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Tmpurities arvre iatroduced iatoe tokamak plasmas by plassa
bombardment of the surfaces, particularly in the presence of large
sheath potentials. Siace these lapurities can grossly affect the
plasma behavior, understandiag and contrel of the production
mechanisms are crucial to the achievement of clearn discharges.
Results of a study of impurity production on Tokapole 1I, a tokamak
with a four-node poioidal divertor, are reported.

The release mechanism for low-Z impurities in Tokapole II has
been characterized through impurity doping and isotopic exchange
experiments. The desorption mechanism respounsible for the lowZ
impurity conceatrations during the rise phase of the plasma current
depends on the mass of the plasmz fons. Doping with small awmounts
of amy gas studied (¥, Dy, He, N, 0p, Ne, Ar, %r, aad Xe)
increases the early-time radiaticn of 0, C, and ¥. For exotic gas
doping this 1inerease is linear with the depant concentration, and

propostional to the mass of the dopant, as ewpected for a momentum



Liid

transfer process. Isctopic exchange experiments confirz the
mass-devendence of oxygen producticn.
A time-~dependent coronal mocdel is compared wilth the wacuum

ultravioliet spectroscopic signals o the ionizing oxygen. The

quantity aoft ({(desorption cross section  divided by particle

confinament time) is determined to be 4xi0'“ca‘/msec. The oxygen

2z large peak early in the start—up.

The florn-induced descrptlon Is coonsistent with  the  edge
sotantial and temperature megsurements. These measuremenis indlicate
thet the sputteriag of aluminum duriag start—up should be
negliglble, as 1s observed. Instead aluminum is probably due to

anipolar arcing; copper production is 2 combination of processes.

4]

The vecyeling of impurities during the steady—state phase i

discussed. $imce the start—up phase is particulariy active

™
il

producing impurities, and since the recyling impurities can be moTe

m

£fective rhan hydrogen in further productiom with their higher mass

and chazge, control of the start-up is important for impuvity
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INTRODUCTION

A, Overview of the Impurity Production Froblem in Tokamaks

The werkin 28 of present~day rtokamaks provides a4 sourtce o7
4

the desorption of low—Z (light) impurities and the

metal {heavy) impurities. Many possidle mechanisus for

impurities are bein studied: Icon, electron, neutral, and photon
induced desarption, therwmal desorption, and chemical rtesetions o
release 1light impurities, and svaporationm, sputtering, biistering,
and arcing fo release metal Impurities.

Unipolat arcing aud fon {or charge exchange neutral) spuiieting
are the major wmechaniszs for mezal production in modern tokamaks.
Ysually arcing dominates duriog the stari—up, while sputtering

2 R
“ The impertacce of the sheath

dominates during the steady-state.
potential between the plaswa edge and the wall has been dewenstrated

soth  for arcinmg” and for sputtering.  The important wmechaniswns for

light impurity production have been less well known experisentally.

rej

Tom cheoretical considerations and from surface bozmbardement



After one to ten energy confinement times, the working gas wmay
leave the central plasma regicn and reach the wall, where many
sTOcesses may occur, Pumping by the wall (due teo diffusicn of the
aore energetic particles inte the bulk so0lid) may cause a
significant particle loss from the system. During the initial
lontization phase, nearly half of the orviginal filling gas is lost.
Tn fact sdditicual gas puffing throughout the discharge is tecessary
to wmalntaln a steady-state electron density.1 The eafly impurity
build-vp during this time of poor ceonfinement Indicates that there
1s a stroag interaction with the wall. The working gas ions may
knock adsorbed species from the wall or may reflect back towards the
plasma. The serles of processes by which plasma ions leave the
plasma reglon, Iinteract with the wall, and return to the plasma,
through puspiog, reflection, acd desorptlon of additional working
ga8 atoms Is commonly rTeferred to as recycling.

The relatlive loportance of impurity recyciing Is not well
understood. Potentially a swmail fraction of impurities may be a2
strong source of other ilmpurities relative to hydrogen because of
their larger wass and higher charge state, particularly {f
accelerated by a large sheath potential. A local density
weagsurement of fully stripped oxvgen on PDE has shown recently that
the density of these highly charged ilomns at the Iimiter may be
roughly 10X of their central density.e The energy of the fons
hitting surface probes in the edge of PLT’ aad TFR® has also been

found to be well above the expected ion temperatures based on the

electron temperatures there. The compariscn between light and heavy
impurity ‘concentrations with concurrent measuteﬁents of the edge
eleciron temperature under a wvariery of discharge conditions has
given 2 qualitative aunderstanding of ion sputtering in 2 tokamak.
The presence of light fmpurities can coatribute significantly to
increased heavy ifmpurity concentrations, as demonstrated on JFT—2;9
however, on other machines, such as PLT, increased gas puffing cools
the edge, reduciug rhe energy of trhe bombarding foms, and thus
reducing the heavy lmpurity concenttation. !0 Models of the edge
processesu’lz’13 account for both of these effects and for the
relatively constant level of heavy impurities during a discharge.
Working gas ion (and charge e=xchange neutral) sputtering is an
important source;lb nevertheless, a small percentage of light
fmpurity {ons can domimate the sputtering by twoe effects. Their
larger mass gives them a larger momentum transfer te the wall for a
giver energy. Also, rthe multiply charged lons can galn mere easrTgy
in the sheath potentlal. The 1mpurity Zioms can thus cause an
increase 1in sputtering, but only up te the polnt at which their
radjative cooling of the edge reduces the sheath potential. Typical
sheath potemtials are on the order of sputtering thresholds, so that
this edge cooling could actually eliminate sputtering.

Much progress is being made in understaanding the derails of
these edge processes. Maany machines zre now making measurements of

the relevant edge parameters.ls Meanwhile, thecretical models for

edge plasma transport, including atomic and molecular processes, the



plasma-wall Interacticn and impurity production mechanisms, and the
particle flow with respect to boundaries such as limiters and
édivertors, are contributing to a couprehensive understanding of the
edge physics.16

The deletericus effects of the plasma-wall interaction im 2
fusion reactor have been discussed at great length. The damage to
reactor walls due to plaswa and radiation bombardwment and thermsl
load is of serlous councern. Experiaments at Columbia University were

designed to simulate the effacts of bombardment by a warm deuterium

plasma on first wall material candidates. The plasma was given the
energy flux expected at the first wall during one year of operation
of a tokamak Teactor. The materials tested showed bRlistering,
zelting, cracking, embrittlement,17 and unipolar arciag.ls The
crucial problea o the fuslen reactican lrself 1iIs, of c¢ourse, the
abilizy of a2 small percentage {0.2 T tungsten) of partially stripped
high-Z impurities to radizte all of the input emnergy, ané thus
19

prevent ipnition. Addfrionally, the start-up phase of a large

cokamak such as IFTR must be designed to aminlmize the deletarious
effects of low-Z as well as high-Z impurity rsdiation.zo

In present tokawmaks, impurities modify the density and
temperature proiiles not only by radiatiang power but zlso by adding
zlectrons from wultiply stripped foule states, lacreasiag the plasma
sesistivity, and alteriag Lranspolt processes. These effects in
urn may alter the plasaa stabiility behavior. The improvement in

energy ceafinement with Imcreased Zwpurity levels {noun-getzered

discharges} on I5X-B has been repo::ed.z1 Divertor tokamaks with

nautral beam heating have observed o new tvpes of Instabilicy
recently. Edge relaxation phenowena cccurring during the H-mode,
first reported by the ASDEX team, have been associated with high
edge :empetaturas.zz The zchievement of this high confinement =ode
has been attributed to lmpurity recveliag effects related to the
diver:or.23'25 An iaternal mode, knowm as the fishbone instabiliity,
has been shown to limit the plasma beta.Z® These recently observed
effects and the role played by impurities in them are not fully
understend. The achievement of low safety factor g operation in
Tokapele I1II may also bde related to the divertor configuration aand
profile effecrs.2?

Contrcl of Laupuritles is a2 majer concern of all tokamsks.
Material selection includes consideration of cleanliness, vacuum and
mechanical preoperties, atomic number, and abiiity to withstand
particle and thermal lsads. For reactors the criteria wiil be even
more stringent, as described in Reference 27. Conditioning
procedures for walls and liwmiters, such as pulsed discharge

28 29, 2nd glow discharge cleaning,30 are

cleaning, titanluz coating,
used to eliminazte the adsorbed water aud carbon cempounds as much as
possikle. Efforts te centrol the flov of Ifmpurities wirh diverters

e tcokamaks, particularly &SDEX, PDX,

freater understanding of the role of

izpurities at the =adge and 1a the central current channel is



necessary for control of the minimal levels of impurities thar will

have to be tolerated in & reactor.
B. Outlipe of the Results of this Research

This thesis describes a series of experiments designed to
characterize the impurity release wechaniszms in Tokapole II. For
one case, the early generation of the light impurities, a defiaite
identification of the mechanisa, lon-~iaduced desorption, has beean
azde. For this cagse a detalled study of the parameter behavior of
the release mechanism in impurity doping and isotepic exchange
experiments has been compared with a wodel of the time-dependent
jfmpurity infiux. Addicionally the edge pavameters have beew
measured under a variety ;f start—up coaditions, in conjunction with
other start~up work performed on Tokapole 11.33 With 2 comparison to
iight impurity behavior duriang start-up, the ldentification of metal
production mechanisms can be made rteatatively as well. Seceadary
goals of the research have been to ldentify the impurity release
mechanisms during the steady-state phase and to study the effects of
impurities on the plasma behavior. The use of gpectroscopice
dizgnostics to study the lwpurity behavior has followed closely the
initial work on Tokapole II of R.J. Groebner.Bk

The wmajor result of this research is the experimental
description of the lon-induced desorptlon mechanism during start—up.
A4  description of Tokapole 11, the tokamak wused for these

experiments, with the present settings uased for a  standard

discharge, the plasma parameters for this typical case, and a
summary of the impurity characteristics are presented in Chapter 2.
The experimental data from the doping and isotopic exchange
experiments are given in Chaprer 3. This chapter shows the
mass—dependent effects of dopant and working gases on light impurity
concentrations. with the use af a time—dependent coronal
equilibriam model to unfold the spectroscopic information, and the
cross sections for desorption from the literatute, one can model the
infiux of Idight I1mpurities during start-up, as described in
Chapter 4.

A description of experiments ou the metal impurity production
during start-up 1is given in Chapter 5. The information obtained
about the initial impurity evolution then suggests interpretations
of the start-up process. A discussion of this process and a
presentation of data taken to examine the interrelated effects of
the wall condition, the start-up procedutre, and the plasma
parameters In the edge follow in Chapter 6. Profile dats are shown
for some impurity states. Chapter 7 includes a summary of the

tesearch results, conclusions, and suggestionms for further work.



105, Suckewer and R.J. SawTyiuk, Phys. Rev. Lets. &40 (1378)
1649.
115 4. Gohen, H.F. Dylla, S.X- Rossmagel, S.T. Picraux and

C.Y. Magee, J. Nucl. Mater. T&/F7 (1978) 439.

ig.M. McCracken and P.E. Stott, Nucl. Fusion 19 (1979) 889. 12
1. Ohtsuka, Nucl. Fusion 22 {1982} B827.

1
135 4. MeCracken, §.J. Tielding, and H. Ohtsuka,

This reference is an sxcallent review article on "Plasma-Surface

lateractions in Tokamaks.”
7. Suecl. Mater. 1117112 (1982) 395,
I5.M. McGracken, J. Nuck. Mater. 93/94 (1980} 3. e
- l45 7. rielding a2né 1.D. Saanderson, J. Nual. Mater. 393/84

LR Ohtsuka, ¥. Maeno, N. Suzuki, 5. Xonoshima, 5. Yamauoto, (1980
19803 220.
%. Ogiwara, Nuci. Fusion 22 (1982) 823. 15
Sea, for example, Sections 2 and 3 on Plasma Bdge Experiments
43.7. Tayior and Lena Orenm, Phys. Rev. Lett. 42 (1979) 446,

in: J. Nucl. Mater. 11l/112 {1%87).

p

2%, Bauer, J. Nucl. Mater. 76/77 (1978} 3. 16
Seg the recent review articls by D.E. Post, D.B. Heifetz, and
6%.5. Fonck, M. Finkenthal, R.J. Goldston, D.L. Heradon,
¥. Petraviec, J. Nucl. Mater. 111/112 (1982) 383.
R.A. Helse, R. Kzlta, and D.D. Meyerhofer, Phys. Rev. let:. 49 -
- Tg.a. Gross, B. Jeasen, J.X. Tien, and N. Panayotou, In
(1982} 737.
Plasma—Wall Iateractions (Proc. Imt. Svap. Julich, 1976) Pergamon
7G.ﬂ. McCracken, S. Cohen, H.F. Dylla, C.W. Mages,
Press, Yew Tork {1977) 659,
$.T. Plcraux, $.M. Rossnagel and W.R. Wampler, imr: Proc. 9th 18
“$j.%. Tien, N.F. Panayotou, R.D. Stevenson, and R.A. Gross,
European Couf. omn Controlled Fusion and Plasama Physics, Oxzford,
I, Nuel. Macter. 76/77 (1978) 481.
1979, vel. 1 (197%) 89.

Bz, Staudenmaier, P. Stald, R. Benrisch and Eguipe TFR,

Y95, Meade, Nucl. Fusion 34 (1374} 28%.

2% 7. Bawryluk 2né J.A. Schmid:, ¥ucl. Fusion 16 {1976) 775.

Mucl. Fuslon 20 (1980) 36. 21 -
R.C. isler, B.A.P.S. 28 (1983) 1053

954 Suzuki, ¥. Fujisawa, S. Xonoshima, M. ¥aeno, M. Shimada, 22
¥. Wagner et al., Fhys. Rev. lLetts. 4% (1982) 1408.

T, Yamamoto, S. Rasal and K. Uehara, Ia: Proc. 9th European Conf-

23499EX team, B.4.P.8. 28 (1983) 105Z.

on Controlled Fusion and Plasma Physics, ford, 1979, Vol. 1

{1979y %0,



19

243,71, Fonck, B.A.P.5. 28 (1983) 1052,
25%. McGuire et al., Phys. Rev. Letts. 50 (1983) 8%1.
26T... Osborre and N.5. Brickhouse, University of Wiscoasin
Plasma Studies PLP 908 (1983).

27y, Vernickel, J. Nucl. Marer. 113/112 (1982) 531,

281, Dren and R.J. Taylor, Nucl. Fusion 17 (1977) 1143.

29 2. Stots, C.C. Daughmey, and R.A. Ellfs, Nucl. Fusion 15
£1973) 43%.

30H.?. byila, S.A. Cohen, S.M. Rossnagel, G.M. McCracken,
Ph. Stailb, presented at 26th National Symposium of the American
Vacuut Sociery (1979).

313. Ketlhacker and X. Lackner, J. Nucl. Mater. 111/112 (1982)
379.

32p, wicduszewski, J. Nucl. Hater. 1117112 (1982) 253.

33p.35. Holly, S.C. Prager, D.A. Shepard, and J.C. Sprott,

Xucl. Fuslon 21 {1981) 1483,

34g.7. Groebner, Ph.D. Thesis, University of Wisconsin {1973).

11

CHAPTER 2
TOWAPOLE 11 OPERATING CONUITIONS
A. Tekapole 11 - The Machine

Tokapole II has beea operated as a fout-node poloidal divertor
tokamak fer the experiments described iz this thesis. These
experiments have been performed over the period frowm March 1979 to
April 1983, The Tokapole II device has been described in more
detail elsevhere.®>? The aluminum vecuum vessel is = Torus with a 44
cm sguare cross section and a 30 cm major radius {Figure 2-1}. Four
interaal rings of 5 cm minor diameter, supported inside the tank
(Figure 2-2), 4are used to generate the divertor configuration. The
solid rings are wade of 2 high conductiviiy chromiuvm—ceopper alloy;
the support rods are made of a beryllium—copper alloy.

The vacuum poloidal £field (Figure 2-3) is created by currents
in the riags, driven indderively by a 7.2 af, 5 &V {30 k) capacitor
back cthrough an ircon core transformer. The 40:1 turns ratio on the
transformer gives a sinuspidal field shape in time which has a half
perlod of 5.6 ms. The poloildal field is generally crowbarred
actively, by adding a 450 volt, 0.96 F (97 kJ) capacitor bank. In
the spriog of 1981, a dawping resistance was added to the primary
cireuit for the standard operating procedure in order to shorten the

initial voltage splke. Flgure 2—4a shows the tesultiang poloidal gap
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Figure 2-2.
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Figure 2-4a. Timing of poloidal gap voltage. Discharges prlor

to February 1981 were made without dampiag resistance.

standard discharges have used damping resistance.

Figure 2-4b.

Timing of toroidal magnetic field.
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voltages produced. The total flux available ia the cote is 0.15
webets. Since image currents of the ring curreats flow in the 3 cm
thick comducting walls, the wagnetic symmerry should be improved
aver machines with non~coonducting walls. At the peleidal gap,
continuity windings Tetures the wall currents arcund the transformer
sore. The vertical positions of the rings may be varled *+ 5.0 mm to
change the position of the vacuum fieid null. The existence of the
null allows for some plasma current to start up away from the walils.
The equilibrium of the plasma is guite sensitive to the position of
the rings as well.

The torecidal field, Btoroidal (Figure 2-4b), is created by
exrernal windings drivem by 52 wF, 5 &V {650 kJ) ecapacitor bank.
The half periocd is about 10 msec. The Iimage currents in the
conducting walls produce uniform toroidal field in the wmachine
despite the widely spaced field windiags. The field is passively
crowbarted near peak field, which has been gradually increased [rom
about % kG to & kG as the standard operatiag field om axis.

During the course of these exwperiments, maay vacuum pumping and
wall conditioning systems have been used. Im 1979, both =a
turbomolecular pump and a helium cryogenic pump were used to
mafatain base pressures in the low 1077 to high 1078 torr range.
The Qalls were baked to 73°C overnight and cooled to {50°C during
the day. The wall comditioning procedure used overanight was a2

2

pulsad discharge cleaning technique, demonstrated by Tayler to be

effective in Tewmoving surface contaninants.3 Siace 1980 the eryopuamp

21

has been abandoned, originally feor long—terz maintenance, and also
vow for additiomal port access £for diagnostics. The bake/cool
cycling has not been operatlonal for the last few vears due to known
air leaks opening in the ctriple jJoiar {where the torocldal and
poleidal gaps meet) during temperature cycling. The machine is
curreatly held at about 50°C. Io eariy 1982, overnight pulsing was
replaced 3y glow discharge cleaning in hyérogen.® For Tokapaole II
the procedure consists of bilasing the rtiags positive with respect to
the wall with a high voltage (roughly 300 to 400 ¥) and filling the
tank with about 30 atorr of extremely pure hydrogen. At the preseat
serrings, the wall draws a positive current of about 120 mA vhereas
the rings draw about 60 mA of negative curreat. Manr configuration

have been used in the past, ipmcluding a long run with higher current
te the rings, which may have resulted in copper sputtering. Glow
discharge cleaning had two immediate advantages, due to its more
intense conditioning of the vacuum surfaces. A wmarked jimprovement
in the ischarge parvameters was observed in general, and the
deleterious effects of air venting the machine were minimized. With
an overaight glow, the machine could produce reasonable discharges
the day after ac air ventlog, whereas pulsed discharge cleaning had
taken about a week to achieve normal operation. Currently there is
sencern that coevtinued glow discharge cleaning is thaving some bad
effects as well, primarily because of the sputtering of coppar from
the rings te all surfaces. A new pulsed discharge cleaning system

and a2 titacium coating scheme {which would alsc improve the base
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pressure) are befing designed, and should be operaticonal soon.
Initial experiments have indicated that a combipation of the three
procedutes, with minimal glow discharge cleaning to avoid sputtering
copper, should produce reasonable wall conditions.

The chamber 48 filled to 3 x 107% torr with the working gas,
usually hydrogen, prior to the field pulses. A fast plezoelectric
puff valve is wused. Additional gas may be puffed during the
discharge, either in stages with f£ixed awplitudes, or with =
faedback clrcuit which has a time respomse of about 1 wsee and is
controlled by the line-averaged ion saturation diagnostic im the
edge reglon. Mierowave pre-ionization at the electrom cyclotroa
frequency (ECRH) can be used to aid the start-up. Three types of
sources are available: a coantinuouws 100 W S-band (2.45 GHz), a
pulsed 10 kW X-band (9 GHz), and two pulsed 5 ¥W K~band (16.5 GHz)},
with pulse lengrhs of 500 usec. An applied d.c. vertical fleld cao
also be used to produce 10 Gauss on axis. This fleld seems to push
the magnetlic axis, which usually sits out a few em, back towards the
center, partlcularly for discharges with low plasma current.

Scrape-off plates may be imserted up to the separatrix
(Figure 2-3) from all four sidea at one teroidal azimuth; however,
for the research presented in this thesis, the Tokapole has been
operated without scrape-off plates. Roughly ome-third of the plasma
current flows ia the common flux region (the reglon encloging all
four rings) during start-up. A study of edge parameters during the

steady-state has been made tecently5 for the two cases; the flmpurity

23

Figure 2-5. Central current chanrel separated from common flux
or scrape—off region by sepatatriz (dashed line}. ¥our scrape—off
plates, or limiters, may be Iinserted to the separatrix. For the
1imiter cases discussed here ovliy three scrape-cff plates were used,

with thelr exteansion into the tank approximately as shown.
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profiles observed spectroscopiczlly are consistent with the

measurements.

B. Plasma Characteriscics

In this sectfion the basic plasma patameters as measured by
various diagnostics are reviewed. Since the plasma—wall interazction
experiments have been conducted over a wide range of discharge
coudirions, the data preseared iz this section are iatended to be
representative of the plasma parameters. The impurity preduction
mechanisas have been esseatially the same threughout the variations
of wmagnetis filelds, base vacuun pressures, clesning techniques, and
other parameters.

To the spring of 1979 Tokapole II had besen in operatlon for

about ¢ne year, during which tiane reasomable operating parameters
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een achieved, slthough the discharge duration

was only akout 4 msec. Date from these short-lived discharges can

the discharge length has

the vacuum vessel wslls, increasing the toveidal fleld, and using
late gas puifing. The peak T, aund EE have not bdeen significantly
imptoved; however, the major acccmplishment has been the achievement
of several msec of steady-state operation. The energy confinement

time is mow about 0.5 msec, roughly in accord with tokamak scaling.7
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A theoretical poloidal magnetic field flux plot8 is showa In
Flgure 2~6 for standard toroidal field and curtent. Both sguare and
dee=shaped equilibria have been zeasured with magnetic probes.g The
discharge can be divided inte two time phases: the start—up phase,
roughly the first 1.5 to 2.5 msec, duriog which peak curreet aod
density occur and the plasma heats up to its peak teamperature, and
the plateau or steady-state phase, during which the parameters are
esgentially comstanmt until the plasma rtuns out of vwvolt-sec.
Flgures 2-7 and 2-8 illustrate the plasma behavior for two differeat
poloidal gap volrages, with all other parameters fixed.

The plasma current is difficult to determine accurately since
it is ouly about 20% of the currest 1n the rings. The routine
plasma current monitor estimates the total plasma current by
measuring the poloidal gap voltage and the current in  the
transforaer primary, and wmodeling the plasma as an element in the
ohmlc heatiag transformer secondary. This monlror is accurate teo
about 257 during steady-state, as verified with a large Rogowski
coL1,2:1°=ll hut overestimares the start—up curTent near the wsalls
by as much as a factor of two. The plasma current monitor glves the
peak Ip botween 39 and 50 kA, with 10 to 25 kA during the
sready-state phase. (Figures 2~7a and 2-8a).

The inizfal gas concentratlion, measured with a Bayard-alpert
Fast lonization Gauge, is equivaleat to 1l x 1013 cmf3 of fuily
fonized H, gas. The peak of the line-average electtoun density, GE

(figures 2-7b and 2-Bb), measured with a 70 GHz microwave

27

Figure 2-6. Poloidal magnetic flux plot calculated with an MHD

equilibrium code. This

Iplasma' Broroidal Plaszas.

case is representative of the higher

The dotted lines are the separatrices.
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MAGNETI C FLUX

Figure 2-6
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Figure 2-7a. Piasms curreat versus time for a  standard

discharge  with tigher peak current, using vpoloidai sap and

B.sroldar °f Tigure 2-b, This case is represeated by  the
theoreticel flux plot of Figure 2-6. The measurezents shown In this

Figure are for the same shot.
Figure 2-7b. Line-average electroun density versus time.

Figure 2-7c. Central chord SR signszl versus tize, showing the

time of the T, peak.

Figure 2-7d. Ion saturation current density opeasured with a
line-average Langmuit probe in the edge. This signal represents the

adge density and is wsed for the late gas puffiag feedback cireuir.
g g ¥
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Figure 2-7a and 2-7b
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Figure 2-8a. Plagma current versus time for =2 lower

vpoloidal zap than in Figuve 2-7. All other settings are the same

as for Figure 2-7. A1l measurements showa in this Figure are for

the same discharge.
Figure 2-3b. Line-average electron density versus time.
Figure 2-8c. Central chord SZR signal versus time.

Figure 2-8d4. Edge ion saruration current demsity versus time.
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{nterferometer viewing the midcylinder from the top of the machine,
15 6 to 8 x 1012 573 at 0.3 to 0.4 msec, dropping to a steady-state
value of 2 to 3 x 10i2 cu'3. The peak of the electron temperature,
T,,» has been estimated to be about 100 eV by two techuiques. 4
spectroscepic measurement of the oxygen series line radiztiom in the
Vacuum Ultraviolet (VUV) with an absclutely calibrated 1-m Seya VUV
monochromator, in combination with a time—dependent coronal model,
gives the time evolution of T, during the stari-up phase.12 The
conductivity temperature measured by current density and toroidal
electric field probes has given rough agreement for Zeff’ the
effective fonic charge of the plasma, of 2.5 to 3.0. The electron
temperature peaks between 2 and 3 msec, as illustrated by the
central chord soft xray (SXR) emission (Figures 2-7c¢ and 2-8c). The
SXR detectors are surface barrier dicdes with pelypropylene filters
which limit the traunsmisslion to the emergy range 60 eV to 300 eV.
The detectors have approximately an exponential dependence om Te for
Tokapole energy ranges.13

A routine dlagmestic for edge densities and temperatures is the
three—tippea line-average Langmuir probe located om the vacuum
separatrix between the lower ring and the outer wall. The edge
density is represented by the probe measurement of ion saturation
current density, JSAT’ {n the common flux reglon {Figures 2~7d and

2-84).
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C. Description of Impurities

Spectroscopic measurements of {mpurity radiation have been wade
using an absolutely calibrated I-m Seya VUV mopochromator which
views a chord through the center of the plasma, a VUV survey system
consisting of a 1/2-w Seys spectromeier with a wierochannel plate in
its exit plane, capable of time-gated operatiom in the 400~1300 A
reglon of the VUV, and two 1/2-m Jarrell~ish visible monochromators
with tiltiag capabilities. 4 tiltable integrated VUV detector and
an arzay of SXR derectors provide spatial information om the
impurity radiatien as well as total power radiated ip these reglons.
These dlagnostics are described in more detail elsewhere.z’lzvla For
routine monitoring of impurity levels a set of four photemultipliers
is mounted on the top of the wmachine with filrers for wisible
radiation. A grazing incidence monochromator for observation of the
wavelength teglon between the VUV and the 5XR regloas is currently
belng tested.

Dyring the first year of operation the Tokapole digscharge
parameters improved significantly, primarily due to a decrease io
the Impurity levels with discharge cleauning. Since then, and for
the duratlon of this rtesearch, the conceatratien of ZImpurities
during the start—up has remained essentially the same. The line
radfation for these standard discharges is less than 25% of the
ohmic inmput power and thus canaot be the dominant energy loss

asechanism. The lowZ luepurity conceatrstions have been estimated by
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an impurity doping method (described in Chapter 3}. The majer low-Z
impurities are oxygen (2 x 10%1 ey, carbon (5 x 1010 w3y, and
aitrogen (3 = 1510 cm-E). For the metal ippurity concentrations,
primarily alurinua and copper, @m estimate has been made by
comparing the low-Z 1iwmpurity contribution to the integrated VUV
radiation. The metal impurities must then account for about 40% of
the YUV radiazica.}? Majer impurity lines, measured photographically
with the YUV survey spectivrometer znd output to the deasitometer In
the U.W. Biochexistry Department, are shown In Figure 71-% for the
start—up phase.

The dimpurity ion  radiation  observed on  tokamaks is
characterized by two distinct behaviors: an ionization peak during
the start~up phase, when ohmic heating of the volume cauvses the
burnout from lower to higher lonizatiom states, and a plateau level,

when each lonlc state peaks its profile at the lecatien where T, 1Is
toughly ome-third of its ienization potential.ls Groebrper presents
data from the spring of 1979 with distimct Zfonlzation peaks, but
with plateau levels similar in magnitude te the peaks and often with
second peaks as well. (See Referemce 2, p.12%.} Although the
start-up impurity levels have temained similar, a large iauprovemeant
in the plateau behavior has occurred. The plateau levels are now
low and extremely constant In time. The tlme~dependent signals of
several bright impurity Iipes arve shown in igure 2-10. The

improvement can be attributed both to a decrease of local sources

from uncouditioned wall or riang aress aand to 2 decrease ia the
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Figure 2-9. A sequence of pictutes obtained for consecutive

discharges with the VUV survey iastrument mlicrochannel plate. The

gate 1s on in each case for 0.4 msec.

These pictures illustrate the

evolution of the VUV spectrum with time from bottom to Lop.
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Figurs 2=~10a. Imputity line radlation wversus time for a
standard discharge. (The end of the discharge at 12 msec Is aes
showa.) This data was taken with the 1—2 Seya VUV monochromator.

Several importamnt impurity lines are shown.

Figure 2~10b. Impurity line radiation versus time for the same
discharge of Filgure 2-1Da. This data was tasken with the routine

ispurity monitor with filteved photcuultipliers.
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igpurity influx. The decrease In influx may fmply an improvement in
particie confinement (consistentr with a measured improvement in the

energy confinement time), which may be effectively an Improvement in

(ARBITRARY UNITS)

BRIGHTNESS

the plasma”s abilicy to shield fts hot central core from the plasma
()l l] >\ :37?65:3 boundary region, where rapid recycling must certainly occur.
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CHAPTER 3
TON-TVOUCED DESCRPTLION DURLNG START-UP —— EXRERIMENTS
4. impurity Doplng Experiments

This section describes the experimental procedure and results
for the doping experiments. The major result of these doping
experiments is that the generation of the light impurities,
oxygen (0), carbon {C), and nitrogen (¥), fLnereases with the
concentration of amy doped gas guch that this iacrease per dopant
atom 43 proportiopal to the dopant mass. This result implicates
{on-induced desorption as the major process for introducing light
impurities late Tokapole 11 plasmas. Hany dopant gases (Dy, He,
CH,, N, 0, Ne, AT, Er, and Xe} have been used for this series of
experiments, during which impurity line radiation signals for O, C,
and ¥ have been observed.

The dopant gas 1s added to & fixed concentratiocn of the working
gas, usually hydrogen. The hydrogen puff valve is opened 16.7 msec
before the discharge starts Iu order to allow time for waniform
£11ling of the machine. For higher mass gsses the dopant gas puff
valve gust be opened even earlier, with a typlcal delay of 25 msec
between this valve opening and the poloidal field triggering. A
maxizum delay of 40 msec has been used for the series inmcluding Re,

the heaviest dopant gas used. The timing £s ugually set 3o that the
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fast ionlzation gauge, used o measure the gas concentrations, reads
the peak of the dopant gas signal prior to the hydrogen puff. The

calibration of the gauge for different gases uses the coefiiclents

of Lewln! and Dushnan.z The 1line radlatiom signals for the exctice

gas dopants ave proportiomal to the concentration wmeasured by the
ionization gauge.

Doping with any gas causes radiation sigrals from all light
impurities to incresse, as shown iIn Filgure 3-1. The laxgest
increase is durinsg the iImpurity dionization phase, with a small
increase, if any, duriang the plasma current plateau. Figure 3-2
{ilustrates the early time-dependence of the effects of 2% Ar
concentration on the OILII A703 line radiation signal. As the dopant
concentrations iIncrease the line radifation signals also increase.
For dopant levels up to those levels needed to double the spectral
line 1intensities of the ionization peak {Jopant coucentrations less
than 10% of atomic H concentrations} the increase is linear, except
for self-desorption, although  higher dopant Ievels lead to
usonlimearity {see Section C). The increase in the loaizatlion peaks
with added hydrogen gas 1s shown in Figure 3-3. Typical data for an
{mpurity doping series are shown in Figure 3-4.

The data of Figure 3-4 suggest that the impurity levels depend
not only on the dopant conceatration, but alse gquite strongly om the
dopant mass. In order to assess the srror im assuming that changes
in line rtadiatfion signals rteflect changes In the impurity lom

concentrations in the plasma, the relative changes in n, and T, over
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Figure 3~1. Densitometer trace of VUV spectrum with ne dopilag

{bold 1ime) and for Ar dopiang (light iine), usinog the time-gared

spectrowerer (gated on between 0.5 and 1.0 msec). This Figure

illustrates the increase of 1ight Iimpurlties with doping. The

nonlineatrity of the phoetegraphic emulsion prevents this technlgue

from veing used for quantitative wmeasuremeats; instead,

monachromaters with photomultipliiers are used.

Densitometer Troces of Vacuum Ultraviolet Spectrum

With and Without Ar Doping
Channeliron Gated on from t=10-15ms
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Figure 3-2. OIII AT03 signal as

a

function

start-up for cases with and without doping.
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Figure 3-3. 01III 3703 and NIII A&311
puffed H concentration of about %.8 % 1012

interferometer density of 4.2 X lﬁlzlcmS.
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versus added H, for a
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7 T T
Figure 3—&. 0TIl 3703 lonizatlon peak as a fumctlom of dopant

I
concentration for various dopant gases. For Ar, the sget of data £
c
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points is shown. The ercor bars on the polat om the He plot show 'é
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a doping tun wmmst be determined. The impurity lime rvadlation
signals are proportional to ne“iQ{Te)' where ¢ depends om the lonic
state. From microwave interferometer and probe measurements of a,

during doping, the change in n  accounts for less thamn 20X of the

e
increase in the impurity radiatiem. igure 3-5 shows that OQIIX
increases significantly faster than Ee with N doping.

With the VUV monochromator and $XR detectors an estimate of the
change in Te caused by doping can be made. Temperature profile
modifications and changes in the rtate of Increase of T, during
current channel buildup, as well as decressas in the peak T,, may
all contribute to changes in fmpurity line radiation with doping.
Two methods used to estimate the volume—averaged Te(:) are: a
separation of the stroag Te-dépendence of SXR signals from the
weaker depéndence oa @, and n; by comparison with the integrated VUV
and ioterfercmeter, and a cotronal model of the oxygen series, OLL
through ovi? (see Chapter 4). The coronal model fits Te(t} for the
undoped plasma to the time evolution of the oxygen lonic states. T,
increases up to about 20 eV by about 200 psec, remains £lat until
2I11 peaks between 600 and 800 psec, then rises sharply to 13C eV by
the SXR peak time at 2.5 msec, as shown in Figure 3-6. For the
zazximus dopant concentratlion used {which doubles QIII}, the coronal
aodel fit for T, shows lit:le effect for the 20 eV phase, but shows

that T, can peak up to 350 psec later at 100 eV. The magnitude of

the $%XR changes agrees well with the meazsured 0, change and the T

(] e

change found freom the model. The relative {ncrease in the 5¥R
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¥igure 3-3. A comparison of line radiation signal and electron
density as wmeasured wWith a microwave interferometar. This Figure
shows that the increase io n, Is not a signiflcant contribution to
1ine radiation signal increases. (OIIT signal is porportional to

neniQ(Ie).) This piet ipcludes high dopant levels.
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signal for early times Is less than the relative increase in VUV
radiation. Both signals are proportional to the lice-averaged

product a0y but SXR is a stroag function of T,, whereas VUV has

only a weak dependence on Te.

For small changes in n, and T,, then, 2 linear Increase in
impurity line radiarion implies a proportional Iacrease ino the
impurity concentraticn. The ertror in this proportionaliry factor is
estimated by comparing the increase iu various oxygen series lines
during doplng. The increases per dopant atom of Q11 AT797,
OIIL 2703, OIV A789, and OV A63C are within a factor of twe of each
other, as shown in Figures 3-7 and 3-8. Different dopants tend to
produce changes Ion the oxygen radiation in the same way. Most of
the mass—dependence studies have used the lower lonlzationm state
OLII (also MIIL, CIZI) for severzl rteasons. The function Q(Te) for
OLII 703 is only weakly dependent on I,. The peak time of OIII
varies the least with doplng, wualike OVI, which peaks 300 to
400 psec later for mnodest doping. The time variaticon of the
OVI A1032/1036 iounization peak is shown on Figure 3-8, indicating
its strong Te dependence. Also the effects of any additional influx
of oxygen durinmg the start—up phase are sminimized by cbserving the
eariier time signal. Visible lines are available to check the VUV
1ines. The visible liases CGILII A3763, CIIL A4647, and NIII A4509 are
proportiocnal to the respective VUV Iines CIII A703, CIII A977, and

NIIL 991 at the ionization peak during doping.
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Figure 3-7, Ionization peak signals as a functlon of puffed H

concentration for the oxygen ilonic states OIT cthrough OVI. The

signals are normalized to 1.0 at an H concestration of 1.8 X 1013

atoms/cm3. (These plasmas have an electron density of about

1 x 1083 73y
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Figure 3-8. Ionization peak signals as a Function of doped Ar
concentration for the oxygen lonic state OII through OVI, taken on
the same run as Figure 3~7. The puffed B concentratisn is
i.8 % 1013 atoms/cm. TFor this Figure, two sets of lonization peak

times are indicated: for OVI next to the X”s, and for QIII pext to

the solid cizcles.
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Thus, the lnerease of impurity concentratlon per dopant atom is
roughly proportional to the mass of the dopant. The normalizatien
with respect to the effect of adding nydrogen provides a reference
signal for different plasma conditions. The mass variations, shown
in Figure 3-9, are similar for CIII, CIII, and WNIIL. These data
summarize the resslts of the doplng series taken (about seven
different runs with three to five dopant gas series per Tun)- The
error bars thus represent the changes in the mass proportionality
factor with changes in machine conditions and plasma parameters.
The teproducidility of the fmpurity production 1s fortunately guite
good. The extent to which the signals rtepresent the impurity
concentrations is estimated to be e¢f this same order.

From the mass proportionality shown in these Figures, a
wmomentum tramsfer process lavolving the initial plasma foms s
implied. Electron~ ané photon~induced desorpticn and chemical
reactions can play oniy a minor role im the production of light
impurities. The behavior of the plasma ioas during start-up is

discusgeé 1o more detail in the next few chapters.
3. Isotopic Exchange Experlments

in order to estimate the importance of hydrogen-induced
desorption relative o intrinsic 4iwpurity-iaduced desorption, we
have observed working gas (H, and Dy) recycling tn studies similar
to recyeling studies in DITE and other machines-h's’ﬁ'?'s This type

of experiment has been commonly used to distinguish between the two

67

Flgure 3-9. The relative d{mpurity signal  increase  for
OTLT A703 (a), NIII A4511 (b), and CIIT A4647 {c) versus the dopamt
mass {for atoms). The open circles do not represent linear

increases {gsee Sectiom C).
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components of the discharge gas, the initially puffed gas and the
gas released from the wall. Typically the amount of gas im the
tokamak wall is several orders of magnitude larger than the density
in the plasma. This gas zaz diffuse from within the solid to the
surface, where it is easily desorbed by the plasma, so that the
initially puffed gas can exchange with the wall gas during the
course of the discharge. Since the particle confinement rime is
less than the discharge l2ngih this recycling process i{nvolves
several exchangas with the vall duriog the course of a discharge.
{This description is, of course, oversimplified since tokamaks now
generally use addirional gas puffing during the dischatge to control
the recycling process and to keep the density constant. No late gas
puffing has been used for these experiments.) The question of
particular faterest here is the effact of isotoplc exchange om
ilopurity levels.

The discharges iIn Tokapole II had been run almost exclusively
in Hy prior to this experiment. Figure 3-10 shows the change in the
plasma comstituents after switching the working gas tﬁ deuteriuwm.
The line radiation signals for Hﬂ and DB’ sepatrated by wusing slits
fer 0.3 A resolution on the visible wmonochromator, are used to
compare the start-up and plateau bhehavior. For these neutral
hydrogea  and deuterium lines, the Ionization peaks occur at
300 usec, and the levels are fiat by about 500 usec, so that these
signals glve a comparison between early and late gstart-up. The

early and late time signals are normalized to be the same for the



7z 73

Hg and Dg vs. Number of Shots
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first shot. The Dﬁ ionization peak signal is comstant during these
shots, since, of course, the initial puff is the same throughout
these shots aad constitutes the dominaat discharge gas- The D3
plateau increases gradually to approach a constant level supplied
partially from the wall. The hydrogen level in the plasma decreases
to approach a constant non-zero level (there i{s aiways plenty of H
in the system from residuzl water and hydrocarbons), with the
ionization pezk decaying somewhat more rapidiy. Thus, the initial D
plasma has already knocked a substantial amount of E from the wall
by 30D psec. The faster decay of the HB ionization peak presumably
indicates that the most easily desorbed H is replaced by D during
the first several shots.

Figure 3-11 shows the effects of switching the working gas back
to Hy. The bdehavior of the wall gas is slightly different from the
previous case. For the first several shots the D{3 ionization peak
and the plateau decay at the same rate; later, the lonization peak
begins to decay less rapidly than the plateau. This tesult seems
somewhat loconsistent but may be explained by the difference {m the
amount of diffusion into the bulk sclid between H and D over the
short time of D, filling and in an envirosment with residual Hp.
The DS results are reproduced in Figure 3-12 with the additiomal
data from the residual gas analyzer to show the decay of D2 between
shots. The siow decay to zero level is an indicatlon that diffuslon

of D into the solid has occurred over the short duration of running

in Dj.
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Figure 3-1l. HB and DB versus number of shots afrer switching

the working gas back from D, to Hy, immediarely after

Figure 3-10.
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ran

of



D‘9 (arb. units}

Hﬁ {arb. units)

Hp ond Dg vs. Number of Shois
after Switching Working Gos
from Deuterium o Hydrogen

T ] ]
103
ﬁﬁ; -30
&r ‘gbﬁésa‘nf 4
"&bag:"%‘
%mtz&:-ac
&y &
P a—
A D‘g Jonizohon Peak
s Og Lote Time Plateou 7] 0
2_
t } t
140~
1%
120 o
© 5 @ 4 o ° g
oS SET 2 e @0 ig
00
80"‘ "3 'y L} ° - »
—
agl © Hg lonization Peak 45
e H,g Lote Time Plolecu
1 L )
G 10 20 30 40
Shot #

Figure 3-11

76

Figure 3-12. The D4 results from Figure 3-1L plotted with data

from the residual gas analyzer (RGA) between shots.
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For a similar run the OIII A703 ionization peak shows a
dependeace oun the working gas (Flgure 3-13); the late time plateaun
signal shows wo effects for this ram. Although this data set Is
incomplete, the basic results are similar to other observatious.
After the first several shots the OIII peak has increased by a
factor of about 1.4 over 1its value In Hy. This increase cam be
explained by the differeace in the mass of the working gas as would
be consistent with the results of Section A. The smaller lncrease
during the first several shots is probably due to the increase in
the ratio of D to § in the very early (< 200 psec) plasma shown Ia
Figure 3-10.

1f desorption by the intrinsic impurities were dominant over
desorption by hydrogem the oxygen effects would be small. The
oxygen increase suggests that inm an undoped Tokapole plasma, the
working gas plays the major role in releasing light impurities.
When the machine is dirty or heavily doped, the intrinsic impurities
probably play a non~negligible role. More cateful modeiing of rhe
time-dependence of the Iinflux {Chapter 4} substantiates the
conclugion that the plasma formed from the initfal puff of working
ga3 {and any dopant gas) has a strong interaction with the wall in

the .earilest stage of start—up.
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Figure 3-13. OIII A703 versus number of shots after switching OIL A703 vs. Number of Shots
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C. Imtrimsic Impurlty Doping Experiments

The ucderstanding of dopiag experiments which use an intrimsic
fmpurity as the dopant is compiicated by the self-desorption
process, especlally at higher dopant comcentrations. The observed
fmpurity Lacrease has twoe components: the jncrease of the dopant in
the 1initially puffed working gas, which aot only fills the wvacuum
chamber but zlso gets pumped by the walls before the discharge
starts, and the additional wall impurity desorbed by the higher mass
{doped) working gas. {Wall pumping of the dopant from the previous
shot has been ainimized for all of the data of this thesls by
ensuring that the impurity concentration rTeturas to its origimal
level on the first shot after the data run.)

Igtrinsic impurity doping has been a ugeful technique in
tokamaks for measuring the absolute {mpurity concentration in the
wall.3»9 Por low dopant concentrations the lncresse of oxygen with
oxygea dopiag, for example, is linear. The extrapolation of the
data points for each fon to zero {ntensity gives the © concentratlon
in the undoped plaswna. The technigque may be modified for the
effects of self-desorption as shown Iin Figure 3-14.  The lige
through the data poluts for OLI1 A703 versus doped C concentration
has bheen extrapolated to glve 2.0 K 1011 ¢ atoms/cm3. An estimate
of the self-desorptlon is made from comparing data of similar mass
tmpurities: NIII 3991 versus doped O and OIII X703 versus doped Ne.

$ubtracting this line gives a corrected line which represents ocaly O

83

Figure 3-14. Tonization  peak glgnal versus dopant
concentration. The ZX"s are data polnts for OLIT WG3 versus O
doping through which a straight line (dotted) is drawn, ignoring the
nonlinearity beginning at higher doping levels. The extrapolation
back te zero doping signal  indicates a concentration of
2 ¥ 1oll cm‘3. 4  correction is made by gubtractiog the
self-descrption, estimated from NIIT A991 versus O (dashed) and from
QILI A703 versus Ne {(dotdashed). The corrected curve (solid)

indicates a higher concentration of 2.5 % 1011 o3,
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added directly to the plasma. This extrapclartion gives a siightly
higher value of 2.5 X 10*! 0 aroms/cad.

The nonlinear response of these experiments provides a useful
comparison to the linear response of the experiments in Sectlon A.
Pigure 3-15 shows the response of CIII, NIIIL, and JILI te O dopleg
and of WIII and COIIL to § doping. Ta Figure 3-13a the parabolic
increase of O0ILX with doped O clearly occurs for a range of dopant
concentration which is linear fn NIIX and CIII; however, for the
same amouat of doped N, OIILI and NIIT are both wnoniinear
(Figure 3—15b}. Since the intrinsic O concentration is a factor of
seven times higher thaec cthe ¥ concentration, the differeace in the
nonlinearity must be the consequence of recycling during the
discharge. These data are used for the model in Chapter 4 to
quantify the recycling duriag start—up. Qualitatively one ecan
already see in Figure 3-15a that the influx of light impurities must
have a strong time dependence. 1£ the plasma recycles several
times, galning effective mass from impurities with each encounter
with the wall, all the doping series would be inherently parabolic.
The Iinear response of O to exotic gas doping and the continued
linearity of N and ¢ during parabolic 0 respomse suggest an early
decrease in the <zecycling rate. (Depletion of the surface

contaminants may occcur duriag a shot, but at Tokapole base pressuresg

‘the A1 walls will replenish the surface layer between shots.)
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Figure 3-13. Comparisoms of {mpurity response during ilntrinsic
impurity doping, inciuding high dopant concentration levels. The
of CILI A877 and WIIL A991 versus O conbtrasts the

ligear response

nonlinear respomse of OIIL 3702 versus 0O (Figure 3-152) and of

NITI »9%9% and OILL A703 versus N (Figure 3-13%).
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For high enough dJdopant concentrations all low-2 impurity

signals have a nonlinear response. Usually the gross plasma

parameters begin to be affecred as well, so that the experiments atre

difficult to interprek. Figure 3-16 shows the effects of high

dopant concentratioms for the same ¥ data of Figure 3-15b. The

parameter !Ipdt {amp-sec} is used as a figure of merit for the

discharge- For the lower dopant levels the discharge length scales

with IIpdt, so that I; uust be

increase in radlated power

reiatively constant. Bere the

resulting from higher impurity levels

probably slows the start-up process by consuming volt—sec. For

higher dopant concentrations the curreant is lowered as well and the

general plasma behavior deteriorates.
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Figure 3-16. WNILZ A%91 and IIpdt versus doped ¥ concentratiom,

showing the degradation of the plasma for high doping levels.
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CHAPTER &
ION-INDUCED DESORPTION DURING START-UP —— MODEL

A simple wmodel cf working gas and fmpurity recycling describes
the major effects of the early-time doping  experimeats o=
Tokapole LI. This model is consistent with the observad linearity
of impurity inmecreases with doping and the experimental observations
of the tilme development of the oxygen series line radiation. The
calculation uses a time-dependent coronzl equilibrium rate eguation
for oxygen lonization and reccmbinationl'z to find the influx terw.
A computer code solves for the enissivities of the ionlziag o=xygen
states glven Te(t), ne{:), the particle confinement tizme <, all
experimentally observable iz principle, and aa influx term, to be

determined.

A. The Time-Depeadent Coromal Mcdelzﬁ3

For a plasma in therasodynamic equilibrium, particle collision
processes determine the population densities of the electrons in the
various energy levels and in different ionic states- These

population densities are glven by the Beltzmann equatlon,

(4-1)
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apd the Saha equation,

& 21mkT,, 372 ]
n n
241 Pe 1 2(—2) =, (4=2)

kT
af o h 2

where n represeats the population density for different energy
levels p, 4, and £ (ground) and for 4ifferent iomic states z and
z+l, w 15 the statistical weight of the designated level, £ 1s the
energy difference between the levels, with E% representing the
{onization poteatial of the {on of charge z from the ground level.
The local thermal equilibriva model thus assumes a balance between
the collislonal excitation and iconizatiom processeés and thelr
inverse processes. The atomic cross sections are aot needed to
deteramine the population densities.

For an optically thin plasma of lovw enough deasity, the
probabilities of radiative transitions and collisional tramsitiomns
are comparable, and thus the atomic physics wmust be taken imte
accounz. The steady-state phase of the tokamak”s hot centzal cote
{s falrly well described by the coronal model, which assumes 2
balance between {onization {and excltarion) by electron collisions
ané radiative reccmblnation (and decay}. The plasma electrons are
Maxwellian, aad the population densities of the exclted levels of an

10n are negligidle compared to the ground state density. For these

processes,

95
2 ¢ -
nnd $B(T.) = n ek 2T (4=3)
and
n.n8 QEP(T. ) = o ¢ LER!
ez Nz e 2z <o Az (4-4)
where S

is the lonizatlon tate coefficient, u is the recomblnation
rate coefficient, Q%+P 1s the electron excitation tate coefficlent

froa
g (ground} to level p, and AP»9 is the tramsition probabllicy

for spontaneous emission from level p to level q, where q has a

lover enetgy than p. The emission E of the line produced by a

transition between levels p and ¢ is given by

£2:% = of ap-4 (4=5)
where £ is in units of phozons/sec/:m3.

For the start—up plasmwa, the temperature and densities are
evolving so that the balance between ionization and recombinatiom
does not have time to equilibrate. A time—dependent cozomal model
way be used to replace Equation {4~3) to take account of ienization
and recombination rates. The atomic lifetlmes of the excited levels
are much shorter than the relevant temperature evolution times s¢

that Equaticns (5-4) and (4-5) are still applicable.
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A computer program to calculate the oxygea ion population
densities and emissivitles for partlicular lines from the
rise-dependent corTonal model has been writtea by R.J. Groebger. The
plasma physics of start~up is inciuvded through an influx term @ and
a set of particle loss terms, with confinemeﬁt times - The

equations are:

dng B

w7 “SolTengng + alledngm ~ — % &

dng _

el “8 (T g, = 5 {Tadmen, + 5, 1{TeineRpy

¢ Rz
F ey {Tedueipyy = 3

dng = - + TR _ ek
g% a,p {Tedagnyp + Sy 18Ted0gp 10 = s (5-6)

where o, represeats the density of oxygen of charge z, using OVIL as
the iimit fon zL because of its high Lomizatlon potential (73%9.1 e¥)
relazive to the plasma temperature. The rate coefficients used ate
discussed in Reference 2. Some additional processes are included to
improve the accuracy, such as correctlens for metastable levels.
The overall accuracy of the calculation for volume—averaged T, has
beea estimated to be withim 50%, with the largest errors from

uncertainties in the atomic vate coefficients.

37
3. Experimental Parameters Used in the Calculaticn

The computer code solves fox the time—dependent emissivities of
OLIY A703, OIV A78%, 0OV X630, and OVI A1032/1038, whien are then
compared to the observatlons made with the absolutely calibrated VUV
moncchromator. The best £it is determined when the predicted oxygen
series lines match the experimental data, particularly for the
fonization peak times and relative helghts. Wizh independent
measurements of b (), T.{t), and T to use in the caleulation, the
{nfiux teraz can be varied until a best f£it is found. Ia practice
aone of these guantities ate well known but reasenable estimates can
be made from the existing disgnostic measurements. The comparison
0f oxygen rTadlation with gnd without doping provides an additional
check on these estlmates.

The guantity ﬁe(t) {s wmeasured with the interferometer;
however, thls chordal inmtegration is an Inaccurate measarement of
the central density during staTt-up- The interferometer views =z
large reglon of the common flux, where the density profile peaks
early in time. The central demsity (and the volume—averaged
density) might be empected to pezk later in time with a larger
value. These assumptions about the rime~devendence of the density
profile have been verified by proflle measurements of the toroidal
current density taken with a szall Rogowski coil. The functiom

(£} thus assumed for the simulation Ls shown in Figure 4-1.



Figure 4-1.

B, versus rime ugsed in the simulations.
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The values ¢f 7 and Te(:) are roughly estimated €{rom the
sxperiment, and then £it with the computer calculation. Fer the
first step in the firting process, oge can arbitrarily assume that
the iuflux term 1s zero, and that an {pitial concentration of

0il o3 oxygen mneuttais Is uniformly distributed Ia the

[

x 1
uzdoped plasma. The best particle confinement time < found from Figure 4-2. T, versus time used in the simulatiens.
these caleulations is 1.0 msec for all oxygen states. Although this
parameter Is unkaown experimentalily, most tokamaks find that the
particle confirnement time is onme to tem times the edergy conflaesment
time, which for Tokapole II £s about 500 usec. Fortunztely, the
caliculation is not very semsitive to the vzlue of 1 used; the
variation of < between 500 psec and 5 wzec esseatially does not
act the calculation for start-up. In prioeiple each iomic state
mzv have a different coafinement time but this variation has alse
been found to have little effect omr the calculation.
The times and heights of the Zlonlzation peaks in the
calculation are extremely sensitive to the function T,(t). For this
zeason the procedure usad here provides cme of the best measurements
»f the volume-averaged T, {t) for the start-up phase of a tokamek.

Tne functlon T, (t) which best fits the data is shown in Flgure 4-2.

b

ne flatness of this function before 1.0 msec znd the fast rise to
waximus T, are necessary features for matching the lonlzation peak
tises. For the first 1.0 msec a variatlon in T, of a few eV makes a

good fit impossible. During the time betwegen 0.5 msec and 1.0 msec,

T, is c¢lamped to a constant value by radiated power losses. The

=
purd
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radiation barrier (at Te of about 20 eV for a discharge with low-Z
impuritiesa) is & maximum of low-Z radiatiom versus T,, acd must be
overcome 1in order to ionize OIIL. The time of the peak Te is
assumed to agree with the S5XR peak tiwme. The calculation 4is less
sensitive rto the magnitude of T, between 1.0 msec and the time of
peak Te' The value of 130 eV agrees well with estimates from the
measured comductivity T, (and Z,7¢). The oxygen series data and the
simulated fit are shown in Figure 4-3 for the undoped case.

This calculation ig also used to check the assumption that T
does not vary during a doping series. For the data of Figure 4~4a
the calculation is repeated, using the konown initial oxygen density
{ncrease, and varyiag oaly Te(t). {This Figure represents the
maximum dopant concentration for which the plasme characteristics
are agsumed uwort to change.) The function T.(z) calculated in this
way has been shown 4in Figure 3-6. The difference between the
maximum T, of 130 eV and 100 eV should represent the major effect of
doping on TE. Up until 1.0 msec no effects om T, are observed.
Presumabdly the added oxygen keeps the plasna below the radiation
barrier longer, and thus prevents the efficient wuse of the ohmic
heating input power. For all the calculations shown in this
chapter, the same functioa T (t) is used; however, many variations
of Te{t) for different influx functions have been made. The changes
in the relative magnitudes of the oxygen series with doping are in
the same direction as the T, decrease, 3¢ that the 30 eV difference

{5 an upper limit on the effect of doping on Te. The simuiated



104

Figure 4-3a. Emission of oxygen  series 1ine radiation
{OI1E ATO3, 0LV 1790, OV A630, OVI Al036) versus time for an undoped
slasma case- the emission data are relatively calibrated aad

corrected for multiplet levels for OIV A790 a2nd OVI KI032/103%.

&

Figure &4~3b. Simclation of emissicnm of oxygen series line

radiation versus time for the undoped plasma case.
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Figure 4-4a. Emisslon of oxygen series line radiation versus

time for a plasma doped with oxygen. The simulations

are not expected to match the data.

Figure 4-4b. Simulation of emission of oxygen
radiation versus time for a plasma doped with oxygen.
to the data of Figure &~4a is somewhat worse than for

plasma case due to changes in the plasma parameters.

past 2.5 msec

series line
Note the fit

the undoped

Ernission {photons s'cmi™)

Emission {arb, units)
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cxygen series for the doped case with the Talt) of Figure 4-2 is
shown in Figure &4=-ib.

The overall accuracy ef the Te calculation has been estimated
ts be within 50%. In addition to the uancertalaties of the atomic

coefficients discussed fn Section 4, the use of zero-dluzmensionelity

b
w

of gquestionable wvalidity. In Chapter 6 some profile data are

walformly distributed at the time of their Jlonization peaks.
Certainly by the platezu phase the varlous iomic states of oxygen

have different profiles dependeat on the T, profile. For example,

rh
I
M
(e

III a plateau is established by 1.0 msec; the zerc—dimensional
zalculation cannot be expected to mateh this plateauw value for OIII

nas:t this time.

Madel of the Oxygen Influx

Tsing the input parameters ne(t), Te{t), and t from Section B
the time-dependence of the oxygen influx term It} is now varied.
The total number of oxygen particles In the system (wall plus
cilaspa} £f3 assumed to be fized. The number Iin the wall is
deterained from extrapolating the oxygen doping curve to zero
signai. The variation of &(t) shows that the infiux must be limited
2 a short duration in order to aveid a large bulld—up of the oxygen

coxzentration between the OILI and COVI peak times znd therefore too

large a prediction of the emission of the higher i{onie states.
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A model of the fmpurity influx may be constructed based upos

ton-induced desorptiocm. For recycling of imtrinsic fmpurity i, the

flux term may be wtitten5 as

any EAE ST P
= (p = 1+ (g (4-T)
LE Ty T

vhere ¥; is the number of itmpurity particles in the plasma, Nfail is
the number of impurity atoms in the wall, A is the wall ares, the
sum iz over all species 3 in the plasma, and 2 is the
characteristic rime for the recycling process. The coefficients
and 04 are the refiection coefficient for particle 1 and the cross
section for oparticle ] to kmock particle { off the wall,
respectively. A similar flux term exists for all plasma species
including the working gas, so that Ni will initially increase in
time as more partizles come off the wall. Furthermore, Increasing
the number of a specles Nj (as by dopiag) should cause a nonlinear
increase in the total number of particles. These bulild-up processes
caa continue until the fmpuTlity coaceatratlion in the wall has been
depleced (9311 L 03, or until equilibrium is reached (d¥,/dt = ©).
Any time~dependence of the quantities I, or oy could alse limit the
build-up. (For example, siace desorption depeads on the facident
jon energy, the cress section d5p may be effectively time-dependent

b

{f z sheath poteatfal is the source of the lon EReTRY .}
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For the computer calculation of the oxygen density bulld-up,
Equation (4-7) is simplified to include desorption induced only by
three specias: protons p, OXygen ions %, and dopant Zfoms D (which
may be either exotic or oxygen)}. Since a reflected ion cannot be
distinguished experimentally from a desorbed atom or ion of the same
species, the coefficient 8 1s lumped with the effective cross
section . The coafinement times are assumed Lo be the same for all
gpecies. The influx 1s assumed to be in the form of neutrals so

that for %y of Equation (4-§), one has

P zL D
@y = o tomtp t L fomms * apxz) ) (4-8)

in order to keep the influx low aftar about 1.0 mgec, only the low
fonization states are kept in the sum. Reeplng higher ifonlzation
states causes a small increass in the OVl emlssion. Tha further
agsumptlon that the cross gections are proportional to the lon mass
gives the ratic of the cross sections. The determination of the
{nflux for the undoped case 1s thus a3 calculation of dpxlz. For
opsz « 5x10°13 cml/msec (and, therefore, oyg/7T * 6510712 cot/msec),
the time-dependence of &y and the total oxygen concentration are
shown im Flgure 4-5. Figutes 4-3 and 4-5 represent the best fit to

the data for the uadoped cage.

Figure %-53. Simuelation of oxygen iaflux and

density versus time for an undoped plasma case.

best fit to the data.

This

s

total oxvgen

case

is

the
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From the exotic gas doping experiameats we have assumed the
relative magnitude of SDX/UPX‘ The unonlinearity of the oxygen
radiation increase with oxygen doping cat be seem as resulting from
the time—depeudence of the n, terms. (At any given time, the oxygen
{infiux depends limearly om the ieoa deasities.} The sizulated
increase of OIL1 with O doplng is shows in Pigure 3-6 for the above
cross section values. This best fit curve for 8LIL versus doped 0
conceatration begins to turm over at high depant concenttations as
the wall oxygen is eventually depleted. The data shown for such
high dopant comcentratioas probably include effects on  such plasma
paraaeters as T ; ao fit can be expected.

In summaty, the influx term based on the recyeling medel is
found to be consistent with the early gemeratlon of oxygen. The
quantity sgxft may be varied to Iit the oxygen radiation. This
quantity is then coastrained te be within an ecrder of magnitude for
any reasonable fit te the dsta. Using the mass proportionality of
the cross section, one gets a geod £it to the nonlinear oxygen
doping  curve, which  provides 2 consisteney check on the

time-dependence of %;.
0. Discussion of the Influx Model and Desorpiion

in obvious constraint on the iaflux term for Tokapole IT s

an undoped plaswa, siuce dopl

concentration. The simulation of
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Figure 4-6. Observation and simulation of OIIT X703 versus
doped oxygen concentration for the best £it to the data. The data
and simulations for the oxygen series versus time of Figures 4-3 and

4L~4 are represeated on this plot.

o
+ QObservation .
__ | — Simulation
b
c
3
g
=
2]
O
~
~
=
O
! }
0.0 1.0 2.0 3.0
C,used in Simulation D, (x10%atoms/cm®)
Doped Oxygen Concentration

Figure 4-6
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time of Flgure 4~3 Iindicates that 8301 of the oxygen to be desarbed
is in the plasma by 1.0 msec and that the total wall concentration
is never quite depleted durimg the start-up. Since the influx {is
strongest before this time, ome wmight expect the proton term to
dominate the oxygen term. At 0.5 msec the calculation gives

¢ / 4. st d £ itude Incr ia th Figure 4-7. Observatioms and simulations of OLII A703 versus O
u?xnp GXX.T}X = - nce an arcer [+] mAgnIiTW ncrease a ne

and ¥. These sizulation curves do mot represent the best £L{t to the
tnpurity concentratlion with doping reverses the dominant term, one

data. Labeled points a amd ¢ fall on the simulation curve for OILL
zight expect a difference 1in the time-depeadences of & and the

versus doped 0. Labeled points 2 and b fall on the simulation curve
total oxygen concentrations. Indeed the early peak in & 1is wmore

for OILI versus doped N. These points sre referted to im Figure 4-8.
pronounced and the wall oxygen is depleted sooner in the more

neavily doped cases. These effects are somewhat subtle fa the best
fit case.

In order to {llustrate the competition between the p?otou and
the dopant term In the oxygen production, &z simelation eof OLIL
versus dopant 1s made {shown Iin Figure 4-7}. “The slmuiation curve
through labeled points a2 and ¢ Tepresents GIIL versus doped 0; the
curve through the ladled points a aad b represents 0III versus doped
N Theée simulation curves use cross sections a factor of 4 sgmaller
than the best {it case, exaggerating the effect of this competition.
Also shown In Figure 4~7 are OIII dats taken during O and ¥ doping
en  the same day. The ©IIL versus 0O data are the game as ia
Figure 4-6. The turn~over in the data for OIII wversus ¥ wmay be
consistent with the depletion of wall oxygen by 0.5 msec, although
the experimental reproducibility wmay be questionable. The

sim:lations of time-dependence of the faflux and the total oxygen
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density (FPigure 4-8) illustrate the differences between an undoped
case (Figure 4-8a), OIIL with ¥ doping (Figure 4~8b), and OLIL with
0 doping (Figure 4-8¢}. A larger value of ny early in time produces
a more rapld depletiom of the wall oxygen, and thus a faster oxygen
build-up in the plasma.

Thus the rate at which oxygen builds up early in the discharge
determines the curve for 0ILI versus doped @. The factor of &
difference in the magnitude of o/t between the simlations of OIII
versus O in Figures 4-6 and 4~7 has changed this rate of build-up
significantly. For the

undoped  Tokapole plasma then, the

competition betweer the terms ¢ and oygay and  the

P%p
time~dependence of 3;31} in Equation (4-8) put tight constraints oa
the value of oft (overall to within an order of magnitude).

The cross section estimates above imply effective desorption
yields of the order 103 to 10% atoms per ion per msec. TFor an
early-time T the same as the particle confinement time  of
t = 1.0 msec, these yields seem large but possible for ungettered
Tokapole IT wall conditionsﬁ; however, the time scale of the
reeyeling process responsible for the Impurities in the central
current channel must actually be quite short. A yield of 10 to 100G
atoms pet ion, thus fmplying t = 10 usec, might be consistent with

the data for lon—induced desorption and the poor confipmement eariy

in the discharge.
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Y
o

Figure 4-8. fmulations of oxygen influx and total oxygen
deasity versus time for (a) the undoped case of Figure 4-7, {b) the
nitrogen deped case of Figure 4-7, and {c} the oxygen doped case of

Figure 4-7.
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Desorption by energetic fons and neutrals has deen reviewed by
McCracken and Stott.” Like sputtering, the desorptioan process
transfers momentum from the ioncident particle to the surface
impurity; however, the depletion of the surface layer c¢an occur so
that, unlike sputtering, the desorptlion vate {s proportional to the
surface concentration. For surface concentrations larger than one
monolayer, the biadiag snergy per molecule decreases so  that the
surfzce binding energy wmust then be takea into account. For
Tokapole Il the low-Z impurity concentration in the plasma implies a
surface conceatration of toughly one monolayer. (Gettered amachines
assume 0.1 monolayer-7) & receat compilation of desorption datas
shows that the yields zre generally in the range of 1 to 10 atoms
per incident lon with very little diffarence seen for vazicus
metals, although cleaning techniques do decrease the yields. The
enerzy and mass dependence has been studied £for these cases and
aodeled effectively for energles above 100 ev. D101 For jow
energies, contributions from the bombarding, or primary, 1lon and
from the backscattered primary loam are iamportant. For Tokapole II,
doping has never increazsed the aluminum impurity conceatvatlions, so
that the energy of the primary fon might be expected to de less than
the sgputtering threshold of about 100 eV. The threshold for
desorption 13 much lower, on the order of 30 eV. Data which are
representative of the energy dependence of desorptlon cross sectlous
for rare gas loms are shown in Figure 5-9.%:9 wirh some exceptions

&

or certaln adsorbed gases, the desorbed speciles s usually released

125

Figute 4~9. Descrption cross section versus incident ion
energy. These data are taken from a cowpilation of all desorptien
data by Sagara and Kamada and include zll =easurements with data
points below 100 eV. ¥Nore that the only such data are frow Winters
and Sigmund, for desorbing nitrogen from tungsten with perpendicular

beams of Be+, Ne+, Ar+, Kr+, and Xe'.
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in the Fform of neutral atoms. For proton bombardment or for the
larger yields the momentum transfer implies released atoms of very
low energy. Thus the influx model used here 18 consistent with
other desorption studies. The possible effects of doped Impurities
on the sheath potential, 1.e. the bombardment eaergy, or on the
particle couflpement time are not coasidered in the model, since
they seem to be unphysical. A variation in the average charge state
of the bombarding species must certainly occur between He and Ar, so
that some of the gas dependence may be due to emergy rather than
masg; without z measurement of the bombarding emergy the Importaace
of this effect cannot be determined, and therefore 1is cot included.
The transition from start—up to the plateau with spatiaily
ordered lonization states for oxygen seems to start quite early in
the discharge. The OLIL 703 plateau has teached its steady-state
value by 1.0 msec, so that edge recycling wmust be essentially
jgolated from the <center by this time. Hints of edge recycling
contributing to the impurity content of Tokapole IIL plasmas after
the large {nitial influx are seen ia the small Ilncrease of the
plateas level of impurity signals with eariy—time doping. By the
time the plasma %s hot enough to lose energetic particles to the
wall, the ghieldirg of the center is in effect., This <clalm is
consistent with the experience of several tokamaks with titanium
gettering. The reduction of early impurity concentrations with

gettering may be as puch as an order of magnitude without reducing
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the plateau cuncentrations.lz Experiments of this naature on
Tokapole I1 are discussed in Chapter 6.

fn conclusion a momentua traansfer process 1s responsible for
the early-time light lfampuriry jevels 1in Tokapole II, with the
cross—section for desorption proporticnal to the mass of the
{acident fon. The observation of linear increases of Ilmpurities
with doping simplifles the tnflux term in the model to include

mostly the initially puffed nvdrogen and dopant.
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CHAPTER 3
PRODUCTION OF METAL IMPURITIES

The metal impurity concentrations in Tokapole LI have not heen
measurad, since telative comparisons cannot be made as they have
“ees Sor gas dopants. Hevertheless, metal impurity cootributiocus to
the radiated power may be significant. Tn 1979 Groebner had
astributad 40T of the radiated power to the uanmeasured wmetal
:oz;cnents-1L Since then, the plasma quality has changed somevhat, in
ztat probes are no loager useable in the central regions, even for
slasma conditions that are the same in density and temperatuzre. The
sssumption that the machine is “cleaner”, based on observatloas that
he low-Z impurity content has been reduced by the overanight glow
itgcherge cleaning, has seemed reasonable; however, the discharge

over the past years has been observed in fsolatlon from

hanges in tunning procedures only for the case af the low ¢
iischarges. For those plasmas, 2 definite change ia the discharge
zuaiity has been observed although the temperature and density have
Seez the same. Attempts to make the plasmas “dirtier” by addiné
impurity gases, blasing the riags, running after wvacuum accidents,
25¢ rTunning with known leaks have not successfully allowed the use
of probes at the center.? Similariy “clean™ conditiecns, inmcluding

a3dizional probe cleaning, have also not helped. Since the metal
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impurities are not well undersctoed {n Tokapole II, they have become
a prime target of speculation in reference to the discharge gqualirty.
Supporting evidence that their chazacter may bave changed in the
discharge is found from observations that the walls zre more heavily
coated with copper, presumably from pulsed and glow discharge
bombardment of the rings.

The effects of metal impuritles in a plasma can be much more
serious than the effects of low-Z impurities, both from thelr
fncreased countribution to  radiation and from their large
contribution to the plasma resistivity. Figure 3-1 shows the
radiated power for oxygen (Z=8), aluminum (2=13), and copper (Z=29)
in the range of Tokapole II temperatures, and the average charge for
gach of these 1mpurities.3 The relative contributioas to radiated
power 1o Tokapole II are demonstrated by coasidering a 1z
concentration of oxygen and copper in the volume within the
separatrix, at an electron density of 1 x 1013 cm—3_ At T, = 30 eV
oxygen radiates 3 kW, whereas copper radlates 7 kW; however, at
T, - 100 eV oxygen only radiates .03 kW, whereas copper rtadlates
30 kW. Groebner’s conclusion that tadiated power was less than 20%
of the input power in 1979 (Pin = 200 kW) way wmot still be
applicable since the Input power £s now lower, and the metal
concentrations have not been monitored. Changes 1ia stacdazd
procedures (parricularly adding the damping resistor} have reduced
the iaput power in recent years. Also during the lare plateau, the

current is generally lower than during the first few msec. Using
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Figure 5-1. Calculations from the average ion model, used to
simplify the equatioms for all {onization states Ia a corenal
egullibrium. Agreement with other medels is good for Te above
100 eV and Z below 52.7

a. Raéiated power versus T, for oxygen (Z=8), aluminum (2=13),
and copper {Z=29).

5. Average charge versus Te for oxygen, aluminum, and copper.
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the plateau values, IP = 20 kA and vloop = &V, gives Py, = 80 ku.
Comparing Groebner”s measurements of conductivity temperature and
spectroscoplc temperature laplies a2 copper conceantration {ignering
aluminum) of about 2%; comparing his radiated power measuTements
with the low—7 impurity contributions implies a copper concentration
of 0.5% to 1%. Present estimates from T, measurements are voughly
similar. The speculation that the glow discharge procedure may have
increased the copper conceatration in the plasma siace Groebner”s
measurements suggests that copper radiation may be a wa jor power
loss mechanisz for the Tokapele LI steady—state. Hollow Te profiles
have been measured in some tokamaks, particularly PLT, caused by
high energy tungsten radiation in the ultrasoft xray region.A The
YUV monitors used for general monitoring purposes would mot observe
a change in the copper tadiatlen at 100 eV since they are limited to
wavelengths above 400 A to 500 A, or to energles below 30 eV.
Copper radiation from the plasaa central region would be expacted to
radiate wmore of {its energy between 100 A and 500 A. (Groebner’s
data inciude filter measurements of this region, and thus had taken
this radiat{on inte account in the power balance.s)

in order to understand the production of metals In comparison
to that of lowZ impurities, the effects of doping on metal line
radliation  have been  observed. The remarkable result that
ALITI 33602 has never increased with doplng limits the pessible
mechaaisms. The impifcation is that during start—up the sheath

potential must be below the sputtering threshold (for singly charged
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lous). A reasonable estimate of this upper iimit on the sheath
poreatial 1s about 100 eV, Since sputtering Ilncreases with the
igcident {on density, and with the mass of the incident icua,
sputteriog iz clearly not important during start-up.

Other tokamaks have reported that unipolar arcing 1s usually
the dominant production mechanism for metals duriag start-up-6s7’8
Experiments on JFT-2 have correlated runaway electron bursts with
increases in the edge potentialT; additionally, these porential
spikes during start-up have been correlated with splkes on the
wolybdenus radiation from the wall.® During start~up the MHD
instabilities asscciated with raticnal 4 surfaces produced during
current dulld-up presumably cause logses of rumaway electrons o the

walls.?

On Tokapole II avc tracks have been observed on both the
walls and the riags; spikes in the edge potential have also been
observed (Figure 5-2) but mnot correlated with elther tmetal
production or with runaway electrons.

The results of several experiments, including doping znd ring
biasiag, demonstrate the difficulty of understanding the productioa
of copper. In doping =experiments, the radiation from Cul 3247
increases with dopant coacentration and with the mass of the dopaat
Bas. Figure 5-3 1ilustrates these dependences. Unfortunately, the
usefulness of Cul radiaticn as a monitor of copper concentraticn has
not been demonstrated, since both its time—dependence and its low
lonization energy differentiate it from the lines used for the low-2Z

impurities. (The identification of ionic copper lines is difficul:,

Figure 5-2. Edge potentfal and ALIIT 3602 versus time. The
fiocating potentlal is measured with a Langmalr probe located 2 ea

from the wall. No correlations between edge poteatials zad aluminum

production have been made yet for Tokapole IL.
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Figura 5-3. Relative increase of Tul 33247 versus dopant nass.

Sine ao B doplng data were taken during Cul observations, the

{screase is normalized to 4 for doped He. The error bars represeat

usocertainties im the slope for the few data points taken.
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as sguggested from the gpectral line tdentification in Reference 1.}
Nevertheless, ome can qualitatively conciude that the coppet
production includes a term that depends on concentration aad mass.
Two processes afe possible: sputtering of the riags and desorntiocn
af loosely-bound copper from the wall. A comparison of sputteriag
yields for copper and aluminum, made from the compilation of
sputtering data in Referesce 10, shows that for 100 eV incidenr ioms
the sputtering yield for copper Iis five times higher than for
aluminuz. Sputtering ylelds versus enevgy for aluminum, titanium,
and copper usiag ZIncident He are ghown as an example im
Figure 5-4.11 gigce the data of Figure 5-3 were taken before the
start of ovetnight glow discharge cleaaing, the desorpricn of coppetr
from the walls might be expected to be larger uow. Yields for
joa~induced desorption of adsorbed rasidual gases are two o three
orders of wagaitude higher tham sputtering yilelds for sgolid
materials. Meanwhile, the observation of arc tracks suggesis that
ynipolar arcing is also important for coppetr during the start-up.
On a few occasions, SXR chords Iatersecting the 1line of sight of the
ring support structures have shown I1arge cohereat spikes during
start—up, possibly zssoclated with runaway ealestrons hombarding the
supports (Figure 3-5). S¢milar spikes have been observed om Cui
3247 radiation from the ring region. tul tadiation often peaks
iater than AYIT or OI, alsc suggesting 3 different soutce. Featutes

observed on CuIl A2701 signals are consistent with this
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Figure 5~4. Energy dependence of sputtering yields of aluminum,

titanium, and copper for incident Helium ions.
empirical fits to data frow several authors.
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Figure 5-5. SXR chord at side 60% port versus time during
start—up. These plctures are from differest shots.

a. Chord intersecting line of sight of ting support {25% tilted
up from cester). It sghould be unoted that very little signal is
observed from the ripgs themselves (20° up from center), or from

ather toroidal angles {25% up at side 240°).

b. Central chord.

SXR Signal (ard units)

Central Chord

Chord Viewing 25%p
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interpretation.lz Probe and ring biaslng experiments have been
performed to aid the understanding of metal production.

Probe biasing experiments have consisted of placing =2
aetal-tipped probe inte the plasma, and compating the effects of
various bias voltages. In principle, an Al-tipped probe could be
4s2d to measure the metal content of plasma, similar to the low-2
zessurements described in Chapter 3. An integrated measurement of Al
radiation compared to a measuvement of the mass lost frow the tip
during a single shot might provide the increase in Al concentration
in the plasma; however, this techmnique is made wore difficult by the
presaace of arcs. Dutiag the £{rst several shots the probe tip has
veea observed photographically to exhibit unipelar arcing.13 Ouly
afrer several shots is the probe tip condicioned to allow consistent
mezasureaents.

Figure 5-6 shows a comparison For AIIIL 13602 along a line of
sight a few cu from the tip between no applied woltage and a
negative bias voltage. Figure 5-7 summarizes the probe biasing
dara. %o trecds are seen in the Ar doping, coakrazy to what wmight
be expected from the mass dependence of sputtering. The bias has
1irtie effect durlng start-up. Perhaps the energy of loms at the
center 15 too low to sputter the probe, or the wall 1is simply 2
larger source; however, the effects late in time Zfmply that the
probe can be a large source. The negative bias data suggest that

during the plateau, highly stripped {mpurity fons have formed in the

147

figure 5-%. AlIIT A3602 versus time with aluminum~tipped probe
in the c¢enter of the plasma. The viewing chord Is tilted a few
degrees from the probe. The blas voltage is applied to the pzobe
tip relative to the wall. A ceomparisom between the signals for no

appiied voltage and for ~100 valts 1s showa.
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AITD A3602 vs Time with Al~tipped
Probe in Plasma

{A) ¥o Bias Voltage

(8) =100 Volt Bias

L N 4 . L

G 1.0 2.C 3.0

Time (msec)

Figure 5~6
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Figure 5-7. Relative change 1o ALLIL 33602 versus voltage
applled to the probe described io Figure 5-5. Circles represent the
signal at the fonization peak time (t=0.3 msec) aad triangles

represent the plateas signal Increase (t=1.3 =msec)-
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¥ T 1 T -
25 L T i i I center so that the probe”™s sheath poteatial can asccelerate them
£ .
Relative Increase of sasily
AlITI A3602 ws Bias The riag blasing experiments may be seen as a continuation of
sk Voltage on Al-tipped experiments described in Reference 1. Large bias voltages of 200 v

Probe
can mow be applied to the riags for the discharge duratioun.

Figure 3-8 summarizes the new data, showing that the biasing effects
At on impurity concentrations are swmall. Ome explanation is that the

= 0.5 ms ~
(Ionization Peak) rings are not large sources of impurities relative to the wslls.

v
tn
]

Bt=1.3ms The f£feld lines around the rings may be quite effective in
preventing particles from hitting the rings, although the ring
supports would be expected to Intersect the field lines. 4 second
explanation is that the plasma adjusts itself to the appropriate

voltage, since the blas voltage is applied between the rings and the

i=]

i
7
}

wall. Groebner”s Lanmgmuir probe data taken in the scrape-off region

during ting blasing suggests that the plasma potential changas with

[Ibias - Ino bias]/Ino bias
i

blasing.
0.0 — &
X In summary, a likely scenario for metal production in
— Tokapole II i{s that the walls may be a strong source of lmpurities,
-5.5 inciuding copper, relative to the riags. Unipolatr arcing is
1 ] i I ! { i 1 probably important during the start-up, with sputtering less
-200 =100 ¢} 106 00

: important. %o conclusions can be drawn for the platesu periods,
Bias Voltage on Probe (Volts)

except from the experience of other tokamaks, that sputtering
dominates.’ Experiments in which the electrons are added to make the
plasma more negative with respect to the wall show that ion

Figure 5-7
sputtering during steady-state decreases with decreasing sheath
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Figure 5-8. Relative chamge in ALIII 23602 (triangles),
Cul A3267 (circles), anmd OIXT A3760 (squares} versus ring blas
woltage. The voltage is applied to 2ll four vings relative to the
wall for the duration of the discharge.

a. At t=0.7 msec, mear the lonization peak time for AIILL.

b. At t=1.6 msec, during the plateau phase.
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pntential.lh The effects of glow discharge cleaning on the copper
population in the plasma may be quite Jeleterious. iginally the
glow voltage oa the vings was high encugh to cause electron
sputtering. with the ilower voltage on the rimgs used now, the glow
sputtering of copper should be reduced to a tolerabia level, but the
rasulting reduction in copper in the pilasmas =3y ot occur without a
major effort te clean the copper from the =alls. Because copper

radiatrion ecan be a large power loss gechanism  if the copper

1)
Q
=3
[xd
1]
]
r
Ind
™
I3
b
(2]
a
e

s & faw percent, the reduction of copper way he
portant for raising the electron temperatuzie. Ring supports may
be proteciad by a less spublerable waterial. The wuse of Theavy
gettering may also reduce the Loosaely-bound copper on the wall
surface. Plans are beiag made to implement some  of these

suggestions.
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port of ohseruction) is 4ifffculr ke discern

for the earliest times, o¥ygen profile 1aformation is available o7
about 200 ssec frem OLLT 13763, The dats shown in this chaplter are

that much wmore profiie information is

preliminary In the
nezded to model sither the eadge plasma oY she tramsbition from
unifore impurliy disgribution teo vecycling of aceupulaticn. The
inteations here are simply to present rhe data and to iadlicate the
types of snformation one oight extract from thea. The probe

sessurements in particular ave aotoriously unreliable for raplaly

changlng conditicns.
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Although the start-up method is thought to affect the early
impurity conceantrations, the best zethod feor avolding impuricy
release from the wails is usually espiricalliy derived for each

maching.

ranp phasa

probakly deteruines the amount of reiease of impurities by unipolar

art~up fer either slew or

rapid Suil : 4 przicnization haz been rweported Lo

s
a
3
It
B
i
er
]
r
—
s
29
"
o
5
=
r
1
v
o
rn
w

dge perameters and

impurity profiles duving various stari~up procedures are  being

Probe measurements of edge parameters duriag stativup ave
discussad in thils section. fhe aagnitudes of rhe time—avaraged
electric potential aad electron remperature are coasistent with the
ohserved desorption of enygen. The tine~dependent signals Lnclude
spikes suggestive of unipolar arcing.

The probes used to measure V¢ {the floatlng potential) and T,
on 2 single shot are three-tipped Langouit prcbes.5 4 permaaent

diagnostic probe exists in the bridge reglon on the vacuuam fleld
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separatiix. A soveable probe cam be placed in bottom, top, and side
POTLS- The time responses of the moveable probe ate 38 few usec for
V. weasurements and about 10 psec for Tg measurements; however, the

prtobe dose mol recover well fzoa large, fast VE spikes or ares. The

sheath poteatial Is roughly three times the iocal elesctron
temperature. The edge density has qot beea weasured with probes
iuring starimap foT this series of observations.

For both the meveable probe neat the wall and the fized probe
oo the separatriw, the sigrnals have large fiuctuations for up Lo
700 usec, then drop fo @ lower plateau value. 8y 1.2 msee the
wridge probe gives Te = 20 eV while a probe tocated 1.5 em from the
botton wall glves T, = 3 eV and V¢ =20 o 30 velts. The edge
density provably Falls from the laitial unifora filliag density of
about leDlzcm_a to its platean value ({2t ra3.0 msec) of about
1x1ollcg™? 2t 2.5 cm from the wall and about 3.2x1012cmf3 neatr the
separatrix.6 sefore the plateau phase Ta and Vg show saveral large
spikes, with T, reaching 60 eV on the separatrix and 40 eV near the
wall, while Vg at the wzll reaches 250 volts, a&s shown in
FTigure 6~1. oo JFI-2 double probe characteristics show similat
vaiues for T, and V¢ (up to a facter of two higher) at the spike and
include electron deasity zeasurements toughly 3 times higher at the

peak of the spike velative to the steady-state value.7

Since the
rime respouse for the Tg measurement on Tokapole IT is not zdequate,

thesa oumbers vay be viewed as showing the trends in Te only;

nowever, Lthe shot~to—shot reproducibilicy £gr the same plasma
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conditions is within 20% eves at the spikes £or & particalar rua
day- igure &-1 shovs the effects of titanive coating between
shots. Simece the machine s not mormslly gettered, the ceoatiag
technigue affectively veduces the impurity concensration on the
wsil. Ho effects on oop voltage, T, oF the discharge leagth are
observed. The OXRyged comcentration decragses by about 2 factor of
twe at the ionlzation peak. wirh fewer wsli impurities releasad
into the plasza, V¢ on the probe located 1.5 cm from the bottom wall
tacreases at some of the spikes by 2G5 to 50%. The T, chaages o8
this probe are time~depandent with the initizl spike appavently
reduced about 20%. & factor of two difference i low 2 impurity
concentration does @Ol change the edge parametels eacugh Lo
establish clear trends.

a great deal of vork has already beea dode to compale Tokapole
plasmas with and without ECRH prefonlzatlon, with the primasry vesult
being that ECRH can reduce the loop voltage by & facror of tywo.s For
the data presented in this gecrion the 5 Gauss d.c. vertical fleld
has been used for the best sptimized, stzndard case. & comparison
of three cases has been used ©to idenrify trends im impurity
production: the gtacdard case {with ¥-band prelonization and the
d.c. vertical field), the o K-band case (with vertical fiald}, and
tha wno d.c. verrical field case (with K~band). The
time~dependences of probe Te and Vg signals have been compared for
the standard case of Flgure -1 and the no FK-band case. Typical

signals are shown tq Figure &-2. Since the no K~band case breaks
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Figure 6-1. The solid line s the standard case {with d.c.
vertical field and K-band}; the dashed line 1is the gsame case after
an hour of slow titanlum evaporation.

2. Vg versus time ona probe located 1.5 cm from the bottom
wall.

b. T, versus time for the game probe and shots. Note that
during au are to the probe, V. does sot respond well and thua the
derived T, can be negative. These unphysical values are not shown.

c. OLIT 2703 versus tlge.
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dowa later {causing %, to peak later but at the same value), the
early time dependence of splkes is not the same. The no E~band case
s "time-adjusted” by matching the spike time at 2530 psec and the
onser of the plateau at about 700 ysec. Figure 6-2c shows that the
oxygen peak signals, not time~adjusted, have the sanme magnitude for
the two cases. The first spike iIn Te is clearly larger for the
standard cage, although the second spike is somewhat smaller. The
Vf signal is similar, with the faltial spike higher for the standard
case, but the later spikes somewhat lower. These edge potentials
and temperatures are consistent with ion~induced desorprion
thresholds and the lack of metal sputtering. The spikes do not seem
to have a major effect on oxygen productiom.

The splkes may instead have a great deal to do with wnipolar
arcing; no definitive experiments have been conducted so far. As
shown 1inm the npext section, the SXR signal is much higher for the
standard case, somewhat lower for the no K-band case, and lowest for
the no d.c. vertical field cagse. TUnfortunately, the SXR signal s
both a measure of the metal fmpurity levels and a wmeasure of the
electron temperature. A& higher signal is consistent with higher
electron temperature achleved with less metal 1npurity radiation,
but the opposite could also be true. Proflle measurements aof a
signal such as ALILLIT %3502 are needed with simultaneous edge
meagursments. Figure 6-3 shows the electron temperature gradient
measurad from the side. For this run the largest splke occurs at

about 150 psec for the three cases. The gradient is steep, with T,

Figure 6-3. T, versus position of probe from the side wall.

i{s taken at the peak of the first large splke.

Te
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for the no d.c. vertical fleld case mach Thigher. The tread for

higher T, in the no K-band case is probably mot larger than the

short—to~shot error.

B. Impurity Profile Evolution

Spatial profiles of impurity radiation (OITE 33760 and SER
signals) have beea taken for many cases. The filter detectors may
be rotated through :25°% from top ceantar, side ceanter, a»d bottom
jirner, center, and outer ports, a§ shown schematically in
Figure 6-%4. For the three cases of Section 4 the OIII 3763 signals
vary less than 30T for every chord. There is z tread for the no
d.e. vweriical fileld case to be the latgest, th; standard case to be
slightly lower, and the w0 XK-baad case (unlike previcus
sbservations} to be the lowest.

Por different plasma conditions, now optimized with K-band but
with no d.c. vertical field, the oxygem profiles tsken from four
ports are shown in Figure 6-5. The sigmal at 200 psee 1is the
plateau value at the radiastion batrier temperalture. The fonization
peak signal at 400 psec shows esséatially the same prdfile featuras.
Thege features may be consigtent with uniform dfstribution of oxygen
in the tokamak reglon inside the separatriz.

fhe SXR profile is shown in Figure 6-6. This signal shows the
tendency of the plasma to peak out from the zidcviindar, especizlly
for low Ip. A comparisoen of the plasmé with and without the d.c.

vertical field of Seciion A shows mnot oaly a large increase in the
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Figure 6~4., Swivel ports avallable for profile scans, showing

maxigum angles of the scans. The top port is not shaown.

{a)

Tokapole 1I Swivel Ports Available for
Profile Scan., Showing Maximum Angles

Figure 6~4
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SKR signal with d.c. vertical fieid, but alsc the ability of the
vettlical fieid to pash the plasma back toward the center. Alse

shown are the peak and first sawtooth crash for a low T case aad

P

for a highk IP ecase (Figure 6=7). These cases imply that the
sawtooth behavior, generally zssoclated with the current profile, is
cieatrly depeadent upon the start—up procedure. More discussion of
this behavior ou Tokapole I fs found in Reference 8. Presamably,
progtamuifig the vertical field and the gas puff during start-up
would be wuseful 1in controlling the profile evolution.
Unfortunately, theé virtical fileld eoaks inte the mathine slowly and
the startup phase 1s too short for the puff valve to respond. The
vad confinement of the start—up plasma and the large potentials at

rhe walls are the major problems to be solved in ordér to reduce

impurity production during start-ups

183

Figure 6-7. $XX versus angle ffom side ceater pott, showing the
peak {solid circles) and first. sawtooth crash (open circles).
a. Low Ip case.

b. High 1, cdse,
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CHAPTER 7
CONCLUSIONS AND DISCUSSION

Impuritias in s tokamak plasma can affect the discharge in- a
variety of ways. TPerhaps the most lmportaant aad obvious problem is
the radiation of imput power. Although wost tokamaks today operate
without significant rtadiated power loss during the steady-state
phase of the discharge, the start—up Is slowed by both low2 and
high-Z impurity radiation. For Tokapole II this radiarico may be a
consumption of volt-seconds that could otherwise be used to heat the
plaspma to a higher temperature. Other impurity effects oo Tokapole
II discharges are perhaps more- subtle, including modification of
many parameters affecting equilibrium, stablliey, aad transport.

1o rteduce impurity concentrations good vacuum aond surface
conditioning techniques are critical. Some tecowmendarions for
improving the overall cleanliness of Tokapole II plasmas have been
included 4n this thesis. The vacuum nateriais (alumloum and
copper), the intermal divertor rings, and the frequent operation
without ilmiter plates make the Tokapole 1T enviromment unique, 30
that tokamak cleaning lore may aot directly apply. The reductlon of
iow-Z impurities at start—up and the overall reduction of copper are

ceasonable goals for ultimstely raising T..
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since some level of impurities i3 igevitable, this thesis has
addressed the lssue of impurity production. An understanding of the
slasma loss mechanisms, the lateraction of the plasma with the wall,
and the recycling of impurities may give tokamak operators more

conrrol of the fmpurity effects.

A. Start—up

Much progress has been made in the gﬁderstanding of impurity
production during start-up. Ton-induced deseorption  has bean
identified as the primary mechacism for low2 impurity production.
The momentum exchange process has been demonstrated by  the
ptoportionality between the intrimsic low—Z impurity levels and the
mass of the inirial plasma during impurity doping and isetopic
exchange experizents. Because vwery 1little data exigts for low
energy Lon—induced desorption, the relationship between the
desorption cross section and the mass of the incident fon is itself
of iaterest.

The parameter o/+< {desorption cross sectlon divided by particle
confinement +time) has been determined from a time—dependeat coromal
model of the oxygen series ionization. Using the ouly avallable
data for low energy desorption cross sectlons provides an estiasate
of the early particle confinement time. The energy of singly

charged incident ions is estimated to be about 60 eV.

1a¢

The metal jmpurity preduction nechanisms are less well
anderstood. Since aluzminum shows ae locresse with doped impurity
concentration or wWass, sputtering 1s prabably not 2 dotinant
process. The sheath potential 1is somewhat below the sputtering
threshold. thmipolar arciang is llkely to be the cause of aluminum
releage, consistent with spikes observed in the sheath potential
agsociated ou other tokamaks with arcing. Copper production
includes lon—~induced sputtering or desorption, arclng and possibly

direct bombardment of the ciag supporis by high energy electrons.
B. Steady-state

Much work remains to be done to uvnderstand the impurities in
the Tokapole 11 steady-state plasma. The measured sheath potential
at the wall iz ooly about 20 eV with very ilttle fluctuation
activity after 700 psec. By about thig time the OLL1 signals have
flat plateau wvalues. Doplag and titanium gettering can affect the
jonization peak by as much as a factor of two without changing this
platear level. Gnce the oxygen oa the wall is depleted during
start—up, this constant level of oxygen in the plasma is malntained
through rtecyeling.  The balance between loss and influx during the
complicated recycling process seems regarkable. High energy, highly
charged oxygen lons 4iffuse to the wall, knocking nestrals isto the
plasma. These neutrals {n tura fonize, cool the edge by radiation,
and thus rveduce the sheath potential. The desorption and sputtering

vields wmust decrease with the Ilower  energy incoming ions.
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Accumulation of metal impurities at the center is an alternate
possibility which does mot occur under aormal Tokapole II
conditions. Accumulation has been seen during late gas fmpurity
puffing experiments, after which the discharge 1is quickly
terminated, either by radiation losses or diszuptions. Tapurity
puffing late in the discharge as 2 techalgue to study desorption and
sputtering has npot given reproducible results. Certainiy the
heavier mass gases are too slow coming Iato the machine for such
short discharges. A comparisom of Hy, D,, and He may be possible if
edge parameters and the recycling rates for each plasma species are
measured simultaneously.

The spectroscopic signals contiaue to be useful diagnestics of
the hot central plasma. Profiles of steady-state OILII have been
guite comgisteat with the local T, measured with probes, as expected
from coropal eguilibrium {assuming diffusion is a small term).
Frofiles of more highly charged oxygea lons should give an estimate
of the Te profile, But will require the tilting capability of the
grazing incidence monochromator. These scans can then be compared
with the broadband 3$XR profiles. For stablility and fluctuation
studies, thease profiles may provide the basis for more localized
information on denmsity and temperature Eluctuations. The metal
impurity profliles will also be obtaimable with the higher energy
values available with this monochromator, making a study of metal

impurity production more feasibie.






