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PLASNA HEATING BY AUIABATIC COMPRESSION

R. A. Ellis, °r.
Tlamma Physics Lebcretory, TPrincetcs University,
Princeton, #es Jersey 08540

ABRSTRACT

These two lectures will cover the fullowing three
topice: ti)
to toroldal devices will be reviewed.

The applicaticn of adiatatic corpression
The special case

will be idesrmd

P

of adiabatie i) ion in
in more detail, 4ncluding a discussicn of the eguilibriom,
scaling laws, and heating effects. (ii) The AXC
(Adisbatlc Tereoidal Compressor) devicr which was cumpleted
in May 1972, will de described inm cerail. Cogreszicn
of a tokamak plasma acroas a static teroidal field is
studiad in this device. The device 18 designed 5 712
duce a pre-compression plasma with a vasor radius of

17 om, torelidal ficld of 20 kG, and curtent of 20 kA,
The corpression leads to a plasma with major radius of
38 cw and minor radius of 10 co. Scaling laws irply a
denwity incresse of a factor &, temperature incresse of

a factor 3, and current increaze of a facter 2.4. An &
additional feature of ATC {s that it 13 a lazge 2okamak
(idd)

which show that the expected MHUD behavior is largely

which operates without a coppor shell. Data

observed will be presented und diacussed.

I. INTRODUCTION

The Zact that simple Ohmi: heatiag is Insufficient to heat
tokamaka %0 ignition tamperatures serveg to keep attenticn directed
to alternative methods of heating tokamaks.

The subject of thesc lectures is the applicatior of adiabatic
compreasion to the heating of tokaruk plasras., Of the several
methoda of application of compressicnal heating in tokanaks, we
will be mainly concarned uith the compression asscc.ated with
decreasing Atha major radiuvs in a static torcidal field.

Such a method was proposed by Art-umvh:h' in which the change
in major radius was conmidered to be carried out on a time scale
short compared with the like particle collizlon times. The method
exphasized hu—ez is a gollisicnal adiabatic compressicn, by which
we mean that the time of cowpression is slow corpared with ion-ion
and eleciron-electron colliaion times, but fast coepared with the
snerqy loss tima.

The experizental inveatigation of adiabatic cuxpression at
the Plasma Physics laboratory has centered about the AYC (Adiabatic
Toroidail Cospressor} device. Tha particulaxr choice of design of
ATC also permits investigation ot the properties of a tokamak which
does not have a onducting sholl.

Section II contains a discuasjon of the plasma equilibrium,
III con-

£ic.

and scaling laws related to adiabatic compression:

sists of & description of the ATC devic - and Sec. IV conteins a
discussion of sowe data abtaired on ATC which show that the RHD

behavior of the plasma is in general agreement with the theory.
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12, ECUILTERITN ATD SCALING LAWS

The eguilibtriam problem of the plasna undergoing & "siow®
atjatatic comgressicn is, for practical purpases, the spne a3 that
for & plasva with fised cajor an? wince ra2iy because, if tre
carsressica is slow emtragh, it can be treated as quasi-stacic amd
we corsider the plasws to g0 thrcugh & saccession of eguilivria
as tEe corpressicn procesds.

The equilitrium of torcidal currerts im toroidel magnetic
fields tas been revieweld lmmlr.’
Llinrium is prodiced by mwans cf a cradacting shell is pertagps

e case in which ehe eqai-

moge familiaxr (coosrsticoel ickamak), bet it has been recoguized

from the bejinminy that it 45 7ssible to frovide the necessary
3.4

cquilibeium wertical field with » systes of poloidal fleld coilds.
Tor malcs radins compressics s Jetailed exswinacten of che
r3atlitricm bas becn cArried cat® which shovs that the theory of
Shafranor is sufficient for a sicple Lescription of tha process and
that there exists a suitatle field coofiguration.

The 2asurgtion t2at the process it quasi-static mesns tiat the
eguilibriwe vertical field sazasfies the relations in kqe. (1)
ard 13} at each staze of the coopression and that affecis of

arceleraticn ate neglected.
!-ig-(ln!’-A! lli-’)
v a F T "3

(03]

where B 28 the eguilibrian vertical fisld, ‘I’ is the plasma cwr-

rent, R apd a avre the sajcr acd munor radif,

B, * STi<Ru o <ps Ry

15 the poleidzl Bets, and 1, 4s the intesnsl inductance per unit
length of the plasma curresat dfiseribution.

14 we write n = -(B/Bvlal'/l* thea ve can give the condition
for vertical and radial s%ability as

0<«<nc< 32 2

C=e of cur prixary tasks is to prowvide the proper vertical
field, B, during the corpression and we will pote for future
teference that in major rafjus cosrression the variation of I‘,
frovides the main cospressive rotion.

The experirental study of the MED etability of tokamaks
uithou: conducting lirer is just beginning, and we sust use theory®
as a guide. (Ke will preseat below sone data from ATC on this

question.}

The calculaticos sug that the ing liver has &
strcng stabilizing effect only on the high+m rodes of the kinke
ard a relatively snall effect on the m = 1,2 sofes. Thoa, the
chserved stability in rany conventional tokamak experimentsis
probably due to shear or winimun-B stabilization. ¥z have sfopted
the wiew that (subject ¢o experimental verification} ai sufficlently X
uigh q (@ « s-’a;/mpr. ssy, q > 3, the plases will be stable ir the
abeence 2f a conducting lirer.

The scaiing iaws for masnetic compression are worked out in
Ref. 2. ‘They are derived for infirite conductivity, vhich impIies
the follovlng two relations:

a‘ By = const [€7]

1 or q = const u)

440 GISTRISUTION OF T12iS COCUMENT U\UMITEQ‘]



g

T e —

where & 1r the minor radius of the plasme cnlamn, 5, 15 the
tosoidal field; and t = 2+/q ts the rotacionsl transfcmm. We algs

aseuma that the corpressicn (s ¢olllsicnal which mears

107 o conse [£3]

where T i3 the fon or eleciron temperature, n is the densicy. ard
we have tekes v = 573,

From £q8. {1} - (5), we can »btain the inliowing sraling laws
showvn (0 Table I for three modes of corpression.

Compression in sinor radius at cofistant majcr rajius can he
carried out by Teising the toroidal field, Thle also requises en
iner.

* in B, to majntain the equilioriem {7q. 111!, This type
of compression rejuires a large increase in the total magrecic
energy ang resalts in a 1srger aspect ratlo, F/a. This is 3
technically feasible rethod of compressic~al heating and there age
asperimente planned to teat jts effectiveness. No*¢, however, that
the plasma encrgy sceles vwith magnetic energy. Lo Hp - “;/3.
which means that & lasge Increace fin H, leads to & small ircreage
in %

It is pawsible to carry out corpremsion in both major and
mfnor radii in the two modes (llustrated in Fig. 1. In the type
of compreasion labeled A in “able I, the aspect ratlo is raintained
during the coempression. The torcidal field increases. rut compared
wi*h constant-R conpression, the plasma ereryy scales more favorably
with magnetic energy. W

1
energy requized to heat the plasma is large.

- u!. Neverthelesa, the pulsed magnetic

The type-B cormpression in Table i and Fig. 1,which s

ut{lized in ATC, has tne featurc that zhe comprezsrion is car

ried out with constant [B,), which medns that the total raanctic

«nerqy remains aimost constant. As the M jor rad:iv- is reduced
the plasma is forced into a reqlon of larger torcidal field,

which {mplies a reducttion of minor radtus (E3. (1), a .31/2.
The pulsed magnetic fi2ld s tne B, which has energy comparable
10 the plasma energy, LY which {8 much smaller than Wy- A fur

ther property of this mode of compreasion is that the aspaet

ing the ONmic diseipsticn graccss to cafey the toksnak plasma o
therscnuclear igniticn. As 15 we'! known, this could £ot be done
snder plausible coafinemert Assungtiocns by a simplr Chmic keating
yhase alzoe.

The crijical zafial maghetlc paPLng schews sugjested in Fef. I
13 of Guire a different characeer in several respects. It provices
3 rcal Reatiry effect: the cohtessiCh cyCile s carried oot in
Toushly an lea-ico collisicn-tire. so that a temperacure asisotro
Py results. the cqlligicmal relararinn of «3ich provides an elcment
of irrever2ipility. Tae tempersturc can thus be raised continususly.
A second mportant differencs relative to the sheese of Ref. 1,
however, is di1fficaley of technical implenentation.

Tte high fregquescties reguired by Ref. I create seve’e prodblezs
of \ertical fleld peretration throuch the tokasak vacuwm vessel: since

rhe heatimg per cycle is typically gsite szall, the plassms must also

e driven through 8 large nu=ber of cycles. Accordingly this szt
kas not Vet been ivplerented experirertally, and could not te
trylented, for exasple, on the [resent AT dewice. We rote, tinally
that tte transformation cf puramrterf by compression shouuld be
useful 3n confemction with nen—Chaic fnitin! heating methods: for

examplie, neatral Anjeceion of ien cycloteon heating.

1I1. THE ATC DLVICE

The ATC device was built to test the type-B cospression. Tos
design called for productian cf a pre-cocapression plasms with ?-)
teirca a54 1970) paraneters, J.e.. 8, = 2-tx Io". plas—~
current 2z D XA, major ant minor radii of F = 37 cm and a = 17 ¢x,
respectively. electron ant ion terperature of 1Kev and 500 eV,
rospectively. and taroldal field of 20 kG at R = 30 cm. The
denign c2lled for a corpressed ples=a kajor radius of 38 cm.

(C = 2,37) for which Table 1 gives ng’n! - 5.6, T‘/TQ =3,
Iplllpo - 2.4, "Il/B‘l\) - 2.4, ana lq/ll = ].5.
As roted above, type-B compression reguires a static toroidsl

9, £y comp;
ratia improves, and that ", increases more than Pp‘ A disad\ug field and o vacible vertical ression fleld. The requirenent

i

-é‘, tage of type-B compression is that the initlal plasma may of large 9e in major radius dur © exsion neceenitates
‘:;’{ heva a relatively unfavorable aspect ratio the use of an air-core transformer rather thar iron because the
3

g

torcldal field coils extend nearly to the axis of the tcrus, The

Note that the ad_abatic compression technique 1s not strictly

speeking’ a heating method,since no irraversible process is in
volved. The idea i3 rather to make batter use of Ohmic dimeipa
tion by carrying out the Onmic heating phase at larqe major
radius and then transforming the plasma parameters to small major
radius. Since the tnttial state in this transformstion is ne
cadsarily s low-field low-current atate, it 1s not obvious that
any, plasma heating sadvantege is to be qained by the compression.
as compared with & simple Ohmic-heating phase that makes nse

of the whale avsillable volume. Indeed, one can eanily verify by
nusacical 3 that for p.

ay tokamak plasrma paraseters,
or in any experimants with modest radial compresslon factors,

the £final plasma temperature cannnot be improved appreciably

by the compresslon wchnique. The advantages of the radial compres
sion transformation are found to be quite specialired. For exam
pla, as 18 shown in Ref. 2, a main virtue of the transfors=ation
i» that in future experiments with large compression factors it

will permit the barrier of radiaticn cooling to be overcome, allow

use of a conducting liner was rever ‘considered snd the vertical
equilibriom field coils ars pxogxu:cd o produce the compression.

A cutawvay view of the ATC is shown in Flg. 2 and ] schematic
view of a crose section is-shown in Fig. 3. Table 11 showe sone
of the characteristica of the toroidsl field sagnet. An interest-~
ing feature of the toroidsl field cofls is that they are cesigned
to be self supporting withcut the use of coil casea. This goal was
achieved with & snall safety factor by fadbrication from copper with
high tensile yield atrength. The time betucen discharges is about
3 minutes at maxiesa field and is deternined by the cooling of the
toroidal field coils.

The vacuum vessel was develcped tc meet the conditions that
the vertical fleld ard Ohsic heating transforrer coils should be
outaide the vacuwe and that it should have a high electrical re-
sistance. The first of these requirements irroses the configuration
shown in Figs. 2 and 3 and, for the sectnd, an insulater would ke

preferable, but extremely difficult to manufacture. The choice



of & 0.75 wm stainless steel dellicws was Tife because it could

meet the requirement of relatively low confuctivity indeed, tre

bellows construction bath irpeaves the strength and imcreases the
electrical resistance} and relatively simple, 1if tedious, to pro-
duce. 1t consiets of about 800 lanine welded to form a beliows
with elx pumping, and diagnostic ports. After finsl sssenbly, the
vessel is sealed with a weld. There are four large diffusion
pumps which hava a total purping speed into the vacuum vessel of
about 2000 litera per second for hydrogen. The punps use Freon
refrigerated baffles. The base pressure of the machine is about
3x 107 Torr, mostly water vapor.

The systeratic study of the influences of izpuritien‘ in ATC
has not started, but discharge cleaning of three to five thousard
pulaes of mbout 20 kA for about 2 msec at a pressure of absout

S

1« 107 thydrogen is sufficient to allow producticn of reprodurible

dischargea (which will bs discussed Ln See. IV). <The pulse rate
is 0.5 to 1 per second.

The Chmic heating transforner and the vertical field coils
were assembled after the vacuum vessel was installed in the
toroldal field coils. The positions of thegs coils are shown eo
scale in Fig. ) and the distribution of their turns is given in
Table III. The field of the vertical field coile 1s nearly uniform,
which means that the vertical stability is weak. This was a design

it was

compromise twhich can y be 1mp, ) chomen

considered important to connect the coils in seriess. A second
tactor was the desirability of having the Ohmic transforrer coils
and the vertical field coils ineide composite coil holders {(ses

Figs. 2 aad 1),

The Ohmic heating tr design provi a
field lesa than 3¢ G in the pre-compression plasma volume at
maximur OH bias current (10 kR). This coil system produces
0.24 V=gec with the desjign walue of 10 ka in the Ohmic
transformer coils.

The electrical circuit of the device is shown in Fig. 4 and
a typical operating cycle is showm im Fig. 5. The Ohnic trans-
former is initially charged to some value (6 kA in Fig. 5) and at
the initiaticn of the discharge the high voltage Ohmic heating
capacitor bank is discharged to give a large initial voltsage. when
the voltaga falls to that of the fow voltage bank, it discharges
and drives down the current in the Ohmic heating transformer at
a slower rate, providing a voltage to maintain the pre-cospressjon
plasfa. The equilibrium vertical field current is provided bv &

high power amplifier which can provide 2.4 kA. It is conizclled
b\; a function generator which is adjusted after successive dis-
charges to achieve a satisfactory plasma.

The compression 1s carried out! by pulsing a capacitor bank
in parallel vith the mpuﬁef to increase the vertical field cur-
rent. The risctime is about 2 msec. There is no provision, at
present, to maintain the vertical field current after compreasion.
The compression bank i3 crowbarred when the capacitor bank Is
discharged.

Preionization is provided by tws turna inside the vacuum vassel
whicn are connected to a 50 kW, 160 - 200 MHz oacilimtor whicl.
rrovides apout 1 ky‘turn. The prejionization piasma has an electron
11 m-‘]‘

dens.ty of 1~ 2 = 10
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Sevezal papers which describe some of the design and enjineer~
ing aspects of ATC Rave been po:.bu-r.td.,

IV. MED BENAVIOR OF PLASMA IN ATC

The in:tial eperaticn of ATC has been concerned with produc-
ing a pre-compressicn plasra suitable for comgressicn ard then to
co~press it. Th. firsi phase of this progran has been carried out
an? will be discussed kere. Ke will consider tke gross chsracter-
istics of the discharge. f.e., the current, density, acd position
and their betavior durin; ccopression. The documentaticn of the
texperature is under active atsly, btut is incowplere at this time
and we will rot discuss it except to mote that the dats indicate
that the objective of producing a pre-compressicn discharge with
T-) paramcters has been met.

¥ost of the usual dAiagnostic apparstus avallable on tokaraks
is available cn ATC ard irclules 2 Ar and 4 mm microwave interferom-
eters: a fast neutral detector: a ruby laser Thosson scattering
systen to determine the electson remperature and density: soft

s to 4

x-ray & ehe temperature from
brersstrahlung; Rogovekik colle ©o determine the plasea current,
wvegtical field current, and O¥mic heatimg trarsiosrer current:
magnetic pickup loops t¢ dctermine the plasma position: and voltage
Pickuz loops.

The initial operaticn has been carried out at 14 kG toroidal
field at 90 on rather than 20 kG to decresse the risk of mechanical

fallure and 8180 t0 increase the rate of taking data.

Figurs 6 showe a sample of data obtsired during a dfsecharge
which was compressed. figure 7 shows the saze dats 1o graphical
form. Firet note the similarity of the plasss current, verticsl

field current, and Ohmic t £ of

to the p
*ig. S. Note that the pre-cocpressicn plasra is established
with & major radius of 90 cm and thst the current and voltege traces
are very wimilar to those obtsined irp ST.cnd T-3 for simiiar curreots.
The proper woltage to incorporate into a conductivity calculation

1s, ae aluays, somewhat uncertain, tut if we use the value vhen

the rate of change of current is emall, ve get about 20 ufl for the
discharge resistarce which gives about 100 eV for the electron
tepperature, assuring a = 17 en, vnifors Te‘ and Z = 1. Since

resiativity 1s similer to that abserved on 5T and T-) for much

hotter discharges, ani the x-ray b ahlung and
acattering neasurerents of Te for this type discharge on ATC qives
& much larger 'l". we assume that the effective I is perhapa as
iarge as S or 6 and thet thers are a large number of iwpurities in
the discharge. The spectroscepic stely of ATC has not sStarted.

The vertical field reqguired for equilibrium €osldbe irtrr3ined fros
Eq.
which is not usually the case.

(1) if the pressure and current distributions were knowmn,
Thus, the compariscn of observed
and thecretical values of the vertical field is not precise. A

useful exercise is to calculate the quantity l‘,
cB R €
v, SR, 3 1
ll-—i—p ln—. .!.sp‘!' - ({3}

fven when no messurcments Of teeperature or current distributior
exist, knowledge of the valuse of 1; can give some insight into these

quantities. For eximple, for uniferm current density and ﬂp z1



d, = S/4. values of A, much larger than 5/4 would indicate either

1 i

strong peaking of the current, or very high EP' or both. In dis-

charges otherwise thought to have lew . ~-age t- —jeratures a

lacge 3, tends to indicate the pi of y e s which

contribute to ep. 1t should be noted that the increase in A‘ due
to concentration of the discharge curtent *o gmall minor radii is
aeldom sufficient ¢o make iy > 2, and at such high values the
1ikelihood of a low-m kink instability is high. The values of li
just before and just after campression for the discharge in Fig. 6
are 0.5 and 0.6, respectively. Thus, without any knowledge of the
temperature or current distri‘bution we can conclude that this
discharge did not have a large number of runaway electrons or a
strongly peaked current distribution.

The electron density is megsured at three major radif, 30 o=,
65 cm, snd 38 onm with 4 mm, 4 mm and 2 Fn interferometers, respec-
tively. The denaity at 65 cm is initially very low and then
increaces and decrcases as the plasma colusn movas by during the
compression. The density at the 3# cm radjus i# initially zero
and then increases sharply as the éourpresslon takes place. Ir
Fig. & the average density at S0 cm at the time of compression
wap 1 » m” em. The maximum average density in the compreaaed
plasma at 38 om 13 7 v 287 | The denelty ratic 1s = 7 which s

in fair agreement with the value 5.6 given by the scaling laws.

The final check with the simple MHD theory ie the value of

the curgent in the compressed plasma. The scaling law gives a
value of 2.37 for the ratio of the currents in the corpreased

and uncompressed plasmas. The value i3 2.3 for the data in Fig. 6.
It should be pointed out that the value of this ratio ls depend
ent on the flux linking the plasna loop durirg the.corpressicn,
and that. in erder to observe the theoretical scaling the currént
in the Ohmic heating transformer coils must be carefully adjusted.
It 18 true that the scaling laws of Table T apply to the plassa
volume current.but the constraint on total {lux conservatiaa

aiso applies. Therefore, while the total curreant adjusts to sst
isfy the flux conservation, some of this curtrent flows as a

skin current.
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TABLE ¥

Scaling of Paraseters with Slow Cepresslon

Censtant-R

a=Ccrpression
Mimor Radius a 1
Hajor Radius R Congt.
Gensity a c? c
Preasure P 10/3 cs clﬂ/!
Terpersture T n c2 c”‘
Tiea poratS s ) < c Const.
Piia haiebm | € < c
Plasra Current I Cecpst. c <
Plasra 8, P S RV
Plagna - 8 3 c ct?
Plasra Fotential § 2 c? c
Verejical Field at 12 3 cllsé
Plasna Anis lel)
Tot. Mag. fnergy ¥, ct c? ~ Const.
::t. Plasns Energy o & s
Transforr 1 Censt. Const.. Ccnst.,
Aspect Ratso R/a c conse. | ¢332
“Collisional time scale, so that v = /3.
TARLE 1T
Torcidel Field Coils
coil i.d. (e} 1nr
Coil c.d. lcmd 141.5
Major radius of coil center line (cm) ”
Field st ccil conter lire [kT) 23.4
Coil current (kA} 7.5
Tota) &1 110° A turne) s.c
Nusher of cofls 2a
Fueler turns/coil 19
Torus irductance (al) 23.7
Torus resistance (n=3) [N ]
Time constant {sec) 2.7
Equivalent square wvave gulse (eec) 1.¢
Resistive dissipatice (M%) 27
Loergy etorage (M3} 16.7

4 large generators srrarged in

Tover supply -
2 parallel poirs

21,669
180,000

Toxel weight of ccrper Ulds)

Centering force per coil (1ts)



TABLE 11T

Ohnic Heating Coila
Inner (1) Middle (2) Outer (3)

Major radius {cm) 52.0 9.0 122.0 °
Distance from midpiane (cm) 2.0 J6.e 1%.1
NI (XA turns) 130 20 10
No. turns 13 2 1
Current {(kA) maz. 10 10 10
Self-inductance {set) 0.9 aE
Resistive power dissipation (6 coile) 2.4mm

Energy storags (6 coils) 50 k3

Pover supply cne large generator

ghaping and Comprassion Coils

Najor radius (cm) 50.0 0.0 125.0
fNistance from midplane (cm) 5.0 m.o 18.0
NI (XA turns) before compression 2.0 10.90 1.0
NI (kA turns) at max. compression 10.0 50.9 90.0
YNo. turas 1.0 5.0 1.0
Current (kA) max, 10.0 10.0 10.0
Self-inductance 2.06 ad
Reststive pover dissipation (6 coilm) JC0 kW

Energy storage (6 coits) 290 kY

Power supply :Az: current amplifier plus cspacitor

2

FIGURE CAPTION:

Fig. 1. Comparison af the type-A znd tyoe-p compression
processes, showing inttial and final configurations.

Fig. 2. Cutaway view of the ATC ahowing ali major components
excep: the seructure, busiork, and plumbing.

Fig. 3. Schematic crass section of the ATC. Specificatlions
for the tarcidal field coils and the Ohmic heating and shaping cofl
sets 1, 2, and ) are given in Table III. Initial ard final plasma
configurstions are shown.

Fig. 4. Schematic electrical circuits of the Ohnic heating
and ahaping field coila.

Fig. 5. Typical ATC operating cycle. A gensrator-driven,
quasi-dc prirary current in the Ohmic heating coils is pProgramsed
down, thus inducing the plasma current, vh.uc a current in the
shaping coils maintains correct equilibrium. After initisl heating
pariod, the shaping coll current is raised rapidly to affect plassa
conpression, thus multiplying plasra current.

Fig. 6. Data obtained for a compressed 2ischarge in deuterium
at 1410 Seorcof these sata tha intcrpretation s seif evideat for
the ormic heatina transformer current - OH; vertical fleld current -
= SF: plasma current - Ip: plasma {oop woitage - Vl » And the eiectron
density at eom- nclnah the different aweep durst:on). The trace

of electron density at 18 cm -~ n, is triggered ] m sec before the

corpression. The traces marked B° are si s local magnetic

probes which are located at the positions shown on the dlagras both
above and below the vacuam vessel. Thedrray of By prebes is used
to sense the asjor radius of the plasma. At By, and By, both
the son and difference signal are shown. The major radiuse is
deternined from enalysis of the sum signals and the vestical
shift from the differecce. For exsmpls, from B, we observed
that the plasss 1s shifted slightly up from the difference signai
(the emailer signal). The trace showing I.' and I.94 was triq
gered I m u-c. bafors the comgression and shows a' ratic of q,./o“
which indicates that the piessa major redius ie about 38 om.
The diffsrence signsl at 8p, + Shows & small downward shift for
the compressed plazsa. The sigrai marked c and 4 are the fluxes
from toroidal loopa located sbove and below the vacuom vessel
at abogt the positions merked 1,2,7 on the diagras. € repressnts
the sum of the fluxns through thess leops and & repressrts
the fluxes Detween loora 1 and 2. Thess dats can de anslyred
to give the major readivs oear 30 cm.
The traces merked 4 and b are currents in wach of two palr of
passive shorted cegper trings connectad to provide scee wvertical
stabilizstion, but not to interfers with e sotioca along the
wmajor radius.. Trace a crepresent= tha curreat in coils at apero
x{macely the positios sarked { on the 2isgram and tracs b 1s from
5 sat of colls sear positica 2. These curreats sre sensitive in
dicators of the wercical moticn of the plsmma colusa and give
resalte in sgrecment with the B, probes.
rig. 7. The data of Fiq. 6. replotted o8 & common time bess.
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warranly, CXpress of implicd, or ass

esponsibility for the accuracy. completeness

e of any i pp product or
::om disdosed. ot represents that its use would not
infringe privately owned sights.
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