors and is
Spark fap switcned, It is counected to tne crowbar
swilcin header by Jlow Jnductance cables. In tne
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MAGNETIC FIELD PROFILES
Fig. 3. kxample of field profiles in Slow viode I
operation.
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Fig. 5. mMatched and Padua Mode Iz-b. clrcuit.

Matched and Standard dodes, this bank reverses that
portion of the blas rield that remiins outside the



plasaa. ine trapped fle}d 1s, cf course, not
aftecter, In the.?Padua Mode, ‘iis bank also produces
all or .ost of the trapped field,

ihe fast bank is_connected to tne Joad through
nirano trensformers. Tne transformers couple slow
hign-capacity 10 «V capacitor banks to the load.
‘Inese ban<s are both series- and crowber-switched by
iZnitrons.

‘Ine Iz-b. oriving circuit is quite similar to the

-&, eclrcuit. I'ne LD kV Marxed preionization bank

taxes the place of the blas bank oput otherwise the
cireuits, except for values, are the same,

ine problem of the circult design for LT-k0 i3 to
deteraninc component values, 1.e., capaclty sizes,
cable Jenztns, charge voltazes and turns ratios, that
are .rechanically feasible and that will produce the
dzsired prozraamed fle)is wnen driving the changing
plasiia load.

Llectrical modeling of the plasma

Tne acecurate wodelinz of the plaama is
exceedincly difficult and the more accurate the wmodel
the lonzer will be the requirec computinz time. On
t.e other hand, tco poor a rmode) #i]) not permit
2dequate circuit dgesi¢n.

‘Ine sharp boundary snowplow model represents a
coapro.aise. Tnis model is very good during the
initial stages whern accurate estimates of risetimes
ani rates of rire are nerded., wuring the late portion
of the agiscnar.e lts accuracy aeccre:zses because the
r1yciecal plasma developes a 4difuse boundary.

‘iae equation of iotion for the snouplow model 1is:

r
—-E—(bz-bz—n?)+2r re
uyPy %9 2 PP
4 2 2)

(rp,-"p

ch 1s the valJue cf the hlas field trapped by the
preionization of the gus; Py 13 the zas fil]l denaity
and rpu 1s tne !{nitial radius of tnc plasma. Since
r90= o at prelonization time, a siall value is added
to the denominator to remove tne2 singularity. Ihe
value used is 1072 whieh, in thls case, amounts to
assuiing that the plasma implosion start: at 0,2

microns from the discharge tube wall,

‘ine sharp bounuary mode) allows tne inductance of
the plasma Joad dand 1its L-dot contritutions to be
cilculated oy the formulas:

L = “J(V I(‘_rg - hd_rg)

here R 18 the major radiue of the tecrus, r_, is the
coil radius and r. is the inside radius of the z-pinch
primary. The forinulas for Lz . and L, ..are.
approximations in that the plasma and Z-pinch primary
are trcated as if they l'ora a straipnt coaxia) line.

A terperature-depenient resistance based on - thre
classical tpitzer resistivity 1s also assumed. Using
the resistivity .

tne gifferential equation for the elcctron temperature .
(in “%) 1is:

ch ) 2'1'e 2 653 12
a® ST ety Z . 3/2
p ‘Ne rp ‘e
where
2 . ,2,,2
I = qul.

1 is assumed to be uniformly distributed over the
dfscnarqe ana Io i= assUmed to be unifcrmly
dintributed between r and r /2. A tempepature of
1,5¢V 45 assurmed to be produced gy the preionlzation
bank.

The plasma resiatances are given by:

h, = 2x053 X - i i (per sector)
z 1378 4o pe

e p
hy = 653 (total).

B , 13/2
N In2 Te



Since it 15 known tnat this resistance uodel ia very
" poor, the-actual codinz allows the Spitzer reslstance
‘to be nultiplicé by an arbitrary faetoﬁ. Tnis,a)lcws
a.qualitative estimate of the .mportance of the plasaa
resistance to be made. Checks have shown ‘that largs
variations in this factor nave minizal effent on the
¢ircuit performance. , '

o ; B i

- The electrical clrcults have already been shown
in Figs. 4 and 5. The modeling of the electrica)
components s standard .except for the transforaers and

. the main crowbar switches. Tne ‘transformer model used
allows for tne saturation of the transformer iron but

~nat for nysteresls or_core Josses, The modelinz 1is

Jeseribead elsewnere.€ ' Ine core josses are neglizible

cospared to the resistive losses in the . rest of the

 system. (uitting nysteresis is not expected to cause
error sirce tne iron wil) be returned  to the sane
point on the rysteresis loop before each shot.

sinze the main crowoar switches can- have a
deteraining role on the behavior of the machine after
crowear closure, the resistance assoclated with thea
‘'is determincd froa a current dependent arc drop. Ine
resistance 1s determined by a formula of the forn:

K

1
K = 1ET:34 Kz + k3|1| .

This 1s consistent with the findinas of Kesselring.5
The values of the k* are chosen to give an arec drop of
100 v at 5 Kh, 108 v at 10 KA and G0 v at 100 KA.
Thege valucs were che3en to azree with a prelininary
measurerent on the gap proposed for use in ZI-40,

Two cholses were available for the programming of
the syste:ss One was the use of a circuit deslisn code
such as LET 2 while the other was the direct FURTHARN
prosranaing of the differentia) squations. KET 2 was
tried rirst because 1t allows easy changes in the
circuit topology., however run times were found to be
pronibitively long so0 ease of eircult change was

sacrificed in favor of the direct prozramning
apyproacn. hunning tiwes became over a factor of 1LJ0
sherter, Tnls dirference is felt to be due primari.y

to the ncn-linearity introduced by the plasma and
therefore should not be consldered typical of «ET 2 on
more stancdard clroults,

Representative resulta

The present couponent deslsn values were arrived
at by I'irst using the computer code to set rouch
overall values that would result in acceptable fleldsa
and ftleld risetiues. ‘then values for the various
coaponents were esatinated and inserted in the code.
If these values did not work the co.ponents were
caancred. Somctimes this meant moving the position of

a bank to chanze the Iinductance of the assoclated
cablling and sometimes a component mizht be
mechanically redesigned to chanre its electrical

characteristics.

The present values reflect a number of itcrations
of modifing component= and ther readjusting the other
couponents to ultimately give acceptable wave forms.

Gencrally speaxking, he procedure was a success.
Figure { shsws the corpuled performance for oOne case
of ratenhed tiode Uperation, The full tize history is
srown in part a and a tize magnificed -portion showing
the eritleal region  fror Pl Ciriar to I, crowbar ia
zivep in part b. ‘his run was made for a deuterium
fi11 ~ at 20 ' mtorr, The coxngpression ratic was
approxirately 1.5, 1ne blas rises in 77 ps to a peak
current of 3.44 ki (o =.€T). the =ain I -y bank
rises in 1.9 u8 % a reax current of 704 LA per qictor
(Lg=+6T)s ine inltial rate of rize is 6.07x70 'A/s.
"The I bank 1o fired slizntly after thééz bank (0.8
43) and has an inltial l-3¢t of U.5Ux10 © A/s. At the
time the 1, crowvar ir fired the reversed [leld has
reached -%,51, Tne reverse fleld ban« reaches thls
value in 2.3 us. Al} these values &re .within the
oriczinal specificatlons give in Table I.

Tne oscillation on both flelds after power
crowbar time is due %c the oscillation of the
preionization bank wnich 1= part of the Iz-B. circult,
The presence of tne plasma reduces the indultance seen
by the pank and thus Increases the oscillatlon
t'requer.zy. 1The oscillatior is transmitted througn the
plasma motion vla the cnanging inductance into an
oscillation in tne 1.-nz circuit.

"igure 7 shows computed zasnetic field plots for

the Fadua Mode. 1nese also fall within the required
performance limits,
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a)s full traces, L), macnifiecation of rerlon from
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=unwary, conclusions and fyture worx

Ine proper desizn ot 2T-U0 required the inclusion
o' tne pla~ma as an elect~ical component 4in the
circuit since Jt has rajor influence on the action of
thie circuit. Tne desien was carried out using a
snowplow mod<] for the plasma motion with Spitzer
re. stivity determining the plasma resistance,
satistactory desiars have been achieved for the
Matched, Standard ana Padua ioces.

Circuit cesien for slow rnode operation is
continuing., 1T1nis work 1a partly explor.tory since
nard criteria for slow node operation have not been
sel. An effort to upirade the plasma model from the
snarp boundary snowplow mcde] to souse sort of diffivse
bounaary node}l wil)l bLe nada. ihis  lmproveuwent 1s
neeaged since it is known tnhat Lhe snowplow does not
describe the plasaa in its Jate staves and thus is not
at al)l food for slow mode wWork,.
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