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ABSTRACT. Tokapole II is a tokamak with a four-node poloidal divertor. 

Impurity concentrations, line radiated power, and impurity behavior 

have been studied in Tokapole II discharges with two VUV spectrometers, 
o 

one of which acquires the VUV spectrum (400-1300 A) with a single 

discharge. Oxygen (3-5% of the electron density) is the dominant 

�lpurity, and the measured total radiated power is 15-30% of the ohmic 

input power. Observed metal impurities cannot be generated by sputtering 

from the 15-20 eV plasma protons; sheath potentials evidently play a 

dominant role in the generation of the metal impurities. An impurity 

doping technlque has been used to measure the impurity concentrations, 

to estimate the contributions of the various low-Z impurities to the 

total radiated power, and to study the g�oss effects of impurities on 

the plasma. A model of impurity behavior in a plasma with � magnetic 

limiter is presented. 
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1. Introduction 

Impurities strongly influence tokamak plasmas. Impurity line radi-

ation accounts for 10-60% of the power loss in
'

tokamaks [1-5]. Multip1y-

charged impurity ions ty pically increase the plasma resistivity by factors 

of 2 to 10 [2-6]. Impurities ( primarily low-Z) are strongly implicated in 

the onset of the disruptive instability [7]. When the low-Z impurity con-

centration is reduced, the edge temperature rises, leading to an increased 

production rate of high-Z impur ities, which can produce hollow electron 

temperature profiles in unfavorable cases [8]. 

Magnetic divertors are being used in several machines [9-12] to control 

impurities. The impurity problems in tokamaks with magnetic divertors may 

differ from those in conventional tokamaks. This paper describes initial 

studies of impurity behavior in discharges in Tokapole II, a tok�ak with a 

four-node poloidal magnetic divertor. The primary diagnostics for these 

studies were two vacuum ultraviolet (VUV) spectrometers, one of which surveys 
o 

the 400-1300 A region of tbe VUV spectrum during a sing le discharge. The 

survey instrument is described, quantitative impurity measurements are 

presented, and a model of the oxy gen impurity behavior is discussed. Results 

of impurity doping experiments and an interpretation of impurity behavior in 

the magnetic limiter configuration are emphasized. 

2. Description of Machine and Discharge 

Tokapole II, first operational in April, 1978, has been described in 

detail elsewhere [13]. The aluminum vacuum vessel has a maj or radius of 

50 em and a square minor cross section which is 44 cm on a side. Four 
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internal rings, fabricated from an alloy of copper and chromium, ar e each 

supported by three Cu-Be rods. Figu re 1, obtained from an MHD equilibrium code 

which models Tokapo le plasmas, shows the cro ss section of the toroid and the 

poloidal magnetic field flux p lot with currents in the plasma and in the r ing s . 

Also shown is a retractabl e baffle plate which can be inserted between one of 

the internal rings and the wall. 

An i ron core transformer inductively drives the ring and p las ma cur-

rents. The plasma current produces a s e t of n es ted, closed flux s ur faces 

with square cross sections in the re gion between the rings. As is s hown in 

Fig. 1, a separatrix s urrounds the central current channel and each of the 

internal rings, and thus a magnetic limiter is establishe d. 

Figure 2a shows the ti ming of the fiel ds. When the toroidal fiel d has 

been established, ECRH preioniza tio n is used to produce a low density plasma 

-4 
in 3 x 10 Torr o f  H2. Current is then induce d in the plasma and in the 

r ings. As a function o f  time, the po loi da l gap vol tage is a cosine with 

a quarter period o f  2.8 msec. Figure 2b shows the temporal development of 

the plasma current I and the line-averaged electron density n .  In the 
p e 

work to be discussed , I w as about 40 kA and n , measured with a microwave 
p e 

12 -3 
inter ferometer, was about 7-8 x 10 em . F igure 3 s hows the ion and 

electron temper atures as funct ions o f  time. The ion tempe rature T. was 
1 

roughly constant at about 17 eV and the electron temperature T r e ached e 
about 100 eV at 1.5 msec, and it probably rose no higher . The T measure

e 

ment will be discussed in section 5. These results are p reliminary measure-

ments made at magne tic field s trengths and pulse lengths well below the 

design limits of the device. 

3. Diagnostics 
o 

Spectroscopic observations in the 2000-6500 A range were made with a 

�-meter Jarrell-Ash monochromator equipped with an EMI 9635 QB photomultiplier 
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o 
tube. Observations in the vacuum ultraviolet (VUV) region (400-l600A) were 

made with a I-m Seya-Namioka monochromator which was equipped with a photo-

multiplier tube behind a sodium salicylate-coated window and also with a 

windowless elec tron multiplier. A mirror on a bellows was used to direct 

the beam to the desired detector. In addition, a �-m Seya spectrometer, 

with a gold-plated grating and with a microchann el plate in its exit plane, 
o 

was used to survey the spectrum from 400-1300 A on one shot. 

Prior to its use on Tokapole II, the l-m Seya had been relatively 

calibrated while attached to the synchrotron radiation source at the University 

of Hisconsin Physical Sciences Laborato ry. Although this source is linearly 

polarized and plasma light is unpolarized, it was assumed that the relative 

calibration described the gross features of the monochromator response to 

plasma radiation. An absolute calibration was performed with rare gas 

resonance microwave discharge lamps [14] and a four-plate ionization chamber 

[15 J, which was used to meas ure the pho ton flux from t he lamps. The relative 

calibration was then scaled to fit the calibration points. The accuracy of 

the absolute calibrations is estimated to be about 25% and that of the over-

all calibration to be within a factor of two. 

The �-m survey system is illustrated schematically in Fig. 4. VUV 

photons are converted to electrons in the microchannel plate. This electron 

current is multiplied and then converted into visible photons by a phosphor 

screen. Thus, spectral lines in the VUV are made visible and can be photo-

graphed to give a picture of all lines present during a discharge or can be 

viewed by a Quantex gated storage vidicon and displayed on a TV screen. This 

latter capability permits t he recording of t he VUV spectrum from a selected 

time interval (as short as 10 �sec) during the discharge. Hith the gated 

<> 

vidicon the temporal evolut ion of the VUV spectrum (400-1300 A) can be 

obtained with a small number of discharges. 
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The anode current of the microchannel plate is produced by photons 

which have energies larger than about 8 eV; this current is roughly propor-

tional to the total flux of photons entering the Seya, and in turn this flux 

is roughly proportional to the total radiated power. The anode current will 

be called the integral VUV or the VUV signal , and this signal was calibrated 

in terms of radiated power from a comparison of its value during a specific 

type of discharge to the total radiated power of that discharge as measured 

by the l-m Seya. The vuv sig nal is very useful for noting relative changes 

of radiated power from one discharge to the next. The absolute calibration 

is subj ect to compounded errors of perhaps 50%. 

A detector·which consists o f a polypropylene filter and a channeltron 

was used to make relative measurements of power radiated in the soft x-ray 

(SXR) region (60-300 eV) . Ot her broadband f ilters with a ppr opr iate d e tec tors 

were used to prov ide additional information in t he visible and VUV regions . 

These broadband d etectors and the sm de tec tor were placed in swivel ports, 

and they provided spatial information on impurity ra diation . 

4. Impurity Me asurements 

4.1 Impu rity Identification and Radiated power 

Locating and identifY.ing impurity lines produced in a di sc ha rge wer e 

greatly facilitated with the aid of s pectr a from the 1/2-m Seya. Near ly all 

of the observed lines were attribu te d to oxygen, carb on , nitrogen, and copper. 

In addition, resonance lin es of the lower ionization states of al uminu m , 

chromium, and ber y llium were identified in the near UV and visible. 

Qu ant itativ e spectrosco pic measurements were made w ith the l� Sey a 

by the techn iq ues discussed in Ref. 2. The formulae therein were modified 

for the square symm etry of Tokapole II. Mea sur emen ts of the d irty discharges 

during the initial phase of machine oper atio n indicated that about 290 kW of 
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power was being radiated (about 70% due to carbon) while the input power was 

about 390 kW. At that time the VUV integral detector was calibrated, and it 

has been used routinely since then to measure the radiated power. Discharge 

cleaning greatly reduced the plasma impurity content to the point that in 

typical discharges, the radiated power loss of about 35 to 70 kW was not more 

than 15 to 30% of the ohmic input power. 

4.2 Impurity Doping Results 

To more fully assess the role of impurities' in Tokapole II discharges, a 

phenomenological study was performed in which controlled amounts of 02' N2, 

and CH4 were introduced with a fast-acting valve into the vacuum chamber 

prior to the initiation of the discharge, and the behavior of selected 

parameters was observed. In a manner similar to that used by Oren and Taylor 

to measure the amount of the oxygen contamination on a tokamak wall [16], the 

technique used here provided a convenient method for determining the densities 

of the low-Z impurities early in the discharge. Figure 5 illustrates this 

technique for oxygen. The intensities of the ionization peaks of bright 

lines of OIII-OVI are plotted as functions of the O
2 

doping concentration. 

With the possible exception of the OV data, the extrapolation of the data points 

for each ion to zero intensity corresponds to an O
2 

concentration of 

11 -3 11 3 1.6 x 10 cm (3.2 x 10 cm- of atomic oxygen). These data indicate that 

11 -3 the oxygen concentration early in the undoped discharge was 3.2 x 10 cm • 

12 -3 Since the filling density of H2 was 5 x 10 cm , oxygen was a 3% impurity in 

this case. 

The doping data consistently indicated that the initial oxygen concentration 

in Tokapole plasmas was 3-5% of that of the electrons. The carbon density was 
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typically about 5 x 1010 cm
-3 

(0.5%). When an air leak r esulting in a base 
-7 

pressure of 1-2 x 10 Torr was present, the plasma nitrog en density was 

2-4 x 1011 cm-3• No measurements of the metal conc entrations were made. 

o 

Figure 6 is a plot of the inte nsity of the ionization peak of OIV A790 A 

(OIV 790) vs. the maximum VUV signal (VUVM) during an oxygen doping sequence. 

( The VUV signal was rela tively constant during the discharge and is well 

represented by VUVM). By the same reasoning used previously, the data points 

can be extrapolated to the VUV axis to find what percentage of the VUV signal 

was attributable to oxygen. In t his case, the oxygen contribution was about 

25%; typi cally, it was betwe en 25 and 35%. When a full set of da ta was obtained, 

carbon accounted for about 5% of the VUV ,  oxygen for about 30%, nitrogen for 

about 25%, and almost 40% was not a ccounted for. Presumably, this l atter 

portion of the VUV radiation was produced by metals. More recent VUV spectra 

show fewer metal lines than observed pr eviously , and a repeat of the dop ing 

experiments has shown that 85% of the VUV signal can be attr ibuted to oxygen, 

carbon, and n itrog en . 

The inte gral of pla sma current ove r time (called amp-seconds or AS) 

is a convenie nt parameter which is used to indicate the "quality" of the 

discharge. Dirty, low-temperature discharges are characterized by 1m" 

values of AS (as low as 25). Clean , high temperature discharges last longer 

than the di rty discharges and are characterized by values of AS of 100-130. 

Figure 7, which is a plot of AS vs. the VUVM signal (or equivalently the 

radiated power) during an oxygen doping run, shows that for low values of 

the radiated power P d' AS was :independent of P d' and at higher values 
ra ra 

of the radiated power AS decr eased linearly with P 
d

' 
ra 

were made with N2 and CH4 dop:ing. 

Similar observations 
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In Fig. 8, AS has been plotted against t he peak SXR signal SX�. 

With no doping, AS was 98 while S� was 80. With i ncreas ing doping con-

ce ntrations, the AS level remaine d c ons tan t, which is interpreted to mean 

that the electron temperature was not c hang��g. Also the SXR SlOg 1 ' �. ., na 1n-

creased because there was more oxyge n available to radiate, Eventually a 

level of doping was reached at which AS started to drop and the SXR signal 

remained roughly constant. The fall in AS eviden tly corresponded to a cool-

ing of the plasma. As the dopin g level in creased , oscillations in the SXR 

signal increased in amplitude. MHD activity ass ociate d wi th these oscil-

lations in combination with impur ity radiation probably cooled the plasma. 

4.3 Impurit y Sources 

Several observations indicate that early in the d is charge , the impur-

ities are evolved Primarily from .the vacuum chamber walls _and that after: the 

. cur r ent .channel is well formed,. the impurities are evolved primarily from 

the rings. Electrical probe measurements have shown that at e a rly times the 

current and electr on densities are peaked near t he walls; the central cur rent 

channel is well established by about 1.2 msec, and only the n does t he electron 

temperature start to rise r apidly. The hot plasma is then confined mainly to 

the region within the magnetic limiter, and the most intense plasma-sur fa ce 

interaction is expecte d to occur at the rings. Insertion of the retractable 

baffle plate into the plasma between the wall and one of the rings ( Fig. 1) 

redu ced the VUV signal during the first m illisecond of the discharge as 

compared to the VUV signal observed without the baffle; at later times, the 

integral VUV signals were q uit e similar with or without the baf fle . The 
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baf fle, which reduced the plasma density out side the separatrix, eff ectiv ely 

reduced the s everity of the plasma -wa ll interaction ; but at best , the baffle 

could only r educe plasma bombardment at one of the rings, and t he others were 

not shield ed. 

Metal production in Tokapole discharges apparently requires the pre-

sence of s heath potential ef fects. The protons are not sufficiently energeti c 

to produce signif icant sputtering; nonetheless, m etal impurity lines are 

obse rved, coppe r f rom the rings has been spread aro und the machine, and the 

vacuum s urfaces show m uch evi dence of arcing and sputtering. As has been 

discus sed elsewhere [17-19], sheath potentials at metal-plasma interfaces 

are required for 
'
the formation of unipolar arcs, which can inject metal into 

the plasma, and these potentials can also accelerate plasma ions to energies 

considerably l arger than their thermal energies an d thus grea·tly increase 

the sputtering yie ld of the ions. 

The sheath potentials in Tokapole II plasmas have not been directly 

measured. Measurements of the floating potential with a probe in the scrape-off 

region, of the
. 

ring potential s, and of T suggest that t he sheath pot entials . e 

are less than or of the ord er of 100 eV; pr esumably, suc h potentials could 

produc e unipolar arcs. Furthermore, an ion of charge Z falling throug h  a 

sheath potential of V volts would acquire an add itional energy of Z eV, wher e 

e is the electronic charge, so that multiply-charged impurity ions f alling 

through a s heath potential which was l ess than or equal to 100 V could have 

energi es of up to a few hundred eVe Such ions have significant sputtering 

yields and c ould account for metal production in Tokapole discharges. A 

preliminary experiment has shown that the copper production rate can be 

reduced when the rings are biased positively with respect to the vacuum 

chamb er walls. 
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5. Oxygen Modeling 

To provide insight into the oxygen ion behavior and to form an 

estimate o f  the electron temperature, a time dependent coronal ca lculation 

was use d to model the ionization of the oxygen ions [2]. 

Figure 9 shows the observed evolution of resonance lines o f 0111 - OVI. 

The ionization peaks were enhanced with t he addition o f  3.5 x lOll cm
-3 

of 02. 

This did no t significantly affect the discharge. The curves in Fig . 9 have 

bee n corre cted fo r the relative response of the l-m Seya. 

The following s et of rate equations was s olved for the densities of the 

various ions : 

dn 
o 

--= 

dt 

dn z -- == 

dt n 
e 

n - -n /T z+l . z 

In these equat ions, n is the atomic oxygen density, n is the d ensity of ions o z 

of charge Z, n is the electron dens ity, T is the particle conf inement t�e, 
e 

� is the influx rate of fresh oxygen, which is assumed to be in the atom ic 

state, and zl refers to the lim it ion, the most highly charg ed ion produced 

in the d ischarge. S and n are, respect ively, the ion ization and recombination x z 

rate coeff ic ients for the ion of charge z; they are functions of T only. The 
e 

ion izat ion rate c oeff icients were taken from Lotz [20], radiative recom binat ion 

J 
I 

I 
(1) 
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rate coefficients were taken from Aldrovandi and Pequignot [21], and 

dielectronic recombination rat e coefficients were from Beigman et al. [22J. 

No attempt was made to correct the dielectronic rates for electron density; 

since this calculation was for the ionization pha'se of the impurities� 

recombination was of very little importance. The emission E of a resonance 

line was calcu late.d from: 

E = n n Q(T ) 
e z e (2) 

where Q(T ) is the electron excitation rate coefficient for the resonance 
e 

transition under consideration. The excitation rate coefficients were those 

of Vainshtein et al [23-25]. 

In circular tokamaks, the impurities are typically uniformly dis-

tributed during the ionization phase of the discharge [26]. Available spatial 

data for impurity radiation in Tokapole II showed that the radiation was 

primarily emitted from the central current channel. The calculation was 

performed with the assumption that the impurities were uniforrrily d·ist.ributed 

in the central channel, and the central density was assumed to be 1.35 times 

the line-averaged density of F ig. 2b. 

In the simulation, the input parameters T (t), ¢ and T were varied e 0 

until the computed times of t he ionization peaks agreed with the observed 

times o f  the peaks. It was found that these times were only weakly dependent 

on ¢ and T. For the final calculations, ¢ was taken as zero since most of o 0 

the oxygen was present from the beginning, while T was taken as 3 msec 

because it gave the best agreement on peak heights. 

Figure 10 shows the results of the calculation which provided the best 

agreement with the observed oxygen ion sequence, and Fig. 3 illustrates the 

function T (t) which was used in this calculation. The electron temperature 
e 

1. 
! 
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remained low while the current was penetrating to the center of the machine, 

and T increased rapidly to about 100 eV after the channel was well 
e 

established. The SXR signal, which is a strong function of T , suggested e 

that T peaked between 1. 6 and 1.9 msec, and conductivity temperature 
e 

measurements indicated that T decreased relatively slowly after that time. 
e 

For the results of the oxygen modeling which have been presented, the 

densities of the ground states of OIII-OV were corrected for the existence 

of the metastable levels of those ions [1]. When this correction was not 

used, the calculated ratio of the peak emission of OV 630 to that of OVI 1034 

was about a factor of 3.1 larger than the ratio observed experimentally. With 

the correction, the calculated ratio is about 77% of the experimentally 

observed ratio. OTV 789 provides the poorest agreement and this may be due 

to uncertainties in the correction for the metastables or in the excitation 

rates. 

Fig ure 9 shows that after its ionization peak, the emission of each 

ion was relatively constant. for the duration of the discharge. This constant 

emission is generally attributed to an impurity influx [2,26], so an oxygen 

influx term was included in the computer calculation. Reasonable agreement 

with the observations was achieved with the assumptions that the influx was 

01, that each ion was in a region in which the electron temperature was 

one-third of its ionization potential (as has been observed in the TFR 

tokamak [26]), and that the particle confinement time of each ion was 1 msec. 

Influx calculations in which the influxing oxygen ions were assumed to be 

at the electron temperature of the central plasma produced very poor agree-

ment with the observations. Wit hout additional information about the T 
e 

and impurity density spatial profiles, the model cannot reasonably be pushed 

further. 
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6. Discussion 

The measurements and observations pres ented in this paper represent an 

initial characterization of the impurity behavior in Tokapole II. The data 

suggest an interpretation of the behavior of impu�ities in a pl asm a  with a 

magnetic limiter� an ex planatio n of the d ischarg e current behavior d uring 

impurity doping, and areas of further study, all of which will now be discussed. 

A variety of observations sugg ests that the m agnetic limiter configuration 

works in the following way . A hot central current channel is s eparated from 

the cooler (_ 20 eV), but d ense (n _ 2 x 10
12 cm-3)� plasma in the scrape-off 

e 

r egion by a separatrix (Fig. 1). The poorly confined plasma of the current 

build-up phas� interac � s primarily with the chamber walls.and releases impuri� ies 

to pr oduce the initial impurity concentration. During the st eady state phase of 

the discharge, the primary impurity production pr ob ab ly occurs at the rings, 

and some of. the impurities diffuse into the central current chann el . . - . 

The scrape-off laye r (-10 cm) is exp ected to i nsula te the main current 

channel from the wall. I ons in the scrape- off lay er have a large amount of 

poloidal flux to cross to penetrate to the central channel. Low-Z neutral s 

release d from th e wall with ene rgie s less than -3 e V  will be ionize d and 

trapped in the ma gnetic field of the scrape-off plasma. In con trast, neutrals 

produced at the rings can penetrate into the central channel, or if the 

impurities are ionized near the rings, they have less poloidal flux to cross 

to reach the central channel than ions diffusing from the walls. By virtue of 

its IOvIer temperature and dens ity ,  the scrape-off plasma has a much less severe 

interaction with the walls than the hot central plasma would have, and this 

fact serves to f urther reduce impurity influx. 
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Spatial impurity data indicate tha t the impurity radiation is pro-

duced in the central regions of the plasma. The oxygen modeling strongly 

suggests that t he rad iat ion d oes not come from the hot current channel itself. 

It is consistent with these observations to assume that the impurity radiation 

is produced primarily in the vicinity of the separatrix. 

The impurity doping studies and preliminary electrical probe measure-

ments of safety factor, current density and toroidal electric field profiles, 

and of magnetic fluctuations suggest the following interpretation of AS 

behavior with doping (Figures 7 and 8). At low doping levels, the safety 

factor q in the vicinity of the magnetic axis drops below one, and internal 

disruptions prevent the current density from increas in g  above its q-limited 

. . 

value. The current density profile is unaffected by the low dopant concen-

trations, so that the total plasma current and thus AS are independent of the 

doping level. 

As the doping level is increased, the oxygen impurity eventually 

starts"to"produce a significant increase in the plasma resistivity; this 

happens primarily because T is reduced by the action of impurities and 
e 

also because the oxygen increases the plasma Z
eff. 

The plas ma resistivity 

increases to the point that the available electric field is no longer suf-

ficient to maintain the original current density. (The ohmic heating power 

supply is a voltage source.) Therefore, the total current and AS start to 

drop. With further increases in the oxygen concentration, the plasma 

resistivity increases, the current density falls, and the AS parameter 

falls further. 

The results and speculations presented in this paper suggest several 

further areas of study. Additional work is needed to provide a more com-

plete understanding of the mechanisms producing the metal impurities. 
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Me tho ds to control the plasma-ring interaction, such as ring biasing, 

limiters, or baffles, could be implemented. Further control of im

puri ties can be attempted by exploiting the magnetic limiter configuration 

o f  Tokapole discharges; the use of gettered baf fles in the scrape-o ff region 

is a logical s tep in this direction. 

Two related are as for s tudy are the effects of impurities in s haping 

the current density pro file and the role o f  impurities in MHD activity. The 

use of ele c trical . probes to measure current density and q pro files an d to 

observe ma gne tic fluctuations in conj unc tion with impurity doping techniques 

might permit a study o f  these problems. Ultimately, such data could unfold 

the in dividual roles of ohmic heating and impurity cooling in the shaping 

of the cu rrent- density pr� fi le. 
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FIGURE CAPTIONS 

Fig. 1. Cross section of toroid with poloidal magnetic field flux plot) produced 

by ring and plasma currents. Two cm intervals are indicated by marks 

along the left and bottom borders, and the major axis lies 50 cm to 

the left of the mid-cylinder. The retractable baffle, with an area of 

240 
2 

cm , can be inserted to intercept the poloidal flux between the 

upper left ring and the top of the vacuum vessel. The dotted lines 

indicate the separatrices. 

Fig. 2. Figure 2a shows t he toroidal magnetic field and the poloidal gap 

voltage as functions of time. Also shown is the timing of the ECRH 

preioniza tion pulse-. Figure 2b shows the plasma current and line-

averaged electron density from a typical discharge. 

Fig . 3. Electron and ion temperatures as functions of time. The ion temperature 

was determined from Doppler broadening measurements. 

Fig. 4. The l/2-meter Seya-Namioka VUV survey instrument� consisting of a 

concave grating and a microchannel plate, is illustrated. Also shown, 

schematically, is the gated storage vidicon and its output displayed 

on a TV screen. 

Fig. 5. The brightnesses of selected lines of oxygen are plotted as functions 

of the oxygen doping concentration. x, OIII 3761. ., OIV 790. 

�� OV 630. 0, OVI 1032. Straight lines are least squares fits to 

the data. 

Fig. 6. The brightness of OIV 790 as a function of the VUV signal during an 

O
2 

doping run. With no doping, the VUV signal was 0. 10 V. The 

extrapolation of the straight line, which is a least squares fit to 

the data) to the VUV axis indicates that the VUV signal would have been 

decreased by 25% if no oxygen had been present in the plasma. 



Fig. 7. The AS parameter (units of ampere-second) as a function of the VUV 

signal (radiated power) during an oxygen doping run. T he horizontal 

error bar refers t o  the reproducibility of the VUV signal. 

Fig. 8. AS and the peak SXR signal plotted parametrically as functions of the 

02 doping concentration. AS started to drop when the 02 doping 

11 -3 
concentration was about 5 x 10 cm • Large amplitude oscillations 

in the SXR signal were observed at dopant concentrations above 

1 x 10
12 

cm -3. 

Fig. 9. The observed temporal evolution of the emission of orII 703, OIV 789, 

OV 630 , and OVI 1034. 

Fig. 10. The temporal. evolution of the emission of 0111 703, orv 789, OV 630, 

and OVI 1034 as calculated with a time-dependent coronal model. The 

T of Fig. 3 was used in the calculation. 
e 
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SCHEMATIC OF VUV SURVEY APPARATUS 

I 
2 -M SEYA 

TV screen displays VUV 
spectrum from a 

selected time interval 
of discharge 

I III 1111I11 I 
-- A ... 
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TOKAPOLE II 

Visi ble output on 
phosphor screen can 

" , be photographed or 
.. �� . star�d by vid icon 

", 

FIG. 4 

GATED 
STORAGE 

VIDICON 



. -

• 

..c 
� 

<{ 

fJ) 
f.I) 

Q) 
c 

..... 

..c:: 

C' 
--

"-

CD 

• 

o 

o��--��--������ 

-2 - I  a I 2 3 4 5 6 

O2 Density (lO" cm-3) 
FIG. 5 

- .. ,. --.. -� _ .  
'�-." "-- .. --�. --, 

,--
\ 

. 

! 

, 



02 Doping 
.7 

.6 / 
� • 

en 

/ ..... 
--

c: .5 ::> • 

/ • 

• ..c 
'- .4 « 

"""'-' 

0 .3 
en 
t'-

PI 
.2 

H 

- 0  .1 

°0 .1 .2 
VUVM (Volts) 

FIG. 6 



en· 
« 

o 

(02 Doping) 
. 

VUVM. (Vol ts) 
.I .2 .3 .4 .5 

110--
---------

100 

90 

80 

70 

..... , --t!i -. 

•• 
-

• 

• 

• 

• 

• 

• 
• 

• 
• 

35 70 105 140 175 

PRAD (kW) 

FIG. 7 

-' 

. , ' , 
. .  'I 

\ 



,-.,. 
C\ 
c: . -
a. 
0 

0 • 

C\I 
0 • 

......... • 

-
• 

• 
• • 

· \�E 
• 

• 

t 

• 
• 

• • 

o 
o 

· u  C\I 
0 -

0 
- "+0-

X 
C\J 

• 

l!) 

o 
en 

0 

• • 
• 

o 
CO 

/' 
• 

S\f 

• 

o 
I'-

• 

C\I (/) 
c 0 
0 

- "+0-
0 0 

=rt> 
u' 
(/) E 

o u 
C\I 

(1)-
010 
� -
0 

...J 

• 

X 

• 
-

•• 

o 
<.D 

0 
"\t 

0 
tf) 

0 
C\J ,-.,. 

-> 

O� 
co 

. 
:E 0 

H 

a:: � 

gX. " 
'. 

-Cf) 

0 
en 

• 



LO 
• 

(\j 

.......... 

(.) 
Q) 

c: 0 fJ) 

0 
• 

E C\J 0'\ 
.-

+-
. 

� � 

0 Q) 
H 

H � 

> 
l>I .E '-

ClJ 0 lO._ 

en "":'1-
..c 

0 
, 
\ 

0 
• 

-

LO 
• 



to 
• 

N 

c: 0 
• 

0 N 
+- � 
C H 

-

� ::J 
E 0 

. - 0 

en 
,..., 

. 

c.!l 
H 

.... 

1>1 
H 
0 

- -

J-

to 
• 


