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THE TRAPPING OF A GUN INJECTED PLASMA

BY A TOKAMAK

Anthony Willian Leonard

Under the supervision of Professor J. C. Sprott

A Marshsall gun wes used to refuel z tokamak discharge on the
Tokapecle II device. Gurr injection was able to increase the
line-averaged density of the discharge by 50%. The density profile
became more peaked due to gun imjection.

4 model is discussed which describes the trapping of a2 gun
iniected plasma In a pure octupol_e field, due to a depolarization
current. This model 1is expanded to include arbitrarv toroidal
fields added to the poloidal fleld. A slowing time. T, Is derived

for the trapping of an Injected plasma of density =n,. and

temperature. T, into poloidal field. B, and toroidal field, B,.

P
Experizental observation of plasma iniected into am octupole

field fits the derived slowing relation, with =n exception in the

bean density dependence. An anomalous resistivity at low field

strengths could account for the conflict. though the nature of this
resistivity iz not understood.

The more toicauak—like case of injection into poloidal and
toroidal fieids fits the data. T:_apping is seen to be most stromgly
contrelled by the poloidal to torecidsl fieid ratio, Bp/Bt' The
slowing time is also inversely proportional to the beam density. ny.

The experiment is extended to the tokamak discharge by the
addition of plasma demsity and current to the vacuum fields, BD and
B,. Plasma demsity is seen to mnot significantly affect <trapping.
The incresse in trapping with plasma current is explained in terms
of additiomal poloidal field added to the central current channel.

An extrapolation 15 made of the refueling system to the
reacter-size  tokamek TFTR. An effective systen seans easily

obtainable.
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CHAPTER I
INTRODUCTION

As fusic: devices have grown larger, plasma refueling has
become an i.sue which has raken en increassed significance. This is
especially rue for the largest machines and those which incorperate
ivertors. The issue of refueling will heve to be investigsted and
snderstoo. before an efficient reactor can be designed and builr.

Typ.cally in a plasma device. such a3s 2 tokamak, the workine
gas is puffed in from the cutside of the discharge. The gas then
penetrates into the discharge tefore being ionized by the plasma.
This provides fuel to the dulk of the plasma. 1% roo much of the
gas is -onized near the edge of the discharge. plasma will bhe
trapped by the magnetic field amd not reach the het, centrel core.
In large devices, and those with divertors, there is & largse. cool.
edge region, which can ionize gas puffed from the outside. 1In these
device: gas puffing would cause the demsity profile to become very
f1at. A peaked density profile iz much more desirable.

:t peaked density profile hes several advantages varying from
enhenczed fusion power production to being important in some schemes

of stesdv state current gemeration in tokamaks.i'z

4lso the highest
enerzy confinement achieved In tokameks have a peaked density

profile. 3

4 recently developed technique for refueling the cemter of a
tokamak with plasma is the-injection of pellets of denterium ice
into the discharge. These fast moving pellets penetrate far into
the plasms before being vaporized and ionlzed. The highest demsiry

and energy confinement times in tokamaks have been produced using

this method of refuelir:g.&‘:’

4n alternative to pellet fueling is gun injectioaé. A Marshall
gun, by mesns of an arc discharge, produces a very dense plasma

which travels from the gun at 2 high rate of speed.?

If this moving
plasma can penetrate into a tokamak discharge snd then be stopped in
the center, gun injection may provide a new efficient method of
refueling a oplasma,. Marshall guns have the advantage of being 2
msch simpler technelogy than pellet injecters amd could easily be
scaled up 1in size for a reactor. This veport detalls the use of a
“Marshell gun to refuel the Tokapole II tokamak.

it has been kuown for some time that s moving plasma can cross
maguetic field lines provided the extent of the plasms is smaller

than the extent of the field, azmd it meets the condition8

1+wpi‘/wciz > 1

where Woy is the plasma freguency cf the moving plasma and w . is
the 1on cyclotron frequency 1mn the magnetic field the plasma is

crossing.
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As a stresm of plasma. moving with a velocity \? encounters a
transverse wmagnetic field, electrons are deflected in one direction
and iens in the other direction, due to the Loremtz force. This
charge separstion builds up an electric field E perpendicular to the

>
magnetic field 8. The electric field increases in magnitude until

E = -¥xB

The bulk of the moving plasma then sees this field and emm continue

to move with it's original velocity, or

- - -
V = ExB/R

The plasma can do this provided its density Is great enough in
comparison to the magnetic field strength.

Beker and Hammel showed how a plasma stream moving across
megnetic field lines could be stopped {f the pelarizatiocn electric
field could he eliminatedg. An  external conductor that connects
magnetic fleld lines of different potential due to the pelarizatien
electric fleid would allow curremt to flow to short out the electric
field. If the inductsnce of the current path i{s low enough, the

current would build wp quickly to stop the plasma in time t if

- |
AV = =[ IxBdr
0

oy

where ¢ is the mass density of a fluid element in the plasma stream
and E is the current density through that element. The experiments
of Beker and Hammel agreed gquite well with this model.

Since then oplasma guns have been used to £1il toroidal
octupeles with plasmalo. These machines have only 2 poloidsl field
in contrast to a tokamak which has poloidal and toroidal magnetic
fieids. For fueling =an octupole the moving plasma stream is
launched perpendicular to the mamnetic field lines. The plasma
easily crosses the magnetic field lines until it reaches the center
cf the machine. Once past the center the plasma encounters field
iines io the opposite direction, snd thus the polarization electric
field swiltches sign. In this way the magnetic field lines
themselves can act as the external conductor to stop the moving
plasme.

Finally. work by Sprott amd Strait showed that an octupole
field with an applied toroidal field and with an existing plasma
could still trap an injected plas;ma.11 This was 35 clese an
experiment to refueling & tokamak as has been done using a2 gun. All
of these past encouraging results have led us to test refueling a
tokamak with plasma gun iniection.

This thesis consists of two parts. The first is concerned with
showing the feasidility of using =2 Marshall gun as a means of
refueling 2 tokamak. Important topics such &5 an immediate increase

in density and pesking of the density profile are documented. Other

issves such as confinement time improvement and impurity generation



are also bri'efly 4 acissed. Theee are issuves that. are of concert to
the fusion .communi 7 and need to be addressed whm conqaaring various

‘refueling schemes.

The second p: 't of this thesis deals ‘with understanding the

ini ection proces. i’t.se'l'f.' The t.rappiug '-of iéjected plasﬁa iz seen
.within the framew itk of a degolarization Current mechanism._ The
theoretical com tderacions of this mechanism are explored for the
case of plasms ! :jected into a combinatian of poloidal and .toroidal
fields. "‘he t weorericul mde‘i is then compared to ::he acperimental
observations o injection into Tokapole II. The previous work in
this area 1is ext ended v injectiou fato polotdsl flelds wit‘i an
adé;eé. strong toroida}. field, =nd finany the injection of plasma
{nto a tokamak discharge is studied. The ec::erimem_s ar;e seen to

agree reasonably with the wechanism described.

B. Qutiine of Thesis

Chapter 2 :ontmins.s brief description of the experimental

apparatus. The properties of Tokapole II along with the Marshall

gun are described. 4Alsc the experimental diagnostics are briefly
expl ained.

Chapter 3 contsins a description of the refnéli:;g proce:ss.
This includes issuss relevant to the fusion community such as

profile pesking, confinement times amd impurity production.

In chapter 4 'a theoret'i_cal' model of the trapping process ts

‘derived. This model, based on a depolarization current méc_hsuism,

describes t'he injection of plasma into a combination of poloidal and

toroidal fields.

Chapter 5 consists of trapping experiments that were carried

"out in vecumm fields with no plasma praem:.as an extension of

previous work of injection imto octupoles. This is & bridge to the

tokamak refueliang case.

Chapter 6 describes .uperimem.s done with rrapping of injected

plasma in a tokamsk discharge. This is compared with the earller

‘theoretical ; deseriptionm.  Other possible trapping mechanisms ore

discussed, with a finsl discussion of the trapping model and {ts

" accuracy and limitations im describding gun refueling of a tokamak.

This chapter also comtains an extrapolation of the model to =

reactor size experiment with the considerations invelved in using a

gun to refuel & reactor. Suggestious for further work are also
nade.

Chmpter 8 1s 2 final summary of the conclusions reached in this

- work.
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CHAPTER 1I

APPARATUS AND DIAGNOSTICS

4. Tokapole 11

The experiments for this thesis were c'arried: out In Tokapole
II,l (Figure 2-1}. a 4-node poloidal divertor tokamak which has been
in operation at the University of Wisconsin-Madison Physlics
Department since 1978, A complete description of the encineering
and physics considerations invoived in the design of the device cam
be found in references 2 and 3.

The wvacuum ves;se_]. censists of a 44 cm squa{re é:oss section
torus with a major radius of 50 em (figure 2-2). 'I'he.vessel wall is
constructed of 3-em~thick aluminum with insulated':' breaks both
toroidally and peloidalily to allow magnetic filelds to enter. The
poioldal divertor configuration is generat—e;] by four, high
conductivity, chromium—copper—alloy hoopsw“‘lwhich are electrically
insulated from the tsank. Each of these 5 em dimreter hoops is
supported Inside the vessel by three rods made of a high tensile
strength beryllium copper alloy. The vertical position of these
hoops may be varied bv 5.0 mm and has been adjusted to create aun

optimal tokamsk discharge.
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Current in the internal hoops and plasma is -“riven indnctively
by a 7.2 ®F. 3 kV (90 kJ) capacitor bank .hrough an iron core
transformer. The 40:1 turns ratie on the transformer gives a
sinusoidal field shape in time which has a half period of 5.6 msec.
The poloidal field can be crowbarred actively by addinmg a 450 V,
0.96 F {97 kJ)} capacitor bank. A damping resis:or can aiso be added
to the circuit to shorten the initial veoltage spike. The damped and
undamp ed poloidal circult voltage waveforms arc shown in figure 2-3,

The toreidal fieid, shown in figure 2-3, is created by external
windings driven by a 32 mF. 5 kV {650 kJ) capacltor bank, which 1is
passively crowbarred with a half period of 1)} msec. The toroidal
field is tvplcally fired & msec befeore the polo dal field, leading
to a relatively constant toroidal field for the duratfon of the
discharge. A tvpical velue for the toroidal fi:1d on axis for a
tok amak discharge is 5 kG.

For these experiments Tokapole II was run in one of two wmodes.
The first was an octupole mode. In this case tle poloidal field was
created by  the inductively driven Internal wops ziome, f.e. no
plasma current. This was done by applying the undamped woltage
vaveform to the primary of the transformer, without puffing gas into
the vacuum vessel. This confipuration, with a totzl hoop curremt of
200 kA, produced a flux plot similar to taat shown in figure 2-4,
This mode was very similar to previous octupoie experiments inm which
gun injection was done. Also an arbitrary toroidal field could be

superimposed on to this existing field.

14

Figure 2-3. The wave form for a) the poloidal gap veltage both

damp ed

veltage,

and undamped. bYthe hoop current rvesulting from the gap

and ¢) a typical torecidal field wavefcorm.
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The other mode of opératicn was the divertor tokamak mode. In
this case the vacuun vessel was filled to approximately 3 x 107%
torr with hvdrogen by use of a fast piexoelectric puff valve, just
prior to the firing of the toroidal field. Microwave prelonization
{10 kW of 16 GHz) which was resonant with the eiectron cvclotron
frequency of the toreidal fleld (5 kG) created a wesk plasma Jjust
before the damped poloidal voltages were fired. A plasma current
was then driven down the center of the device in additiom to the
hoop current, This additiom of the plasma current produced & flux
plot such as thet shown in fipure -3, This flux plect was
csleulated with an MHD equilibriue code for parameters that were

characteristic of those uzed In these experiments.

B. Mgrshall Gun Lharacteristics

& coaxial Marshall gun was used as the external plasma source
for these refueling =xperiments. The Marshall gun consisted of two
concentric barrels, or electrodes. & working gas. hydrogen in  this
case, was puffed into the region between the barrels. High voitage
was then applied between the slectrodes, lonizing the hydrogen gas
and allowiung current to flow between the two barrels. The magnreiic

+ >
figld created by this current resulted {n a ixB force on the plasma
which propelied it down the gun barrel, es illustrated in figure

2=6. As the plasma moved down the barrel, the current through it

tonized gas as it traveled until ejected from the gun. Typiecally s



Figure 2-5. Poloidal magnetic flux plot calculated with az MED

equilibrium code for = tvpical tokamak discharge in Tokapele T
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Figure 2-6. 4 Marshall gun discharge is 11lustrated. High
+> >
voltage ionizes the gas, and the ressltant current c:eates a JxB

force which propels the plasma down the barrel.

22

TSI

— 1 >
A
+i=
1
vT
g f 4 T +
i s i v +
-'f"/ ."; 4 ; ! ! .-1 g ,"
s n A /
‘L oo i - Lo, ! .‘/

T~

\\
]

-
B taut o
<4 4-»

Coalk

>
13}

Figure 2-6



[
Lad

gun of this type has s siow compenent of plasma moving with a
directed emergy of ~100 eV and a smaller {~¥l) component moving near
: xeV. The electrons are moving along with the ions and are wsually

zuch colder (<10eV)}. This iz g simple view of what is actuslly a

prd

very cdomplicated process, s svidenced by th

m
o
0
ie]
F
[«]
rh
=
]
[=]
m
]
=
m
8
cr
%
2]

the created plasma. This description will be
uncderstanding the experiments that follow, however. A wmore complete
description of the physics of plasma guns can be found in references
4—6 a2t the end of this chapter.

4 schematic drawing of the Marshall gun that was used {n these
experiments can be found in figure 2-7, with an electrical circuit

lracing in figure 2-3. This gun iz 55 cm from muzzile to breach with

L

= 5 cm diameter stainless steel outer barrel and 2 1.5 c¢m diameter
copper imner barrel. Between the ianer and outer barrel there is a
1.25 cm thick Plexigles {nsulator which electricallvy {insulates one
sarrel from the other. is insulater also serves as a vacuum seal.
Gas I1s puffed into this gun by means of a magnetic valve, This

vailve is lecated in the inmer barrel 3.5 cm from the breach of the

Hrdrogen gas s puffsd inte the gun. and
the fil1 pressure can be varled over = wide range. For aosr of

these experiments the gun was filled to a pressure between 5S¢ mtorr
and 208 mtorr. The timlng of the gas puff was arrived at by

maximizing the amount of plasma <trapped by occtupole fields apen

Figure 2-7.

24
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diagram for firing Marshall

circuit

Electrical

Figure 2-8.

gun.
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fie main gun benk cousists of a

capacitor. This circuit Is triggered by means of a low Inductance

spark gap which allows the curremt to rise guickly. This produces z

siausoidal current waveform with & period of about 10 usec and a

maximum current of 200 kA. This cyrrent produces the plasma ejected

v the gun. A more complete desceription of the plasma ejected from

the gun that was used in this experiment will te given In chapter 2.

C. Interferometer
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Plasme density was measured by meens of & 70 GHz wicrowave

interfercmeter’ {figure 2-9), which has a line of sight down the

mid-cylinder of Tokanole IT. For the case of a cold. coliisionless,

unmagnetized plasma the microwave radiation propagates with its

wavelength increased from the vatuum value by the factor’

-3

freguency. If the zpproximetion v > Wy is uvsed the phase change
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Figure 2-9. Scheratic of Interferometer showing reference arm

and arm through plasma in Tokapole IT which v later mixed for

measureanent of phase difference.
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where m is the eiectron mass and }‘o is the wavelength of the
microwave radiation in free space. When the density is varied, the
phase of the radiation will be seen to change with vrespect tc the
reference arm of the microwave systen. This measured phase chmmge
is then proportional te¢ the line integrated demsity along the path
iength, and thus it is & global measurement insteed of a local one.
The microvave horns are r;ounted such that theg field of the
microwave radisticn is parsliel tc the toroidal magnetic £ield.

since St >> B This &llows the ordinary meode to propagsate across

B
the device. The ordinsry mode has the same digpersion relation as
radiation in an unmagnetized plasma. This makes the emustion for
phase change as 2 functicon of density still wsiid., even in the
presence of a strong toreidal field.

In order to get 2 density measurement from the phase shift, a
Princeton digital interferometer circuit was usﬁs. The kiystron
frequency is modelated by a1l MHz sawtooth wa\.re. A4s the klvstron
frequency varles, =2 zero-crossing detector sensss interf'erence
minima due te difference in electrical path l'ength between the
piasma arm and the reference arm of the interferometer. The digital
circult, with use of a phase lock loop. G'-eze-:::sr changes in phese
during the } usec ramp where the minime cecur. & complete 2n phase
change of this minlmm with respect te the ranp:signal represents
one microwave wavelength change in cptical path length. The digital

circuit counts these fringes aad then converts the total phase

change tc sr anslog density signel.

D. Langmuir Probes

For local meazsurements of demsity, Langmuir probes were used.
For a complete description of probe theory, see Chenlo, gnd for a2
description of the electromic considerstions of probe use see
Sproct”’.

An ungrounded metsl probe inserted intoc 2 plasma will resch a
steady state flosting potential, Vf. such thet there {3 =no net
current to the probe. If the probe is biased pesitive or negative
with respect o Vf, it will attract or repel electroms, asd in the
opposite sense ions. This will cause a net curremt to flew. If the

probe is blased negatively enough. all electrons in the zres will be

epelled and 211 ioms tragversing the effective probe ares. & {equal

*3

te the probe zreg if the plasma shesth 1s small}, will be collected.

This ion saturation curremt is glven by.

8KT
1 L]
Iset = ine’.v* where v*=[q._.,__e|1/2 for T, <7
"

and where n, my. T,. and T_ are the ion density, ion mass.

e iont
tepersture and electTon Lemp erature respectively. Thus the density

¢can bpe determined If the ares of the probe tip and the electrom

temp erature are known.
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A method of determining the electron tempera:ure_.ll based on
measuring the slope of the I-V curve at Ve. was used im conjunction
with saturation current measurements to obtain densities. The

admittance, Y. is defined as

¢ - 1 _dI, el at
E OEv'VE KT,

The admittance can be measured by use of a capacitance bridge that
is baianced for zero output signal in the absence of plasma. The
additicn of plasma unbalances the bridge, and 1f the output of the
bridze is calibrated agzinst koown resistances, the admittance. or
inverse resistance, of the plasma sheath ¢an be determined. In this
w57 & probe. consisting of two probe tips of the smme area, where
one is messuring the lon saturaticn current and the other is
measuring the pleasma admittance, can menitor the time evolution of

the plasma density znd temperature at a single peint in space;..

£. SER and ether Impurity Signals

As a general dlagnostic of central plasma conditions of a
Tokapole I1 discharge. soft X-ray radiation, or S$XR, signals were
used. Radiation in the SXR region in plasmas comes primarily from
sources with  emissivity strongly dependent on the electron

‘tepp erature, Te’ so that even though & collimated detector averages

34

over a chord, the detected signal comes primarily from the hottrest
peint along the cherd. The central temperature in a Tokapole II
discharge is approximately 100 evlZ, At this temperature SXR
radlation comes primarily from line radlation. Groebner and Dexter
determined from doping experiments that radiastion from light
impurities {carbem, oxygen. etc) accounta;_'d for <207 c¢f the SXR
signaln. At 100 eV the intensity of radiation {from metals

4

4
primarily varies as®

I~ nenie*E/Te

where n, 1s electron density, ny 1s the ion demsity in the ith
charge state, Te i5 the electron tempersture, and E is the photon
ENergy .

Surface barrier diodes uith‘polypropyl ene filters were used for
SXR_detectors on Tokapole IT. This detector filter combination
allows sensitivity down to a photon energy of about 60 oV. The
vertical detector array consists of seven detectors spaced 3.1 cm
apart slong the cutside wall at one teroidal azimuth. Each detector
views s spot size of ~3 om at the midcylinder. The central chord
SXR signal was then a good diagmostic fér viasing changes in the
central current channel's tempersture and demsity.

For general measurenent and monitoring of impurity siznals.
filtered photomultipliers were used. ‘This produced impurity signals

for OIII’ CIII‘ NIII‘ and Cu-

7> which are a good monitor of the
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it

clesniiness of the Sisc;’:arge and the impurity ccncentrations being

ejected from the gun into Tokapole II.

F. Data Haudling

Most of the data taken for thls thesis was handled by = PDP

por

1723 computer. Early data however were taken on oscllloscopes and
stered on Pelaroid film. 4 LeCroy 8210 digitizer was used in
comiunction with the computer. The 8210 {5 a 4-chaznnel, bipolar,

T

digirvizer that can digitize up to 1C” samples/sec. Each 8210

11

10-bit dig
has 32k polnts of wmemory that can bte divided smong the thannels
used. After esch tun of dats was taken, the data were read on to

sagnetic tape and transferred to a VAX computer. All of the dzte

anaiysis was performed on the large computer.
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CHAPTER III

GUN INJECTICN REFUELING IN TORAPOLE II

In this chapter the refueling process is characterized with a
therough description of a2 gun refueled tokamek discharge in Tokezpole
If. This has relevance to understanding the mechanisms involved in
the refueling precess Iitself, but alsc is importamt to the fusion
community where such cherecteristics may be vervy crucial to reactor
design. First the injected plasmas beam will be described, followed
by a short descriptlon of a tvpical tokanak discharge in Tokapeole II
without gun refueling. A complere description of a gun refueled
discharge will then be given, with the important characteristics

explained.

A. The Injected Plasma

Measurements of the gun plasma were made using a floating
double Langmuir probe. A floating probe was necessary because of
the high floating peotentlals assocliated with this type of dilscharge.
For these mneasurements the gun was fired into Tokapole II with uc
fields present. The Laangmuir probe was inserted into the plas;na
path through =& swivel port from above. This allowed placement of
the probe at different distances from the guu. A typical trace of

the fon saturation current im this situation Is shows in figure 3-1.
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The trace was triggered by the rise of currenmt inm the gun
transmission line. As can be seen, the plasma arrived at the probe
several microseconds after current started in the gun. The time of
flight of this plasma was measured by placing the probe at different
istamces from the gun and observing the arrival time ~f the plasma
after the trigger. For gun plasmas used in the refueling
exp eriments, the velocity of the plasma was ~5x108 cm/s ec.

The density of a gun plasma can be derived from the saturation
current by usinmg the velocitv of the plssma beam. The saturation

current is given by
Ysar = Opevyd

where ny 1s the beam density, A is the effective probe area, and vy
1s the fon directed velecity, which brings new plasma into the probe
sheath area. Using this method and the saturation current showa in
figure 3-1, the typical gun plasma density was found to be ~ 1 x1013
cm'3. There was uncertaintv in this measurement because of
turbul ence, embedded flelds and high potentials of the gun plasmas.
Iz order to confirm this measurement, global measurements of
the trapped plasma were also used. TFirst the gun was fired into =n
cctupoie field and the average demsity of the plasma thst was
trepped was measured by an interferometer., With the known volume of

the vacuum chamber at 0.6 m3 and the dimension of the beam mercured

by Langmuir probes. a reasonably accurate density can be obtained.
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The characteristics of & typicsl plasma bean that was efficient
at refueling are given im the table of flgure 3-2. These parmmeters
are Dot constant however. By changing the voltage on the main gun
bank and the gas £1il in the gun, the density of the plasma beam and
to a lesser extent, Iits velocity, c¢an be varied over some range.
hown In figure 3-3 is the density trapped by an octupcle field as
both the gun veltage and gas {iIll were varied.

A gignificant amount of neutral gas is also a characteristic of
a gun discharge. With a known amount of gas 111, the density
trapped in an octupole field implies about a 30% fonization rate,
assuming 1007 trapping of the plasma. This neutral gas, not fonized
by the guun discharge. travels down the gun barrel, at or nesr the
sound speed, after the plasma. The effects of this on the refueling

process will be discussed later in this chapter.
B. e Tokamak Plasma

The plasma discharge in Tokapole II is that of a divertor
tokamak. Shewn io figure 3-4 are the time evelution of several
plasma parameters typlcal of this type of discharge. This is very
characteristic of all discharges in which this research was carried
oLE. These three diagnostics were especially important in
evaluating the refueling effectiveness.

The first diagnostic 1s the average density In the discharge as
measuy ed by the interfercmeter. This signal displavs the

line-averaged density on a chord through the mid—xcylindex. Because
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Figure 3-2. Characteristics for plasma bean used for

refueling.

PLASMA  BEAN PARAMETERS

Velocity

Pulse Length
Length

Bean Radius
Total Particles
Density

Electron Temperature

Figure 3-2

5 xio% m/sec
20 x107% sec
1.0 meter
3.0 em

3.0 x10i8

1.1 x10%5 cn™3

<5 eV
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Figure 3-3a.
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The density trapped in an occtupole field as the

gun supply voltage is varied.

Figure 3-3b.
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Figure 3-4. Shown are three dfagnostic signals for a standard
Tokapole II discharge. They are a) line-averaged demsity from an

interferometer, b) central chord SXR s{gnal, and c) plasma current.
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the goal of refueling fs to add fuel, or demsity to the discharge,
this serves as a basic measure of the effectiveness of the refueling
process.

The second dlagnostic displared 1s the central chord GSXR
signal. This signal gives a good indication of the relative
conditions existing in the central current channel. As explained in
chapter 2 the SXR signal depends on both temperature and demsity.
Useful iaformation can be extracted from this diagnostic evesn though
the two parsmeters &are combined together.

Tne third disgrostic displayed is the plasma current. Plasma
current is the mechanism for adding energy as well as providing
confinement of the tokamak discharge., This signal characterizes the
robustness of the discharge. Also a conductivity temperature of the
current channel can be extracted from the plasma current, as will be
descrited next. This also helps‘to describe the refueling process.

Additional global parameters can be derived 4f the average
densitv, fg, the plasma current, I_, the hoop current, Ih’ and the

p

poloidal gap voltage, ¥ are known., This process is documented by

Sprm;t1 and will be discussed briefly here. Typical values for

pg’

these parameters gre listed in the table in figure 3-5.
If the plasma current is assumed to distribute itself evenly

inside the separatrix, then the plasma radlus, 2z, is given by

- 4
a= 1,.a:1p/1hil’
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Figure 3-5. Table of typical derived ;iérameters for a standard

Tokapole 11 discharge.

TOKAPOLE TI STANDARD DISCHARGE

Major Radius

Minor Radius
Toroidsl Fileld

Hoop Current

Plasma Current
Average Denslity
Electron Temperature
Loop Voltage

Saf ety factor, ¢

Energy Confinement Time

Figure 3-5

50 cm

10 cm

5.2 kG

200 kA

25 kA

4.0 x1012 cg™3
60 eV

4.5 Volts

2.2

0.33 x10°7 sec

3Z
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This is the radius of a circle with the same cross sectional area as
the squsre-like area inside the sepsratrix. This area was
determined by rumning computer code calculations with a given Ip and
Iy.

After experimental messurements the resistive loop voitage, Vz,
seen by the plasma, was fitted to

7o = - -7 ¥ 1}"2
Vo = /2(1 + t/?S)Vpg + 0.0043(1 t/37) 1, A.BIp/a

.
where ¢ is time in msec after the start of the discharge and lp is

the time rate of change of the plasma current. With this the ohmic

input power, Po‘r’ can be calculated from

The electron temperature, T,, can be inferred from ID. VI‘ znd

e

pliasma radius, a, 1f we assume Sp'itzer cenductivity with . no
lmpurities, Z

Te = 376(11,/V,1/a8)23

where the electron temperature, T is measured in V.

et

The final parameter to derive is the energy confinement time,

Tge It fs given by

54

0.144<n eT e

T _—
E
Pc>h

In this case the entire volume of stable confinement i{s used and
thus this represents a total machine confipement tinme.

There are numerous zpproximations in the derivation of these
parameters as discussed in refererce 1. These parameters, some of
which are measured directly while others are 1inferred, allow
cbservation of gross changes in the plasma behavior due to gun
refueling. We can then evaluate the effectiveness of this refueling

schene.
€. The Refueiing Process

The effects of gun refueling upon 2 Tokapole IT discharge can
be seen in the data of figure 3“&5. The most pronounced change in
the discharge was an increase in the average demsity immedistely
after injection. This Is the first requirement for an effective
refueling scheme. The interferometer showed this increase to take
place in less than 30 usec after the gun fired. The density rose by
~30% and more or less maintalned that to the end of the discharge.
If piasma from the gun was Kdeposited inte the discharge all at one
time, with no other socurce of fuel, the-density should decav after
injection with & characteristic particle confinement time. The

other source of fuel must bde the wn—lonized hvdrogen gas from the
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Figure 3-6. Time evolution of three diagnostics im a gun
refueled discharge. They are &) line—aversged density from an

interferometer, b} central chord SXR Jetector and ¢) plasma current.
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zun. As stated earlier only about 30% of the gas that fills the gun
is ionized.

1f gas from the gun were trapped quickly in the discherge and
were responsible for the rapid rise in demsity, then the gun would
he no Dbetter than an efflcient gas puffer. If this were true the
zum would not scale up well to lerger tokamaks. In order teo

determine 1if the rise in density was just a gas fueling effect, the

oy

vn was filled with ges but not fired. Shown i{n figure 3-7 1s the

[&%

ensity for two different discharges. The first is a standard gun
refueled case, and the second is the case of filling the gun with
gas amd not firing 1t. TFor the gas case the average density did not
start to rise wntil 2-3 msec after the gum would have fired.
Arcarently the gun firing was responsible for the rapid increase in
density. To better illustrate this, the signal from case II was
suptracted from case 1 and {s shown in figure 3-8. This signal
should contaln the effect of Just the gun discharge and not the gas
that later leaves the gun. As can be seen the density due to the
gunr discharge rises immediately and then decays with a time
consistent with the expected particle confinement time. The fact
that this signal goes negative late in time {s due to the gun
refueled discharge having ended slightly before the gas refueled
case. This problem of late gas could be cured on this or other gun

refueling systems by several techniques such as g fast :;hutt:er.2

Figure 3-7. Line—averaged density for two discharges.
sre a) a gun refueled discharge, and for b) gun filled with gas

1ot fired.
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Figure 3-8
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The rapid rise in density might also have been caused by
energetic nesvtrals. Neutral hydérogen atoms that were energized by
the gun discherge could have traveled at very nesrly the speed of
the plasma beam and then been icnized by the plasma discharge. In
chapter VI it will be shown that the trapping mecheanism is not a
collisiomal process. The neutrals need ccllisions to become plasma
and thus are not responsible for this density rise.

The central chord SXR signal alsc shows changes due to the gun
This signal which is proportiomal te density in the center and
exponentially dependent on temperature does not rise immediately.
But 1/2 te @ msec after the gun fired. the signsl rose to a value 2
to 2 times what 1t weould have been without gun refueling.
Apparently the gun deposited significant amounts of cold plasma in
the center of the discharge. The plasrﬁa current then chmically
heated this plasma untll en equi-}.ibrium was reached. This should
have taken an energy confinement time, which was approximately
0.33 msec. The added coid plasma required more loput nower to Theat
it up. This additicnal input power 1s evidenced by the small
decresse in the plasma current for the gun refueled case, The

dl

inerease in input power, P_., was suppiied by the -L_a._g. term in the

oh
expression for the resistive loop voltage. V,. This decrease in Ip
means that the equilibrimm temperature was slightly lower. The
increase in the SR signal signifies that the central density must

be increasing if there {s no increase in temwersture. Another

possibility is an increase in Impurities responsible for radiation
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To better understand how the demsity profile was affected by

ion

L

»

posi

SXR vs.

10

gun—injection, Langmuir probes were used in coajunction with the
int erf erometer. Langmuir probes could be inserted into the edge of

the discharge up to the separatrix, or the edge of the current

7.5

. chennel, before they were destroyed by the plasma current. This was
about 12 e¢m from the wall, or i0 cm from the center of the

/ b discharge. 4 probe stalk which contalined a Langmuir probe and an

% WITHOUT GUN

admittance probe was used over this range to get' an  edge density
/ ’ profile. This edge profile was taken for 3 gun-refueled case at =

time of ~150 usec after injection and for a nonrefueled case at the

2.5
RADIUS (em)

sane time during the discharge. Eaeh of these cases also has
associaced with {t s line-integrated density value cbtained from the
3 ) interfercmeter. With these two d'lffe:ent‘ diagnostics, informatioen
about the densitv in the cemter of the discharge can be inferred.

To obtain a profile vsing probes and the {interferometer, the

U
1

1 edge density profile was line-integrated, and then subtracted from

-a.b

the interferometer signal. The remaining value represented a

line-integrated density over the central plasma, Inside a radlus of

13 cm. This signal was then smoothed inte a central denmsity profile

300 |-

] as a continuation of the edge demsity profile. This was done making

200 |-
100

_sure the final demsity profile had =2 line-integrated value that

corresponded te the interferometer value. The result of this

vy v A ram . .
(SIINA "EXY) ALIAISSING MXS process is the inferred density profiles of figure 3«10, This

igure contains profiles of the refueled and non-refueled case. The

Figure 3-9 gun. refueled discharge had & much higher wvalue for the central
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Figure 3-10. Deﬁsitﬁr profile inferred from interferometer in
conjunction with edge Lengmiir probes for discharge with and without

eun refueiling.
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density, while the edge densities for the two cases were very
similar. The gun was depesiting most of its plasma in the center of
the discharge.

There were a few &ssumptions and approximations made in
inferring this density profile. TFlrst, there was some liberty in
choasing the exact shape of _fhe density profile over the center,
There was also uncertainsty in the absolute magnitude of the probe
data, due to such factors as magnetlc field and sheath sizel. This
could possibly have led to the unon-refueled case having a more
peaked central profile than is shown. If this were the case, then
the gun~refueled case would also have been affected the same way.
The important peint Is that the line-averaged density was increased
30% to 50% by gum-injection with little or no discernible change in
the edge demsitv. All of the plasma was deposited in the center of

the discharge-

D. Energy Confinement

Energzy confinement in tok anaks has been fit, in the past, to
the Alcator scaling 15«3. This empirical scaling law states that
the energy confinement time, Tg, is proportional tc the plasma
density. At the higﬁ&st densities in tokamsks, Ty is seen to fall
below this equer,ion3. Pellet refueling has restored Alcator scaling
at the highest densities, presumably due to pesking of the demnsity

profiles.
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On Tokapoele I1 the confinement time was measured to see if gun
refueling would increase the energy confinement above that observed
with gas puffing. The rtesults proved to be inconclusive. By
measuring the energy conflnenent time as described earlier in this
chapter, the tsbie in figure 3-11 was obtalined.

Three csses were examnined. The first was a  standard
non-refueled tokamak discharge as shown in figure 3-4, and the
second was the gun-refueled case of figure 3-6. The final case was
obtained by additionsl gas puffing to ralse the density to that of
the gun-refueled case. The confinement time was calculated at
intervals of 0.5 msec after the gun fired. .

The confinement time Tp i1s increased slightly it the

gua-refueled case sbove the standard discharge and extra gas case.

The changes im 7Tp were smal}, hewever, and may fit within tt;e
nncertsinty of the measurement. Gun-refueling was apparently not a
better scheme for refueling than gas puffing on Tekapole II, from an
energy confinement point of vies. This was probsbly due to the
small size and low densities of Tokapole II. Gun-refueling 1s more
important for large tokamsks where gas puffing may be inefficient.

When gun-refueling 1s carried out on large tckamaks the resuits of

pellet injection might be reproduced.
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Figure 3-11. The enersy confinement time, 1., In 0.5 msec
intervals for three separate cases. They are for @) a standard
discharge. b} a gun refueled discharge, and ¢) a standard discharge

with extrs gas puffing.
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f£. Impurity Gemeration

An issue of comcern for tokanaks is impurity contmmination.
Hesvy Iimpurities will radiaste energy and cocl the plasma. It 1is
desirable to keep them to 2 minimum. Gun {iniecrion thas the
potentlal to generate many impurities, especially frem sputtering of
tne electrodes during the src discharge. Ou Tokapcole I1 several
impurity signals were routinely monitored to observe machine
cleaniiness. These impurity lines are CIII’ OIII’ NIII‘ atrd Cul..

The impurity signals for a gun refueled discharge are shown in
figures 3-12 and 3-13. Farly in time during start-up the signal s

-

large. This is due to the strong interaction of the plasma and the
zachine wall before a stable eguilibrium is a:ablishedé. sfrer
start up the dimpurity radiastion level receded to some equilibrium
ievel. When the gun fired., there was a small increase In the
tmpurity levels that quickly died away. Gun refueling did not
increase impurity radiation significantly.

Optimizing the gun to produce feaser impurities was not one of
the goals of this work. Yet, the impurity production remalined at an
acceptably low level. This is encouraging for the possibility of

using gun-refueling for a reactor. With some work it seems likely

that a Marshall gun could be clean enough for use in 8 reactor.
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Figure 3-12. Impurity radiatiom for Nypy and OIII' Gun fires

at 4.5 msec.
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Impurity radiation for Cpy7 and ~CuI.
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CHAPTER 1V
A MODEL FOR THE TRAPPING COF GUN-INJECTED PLASMA
A. Introducticn

A moving beam of plasma has-the ability to cross magnetie field
lines by setting up a polarization electric fieldl. As the bear
encounters the magnetic field, electrons are deflected in one
direction and icns the other. T‘his' continues until an electric
field builds up to ailow the interior of the plasma beam to Ex?s
drifs it.s way across field lines. This moving plasma can be stopped
if an external conductor shorts out the polarization fleld. As the
moving plasma tries to reestablish the pc;larization field, the
resulting current wiil create a Exg force to slow the plasms down.
Baker and Hammel? shoed that this model could accurately represent
& physical experiment.

EZxperiments, in which a gun plasma was injected into an
octupole field, ext ended this model to differemt magnetic
configurations with interesting resultsj. The toroidal cctupole has
only poleidal field, with none in the torcidal directicn. In this
case the magnetic field lines provide the mechanism for shorting out

the pelarization field.

30

In figure 4-1 a plasma beam is shown encountering a purely
circular poloidal field, which {s an idealization of the octupole
field. As the beam encounters the magnetlc field a polarization
field 1s ser up to allow the piasms to keep moving. As the plasma
creosses to the center and Ithen to the other side of the device, the
magnetic field Iines Vchange direction with respect to the moving
plasma. The polarization fleld must_ also change in response to
this. This shifting will cause an electric field in the direction
af travel to be set uvp along the outer edges of the plasma besm.

'fhe electric field in the direction of : casyses a current to

-
flow perpendicular to B and in the directien of travel. This

current is shown as ‘;D in the figure. The conductivity across field
lines is smaller than slong field iines, but encugh current can flow
to deplete the polarization charge and field. The plasma beam then
attempts to reestablish the polarization field with a polarization

-
current, Jp. A current loop is thus set up in the plasma with

-> - -
polarizsation and depolarization currents, JP and ‘ID respectively.
>
This current 3loop will slow down the plasma. Both legs of Jp
> > > .

produce a JPXB force in the —v direction while the JD ieg of the

current loop produces no net force on the plasma.
These peolarization anrdéd depolarization currests were measured
for a plasma injected {into & toroidal octupole.3 The observed

currents were large enough to stop the plasma in the device. The

result of the experiment was consistent with this model.
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Figure 4~i. The mechanism for trapping a plasma beam 'in
pcloidal fields. Reversal  of the magnetic field allows

depclarization current, Jp to fiow. The resultant current to

+ -+
support it, Jp, produces a 4 x B force to slow the plasma.

Figure &-1
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A complete and thorough description of this precess can now be
illustrated, but first a fes comments about the .current paths are
necessaery. There are two possible paths the current ED could travel
in figure &-1. Besides the path éhwn, the current could also flow
atlong field lines, instead of across them, to reach the other side
of the device. This current path would alse short out the
polarization f£ield. A quick .calculation shows that conductivity
along field lines, for a typical magnetic field strength, should be,
at z minimum, an order of magnitude greater than acress fleld lines.
“easurements showed that the current flowed parallel to the
direction of travel, : perpendicular to fleid 1ines.3 Current flow
along fleld lines was net observed and thus will not be considered.
In fact, this current parailel to g, would be ineffective if a weak
toroidal field, i/1C the str:ength of the poloidal field, were added.
This would cause the poloidal field 15,.1195 to not line up, a2nd an
effective depolarization current would not flow. In reality such an
added torcidal field barely affects trapping.

Another possible éurrent path to short out the polarization
field is perpendicular to both g and ; This current would flow
parallel to a cross section, but along the outer edge of the beam.
The Exg force of this current flow, however, would just cancel the
force of the polarization current that supports it. Thus we will
consider only a depolarizstion curremt stri'ctly parallel to -\:,

acress the magnetic field.
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B. The Trapping of Plasma in a Poloidal Field

An idealized case of plasma belng injected imto an octupole
field will now be comsidered. This case 1s less complicated than
the more general one of injecticn into a combination of poloidal and
toroidal fieids, as is the case for a tokamak. This will serve as
an exercise to illustrate the procedure for the more general case to
follow.

For a plasma bean traveling along the midplane and
perpendicular to V the magneric axis, the magnetic field through the
center of the device can be approximated by a function proportional
to T as shown in figure 4-2. Refer to figure 2-4 for a dlagram of
the field that this represents. The origin i{s in the center of fhe
device and the distance L./2 can be any distance of interest from the
center of the machine. TThe ftmcr:ional form of the magnetic field

strength w.ith this approximation is given by

2x43

I:B: = _BO {Tr

(4-1)

The intected plasma beam Is modeled as a rigid column of sguare
cross section as shown in figure 4-3. Therplasma is modeled =as a
rigid column to simplify the equations that follow inte a solwvable
form. This approximation should not change the underlying physics

of the problem. The plasma column has width 2a on éach side, with
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Figure 4-2. 1Idealized pcleidal fielé as a function of x.

O

H

n— e aah —— s k. .

Figure &-2
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length L in the direction of motion. The direction of magnetic
field is also shown im the figure to help with corientation.
With the given conditions for plasma to cross a mﬁgnetic field,

the interior of the plasma sees an electric fleid,

> - -
E= —v x 3B (&-2)

N >
The outer edges of the column with sides parallel tc B would then be

at a porential givem by,

2(x} = Bixiva ) (4=3)

where $(9) is taken to be zero. Because B} varies as a function of
%, ¢ does aiso. This creastes an electric field, —:—%. it.l the x
direction. which in turn causes a depclarization current, ED’ to
flow. The current density flowing along the edgé of the plasma is
given by

s de(x) (4-4)

where o is the conductivity of the plasma slong the outer edge of
the plasma column subject to this electric field, The total current

flowing on one side is then

90

do(x)

I(x) = Ac =

(4-35)

ahere A 1s the effective conducting arlea along the outer edge of the
column, The conducting medium is the plasma along the edge of the
column that has been stopped by the magnetic field and does not see
all of the polariz.atiou electric fileld.

The current in the % direction is the depolarization current
that depletes the polarfzation charge. The plasma celumn will then
support a curremt through It to maintain the polarization fleld.
The current density through the coiumn would then be given by

1 ¢I(x)

J(x) = e

oA 4-5
2a dx ¢ ’

as shown in figure 4~4. This results in a current density 1inside

the plasma c¢elumn of

2

o
w

Agv

I(x) = - (4-1

o
[

X

A slowing force is acting on the plasma column due to this current
R .

flowing perpendicular to B through it. An elewment in the plasma

sees a force

+ o+ )
may, — = J % B i (4-8)
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with the total force on the plasma colunn.

o -
[mngy —— dV = [J x B d2da (4-9)

Assuming a rigid plasma column, the left side of equatiom 4-9

becones
v d
. dv 2 v -
f —_— gV 4 _— 4-10)
_,nmb T gy = 48 Lmnbdt . (
or
> - - .
sallangis = =1 % 3 d1da BN CSEY

- >
For this case J 1s always perpendicular to B, with the

resuitant force im the -% direction. The integration over ¢ and 2
can be carried out easlly since there is no dependence on these
>
variables in J and B. We can then substitute for J from equation 4-7
with the result that
L/2

2
dv = _ ocAv Ed B ax {4-12)

dt 2L1'nnb ‘_1/2 dx2
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. )
Using the form of B given in eguation 4-1, integration of

equation 4-12 yields

2
dv _ 12 98B

= o (4=13)
dt 5 2
nme
This has & solution for v given by
v = vde_t/'ts ] (4=18)
where T, 1s a characteristic slowing down time :
51'11311.':1.2
_— > {6=1%)
IZGABO

This result makes intuitive sense. The 'sléwir'.xg down time is
inversely proportional to the conductivity and effective conducting
ares of the current-carrying plasma on the edge of the column. The
depolarization current which provides the stopping force for the
plasma column should be proportiomal teo these two parameters. The
factor (L,"Bo)2 alsc sppeasrs correct. Since .; is proportionsl fo g,

> > 7
J x B should be proportienal to B".



95

The exnlicit form of the cross field conductivity, o, has mnot
yet been specified. The conditlons that exist on the outside edge
of the moving plasma are aot well known. One assumption to be made
is that the plasma on the edge 1s of the same t.enperature and
density as the center of the plasﬁla column. With this appfoximation
there are two possible mechanisms for cross field conductivity.
Either a conductivity due to a time'—changing electric field or =
cross field Spitzer coz-aductivity could be responsidble for current
filow. Both of these conductivities have a dependence on the density
of the conducting medium, Ty and the magnetic field strength, B.

In the presence of a sinusoidally varying electric field there

¢an be z conductivity across field lines given by,

inmw
o =

5l

{4-16)

where w is the frequency of the time varving field. In our case w

catn be spproximated by

o = 27V ' | ' 17

This wmechanism for conductivity was assumed for injection Into

octupoles and fit fairly well the experimental data.

g6

The gun-injected plasmas used in this work are much more dense
than those used previously. For these conditions, cross-field

Spitzer conductivity may be more appropriate. Thiz conductivity is

given by,
pA
v
o) = Oy gt =3 (4-18)
(veiﬂ"ce}

where oy is the traditional Spitzer conductivity. Then

nezvei
0L % (=19
m{ Vg tune)

where n 1s the plasma density, v, is the electron-ien colitsion
freguency and w., is the electron cyclotron freguency- If we use

this conductivity in eguation 4-15 the slowing down time becomes

2,.2 2
mmy Lo viggtug )
=_° L & £ &=
26248 v -z
o' el

The electron—ion collision frequency 1s proportional to o and

inversely proporticmal to '1‘93/2. for scaling purposes T, them

varies as



97

2. w302
) (ng+kTBY)

T {4-21)
$ usz

0% when oy, is cm_j, T is

where % 1is the physical constant 5.4 x1 e

eV, and 8 is kG.

Eguation 4-21 describes how the trapping sheould vary as the
magnetic fieid and injected plasma demsity change. One interesting
feature of 4-21 is that at high magnetic fi-ﬂld, or v << W as the
trapping is Independent of B. This result arises because at high
magneric {feid strength the conductivity has an inverse relationship
with B. This means the trapping force will saturate at some value of
magnetic field.

Another counter intuitive result is that the slowing time 1is
inversely preportional to oy, at large magnetic flelds. A stream of
plasma with more density and thus more momentum should stopr more
siowly, assuming a given slowing force. The more dense plasma
however, has a higher conductivity, = ng, which allows m'ore current
to flow and apply a greater stopping force. These scaling relations
should provide a good means of eveluating data, to see 1if this
trapping mechanism I3 appropriate for our case. This will be done

in the next chapter.
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C. The Trapping of Plasma in Poloidal and Toroidal Fields

.'I‘o understand the trapping of plasma in a tckamak, the model of
injection into poloidal flelds must be extended to Include the
effect of toroidal filelds. To derive a stopping diétance for =a
plasma beam moving through a tokamak, a procedure will be used which
is similar tc the one used in the previocus section. As th.e bean
travels through magnetic field lines of changing direction, an
electric field Is set up which 1s parsllel to the directiom of
travel. This electric field drives a curremt, along the outside of
the beam, which attempts to drain the polarization <charge. The
plasma column mrst .then .support é current to wmaintaln the
polarization charge In order to xeep moving through the .magnetic
field. Finally the £force on the plasma due to this polarization
current is summed up over the whole célumn to derive a stopping .
time.

The magnetic field of the tokamak will be modeled as & stralght
cylinder with a2 constant plasms current density. As a plasms
travels along the midplame, perpendicular to the magnetic axis, it
would then see a poloidail fileld, which varies linearly with the
distance from the curremt axis. If the toroidal magnetiec field
strength is coenstant and much larger than the poloidal field, the
total field strength is constant with the angle the magnetic field
makes with the horizontal midplane being that shown in the graph of

figure 4=53, This angle, a{x), is given by
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2a : ’
a(x} = —— X - {4-22)

where a, is & constant sngle.

] o : o - Figure 4-5. The angle, a., between the magnetic field and the
In this model the plasma 1g once sgain modeled as a rigid

. . midplane, as a function of x, for constant toroidal fileld and
column of pizsma with lemgth L. This time the column has a circular :

toroidal plasme current density.
cross section of radius a. A diagram of this plasma, traveling on
the horizontali midplane, and crossing the previously described
magnetic fieid 1s shown in figure 4-6. A cross-sectional view of
this plasma column is shown Iin flgure 4-7. In this figure, o is the
sngie between the horizontal midplane and the magnetic field. Theta
(8) i5 a dummy variable over which to integrate. With & as the
angle between an arbitrary radius and the vertical through the

midplane, % becomes the sngle between this radlus and the radius

>
that is perpendicular to B. Thus,

s{x) =8 = a(x) {5-23)

In order to get a slowing down time, the currents that flow in
the plasmz cylinder due to a depélarization current are summed up to
derive a total slowing force. If the cylindricsal plasma column uses
a polarization electric field to cross the magnetic field, then in

the Interior of the plasma,
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Figure &4-6.

structure.
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Cylindrical plasma column crossing rokamak field
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Figure 4-7. A cross section of plasma column with definition

of coordinates.
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- > -+
E= — x B ' (4-24)

If the electric potentlial, ¢, is takem to be zero on the axis of the

cylinder, ¢ on the surface of the cylinder is

&(x) = vaBeos(g(x}) (4-25)

The electric field on the surface of the cylinder which drives

a polarization current 1n the % direction is given by

d$(8,x)

s {4-267

E.{8,x) =

If there is an effective conducting ares extending a distance 't from
the surface of the cylinder, as shown in figure 4-B, the incremental
current fiowing along the surface, between angles 8 and B4d6, is

given by

d1{8,x) = aclE,(8,x)d® ‘ {(4-27)
With !B, v, and a not varying with x, the equations 4-23, 4-25,
4=26, and 4-27 combine to yield the &q;olarization current thfough a

small angle on the surface as a function of & and x.

dI{o,x} = azichdB_dd;(cos(e-a(x))] (4-28)
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Figure 4~8. Incremental curremt flowing along surface of

.cyl inder.

Figure 4-8
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In order to support this depoiarization curremt, a poliarization

current must flow through the plasma column. The current demnsity

perpendicular to, or through the surface of the cylinder, is given

by
Figure 4-9,
d4°1(6,x)
J (8,x) = : 4=29
1 (8:%) 2d0dx (4-29)
or with eguation 4-28,
¢ dzo'. ) day 2
J (8.} = aleBn\sin(tb(X))«--é- - cos(cb(x})(-a;} ] {4=-30)

dx

With this current density thréugh the cylinder surface, the force on

the c¢ylinder due to the currents can be Integrated. The current

flowing 1inte the cylinder has two components. One of these
components is JS, current proportional to sing, and the other is Jc,
current proportional to cosd, as shown in figure 4-9. Because JS is
antisymmetric about ¢ = O, 1t Supports a current that is parallel to
g. In a similar way J_. supports a current that is perpendiculsr to
g We can model J, as a current filament perpendicular to E, and Jg
parallel to g Because J, 1s parallel to g it does not coatribute
tec the slowing force. The siowing force expression of equation 4-9

b ecomes

110

Currents J,, and J_, floving perallel and

perpendicular te the magnetic field, through the plasma column.
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Figure 4-9

> >
JIxB drda = -BfI_(€,x) d2dA %

- 112

(4-31)

With . the currénr_, J.,» constant as shown in figure-4-9, the integral

Idl becomes 2acos(9-a(x)}, with da=ad@dx.

reduces to

Equation 4-31 then

r 2 dayz 2 '
[IxB d2da = ~22°B{tavB{=) cos"(8-ulx))dbdx & (4-32)

so the stopping force becomes

2 4
{ KXZGX

L/
fmnb% dy = '11323310vf fame
-L/2 ¥

with equation 4-22 for a{x), the

becomes

202
dv - ‘_""a"“moB v
dt sumbl.:2

Solving for v we obtain

Ty o= voe-t”s

(4~33)

equation for the velocity, v,

(4=34)

{4-35)

with the characteristic slowing down time 1 given by
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L . {4-36)

This slowing down time is very similar to the slowing down time
for inmjection into purely poleidal fieids, as in eguation 4-16. The
quantity T is proportional to m ‘and Ty s and inversely proportional
To B? and . Ip this case the effective conducting area outside of
the cyiinder is 4af, which ‘seens rez.asonable. Finally < is
inversely proportional to (aofl)z, whicﬁ is just the changing pitch
of the field lines per scale length. This case will reduce to the
pute poloidal case 1f a = w/2, with the ouly difference being a
geometric factor.

The final consideration 1s once again the conductivity o. The
condectivity has the form of equation 4-1%, with the same

considerations. For the present case with toroidal field this

conductivity Is actuelly more accurate since |B; does not vary with

xX-.
For scaling purposes T, varies as
Lz(n%HQTzBZ)
Tg = 77 o (4-373
nbaoB
where k is the same phvsical copstant as in equstion &-21. This

aquation has different characteristics, for variations with n and B,

114

depending on what regime is under consideration. Figures 4-10 and

4-11 show the wariation of =< with

s ay,,. B and 2. The value

Wap = Vo 15 an important trapsition reglion, where scaling changes

-2

-2
o -

fron oue form to another. Whem w, < ¥ 8

of Scallng goes as nya

At higher magnetic fields, when w_, > Vg the slowing time goes as
ngiagz. This is a much different form of slowing. These changes in
scaling are much the same as the pure pololdal fleld case.

The scaling laws derived sbove should present 23  unigue
signature im experimental data. By injecting & gun plasma into
varicus magnetic field configurations. including that of a =okamak,
this structure can be tested. In the following chapters., such
experiments will be described. An evaluation of the model will then

be made to see if it represents the physical mechanisms that comtrol

the process.
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CHAPTER V
EXPERIMENTAL RESULTS FOR VACUUM FIELDS
A. Introduction

In this chapter, experimental data will be examined to
determine how well the theoretical model., discussed In the previous
chapter, fits the physical reality of gun~imjection of plasmas ipto
various magnetic field configurations. 7The experimental conditioms
of a tokamak discharge in Tokapole IT are a combination of four
pargmeters. The first is a peloidal field, Bp, which results from
the divertor hoop current. The second is toroidal field, B, The
effects of plasma in the discharge result in the injected plasma
bean seeing a tokamak density, 2o, and a toroidal plasma current,
Ip. Each of theser facters has been isolated and investipated
separately to evaluste their effect on the trapping process.. In
this chapter the vacuum magnetic fieids will be f{nvestigated. lThe
vacuum magunetic fields are Bp and Bt without plasma pre;mt. In the
idealized model, the plasma bean experienced only pecloldal and
torcidal fields. The vacuum fleld case should then be effective in
checking the validity of the modei.

The additional effects of plssma and plasma current due to &g

tok amak discharge will be investigsted in the next chapter. In this
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way the conditions of the tokamak discharge can be separated to see
if the trapping observed in Chapter III is described by the model.

This chapter will investigate two vacuum field cases. The
first will be a pure poloidal, or octupole fleld case. The second
will be the more genersl polcidal with added toroidsl field case.
Octupole fields are a limiting case of the more ger.eral_one and u-rill
be discussed first. The model of Chapter IV Section B describes
this case =nd a comparison will be made. The real test of the
model, especlally for describing trapping in a tokamak, will be the
case of trapping in = combination of poloidal and toroidal fields.
This will be the second case investigated in this chapter. A final
conclusion will be reached as to the valldity of the proposed
trapping mechanism.

The predictions of the model c¢an be checked two wavs. The
first is by evaluating the experimental paraseters and substituting
them {into the slowing eguations 4~16 and &4-41, Consistency between
the slowing tinme, Tes and the experimental results c¢an then be
looked for. There 1s much uncertainty however, In some of the
parameters of the intected plasms. This is especially true for the
Cemp erature of th'e injected plasma, which strongly affects the value
of the conductivity, 5. The {njected plasma also has significant
turbulence with high frequency fluctustions ina density and electric
fields. These mitigating circumstances mean that the actual slowing
down times may be of limited value 4in evaluating the model. The

scaling of trapping, with the variation of controlling parameters is
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a secound wmethod of evaluation which can provide mich more us.eful
information. If the trapping of injected plasma scales with the
magnetic field structure and parameters of the injected plasma, as
predicted, then the underlying physical principles .of the model can
be presumed to be valid. Scaling will be the most important factor

determining the success of the model.

B. Octupole Fieids

Gun injected plasmas, trapped by multipole magnetic {ields,
have been used for experimental plasma physics for a some time1—3.

This magnetic field configuration produces a stable, quiescent

structure in which to study a plasma. Here. we are more concerned

with the initial trapping of this piasma. A typical time evolution
of density created by injectiow intc an octupole field is shown iun
figure 5-1. This signal is a line-averaged density viesed along the
midecylinder by an interferometer as depicted in figuré 2-9. Ve zare
interested in the process that creates this increase in density. To
get a vaiuve for trapped demsity as conditions are varied, the signal
from the interferometer at a time 200 psec after g trigger s sent
to fire the gun 1{is used. This was done to ensure a consistent
measure. The time was chosen to be after the pesk in the density,
but before the density had dropped significsantly. Alsc eaéh data
point comsists of several data shots.. This was done bhecause of
reprocducibility problems. The error bars represent the standard

deviation in the distribution of the data.



Figure 5~i. Time evolution of line-aversge density trapped

octupole field. I, = 200 kA and B, = 0.
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Flgure 5~2 shows a graph of density trapped as the internal

hoop current im Tokapoie II was wvaried. Current din the hoops

produces the poloidal field which traps the plasma. The poloidal

field stremgth vs. position along the midplane is shown 1in figure

5-3, for en internsl hoop current of 200 kA. There was nc toroidal

field present. The amount of density trapped increases with hoop t

current, but then ssturates.

The experimentsl parameters can be used to caleulate the

slowing down distance for plasma moving In an octupole field, as

predicted in the previous chapter. With equation 4-16 used as the

slowing down time. 2 characteristic stopping distance would be

dg = VoTlg

The velocity, v,, of the plasma in figure 5-2 was measured by time

of flight to be 5 cm/usec. With the slowing down time given by

nmez nbezvei
T, = — with 6, = Stk i
2G,AB m Vi g )

as described 1n Chapter IV, we get an estimate for the predicted

slowing down distsnce. For this experiment, at 200 k& of hoop

current the magnetic fleld is 0.05 T. The injected plasma

parareters were measured in Chapter III to be, n, 1021 m—3,

Loz 0.25 a. Additional parameters of the plasma have to be
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Figure 5-2. Trapped plasma versus poleidal field strength.
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Figure 35-3. Poloidal field strength afong horizontal midplane

due to hoop current of 200 kA. Br. = 0.
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2

estimated. They are A 2 0.0l m*, and T, = 1.0 eV. ‘The bean density

and tamperature lead to

n.lud
v, = 2x1078 2

el
172

sec b = 2.45%100 st

i

which then leads to o, = 1033 (ohm—m)’l, and a slowing distancé,

dg, = 9.6 ¢cm

The wvalve of 200 kA was choéen by oﬁservation of figure 5-;?.
At hoop curremts of greater thamn 200 kA there was little increase in
the amount of plasma trapped. This value is & good point to observe
if the predicted stopping distance is consistent with experimental
obs ervation. At a point where the process was just starting to
saturate the predicted stopping distance should be on the  order of
the device size. The agreement obtained seams very good'in light of
the uncerteinties that exist.

In calculating the conductivity, o, several approximations were

used. The value of the magnetic fleld varied along the direction cf

travel, with 8 = 0 at the center, therefore the conductivity was not
constant. The value for B was obtained by viering figure 5-3, which
shows the magnetic field along the midplane calculated for a hoop

current of 200 kaA. Since most of the polarization current flows

2
where 32 is largest, the value B, = 500 G was chosen. The demsity,

dx
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ny,, of the injected plasma, was sssumed to be comstant from the
center to the edge where the depolarization current flews. It could
have varied from this significantly. The conducting ares, A, was
also hard to estimate and could have varied by a factor of 5.
Finally there was no measurement of the temperature, Te’ whicl'_l is
needed for the comductivity, G- Bécause o, ”1s very ‘depeudt on

g» this may have provided the greatest unr_:ertainty. . Temp eratures
of 1-10 eV are very common for this type of plasma discharge. 1 eV

was chosen because it was reasonable, but also because it fit this

and future data well, This free parameter, Tgs crestes a large
uncertainty in the predicred slowing distance, but the scaling
arguments that follow should be unaffected. Finaily, the density
prefile of the injected plasma was not known. A variation from the
constant .density profile of the model -could affect the Tesult
somewhat. With these uncertainties, only limited r_;onclusions should
be drawn from the slowing distaznce. The dats shew that the model
predicts a slowing force of the right order of Vmagnitude to trap the
injected plasma.

Te ascertain if the model adequately repfesents the physical

mechanisms involved, the scaling of eguation 4=22 shoulé be cowp ar ed

with the data.

(ni+c1isd)

s {4-22)

Y

132

The data in fig. 5-2 appears to follow the magnetic field scaling.
The model predicts that at small magnetic £ield, B, the
conductivity, ¢, 1is dominated by collisions, with Spitzer

conductivity resulting. This leads to

T, = 'gnf for w.o << vy {5-1)

When the magnetic field is increased, the gyro radius dominates the
cross~field conductivity. The slowing down time is then predicted

to go as

ce el (5-2)

T, = _1. for w_ _>>w
n

4s the poloidal magnetic field was increased the amount of trapped

density in {figure 5-2} =zlso increased. This continued until the

process saturated. The transition from equation 5-1 to 5-2 occurs

in the region where v = u For the plasma psarameters listed

ce’
previcusly this tremsition should cceur st a magnetic field strength
of ~1.0 KkG. In figure 5-2 this tr-ansition. where trapping
saturates, occurs at 100 k& of hoop current. From figure 5-3 it is
observed that the mlddle 10<15 cm of the device had less than 1350
gauss of magnetic field at 100 kA. This saturation of trapping took

place at an earlier value than would be expected.
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There is uncertainty in the value of Vei® The collision time,

v is very dependemt om Te, which could easily be different from

ef?
1 eV¥. This would affect where the tramsitiom occurs. But more
importantly, the data observed, Ane, is not the same as the slowlng

time, 7.. Though it is true that as 1, decreases, dn, should

increase, but the leveling off of An, is net necessarily due to 1
also leveling off. If Ty is sufficiently short, the pla;ma will be
stopped In 2 distance that is short compared to machine size. In
this case 2ll of the plasma is stoépeﬂ snd anv further decresse in
14 will not incresse an - Once again viewing the trapping of figure
5-2, the saturation of trapping at about 130 kA of hoop current, was
probably due te all of the plasma being trapped and not a saturation
of 1 .. This weculd occur at a2 somewhat higher magnetilc field
strength. The trapping of figure 5-2 is probably a manifestation of
the scaling in the low fleld regime, equation 5-1.

In order to observe how trapping varies with changes in the
injected density, gut plasmas with different densities were injected
into the same poloidal fields. For casel, in figure 5-4, the gun
was filled to approximately 160 mtorr of hydrogen gas before
initiation of the gun dlscharge. 1If all of the gas were ifonized mmd
trapped In the octupole field, the average density would be 3x 1013
em 3. with 1 x1043 cm—?’ trapped at high flelds, the data suggest
that about 30% of the initisl gas was ionized assuming the

saturation in trapped density was due to all of the plasma being

stopped. In case 11 the gun was filled to only 40 mtorr, so l/4 of
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= (.

E‘iguré 5-4. Trapped demsity versus poloidal field. B,

Case 1 has gun filled to 160 mtorr of hydrogen gas. Case IT, 40 -

mLorr.
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the density of case I should have been trapped. €ase I did reach
this level of 2-3 x108% cpn™3, byt at a higher poleidal field
strength. Apparemtly the less dense plasma was trapped less
efficiently for a given poloidal field.

Examination of the slowing time in the low fielid regime
{equation 5-1) and the data of figure 5-4 shows that a conflict
exists. The model predicts that at low field stremgths, ("’;:e <V
the slowing time should go as an_z, The magnetic fleld dependence
is seem 1in the data, but the bean density dependence observed is
opposite of that predicted. Teo account for tl;ne data the cross—-field
conductivity must be different from what was assumed. In order for
a more dense plasma to trap better, more depolarizétion current. Der
beam momentum, must flow. The conductivity must Ithen incresse with
Increasing demsity. The low=f1ieid Spitzer conductivicy is
apparently not accurate In describlog this process.

An  aromalous, high resistivity might account for the data. A
lower condectivity with a different density dependence could
reconclile discrepancies. The nature of this proposed resistivity is
aot understood and Is open to speculation. One possibliiity is
TUnR & ay electrons produced by large electric fleids.% This
conductivity scales as nb'r;lfz as opposed to o = Tz‘/z for Spitzer
conductivity. This might account for the data. Large electric
fields are needed, however, to produce the runaray electrous. For
the exp erimental conditions the necessary electric fleld is

10%-10° Vfcm.s There ate large fluctuating electric fieilds in the
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piasma beas that could possidly create the runaway electrous. This
mechanism is possible though not 1likely. Another possibility is
turbulent resistivity.6 This alsc has 2 conducti\}ity prbportional o
By, - The#é two possibilities are specslation and have not been
investigated. Further work Is needed to settle this issue.

Injectiocn into octupoles is the only case where the low~field,

Wog § Yoy CORCiiion occurs. The anomalous resistivity will be-
showh to mot exist at higher fields when ‘the conductivity is’

gvro-radius dominated. Thus, the uncertainty In conductivity at low

field strengths, should not detract fz'-om the wider picture of
injeétion ingo hizher stremgth magnetic fields, such as the tokamak,
which are yet to be examined.

For the case of injection of plasma inte pure octupole fields,
the theotetical model produces a slowing down time and distance

which is consistent with experiment. The trapping scales with

magnetic field as predicted. A discrepancy exists in scaling with

beam density, Ty, however, ot low magnetic fields. This conflict

might be resclved by an ancmalous resistivity.
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C. Poloidal and Toroidal Fields

The modeling of plasmas i{ujected into = combination of poloidal
and torcidal fields, presented in the previous chspter, extends the
theory of trapping to a wide range of magnetic field configuratioms.
inciuding that of a tokamak. To test this model, gun plasmas were
fired into an cctupcle field with added toroidal field.

Figure 5-5 shows the results of injecting plasma into a
background toreoidal fileld of 1.5 kG, with different octupole filelds
added. The results appear similar to that for injection into a pure
octupele field. As the poloidal fleld was increased more plasma was
stopped until the process saturated at ~150 k& of hoop current.
Additional poloidal field provided & shift in the angle of the
magnetic fleld limes as the plasmaz crossed the device, More
depclarization current was able flow and more plasms was stopped.
These results are consistent with the model, at 1least in a
qualitative sense.

Before a detalled comparison 1s made between the experimental
results and theoretical predictions, figure 5-6 should be examined.
This figure graphs the angle, a, that the magnetic field makes with
the horizontsl midplane. calculated for a case of B, = 1.5 kG and

I, = 200 kA. The angle o is given by

2} (5-4)
£



Figure 53-5. Trapped density wversus hoop current with added

torofdal fleld.

B

=1,5 kG, Gun filled to 160 mtorr.
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Figure 3-6a.
horizontal

200 ka, and By

The angle, a. that the magnetic field makes

midplane

= 1.5 kG.

versus positiom.
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Figure 5-6b. The magnetic fleid strength.}B], versus position
g

along the horizontal mnidplane.

B

t

= 1.5 kG.

Calcul ated

for Ih = 200 kA, and
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Note, alse, that the magnetic £ield strength is not constant.
Comparisen of figure 5-6 with the idealized fields of figure-h-ﬁ
shows how the experimental conditions and the idealized model
differ.

The sliowing dowmn time of equation 4-40 can be evaluated to see
how well It predicts the data of‘figure 5=5. With the use of figure
5-6, the parameters of injection caan be estimated in a similar
manner to that used for pure octupole fields. ¥For a slowing time

glven by

Lzmub
Tg T g - {4=40}
4o B aly

a reasonable choice for a, from figure 5-6 is 0.3 radians, with
L =30 cn. The injected plasma parareters are the same as the
previous octupole case. We have ny = 1921 m—3, B = 0.15 T,

a=3ecm and L =5 cm.  The conductivity, o. with 'I‘e = 1 eV, is

about 530 (ohm—m)‘l. With d, = v =

otgr We get a stopping distance of

d; * 16,7 cm

5
This 1s similar to the size of the device. As in the previous
octupele case the uncertainties are large. This resylt is meant to
show that the model predicts a stopping force of the right order of

magnitude to trap the plasma.
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As hinted at earlier, the electron temperature was somewhat
arbitrarily tsken to be approximately 1 eV. It should be shown why
this fits the data well. A comparison of figures 5-2 and 5-5 shows
that trapping satursates at nearly equal values of polcidal field.
At first it would seem that for egual values of poloidal field, the
pure poloidal field case should provide the greatest stopping power.
This is because it has complete field reversal. However at low

temperatures, Vg > W the slowing down times become similar for

both cases. Inspection of equations 4-40 and 4-20 reveal that for

Ve 77 ., the slowing down time is proportiomal to 0:332. In the

pure pcloidal case this quantity, 3532 iz  approximately ;-‘Bg For

the torcidsl fieid case, but still 1in the low field regime, if

2

2 . pl
then aoB = 3

B, >> B P This shows that at low fields the

P’
stopping force is mnearly constant for a given poloidal field
strength no matter what the toroidal field is.

For the ipnjected plasma used In this experiment, a tempersture

of 1 eV wéulé mean the transition regiom, w = Vg OcCEUrs at

ce

~1 kG. The data of figure 5-5 occur Just after this transition.
One would then expect the slowing distances to stlll be somewhat

similar for the two cases, The derived slowing distances are,

dg, octupole = 9.6 ¢m

dg. toroidal = 16.7 cm

at a value of 200 kA hoop curremt. It is not certain how weill this
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a‘eri\_red differezxc.e_ _1'.n slowing distances for the tw(; cases should
show .up i:‘ actual data.

1t .an gnomalous low fileld resistivity  exists, 85 W8S
conjectured earlier, it would serve te lower the conductivity of the
pure poleidal case. As the magnetic field strengths are raised and
the transition region is passed, the coﬁductivity should become more
classi;:al. This would cause the.slwing distance for the two cases
to become similar.

If the _eJTectron temp erature i_s. 1 eV, themn Vel ¥ Wae at 1 kG.
if injection occurs at fields higher than 1 kG the expression for
slowing time becomes
L2

F
Tg & e — for w, O

s T E T, ce” Vet {(5-4)

The time, Ts 15 mo louger dependent on the magnetic field strength,
Bi, but just the density of the injected plasma, m,., @md the
changing pitch of the magnetic fleld lines (aOIL). The previously
discussed regime should make a transitionm into this regime at ~1 kG,
The following data should obey the scaling of this expression.

The scaling with density at high fields was exmmined in the
same manner as {n the previous section. Two different plasmas were
infected into varyilng amplitudes .of peloidal fieltd added to a
background toroidal field of 1.5 kG. The results are 'shown in

figure 5-7. <Case Il 4as created by filling the gun to & pressure of

148

Figure 5-7, Trapped density versus poloidal field with added

toroidal fileld. Bt = 1.5 kG.

mrorr. Case LI, 40 mtorr.

Case I has gun f£illed with gas ro 160
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160 mtorr of hydrogen gas befote firing. Tor case 11 the pressure
was reduced by a factor of four to 40 mtorr. The results fit weil
with the model. For the dense plasma, as the poloidal field was
increased, the slowing time became shorter, and an increasing amount
of density was trapped. This occurred until all of the plasma was
stopped.

Case II peaked at an average demsity of 3x1pl? cm_3, while case
1 pesked at 2-3 times this value. This in conjunction with the gas
£111 leads to the conclusion thet the case I plasma was 2-3 times as
dense as case 1I. The model would then predict that case 1 would
have uneeded twice as nuch poleidal field to have the same stopping
time as case L, if ‘i‘e were the same for both <c¢ases. If the less
dense plasma were hotter, then it would need even more poloidal
field to be stopped. The dats sppear to be consistent with this.
Also mnote, that no anomalous resistivity is needed to explailn this
case. Apparemntly, for some unknown resson, in the high field regime
the conductivity is more nearly classical.

The variatlon of the trappingz of plasma with the changing pitch
of field lines can be further investigated by varying the toroidal
field for a given poloidal field. A decresse in the trapping was
seen as toroldal fleld was added to a given poloidal field. This is

shown in figure 5-8. The decrease in trapping was due to a decrease

in aofL.



Figure 53-8,

poloidal field.
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Trapped density versus toroidal fleld with added -
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toroidal fileld. Case 1 Bt = 1.5 kG, Case 1I B, = 3.0 kG.

filied to 160 mtorr.
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Flgure 5-9. Trapped density versus poloidal field with sdded

Gun
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Another way of observing this casm bde seen In figure 5-9,
Plasmas were iniected ihto two different toroldsl fields, 1.5 kG and
3.0 k6. Various amounts of poloidal field were added. With
differencses ig the toroidal field of & factor of two, one would
predict that twwice as mach poloidal fleld {s needed for the high
toroidal field case. to get equiva_lént trapping.w In order to test
this. the first five data points, for both cases, were fit in 2
least squares approximation to a stralght line. The first five uefe
takm.'to"avuid the saturation that occurs at higher fields.

The incrementzl increase in trapping with added polcidal fileld

was found to be

et = 3.5 21010 kAT e . for By = 1.5 kG

= 1.9 »101% ka"iem 3 for B, = 3.0 kG

The difference is well within ‘the acper;r‘!eﬂtal error of being the
Factor of two predict'ed. Both cases started at a similar value at
low poloidal fields. The trapping for the low torcidal field case
then increased at a ;:ate twlee that for the high toroldal fleid
case. The trapping of plasma then ssturated as all the plasma was
stopped.

One would expect the higﬁ toroidal field case to have continued
increasing until it saturated at a value equel to that of the low

fleld case This did not happen. Th.e. high fleld case leveled off
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at & value about 2/3 of the low fleld case. Some of the plasma that
was trapped at low fields was not trapped at high fields. Since
additional poloidal field did not increase the trapping, it is
likely that the missimg density wes lost before entering the
containment fieids. The plasma had to cross some reglon of space
filled with toroidal field before It was in a stable confinement
region. As the moving plasma crosses magnetic field, the outer
shell of the plasma that creates the polarization field {s tied to
the magnetic field lines. The act of crossing a magnetic fleld
leaves some of the plasma behind. The outer edge of the plasma was
stripped avay before entering the device. The remaining plasma was
then stopped asccording to the model that has been derived.

The trapping of a gun injected plasma was seen to be adeguately
described by the theoretical moétla_l derived in Chapter 1V. If the
collisionality of the injected plasma. v, is low compared t¢ the
electron cyclotron freguency, W, the scaling of trapping fits the
model quite well. 1In this high field resime the slowing time of the
injected plasma fit the scaling relation, T = “gla;2_ At low fileld
strength, W g < Veis the siowing time should hsave followed the
relation, g nangz. Oniy the density dependence in this case was
not observed. Some anomalous resistivity was apparently present at
iow flelds. The model was seen to fit the data weil, with only a

qualification in one parameter lo cne trapping regime.
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CHAPTER VI
RESULTS FOR INJECTION INTO A TOKAMAK
A. Introduction

The goal of this. thesis 1Is to explain the process of
gus~injecrion of plasma into a tockamak. The theoretical model
derived to explain this process has been shown to ad equately
describe the trapping of gun plasmas by vacuum magnetic fields, i.e.
no plasma present. If the trapping of plasma in s tokanak, as
observed in Chapter III, is to be explained, them It should also fit
within the model. Several experiments have been done over a variety
of counditioms in a Tokapole IT d;scharge. The results should give a
fairly accurate description of how well the process is understood.

A tokamak discharge adds two nes parasmeters to the injection
process. Added to the vacuum poloidai and toreoidsl flelds, 1s =&
plasma throughout the device. This plasma {3 two orders of
magnitude less demse aﬁd somewhat hotter then the ‘gun—iujected
plasma. As shown In Chapter III, fhe tok amak plasma generzlly has a
density of ~5x10%2 om™3 with a temp erature of 50-100. eV. The second
parameter 1is the plasma curreﬁt locali_zed around x = D, or the
magnetic axis of the device. This current can vary from 0 to 25 kA.
The hoop current is ~200 kA& at this peoint for comp arison. Any

changes one observes while injecting plasma into a tokemak a5
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opposed to vacwam magnetic fields, should be explainable in terms of

one or both of these two paramet ers.

B. Experimental Results

Evaiuation of trapping im the tokamsk case Is done in a similar
manner te that for thé vaceum field case. The efficiency of
trapping under a glven set of conditions is measured by the change
in the litne-averaged demsity in t.he device about 200 usec after the
gun is triggered. The difference. {s that the tokamsk already has an
existing density. This pls.lsma in th.e .region wﬁere more plasma {5 to
te t‘.;.ap;e:i wesns that there are several 1ssues that should be
considered.

The £first conce.rn is t.hat of...r.eproductbility. Because the
interferometer could not track the density change at injectiom, the
density afiter injection was measured by subtracting a late-time
baseline, \men the density w.as knov;m to be zero. This means that
the demsity prior te injection was usknown. ;!’his éroblen was solved
by measuring the density of sn identical discharée, bur without gun
refueiing, Just prior to the gun refueled case. ’fhe density prior
to {njection was then assamed to be that of the preﬁous nonrefuel ed
discharge. This, uunfortunately, gdds to the irreproducibility of
measuring the trapped plasma. -

A second concern is that some of the plasms exist.ing in the
tokamak discharge may be expelled from the device because of the

injection process. This would lead to the observation of a reduced
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trapping efficiency. This concern arises from the nature of the
electric polarization field, which allows plasma to enter. Because
the total injected charge 1s zero, Gauss's law states that in steady
state, I—Ft-dz = 0. This means that if there is a region where E*%
points into the device, there must alsc be a region where EXE points
out of the device. A perturbing electric field of this type would
cause as much density flux in as out, if the particle density was
constant everywhere. By concentrasting high demsity in the reglon of
{mesrd transport, presumably a net increase in density will result.

It was not easy to separate plasma density and plasma current
effects in Tokspole I1. WNo means existed to create a rTeasonably
dense plasma in Tokapele II, without plasma curremt or gun
injection. However experiments were done on The Wisconsin Levitated
Octupole te study injectiom into a pre-exlsting plasmal. A gun
plasma was Iniected into anocther plasma which was created by
electron cyclotron heating and containmed by an octupole field with
added toroidal fleld. Little effect was found due to the
pre—existing plasma. This {s fortunate, because the model does not
tske into account the presence of amother plaesma 1in . the device.
This result will be corrcborated by data presented in the next
section of this chapter, when other possidle trapping mechanisms are
examined.

To study the effect of plasma current on trapping, the data of
tgure 6-1 were tzken. The data show thet more demsity was trapped

as the plasma current was increased. This looks very similar to the



3

Figure 6-1. Tr app ed
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data of figure -5-5. This 1s ressonable since plasma current adds
peloidal field, which is the stroogest factor controlling trapping
for vacuum {ields.

The effect on the poleidal field due to th;_ plasma current is
shown in figure 6~2. The plasma current was assumed to be of
constant  density over the current channel. The resulting peloidal
field was added to the known f‘leid for a given hoop current. 4 plot
of :hé field piteh, a, Is shown versus positiou for the case of a
tok amsk dis.charge and aiso for the cgse of the corresponding vacuunm
magnet'}:'_.c fields. For this caiculation the tokamak discharge is that
described in Chapter I1I. The plasma current was 25 XA, with a hoop
current of 200 ki, and a torcldal field of 5.0 XG. Flgure 6-2 shows
thar &en though the plasma current is 1/8th of the hoop current, it
considérably alters the pitch of the fileld Iines. This 1is
especially true at the center of the device.

To see Lf the data fit the model, ome first observes that the

slowing time. 1, goes as (L/aa)z. The high value of da/dx through

the center of the device should help the trapping. Comp arison of
three cases ‘can now be made. The first two are vacuum fieids of
B, = 1.5 X6 'and By = 5.0 kG both with a hoop curremt of 200 kA. The
last case Is injection into a tokamak with Bt = 5.0 kG and
Ih = 200 ka.

The low toroldal field vacuum case was exsmined in the previcus
chapter. A slowing distance of ~30 cm over the central 30 ¢m of the

device was obtained. Experimental evidence showed that these

Figure -2, For Case I angle, &. ;cﬁe magnetic field makes with
the horizontal midplane versus position. in a tokmmak discharge.
Plasma current assumed constant over current channel, x <10 cm.
Caiculated for ID = 25 k4, Bt = 5,0 kG, Ih = 200 kA. Case II, sazme

vacuun fields. no plasms current.
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onditions adequately stopped the injected plasma. As the toroidal
‘l1eld was raised to 5.0 kG, the trapped density dropped by a factor
£ 2-3, as observed in figure 5-8. The value of a,/L was reduced
‘rom 0.0l radians/cm to C.003 radisms/cm as the toroidal field was
nereased. An  {ncrease in B, by some factor reduces an{L by
spproximately that same factor. Because the slowing distance was
yroportional to (ao/L)z, the slowing distance was increased by a-
factor of 9 when the toroidal field was increased. = The
zorresponding decrease in travped plasma was observed in figure 5-9.

When plasma current was added to the vacuum fields, the value
of da/dx was {ucressed, especially over the center of the device.
2, /L was raised to 0.006 radians/cm by the additional polcidal
field. The slowing time was decreased by a factor of & over the
corresponding vacuum field case.. Figure 6~1 shows this, Iin that the
trapped density increased as plasma current was added.

Another effect of the plasma currenmt on trapping was seen in
density profiles. The profiles of trapped density in Chapter 111,
figures 3-9 and 3-10, showed that most of the trapped density was
deposited in the reglon of the central current channel. This occurs
because da/dx was greatest Inside the separatrix where the plasma
current was flowing. The plasma current concentrated the changing
pitch in field lines Into the center of the dlscharge where trapping

was most beneficial.



Figure 6-3. Trapped density versus toroidal field for
tniecticn into a) tokamak di%charge and b) the corresponding vacuum
magnetic fields, I, = 200 kA. The injected density is determined by

firing wus into high stremgth pure cctupolie fieids.
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Trapping due to plasma current i{s also seen in the data of
figure ©6-3. The density trapped in a tokamak discharge is plotted
for several values of teroidal field. Alsc plotted on this graph is
the density resulting from injection of the same gusn plasme into the
corresponding vacuum magnetic f£ields of the tokamak discharge. The
vacuwrn fields had the same hoop current and toroidal field as the
tokamak Zischarge. Thev lacked o.nly the plasma density and current.
The addition of plssme current greatly enhanced the trapping. The
injected density, alsc plotted on the graph, was arrived at by
injecting the same gun plasma into a pure octupole field where the

greatest trapping occurs.

The tokamak plasmas of figure 6-3 had different valtes of B

e
but the value of «_ fL remained fairly constant. The toksmak
discharge preferred to operate 2t a constant ratie of B /5. . The

t'%p

trapping remained constant as ao,-’L dié also, even though the
toroidal fielid changed. This shows that the trapping was

independent of magnetic field stremgth.

C. Dther Possible Mechanisms

Suppert can be lent to the model if other possible mechanisms
are shown to be inconsistent with the data. As seen in figure 6-3,
the addition of plasma and plasma current markedly increases the
trapping of an injected plasma. This increase is greater than might

be expected due to an Increase in ao,’L by only a factor of 2. If
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other mechmisms are aiding trapping, they should be taken 1inte
accorunt when designing refueling systems for a larger tokamak.

There are two mechanisms, that have been presented in the.gﬁast
as a possible way te stop an iniected besm of plasms ia a tokamsk.
The first of these {s a collisicnal slowing down. It seems
reasonable that the plasmé in 2 tokamak could slow down a beam of
injected plasmaz through collisions. This could be respomsible fé:r
the increase in trapping.

If a beam of plasma is passing through a background of
stationary plasma, the velocity of the moving bean will diffuse away
as the stream's vparticles have ccllisions with the background
plasmal. For a charged test particle, a. moving throush =
background of particles, 2. the forward welocity of the test

particie is givén by,

: (6-1)

where

wibis s | L
afp . T el . (6-2)

m
(i+§;§)u(xa)

with
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1/2.3/2 . .

= " E

«§/8 = W_,I,T;__f__ _ (6-3)
w2 (eaes)?mﬂ

where E,, m,, and e, 1s the e‘nex.;gy, mass, and charge respectively of
the test particle o. ng is the density of Sackground particles, *

{s the Coulomb logarithm. p{x) is the Maxwell fategral given by

v

wiy = 2 &Fpl/ g (6-4)

“ith the expression for y being

i/i i/e

We are interested in the slowing times < and 1 The electrons

in the moving Yeanm carry negliigible momentum and are basically
dragged along by the foemns. It is the {ons’ momentum that must be

-

stopped. To calculste i1 and 'c”e, the conditions stated

previcusly cea be used, E = 13 eV, ng = 5x1042 em3, Te = 100 eV,

and Ti = 30 e¥., With these conditions we get

2217 x107% sec,  al/l = 27.5 x107° see
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The stream is obviously retarded ﬁsastly by the background of 1ious.

With an iaitial velocity of 5x10% m/s ec,

ég = voﬂ:é!i = 1.4 meters

This distance 1is about four times the distance across the machine.
Because of the uncertainties in density and temperature, coliisional
slowing can not vet be ruled out.

To further imvestigate this 1issue a gun plasma was injected
into a tokamak discharge of wvarious demsities. The results are
shown in figure 6-4. The density in Tokapeole Il was varied from
1 :KlO12 cm—3 to 4 ><1012 cm-3, with a constant plasma current, _ID~
while being refueled by gun—iniection. Over this range of demsity
there was nc dlscernible change in the amount of plasma traoped.
This was true for three different gum plasmas. If collisional
slowing was an important process less plasma shc;uld have been
trapped in the less dense tokamak plasma. The data of figure 6-1
alsc support this conclusion. As the plasma currgm: was lIn¢reased,
the tempersture of the tokamak plasma alsc increased. A hotter
background plasma should have been less effective than the colder
plasima in stopping the plasma beam through Coulomb collisions. This
is in contrast to the dramatic increase in trapping that occurred
for the higher' current tokamak discharges. These data support those

of the previous refueling work carried out in octupoles.l A
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Figure 6-4. Trapped density versus tokamsk density, for three
cases of gun injection. Gun power supply voltages of 10.0 kV,

1.5 KV, and 13.0 kV.
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gifferent mechanism must have been Tesponsible for stopping the
plasma stream.

4 second possible mechanism for stopping a gun plasma in- a
tokamak was proposed by Ott and rianheimerz. They suggested that =
plasma streaming through smother pre-existing plasma could be
susceptible to the XelvipHelmholtz instability. This instability
would ocecur if the plasma bear velocity was less than the AlLfven
speed of the plasma beam. With a wave number of k =.a71 being
assumed for affective mixing, the instability would have a spatial

growth rate of

a(ps+o,\.‘ (6-5)
Lew & wmmem— =t
<& (05,352

s o

where :a is the stream radivs, and pg and pp are the plasma beam and
to‘&azﬁak plasma mass densities, respectively. For our experiment,
the plasma beas was moving mch slower than the Alfvén speed
(¥, = 3.:3><107 cm/sec). This imstability could have grown. The
spatial growth length was too long, however, for effective mixing.
With & beas radius of 5 ¢m and Py = ].OODP, .one spatial growth lemgth

W as

LKH = SQ <m

or the whole width of the machine, This would be too long a
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distance for the beam te be broken up and mixed with the background
plasna, Qur experimental evidence supperts this. The trapping
versus plasma current data of figure 6-1 Indicates that plasma
current wes a strong controlling facter for trapping. If an
instability of the Kelvin-Helmheoltz type were responsible for
trapping of the injected plasma. there should be littlie correlaticn
between plasma curremt and trapping efficiency. This was net
chserved. Alsc, chenges in the tokamak density should have affected
this inscablility. A greater tokamak density would aid the
instability. The dsta of figure ©€-4 show that th.is was not the
case,

In summary, the trapping of & gun iniecred plasma btv a tokamak
is seem to fit withinm the framework of the depolarizaticn current
nodel. The extension from the vacuum field to the tokamak discharge
followed with the additicen of plasma density and plasma current.
The plasma density had little effect on the trappineg. Plasma
current added poloidal field which Increased the trappine efficiency
apove the vacuum field case. This Increase was more than might be
expected, but the scaling still fit within the wmodel. Other
possible mechanisms to account for this increase were seen to be
inconsistent with the data.

The various parameters which might affect trapping in a tokamak

can be summed up as follows:
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Poloidal Field aids trapping and is basically respomsible for
the mechanism involved. This field creates the polarization charge
reversal which allows current to fiow.

Toroidal Field decresses trapping by decreasing the charge
veversal.

Plasms Density 1Is not {Important at the temperatures and
densities of these experiments.

Plasma Current increases trapping bv increasing the poloidal

fieid through the central current channel.

D. Extrapeclation to a Reactor

The studv of gun refueling was undertaken with the idea that
this might be an attractive means of refueling =z tokamsk reactor.
with a model that adeguatelv explains the experimental observations,
a useful exerclise is to extrapclate from this experiment to a large
reactor-size tokamak. With an accurate model, a prediction can now
be made as to how this scheme might work,

At high magnetic fields, the slowing down time was shown to

obey the relation

1o ow (22 (5-4)
Ty I

where mny Is the beam density. ¥For most tokamsks the tovoidal field
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is much larger than the poloidal field. or B, > 5B . This .“rneans

that

o
wlw
g

for Bp << By

Alsc tokamaks run with s safety factor. g, grester tham 2 in most

cases, where q is given by

= {6-8}

wherer and R are the minor and maior radlii of the piasma

respectively. This lemds to 2 slowing rime of

e
- {qR}
5 ot

(6~9)

Because the larzer machine has z longer distance over which to slow the

plasma beam. a more appropriate figure of merit may be a dimensionless

trapping efficiency given by the minor radius divided by the stopping distance,

or

(6~10)
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This leads to a trapplng efficiency of

Casr
=2 (6-11)

Vol Rz

If we assume that the aspect ratio, r/R., does not vary much between

tok anaks., then we have

where C i3 an experimentaliy determined constant. This wmeans, 1{f
the gun parameters are held constant the trapping efficlency. x
scales inverselv with the linear size of the device. This {is
fortunate in that little change i{5 needed in designing a refueling
svstem for a truly large device.

In scaling 2 gun refueling system up from a Tokapole size
device to a reactor size device, 4t is desirable to keep the
trapping efficiency, « constant, to trap the plasma beam in the
center of the device. TTTR is the largest operating tokamsk in the
J. S. and would work well for this exercise. The parameters for the

device are as follows,
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R=2.6m T=0.6n
1, = 14 Ma ng = 3 x10%% g3
By = 2.5 T

Even though the total number of particles in TFIR is greaster
than in Tokapole II by a facter of a thousand, the linear size of
the device _ is only five .times greater. To keep x constant when
scaling a refueling system from Tokapole II to TFTR, =& gun would
need to Iincrease its demsity bv only a factor of five. This factor
should be easy to achieve.

The flexibility to design a svsten for a larger device Is
readily availablie in Marshall guné. A gun of the same design as
used on Tokapole II has been used to ££1] the Wisconsin Levitated
Jetupole with plasma. This device has 1D times the volume of
Tokapole II and it was filled to simlilar demsities. The factor of
i0 in crtotal number of particles wss achieved by additional puffing
of gas inte the breach of the gun. and the addition of capacitors to
the gun power supplv. In fact, guns have routinely reported
densities of 1GL7 cm_3, with 1018 cn™3 a1so achievabled. The radius
of the piasma besm 1s also expendable as {s the pulse length and
irnitial velocity of the gun discharge by at least a2 factor of 18,

All of this can be done by a reconfiguration of the hardware,
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A refyeling syster on TFTR might then consist of 3 guns that
preduce densities of 1018 o3 The plasmz beam could have a radius

of 15 cm with & pulse length of 3 usec. The veloecity of the plasma

ot

beam could easily be constructed to be 10 cmfusec. All three guns
firin at once would raise the line-sveraged density by 5 x1013
g g ¥ oy
em”?. This kind of density increase seems verv feasible.
There i3 seme concern that at this much larger scale some of
g

the phvsics dinvelved in trappinz would change. As was seen in

trapring at

toreidal field versus opoloidal

o7f at a lower value than for the low toroidal field

need teo take cave that the fun plasma does not have
T~ gress  quch strons megnetic field befsre entering the tokamak
tis might he done by either rlacine the zun close to the
discharze av by use of a divertor tvee confisuration.

The pessibiliry also exists that other mechanisms nav trap the
sun plasma in a larger device. The previcusly described {pstability
between :the tokmak plasma and the plasma beam 1s one such
cossibliity. Ultimatelv the real hope for trapping =2 demse gun
tiasma in 3 much larwer tokamak rests upon the fact that gun plasmas
cen be varied over a wide Tange of narameters. The ability to vary
densities, welocities, and tenperatures over orders of magnitude

ikelihood that efficient refueling can be obtained.

bt

increase the

There are other Issues a reactor-size, gun refueling svstem
would have to  address. Tne of these {5 cleanliness and {mpurity

TT

generation. Imn Chapter 131 it was shown that the level of impurity
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vadiation created by gum-injection did not rise significantly above
the background. This does not mean that impurities were at a low
encugh level for a reactor. This 1is especially true of metal
impurities which could be sputtered off the electrodes. Metal
impurities can reach much higher icnization states and produce more

radfation in a hot reactor and cam thus be more harmful than lisht

imnyrities. There {s much to he done and learned about comnditioning
of surfaces and techniques to reduce impuritv generation. it

appears thouch that this task would not be too formidable.?

Another concern is of the disructien of mamnetic surfaces by

containine emvedded

vid disrurt the flux
suriaces allowine the cutward transport of plasma and  energy.
Imsgtabllities wight alsn be set up which could distuct the

to 10 of the

scharge. Since the durstion of the beam {s 107
conf inement - time, {it is likely thar the plasma will relax to a
gulescent state before significant energy or oparticle loss takes
place. Tor the refueling experiment on Tokapele 11, as described in
{, there was no observable loss of this type. It is hoped
that the same will be true for a larmer scale experiment.

Most other issues that might be of concern for gun-refueling
shoulld alsc -e of concern for experiments that use pellet injectors.

Cnce a Jdense plasms s deposited in the center of a tokamak

discharge, ¢ phvsics should be the same. For instance the
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improved confinement times that occuyr during pellet refueling should
aisc be observed if =z gun is doing the refueling.

Finallv, the last concern is cost effectiveness and
reiiabliity. Marshall guns are mechanically simple devices with
very few moving parts. The electrical circuit that energizes the
“arshali gun 18 aise very simple. It consists of charged capacitors
and a switching circuit to discharge them. This (s all more simpie
and inexpensive than are pellet injectors. The Marshall gun looks

iike an 2ttrtactive candidate for refuelinz a larre tokamak.

T. Future Work
work that ver needs to be done {or run refueling exists in two
ar eas The first involves basic ohvsicz of the trapping process.

Throurh the use of nsrobe techniques and svectroscoplc measurements,
further investigation of the depolarization currents needs to be
carried out. Details of the cress field conductivity are especially
needed. Vhkat 1s the conduetivitv and effective conducting area on
the cutside edme of the plasma beam? This aquestion has been omnly
partiallv  answered by this weork, Th e snomalous tesistivity for
trapging in a pure octupole field Is a2 process that 15 not well
understood. Alsc. a nenuniform density profile for the plasma beam
has an unknown effect on the trapping process.

These are not easv questions to answer. The plasma to be
measured 1z verv demse. turbulent., and not extremelv vreproducible.

It is destructive to probes, and these probes tend te are im  the
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presence of such plasmas. The turbulence makes it difficult to get
reliable measureaments and profiles. ."jery careful techniques will be
needed to complete this work. Specirescopic measurements may be of
heip 4n doing this since nothing phvsicel need exist in the plasma
to interact with it.

The second area of work requires a larger tokamak. Now that
iniection into Tokapele II has been shown to be successful. this

refueling techrnique should be tried on 2 larger device. Issues

relevant to a reactor could then bhe addressed. Whether other
mechanisms thecome Involved at hicher densities and Tieids couid be
investizated. Juestions of ‘turbulence and Impurities could be

answer ed. Most important thou 2 cun rvefueling experiment on a

larme tokamak would nive a much hetter assessment of the feasibility

and ressonabicness of usine this technigue to refuel & larre rokamak

Teactor.
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CHAPTER VII
. SUMMARY AND CONCLUSIONS

Lfficient refuéling has tecome mm liwportant issue as tok amaks
have Decome larger. Gun—injection is 2 possible means of refueling
and has been investigated in this thesis. 1t offers the advantage
of delivering dense glasma tc the center of a discharge, while using
inexpensive and simple hardware.

4 plasma bem traveling 5 x10% misec, with a density of
1 x108% ca™? was injecred into a Tokapole 11 discharge.
Sur—iniection rvaised the line-averaged cé'ensitjv tv ~2 x1082 ¢n=3 5
about 50%, A density profile measured with an interferometer and a
Langmiizr probe. indicated that most of the infected plasme was
trapped in the central curremt channel of the discharge. No
significant Increase in enerzy confinerent time. %y, was observe&.
dlsa, the background impur.‘.t_v radiarion did not increase
gignificantly due to gun iniection.

A4 slosing time. <., was deri.veé for the siowing of a piasma
beam in a pure peloidal field. 4 change 1In directien of the
magnetic field lines as the bear crosses the magnetic axis results
in a reversal of the polarization charpe which allovs the plasma to
cross the magnetic field. This charne reversal creates an electric

field in the direction of travel aleong the outside edge of the
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5lasmz beam. Currents which flow due to the electtic field, create

-

E x 3 “preces {o the plasma beam which slows it  down. The more
genera. case of toroidal {field edded to the poloidal field was
examined. 4 slowing time. 7., was derived due to the same slowing
mecnanissn. The slowing time was found te follow the relation.
., where m, is the beam demsity, L is the scale lengeh of
the device @d where 2 = :an-i’Bp,"Bt} at the device boundaries.

in experimental investigation of injectiag plasma into octupole
fields was carried out. For conditions in which significant plasma
was :rapped, the model predicted a slwing.time of the right order
of magnitude to stop the injected plasma. ar  low poloidal <fieid
strengths, W { wey. the trapping followed the derived magnetic

fieid scaling. The bean densitv dependence, however. was

an

ifferent
from  the observed experimental dependence. For a more dense piasma
to rtrap better more current must flow. This requires the
conductivity to 1{ncrease with increﬁsing density. This sheuld not
he the case at low  fleld. An ﬁnspecified anomslous resistivity
might account for the data.

Iniection of plasma iﬁto octupole and toroidal flelds fit the
deriveé slowing relation well. The derived magnetic fleld
djependence was observed im the data. The trapped density was seen
te be a strong function of the changing pitch of the megnetic fleld
lines. The expected denslty dependence was also observed. The more

dense plasma beam was seen to be trapped more easily.
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.

Investigation of trapping iniected plasma 1in a tokamak was
carried out. The results were exxliained in terms of adding plasma
density and current to the vacuunr field case. There was little
effect om trapping due te plasms density at the demsities and
temp eratures of of this experiment. The increase in trapping with
increased plasma currént W as éxplained in terms of added pololdal
field to the central current channel. The model adequétel‘.'

described trapping of plasma iniected into a tokamsk.

An  extrapolation of this refueling svstem te one approvpriate

-,
o
H
W
[

eactor-size tokamak was carried out. The efficiency of a
ziven svstem was found to scale inverselv with the linear size of
the device. The flexibllfity availadble ic Marshall sune should nllow
for the adaptation of gun refuelineg svstems ‘rom small to truly
large tokamaks., A possibl-e system for refueling the TFTR device was
described.

Turther work is mnecessary o fully understand the trapping
process. The depolarizaticn currents and the factors that control
them are not well understood. Low field conductivity {5 en example
of where discrepancies occur., Also, a2 larze tokamak is needed te

investigate the feasibility of refueling a reactor with s Marshall

pun.



