
#?' 
^ 

b 

> •w £&>* 
I'CID- 18883 

AN IMPURITY STUDY OF TMX USING 
ULTRAVIOLET SPECTROSCOPY 

S. L. Allen, 0. T. Strand, H. W. Moos, 
R. J. Fortner, T. J. Nash, D. D. Dietrich 

January 31, 1981 

TMs Is M Mora*! rtaort imewlrl yrlnnrily for internal or \\m\tt* n l e m l tistribaika.' 
oalalaas ami coadmiftH states' are ftoseof theaadior aaJaiay or nay out te those of the 
Laboratory. 
Work perforate*' aader the awakes of the U.S. DeaaitoKM of Energy by the Lawrence 
Llwmore Laboratory aaaer Contract W-7405-Eac-lS. 

file:////m/tt*


AN IMPURITY STUDY OF IHX USING ULTRAVIOLET SPECTROSCOPY 

S. L. Allen, 0. T. Strand,* H. W. Moos,* k. J. Fortner, 
T. J. Nash, and D. D. Dietrich 

Johns Hopkins University, ba^timore, HD. 

*A 



TABLE OF CONTENTS 

ABSTRACT 1 

1 . INTRODUCTION 1 

1.1 Impuri ty S tud ies i n Linear Devices 1 

1.2 Summary of Impuri ty Study on TMX 4 

2 . EXPERIMENTAL DETAILS 5 

2.1 Survey Spectrograph 5 

2 .1 .1 Normal Incidence 5 

2 . 1 . 2 Grazing Incidence 8 

2.2 Abso lu t e ly -Ca l ib ra t ed Single-Channel Monochromator 8 

2 .3 Abso lu te ly -Ca l ib ra t ed 22-Channel Monochromator (SIDS) 8 

2.4 Location of Ins t ruments on the TMX Experiment 10 

2.5 C h a r a c t e r i s t i c TMX Plasma Parameters 12 
3 . EXPERIMENTAL RESULTS 14 

3.1 Spectrograph Surveys 14 

3.2 Impuri ty Line Study - General 17 

3.3 General C h a r a c t e r i s t i c s of Impuri ty Emission in the TMX Plug 17 
3 .3 .1 Comparison with 2XIIB 22 

3.4 General C h a r a c t e r i s t i c s - TMX Cent ra l Cell 22 

3 .4 .1 Tyj.-'-cal Time H i s t o r i e s 26 
3 .4 .2 Radial r r o f i l e s 26 
3 .4 .3 Radial P r o f i l e s - Invers ions 29 

3 .5 Impuri ty Densi ty Determination 31 
3 . 5 . 1 Measurements of Metastable Popula t ions 33 

3 .5 .2 Emission Model 35 
3 .5 .3 Impurity Densi ty Results 37 

3 .6 Radiated Power 36 
3 . 6 . 1 Radiated Power from Light I m p u r i t i e s and D. 38 

3 .6 .2 Radiated Power - Titanium 39 



TABLE OF CONTENTS (Continued) 

4. EXPERIMENTAL TRENJiS - WALL CONDITIONS 41 

4.1 lettering 41 

4.2 Liner Experiments 43 

5. SUMMARY OF OTHER IMPURITY EXPERIMENTS 43 

3.1 Central Cell Heating Experiment 43 
5.2 Impurity Injection Equipments 45 

5.2.1 Experimental Procedure 45 
5.2.2 Experimental Results and Discussion 4b 

6. DISCUSSION OF CONCLUSIONS 49 

REFERENCES 5U 



ABSTRACT 

An extreme ultraviolet (EUV) study of the emissions from intrinsic and 
injected impuricies in TMX is presented. Two survey spectrographs were used to 
determine that Che major impurities present were oxygen, nitrogen, carbon, and 
titanium. Three absolutely-calibrnted monochromators were used to measure the 
time histories and radial profiles of these impuricy emissions in the central 
ceil and each plug. Two of these instruments were capable of obtaining radial 
profiles as a function of time in a single shot. 

The general characteristics of impurity emission in the TMX end plug were 
similar to those observed in the 2XI1B device; in particular, the results were 
consistent with beam-injected oxygen. The major impurity in the TMX central 
cell war oxygen, with a concentration of approximately 0.3K. It was found that 
the density of light impurities in the central cell was influenced by wall 
conditions, such as gettering. The total radiated power from impurities in the 
centr.il cell was estimated to be 20-30 kw, approximately 10% oi the total input 
power. 

Observations of impurity emissions during central-cell neutral-beam 
heating experiments are presented. In addition, results and preliminary 
analysis of an impurity injeccion experiment are discussed. 

1. INTRODUCTION 

It is well known that impurities can significantly influence a plasma in 
several ways. As shown in Table 1, the power loss by line radiation from im
purities can be an appreciable fraction ot tlie input power ir. a fusion device. 
In some extreme ca&i_„, hollow electron temperature profiles have been caused bv 
radiation from impurities. In addition, impurities can drive or enhance 
instabilities in the plasma. 

1.1 IMPURITY STUDIES IN LINEAR DEVICES 

There have been many impurity studies of tokamaks; as a result. 
impurity behavior is fairly well understood in these devices. In contrast, 
there have been very few impurity measurements on linear devices. Simple 

a 
mirror machines are expected to expel impurities because of the positive 
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TABLE 1. Power loss by impurity radiation 

1962 1 
1974 7 

1973 3 
1975 4 
197b 3 
1978 h 

f-rrV t£ 

8 

Device Input power lose, X Bate, y r . Ref. 

C - s t e l l a r a t o r 30-50 

ST tokamak 30-40 

ATC tokaaiak =20 

TFR tokamak 40-60 

P1.T tokamak 13-23 

Alcator toksraak =20 

jxrnr 5- tff 

ambipolar potential present in the center yf the mirror. In additio n, [ o u 

energy impurity ions arc expected to rapidly ,-icatter (i - iTT £, Z~^) into 
a region of phase space where they are not coniineci by the magnetic Mirrors 

u 
T|H' first detailed impurity study of a beam-fueled linear machine w a s per
formed on 2X11H. The major results were: ' (a) oxygen was showi, t o [>c t| l e 

raajor light impurity (2 to 3%), while carbon, nitrogen, and titanium emissions 
also identified, (b) oxygen was shown to ho injected by the neutral b e a m E 

(c) Che DIJ brightness was shown to scale with Che beam current as 1^*^, 
'd) a small fraction of the input power was lost through impurity raijj a ti o n ) 

Jnd (e) low-enerj»y injected !mpurities were found to be poorly confii,e(] by t| l e 

"MrrDrs. (Ref. 12 presents more detail.) 
We present here the results of a major impurity study on the T ^ n d e m 13 Mirror Experiment; it represents the second study on a beam-fueled li. n e a r 

device and the first investigation of a tandem mirror. The tandem mirror 
Concept uses two plugs similar to 2X1IB (min-B mirrors, beam-driven) t 0 

coniine a plasma in a ccrtral cell. From Che standpoint of impuriti^ S i this 
Configuration pro%'ides a mixture of possible impurity sources: high energy 
beam-injected impurities in the plugs and desorbed impurities from th,e surfaces 
Of the vacuum vessel, particularly in the central cell. The presence 0 f 
electrostatic confinement in TMX (Fig. 1) adds another dimension to t n e 

i-dipurity plasma interaction. A positive impurity ion existing in the central 
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end cell: 

FIC. 1. E l e c t r o s t a t i c confinement in the TMX device 
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cell should be confined by this positive electrostatic potential, <}>.. An 
impurity ion existing in the central reg.'on of the plug, on the other hand, raay 
flow int" the centra] cell or out of the reachine depending on iLs energy and 
position, with the majority expected to flow out. Therefore, the conditions 
arf favorable, at least from the standpoint of potential, for the impurity ien 
to flow out of the machine. The purpose of this impurity study was to experi
mentally measure the impurity characteristics in n tandem mirror device, with 
emphasis on the central cell pla.-.ma. 

1.2 SUMMARY OP 1 Ml'I'R I TY ,71JDY ON THX 

Two survey spectrographs were us,rJ to measure Llie impurity missions, 
(averaged over several shots) from Llie central cell; the major impurities weie 
found to be oxygen, carbon, nitrogen, and titanium. The instruments are 

discussed in paragraphs 2.1.1 and 2.1.2, and the results are presented in 
paragraph J.!. 

One single chord and two 22-c?iord mnnocltromators wert used t<> measure 
t lie lime histories and radial profiles of t ho emissions fsom the major im
purities; these instruments are describcu in paragraphs 2.2 and 2.1. The 
location of each instrument on TMX is shown in paragraph _'.̂ ., ri£- ;>, and 
typical TMX plasma parameters are listed in paragraph 2.1), Table I. 

The results obtained in the Tll>. plug were similar to those iound on ilw 
2XHB device; in particular they were consistent with beam—injected oxygen. 
These results are discussed in paragraph 3.3. The characteristics of impurity 
emissions in the central cell are presented in paragraph 'J.4; these radial 
brightness profiles were used to obtain the impurity density (O.J*, for oxygen 
and lesser amounts tor carbon and nitrogen) and the tolal radiated power 
(20-.<0 kvw. 

Observations made of impurity behavior during vacuum chamber preparation, 
gettering, and the use of cold liners, are discussed in Section 4. This data 
shows that the density of light impurities in the central cell is influenced 
by the wall conditions. Finally, Section 5 is concerned with tne impurity be
havior during central-cell neutral-beam heating experiments. In addition, a 
pulsed-gas valve was used to introduce oxygen and neor. into the plasma; experi
mental results and preliminary analysis are presented. Overall conclusions are 
discussed in Section 0. 
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2. EXPERIMENTAL DETAILS 

The impurity study on TMX had several goals: (a) The identification of 
the important impurity species; Cb) The measurement of the densities of these 
impurities as a function of time and space; (c) The estimation of the radiated 
power from these impurity species, and Cd) An understanding of the sources of 
the impurities and their transport, particularly in the central cell. The 
spectroscopic instruments used for this study were selected with these goals 
in mind. To accomplish item (a), a spectrograph (paragraph J.I) was used to 
survey a lar^c- wavelength reyion. To accomplish items (!>) and (c J, absolutely-
calibrated monochromalnrs (paragraphs 2.2 and U.i) were used in determine the 
absolute brifchfness profiles of the resonance and ractastable transitions of the 
important ionization slates; the total impurity density and radiated power were 
obtained by calculation from tin-so results. Final]-.-, impurity transport, item 
(il/, was studied by obtaining line-resolved spatial profil-s o: emissions frira 
injected and intrinsic impurities (paragraph l.i>. A short di-script inn of tin-
instrumentation follows. 

-.1 .SL-RVKV S PEC TR OCR AIM! 

J . \ . \ Sorma ) i nc i ucni. t" 

The ident i f i cat i on of the most important impurities was obtained :>-.-
survey spect nigraph* which were supplied and operated by N. K f\>rincr, 7. 7. 
Nasi., and co-workerf from E-I> i v i s i on at U.K1.. The normal- inc i.'.enc- instrument 
','as a :ici'h"rron (Mode! J-'J) vac HUP. spectrograph equipped wit!-, a ! '-™ ••':',;-. 

cassette. It was located on the norlh side of the TMX central >'. '.1 it ~ = d 
The instrument has a l.O-m focal length ..nj an 1"/J0 (horizontal) by t •'11 
(vortical) tield of view; external baffles and a vacuum beam line enabled a 
* h - r n vertical view (alor.fi the radiusJ ei the plasma and a flJ-cn horizontal 
view (along z ) . 

Two gratings were used in the survey instrument to cover different wave
length regions. A 120l)-gr/mn grating, blazed at approximately 1SUU A (the peak 
of the efficiency curve is at the blaze wavelength in first order) enabled a 
useful spectral range from j. >U to iOUO A with a u.l A resolution; a o()0 gr/rro 
grating, blazed at 3000 A covered a range from -5o to bOOO A with 0.2 A 

http://alor.fi


r e s o l u t i o n . Kodak 101.05 film in 35-mm c a s s e t t e s was used to record the 
D 

spectrum; typically 800 A would fit on the film for each exposure. A movable 
battle was used to select various sections of the film so that several expo
sures could be made on a single piece of filra. 

A hollow-cathode platinum lamp source was mounted on the beamline of 
the instrument; a 45 mirror could be inserted into the beamllne so that the 
well-known Pt spectrum could be recorded (Fig. 2). By moving the baffle, a 
platinun socctrum ci>uld be recorded on the same pieci- of film as the spectrum 
from the plasma, thus enabling accurate determination of wavelength and instru
mental resolution, (See Table 2 for a summary of the instrument parameters). 

Slits 

\ 

M3 rating 

(not to scale) 

, Moveable 
/ mirror 

-Film 
cassette 

TMX 

calibration 
lamp 

FIG. 1. Schematic diagram of the i.U-m McPberson spectrograph with calibration 
source. 
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TABLE 2. Summary of instrument parameters. 

Normal inc. 
survey 

Grazing inc. Single 
survey channel 

22 channel 
(two) 

Spectral region (A) 

Spectral resolution (A) 0.15 

Z50-30003 50-2000 300-1700 300-1700c 

250-6000b 300-1200° 

0.15 1.0 0.15 0.2 

le le 

Time resolution 70 us 125 us 

Spat ia l scanning Shot-by-shot Single-shot 

Spatial resolution (radial) 1.6 crac 

0.7 cm d 

Calibration Cf) Cf) Absolutely Absolutely 
Calibrated Calibrated 

Detector Film Film Photomulti-
plier 

Mi:ro-
channe1 
plate 

Location CC CC West Plug CC East 
Plug 

a1200 grid lines/ran grating 
b600 grid lines/ran grating 
CCC instrument 
dEast plug instrument 
eTypical resolution used in experiment 
'Estimated by cross calibration with calibrated instruments 
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2.1.2 Grazing incidence 

A McPherson (Model 247) spectrograph was used to survey the wavelength 
region from 50 to 2000 A, with special emphasis on the short wavelength (50 to 
250 A) region not covered by the normal-incidence instrument. A 300 gr/nm 

o 
grating blazed at 400 A was used in the 2.0 m focal length spectrograph; the 
f-number was f/50 and the angle of incidence was 82°. The instrumental 
resolution was approximately 1-0 A. Kodak 101.01 plates were used to record 
the spectrum. This instrument was also located on the central cell (although 
not concurrently with the normal-incidence survey instrument}. 

2.2 AUSOLUTELY-CALIBRATED SINGLE-CHANNEL M0NOCHROMATOR 

An absolutely-calibrated single-channel monochromator was used for 
initial measurements on the central cell and later, the west plug. This same 
instrument was used for impurity studies on the Alcator A tokamak ' and 

g 
2XIIB. It was developed by Johns Hopkins University and its operation is 

18 
discussed thoroughly elsewhere- A schematic is included in Fig. 3. In 
summary, it is a 0.4-m focal length, normal incidence raonochromator that lias 
been absolutely calibrated in both wavelength and flux. The absolute calibra
tion was performed at the Johns Hopkins University; this calibration has been 
transferred from the National Bureau of Standards. The 5I0W windowless photo-
multiplier is used in the analog mode, with a practical time resolution of 
70 ps. The instrumental resolution is approximately 0.2 A, but most experi
mental conditions required only 1 to 2 A resolution. The system was equipped 
with magnetic, electric, and radiation shielding and has its own pumping system 

—fi capable of maintaining a pressure of at least 10 torr. A remote control 
tilting mechanism allows shot-by-shnt spatial scanning of a single spectral 

line. 

2.3 ABSOLUTELY-CALIBRATED 22-CHANKEL M0H0CHR0MATOR (SIDS) 

A 0.4-ra monochromator similar to that discussed in paragraph 2.2 and 
19 

purchased by LLNL was modified and a Sp-:tial Imaging Detector System de
veloped by Johns Hopkins University was added so that 22 chords of the plasma 
could be observed simultaneously. The spatial imaging detector system (S1BS) 
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rFreslit 

rValve r Filters 

Grating drive 
system n 

Shielding 

FIG. 3. Schematic diagram of the absolutely calibrated 0.4-m tnonochromator 
(single chord). 

allows acquisition of an ultraviolet image of the plasma every 125 ys. It 
should be noted that other imaging systems employed on pulsed-plasma machines 
have used a rotating mirror. Because the total duration of the TMX plasma is 
approximately 25 to 30 ras, only a few spatial scans (each requiring about 
5 ms) could be performed with this technique. In addition, these chords are 
not measured simultaneously, so this method is useful only in steady~-.tate 
situations. 

in 20 Because the SIDS has been thoroughly described elsewhere, ' only a 
short general description will be presented here. A schematic diagram of the 
system is included in Fig. 4. Imaging is accomplished by using the entrance 
slit as a one-dimenstonal analog of a pinhole camera; each position A in the 
plasma has a corresponding point A' on the detector. The desired wavelength 
is selected by rotating the grating (accomplished by a remote-control grating 
drive), directing a monochromatic image of the plasma on the detector. 

-.o_ 



FIG. 4. Schematic representation oE the spatial imaging detector system (SIDS) 
which views 22 chords of the plasma simultaneously-

The SIDS consists of a pair of microchannel plates (MCPs) in the chevron 
configuration which are in essence millions of photomultipliers. Twenty—two 
discrete anodes are placed behind the MCPs to collect the charge. Each anode 
has a pulse amplifier discriminator (PAD) and 3 counter. The data is stored 
by transferring it from the counters to an IlP-9845 computer via direct memory 
access. Two such instruments were used on TMX and a system was developed so 
that both instruments could be controlled from a single HP-9845 computer. 
Data fron, both instruments was displayed and recorded on magnetic tape between 
shots. In addition, Abel or raatrix inversions of the radial brightness pro
files could be performed. 

Table 2 summarizes the major characteristics of the instruments. 

2.4 LOCATION OF INSTRUMENTS OK THE TMX EXPERIMENT 

The location of spectroscopic instruments on TMX is shown in Fig. 5. 
Each survey instrument was located on the north side of TMX at Z = 0 in the 
central cell and viewed a horizontal chord. 
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FIG. 5. Experimental configuration of the spectroscopic insTuraents on JMX. 

The single-chord intrument was used from July 1979 to March 1980 t D 

measure Lhe central chord brightness of impurity emissions in the central cell. 
In January of 1980, a. 22-channel instrument was mounted on the east plug, I<J 
March 0_f 19S0j this instrument was moved to the central cell, viewing thj. 
plasma from above. (At the same time, the single-channel instrunent was moved 
to the west plug.) Approximately 37 cm of the plasma was imaged on a single 
shot with 1.65-cm spatial resolution; two shots were required to obtain 9 com
plete radial scan of both halves of the plasma. Typically, more shots (3 to 4) 
were used with overlap between the radial scans to insure reliable data a n (j c 0 

detect if shot-to-shot variations were present. Both halves of the plasty were 
measured to determine if asymmetries in the emission were present. 

Tn April of 1980, a second 22-channel instrunent war supplied by Johns 
Hopki n s University. This instrument was similar to that owned by L'-SL, but 
was designed Eor the high counting rates encountered in tokamaks. Hence it 
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was suited for use on the plug where the brightnesses are usually greater. 
Fig. 5 shows the final experimental configuration with the four instruments: 
(o) a 22-channel (high-count rate) instrument on the east plug, capable of 
imaging the plug plasma in one shot, (b) a 22-channel instrument on the central 
cell, capable of imaging half of the plasma, (c) a single channel instrument on 
the west plug, capable of shot-to-shot scanning, and (d) a survey instrument on 
the central cell, that integrates several shots. 

2.1 CHARACTERISTIC TMX PLASMA PARAMETERS 

The typical plasma parameters (electron density, electron temperature, 
01 22 etc.) have been described in detail elsewhere; ' Table 3 lists the 

typical plasma parameters. In addition, there are some machine and plasma 
characteristics that are particularly relevant to the study of impurities; 
these are presented next. 

A combination of glow-discharge cleaning and gettering are used for 
preparation of the vacuum vessel surfaces and for impurity control. The base 

—R vacuum is typically 10 torr when gettering and liquid nitrogen liners are 
used. In most cases, gettering is performed on every shot or, at least, every 
other shot. 

The procedure used to create and maintain the plasma (the streaming guns 
and the neutral beams) also affects the impurity species and densities in the 
TMX. The stream guns create a plasma by striking an arc and bombarding a 
deuterated titanium waskur. Plasma flows along fieid lines to create a target 
for the beams. The neutral beams are a source of oxygen in the plug, as shown 

9 on 2XIIB. Finally, two methods of fueling the central cell plasma are 
commonly used: (1) normal gas-box operation, where cold deuterium or hydrogen 
is injected in the throat of the plug, and (2) "puffer" operation, where cold 
deuterium or hydrogen is injected in the central cell by means of a pulsed gas 
valve. These pulsed gas valves were also used to inject oxygen and neon 
impurities into the plasma. 
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TABLE 3. TMX plasma parameters with deuterium and 0.1-T, central cell 
field strength• 

Puffer valve Gas box 
Shot 57 (9/28/79) Shot 46 (9/26/79) 

TMX max. TMA TMX 

Plug density, 
n p (IO 1 3 en - 3) 4 1.35 2.5 

Central-cell loss current 
density, je(mA cm - 2) at 
central-cell midplane 200 44 180 

Plug electron temperature, 
T e p (eV) 260 103 140 

Central-cell density, 
n c (10 1 3 cm"3) 3 0.52 1.0 

Central-cell ion temperature, 
Ti c CeV) 250 27 52 

Centra l - ce l l confining 500 to 
p o t e n t i a l , 4>c (V) 300 98 128a 

Centra l - ce l l conf ine
ment parameter, 7 3.0 3.1 
mc ( 1 0 1 0 c m - 3 s ) 

E l e c t r o s t a t i c enhance
ment in confinement, 
n t c / n y 9 2 .0 2.9 

Centra l -ce l l be ta , 
P C (Z) 10 1.4 4 .2 

a * c = T e In ( n p / n c ) . 
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3. EXPERIMENTAL RESULTS 

3.1 SPECTROGRAPH SURVEYS 

The normal incidence and grazing-incidence spectrographs were used to 
record emissions from the central-cell plasma. Typically, a large number (40 
to 50) of plasma discharges were recorded on a photographic plate; this was to 
insure that even the weakest impurity emissions were recorded. The photo
graphic plates were then digitized with a recording densitometer. A sample 
portion of the spectrum between 275 A and 31U A (the total scan was from 150 
to 1300 A) is shown in Fig. 6. Note tue titanium lines that have been iden
tified. In addition, emissions from ionization states of oxygen and nitrogen 
were present in this spectral region. 

Figure 7 shows a segment of a spectrum obtained from the normal incidence 
spectrograph. The total spectral range from 1700 to 2000 A was covered on this 
scan (first order wavelength); the spectral region shown is from 1875 to 1940 A. 
Cavbon emissions are i enrified in this region. 

In summary, the primary impurity constituents identified by the survey 
were carbon) nitrogen, oxygen, and titanium; these are the same impurity 
species that were identified on 2XIIB. Ionizaticn states up to lithium-like 
(CIV, NV, and OVI) were observed. The absence of He-like emissions from these 
light impurities is caused by the expected low density of the S state at the 
electron temperatures found in the central cell. 

While the survey study was extremely useful to identify the most 
prominent impurity species, it was difficult to determine impurity densities 
and radiated power from these measurements as the instruments were uncalibrated 
in sensitivity. In addition, plasma parameters often varied from shot to shot. 
Furthermore, intensity ratios were valid over only a short wavelength region. 
Therefore, the absolutely calibrated monochromators were used to measure the 
emissions identified in the survey study. 
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FIG. 6. Spectrum between 275 A and 310 A from Jic tjraainn incidence spectrograph showing t i t an iu 
nitrogen, and oxygen onHSMons. 
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3.2 IMPURITY LINE STUDY - GENERAL 

As discussed above, tl.» absolutely-calibrated instruments used in this 
study were sensitive Erom 300 A to 1500 A. For the light impurities <carbcm, 
nitrogen, and oxygen) there are An = 0 ground state resonance transitions in 
this wavelength region; An is the principal quantum number. In most cases, 
Che metastable transitions (from Be-like and B-like ionization states, for 
example) are also in this region. In addition, there are some ionization 
states of Ti which can be observed. 

Each transition was carefully scanned and identified; the emissions from 
tile various ionization states that uerc measured arc shown in Table '*. These 
emissions were observed under v.irious plasma conditions to ascertain "typical" 
time histories, radial profiles, and absolute brightnesses. 

i. i GENERAL CHARACTERISTICS OF IMPURITY EMISSION IN THE TMX i'LUG 

Each plug of the TMX experiment is similar to the -'X11B experiment, so 
it ic important to compare the two irom the standpoint of impurities. Om-
characteristic of the emissions from 2XIIB and the TMX ploy i.s that rhp 
spectral lines are quite broad; shot-to-shot spectral scans of OV-o3u ,\ and 
L„ - 1216 A are shown in Fi(;- H. The instrumental resolution in this rase was 
approximately 1 A as determined by the entrance and exit slits; the spoctral 
line is broadened substantially. As discussed in Ref. 1--', this is consistent 
with the <nodel that high-energy neutral oxygen is introduced by the neutral 
boaro injectors-

The typicai time history of the light impurity omission in the TMX plug 
is presented in Fig. u . IThe sum of the radial chords for OIV-i^-1 A is shown 
for the cast plug.) The timing sequence is shown for reference. The large 
increase in the signal at the beginning of the sequence (roughly J ms) is 
caused by the stream-,>un plasma; the decrease after approximately i> ras is due 
to the turnoff of these stream guns. The time evolution reaches a steady state 
soon after the stream gun turnoff, and the signal remains roughly constant 
until the end of the discharge. 

The radial profile of the brightness as a function of time for OV1-10J-.' A 
is shown in Fig. 10. There is some influence from the stream guns in the 
first 5 ras of the discharge; after this, the profile is well characterized by 
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TABLE 4. Observed ions and transit ions-a 

Ion (A) Transition 

D I 121b Is - 2P 2 S - 2 P 

0 VI 10 ib 2s - 2P 2 S - ~P 

0 VI 1032 2s - 2p 2S - -P 

0 V 7b(jb 2s2p - 2 P 2 Jp . 3 P 

a V bJU 2 S2 - 2s2p is - h 
0 IV 7fiy 2s 22p - 2s2p 2 2 P .. 2 D 

0 JV 55* 2s 22p - 2s2p 2 2j> _ 2 P 

0 IV b25 b 2s 22p - 1'P3 4 P - 4 S 

0 III 703 2S2P 3 ±P . Jp 

0 III b(JUb 2s 22p 2 - 2s2p'J 1 D - i D 

0 II 718 b 2 S 2 2 p 3 . 252p^ -D - 2D 

0 II Yi<i 2 P 3 - 2p-3s 4 S . 4p 

c rv 15A» 2s - -P *S - 2 p 

c in 977 2s 2 - 2s2p 's - i P 

N \j 1239 2s - 2P 2 S - 2 P 

i; IV y 2 3 b 2s2p - V Jp _ 3 P 

:; III hio 2s 22p - 2s2p 2 2,, _ 2 p 

Ti VIII 522 3s 23p 4 - 3s3p 5 3 P - 3p 

Ti VI 324 3s 23p5 - 3s 3p 6 2p - 2 S 

Ti IV 77y 3d - *P 2 D . 2p 

Unmarked transitions are ground state resonance transitions, 
Metastablc resonance transitions. 
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FIG. b . Shot-by-shot spectrum scan of ~>V-t>3o A and L - l ^ l o A showing doppler 
broadening. 
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— Stream guns 

Neutral beams -

FIG. Time history of OIV-554 A in the east plug of TMX. The timing 
sequence is also shown tor reference. 
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a Gaussian profile- As was found in 2XIIB, the width of the brightness profile 
is somewhat narrower than the electron density profile for the high ionization 
states. The behavior of the streaming plasma is even more evident in the 
emissions from deuterium at 1216 A. Figure 11(a) shows the chord brigthness 
of L at 9 ms in the discharge; note the large peaks which correspond to the 
position of the stream-gun plasma. At 10 ms, the stream guns are turned off, 
and the profile at 16 ms [Fig. 1Kb}] is quite smooth. The time history of 
the radial brightness profile is summarized in Fig. 12; here the influence of 
the emission at the edge due to the stream guns is seen dramatically. 

3.3.1 Comparison with 2XIIB 

It is also important to compare the impurity density in a TMX plug with 
the results from 2XIIB. In both cases, the principal impurity in most cir
cumstances was oxygen. The density of oxygen in 2X1IB was estimated to be 

12 approximately U% (factor of 2 uncertainty). A similar analysis indicates 
that the density of oxygen in a TMX plug is approximately 0.5%, an order of 
magnitude less. However, the typical beam currents used in TMX were less than 
those in 2XIIB, and the source of oxygen has been shown to be the neutral 

12 beams. Furthermore, it has been shown in 2XIIB that the Oil brightness 
(and hence the Oil density) scaled with the beam current; the scaling of the 
other ionization states with beam current was not measured. In comparing the 
oxygen density in the TMX plug with 2XIIB, we have assumed a linear dependence 
on the beam current. 

Table 5 shows the absolute brightnesses for 2XIIB and TMX cases with 

T ~bO eV and with the stream guns on (the stream guns were on during the 
whole plasma shot in 2XII6). The beam current in the 2XIIB case was 405 A, 
with 125 A for the TMX case. The electron density profiles (but not absolute 
magnitudes) were similar. When the values for each ionization state in the TMX 
case are scaled, the results agree to within a factor of 2. (Note this is a 
qualitative comparison.) 

3.4 GENERAL CHARACTERISTICS - TMX CENTRAL CELL 

The main focus of the impurity study in TMX was to determine the ge.ieral 
characteristics of the impurity emission in the central cell. As discussed 
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FIG. 11- Ca) Radial brightness profile of L -1216 A at 9 
PSaks corresponding to the stream gun plasma, (b) Radial brightness brofile 
at 20 ms. 
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TABLE 5. Oxygen densities. 2XIIB compared to TMX east plug by 
scaling neutral beam current (lb). 

Species 

Brightness8 

2X1IB TMX 
(X 10 1 6) (X 10 1 4) 

Fractional Densities, 2 b> c 

2XIIB TMX TMX x 
/l b (2XIIB)\ 
^i—TrMxT-j 

OI1I 
OIV 
ov 
OVI 

1.6 
19 
56 
43 

2 
20 
10 
7 

0.06 
0.50 
0.88 
0.88 

0.04 
0.24 
0.08 
0.07 

0.13 
0.78 
0.26 
0.23 

TOTALS 2.3 0.4 1.4 

Note: TMX scaled and 2X11B show factor of 2 agreement. 

a -1 —2 -1 
Units of photons - s cm sr 

\r)ex "e/ /nedl 

c Densities of observed transitions. Contributions from metastable levels 
are not included. 

Machine Parameters 

2XIIB TUX 

I b. A 405 125 

/nedl, cm - 2 8.5 x 10 1 4 1.4 x 10 1 4 

T e, eV 60 60 

Stream guns on on 
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above, some preliminary measurements were obtained with a single chord cali

brated nt:.ochromator, but the majority of the measurements uere obtained with 
the; 22-channel S1DS instrument. 

3-4.1 Typical time histories 

Figure 13 shows the typical time histories of 011-539 A, OII1-703 £, 
OIV-554 A, OV-630 A, and OVI-1032 A for both the central cell plasma a nd the 
east plug. For the central-cell data the sum or the signals for 22 chords 
npi»r the center of the plasma arc shown; a detailed analysis shows thai-, the 
tinie history of each chord is similar. The east plug data is indicative of 
the center of the plasma; it does not show the initial feature (5 to lc ms) 
(as was present in Fig. 9), as the chordf which include the scream guns were 
not included in the sum. 

The most obvious difference in the time histories is the initial rise. 
Wh'le the plug signals rise quickly because of the interaction of the plasma 
injected by the stream guns with the neutral beams, the central cell signals 
show a delay which is indicative of the onset of plasma buildup in the central 
eel], in both cases, the signal is quite constant after the initial rise, 
showing that the impurity emission is well behaved in the steady-state plasma. 

3-4.2 Radial profiles 

The radial profiles of three ionization states of oxygen - Oil (539 A ) , 
OIV (554 A ) , 0V (630 A) and OVI (1032 A) at 16 ms are shown in Fig. 14. This 
rfata was obtained during typical running wften tne pfasma was fueferf with tfte 
gas box. The most obvious trend in the data is that the spatial profiles be
come more peaked with increasing ionization state. These profiles are quite 
constant in time; that is, in cases where the total emission increases, the 
profile shape is fairly constant. 

The fact that the brightness profiles are quite broad for Oil, rather 
than a strong shell structure, is either a signature of the source of the 
oxygen, or an indication of transport effects on the impurities. The exact 
mechanism is currently undergoing analysis by comparing the data with the 
results from computer modeling. 
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FIG. 13. A comparison of the time h i s t o r i e s of oxygen emissions in the central 
c e l l and the east plug. 
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The spatial profiles during puffer operation were qualitatively 
different from those obtained during gas box operation. Figure 15 compares 
the radial brightness profile of 011-539 A during puffer (top) and gas box 
(bottom} operation. Note that the puffer brightness profile is quite broad; 
the volume emission rate computed from a matrix inversion is a radial shell at 
the edge. The inverted brightness profile in the gas box case is peaked on 
axis (the inversion process is discussed more fully in the next section). The 
difference in these profiles indicated a qualitatively different impurity 
source or source-plasma interaction. 

3.4.3 Radial profiles - Inversions 

The radial profiles of impurity ions are important for impurity density, 
power loss, and transport calculations. To more Cully understand the useful
ness of this data, a short digression on photometric measurements is necessary. 
The actual quantity measured by the spectroscopic instrument is a chore-average 
brightness. The brightness is simply the flux received per unit solid angle 

-2 -1 -1 per unit projected area, with units of photons cm sec sr . In the 
simplest case, the conversion of counting rate to absolute brightness B(y) is 
given by: 

(CR) D 2 

B(?> = (QTTAV ' s p 

where 
(CR) is the observed counting rate, 
(QT) is the efficiency of the instrument, 
A is the area of the entrance slit, s ' 
A is the area of the plasma that is viewed, and 
b is the distance from the plasma to the entrance slit. P 

Without modeling of the spatial distribution of the emission source, the 
brightness profiles are useful only for qualitative comparisons. The quantity 
required for impurity density and radiated power calculations is the spatial 
distribution of each ionization state. In the cylindrically symmetric case, 
the data can be "inverted" to yield the volume emission rate. Mathematically, 
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FIG. 15. (a) Oi l radial brightness p r o f i l e at 16 ms - puffer operat ion. 
<b) Oil radia l brightness p r o f i l e at 16 ms - gas box operat ions . 
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„, % 1 Z"w ^, * /"° E(r)rdr 
B(y> - •& j E(.)dx = F Jo -p^ITI y 

where E(r) is integrated along the line of sight, y is the chord height, and 
r n is the plasma radius. Assuming cylindrical symmetry, the common technique 

23 used to obtain E(r) is the Abel transform. We have used a matrix technique 
which is equivalent to the Abel inversion, but is much faster. As shown in 
Fig. 16, the plasma is divided into shells; each data point is centered on a 
shell. The outer-most shell has no contribution from other shells, so 

The next chord sees contributions from two shells; by subtracting the 
contribution from the outer shell, E can be obtained. This subtractive 
technique can be formulated in matrix teres: 

B = L E , 

where L is the "length" matrix containing the length of the various chords. 
Then 

I."1 B = E . 

Because (J." ) is constant as long as the radial chord positions are constant, 
the inversion process is a simple ma.Trix multiplication. This is especially 
useful when several inversions (e.g., brightness profiles vs. time) all liaving 
a common geometry are required. 

3.5 IMPURITY DENSITY DETERMINATION 

Once the volume emission rate profiles are measured, the ion density can 
be obtained. We use the coronal model to describe the excitation and subse
quent emission process. This model assumes that collisional excitation is the 
most prominent mechanism; photo-excitation is negligible (i.e., the plasma is 
optically thin). Second, the spontaneous emission rates are much faster than 
collisional de-excitation rates. Finally, ionization and recombination times 
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L ' e = E 

FIG. 16. The matrix inversion technique. 

are much longer than the characteristic decay times, Kence, the volume 
emission rate £ for a given transition is given by 

£ " % ni H x ' 
where 

n = electron density, 
n. = ion density, and 
' rV • = rate coefficient for excitation. ex 

In the central cell plasma, electron impact excitation is the most 
prominent mechanism; /'JV\ is the cross section averaged over a Maxwell ian 
electron energy distribution, A convenient expression is given by Davis (Ref. 
24) for optically allowed transitions: 



where 
f.. = absorption oscillator strength, 
ilE = transftion energy ( e V ) , 
KT » electron temperature CeV), and 
• g- = average Gaunt factor. 

Tne Gaunt factor is a semi-empica11y determined quantity which is very 
close to one for resonance transitions. For most resonance transitions, the 
rate coefficient is fairly insensitive to temperature in the region of 
interest. 

3.5.1 Measurements of uetastable populations 

The determination of the total impurity der.sity requires measuring the 
density of each ionization state. In the case of ions with no metastable 
levels, such as OVI, this volume eraijsion rate is related directly to the 
density of the ground state. In B-like and Be-like atoais which have tneta-
stable levels, the situation is more complicated, as the metastable level can 
be populated by direct ionization irom the next lower state jr by collisional 
.•xrir.Tti w from Lhe ground stele. An example of an ionization state with a 
metastable level is OV, as shown in Fig. 17. The ratio of the volume emission 
rate of the ground transition to the laetastabie transition is 

111 = £ ( ' S ~ ^ ^ . "e "l *12 * "e "3 B32 

*34 E { 3 P ° - 3 P > n e "3 R 34 * % "1 R 14 

where each R i s the r a t e for c o l l i s i o n a l e x c i t a t i o n (F ig . 17). Solving for the 

metas tab le dens i ty r a t i o 

"1 . " ( ' S ) E 1 2 H 3 * - E 3 4 R 32 

n 3 n ( V ) E j 4 R 1 2 - E u « w 

For most c a se s , i t is found that £ = E^, and as shown by (Ref. 25) , 
R,., « R... avd R,, « R . , , hence 

"g - "l . Hi K34 
°m n 3 E34 S12 
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FIG. 17. Example of metastable levels - OV. 

N , = n + n = hi E 3 . 

3 P 

R«j M60A 

total g m B 1 2 n e R 3 4 B g 

hence bo: h E._ and E,, .ire required co obtain the density of the ionization 
state. This is true for all states vhich have me tastable levels. In tfiany 
cases, the ratio of the ground to isetastable densities can be estimated. In 
the Alcator A Tokamak, the n_/n ratio for OV was measured to be 2.6; a 
similar result was found on 2XIIB. However, on the TMX central cell, the 
ratio wa found to vary, henca ic was important to tneasura the metasCal>le ratio 
for each sec of conditions, 

Th> variation of Che metastable ratio is easily explained when if- is 
noted th.it the electron density in the central-cell of TMX is much lowtfr than 
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27 either 2XIIB or Alcator. As predicted by McWhirter, this ratio should depend 
nearly linearly on the electron density in the range from 10 to 10 cm ; 

13 —3 with a plateau (i.e., constant value) above approximately 1 • 10 cm . This 
theoretical treatment is consistent with the TMX results, which show a density 
dependence, and the 2X1IB and Alcator results, which art' in the density-
independent regime. 

3.5.2 Emission model 

It is useful to characterize the impurity emission and therefore its 
density uith a model. This facilitates comparison with other data, and in nany 
cases greatly simplifies calculations. In particular, these simple models for 
the ion density were tried: 

1. Constant Density Model n.(r) is a constant. Since 

= 7-r / n <r)n. i -V 4 J e I ex 

the brightness profile and volume emission profiU are proportional to n , as 
long as the T profile is sufticie^tly broad so thai * V « constant. 

2. Constant Concentration I-iodel n-(r)/n (r) is a constant, so the shape , • I e > t-
of n.(r) is similar to that of n (r). Hence, the brightness profile is 
proportional to the density squared; for a Gaussian profile, the width ot the 
brightness profile is less by a factor oi >2. 

3. Shell Model - When the ionization states exist in narrow shells, the. 
brightness is given by: 

b = — n n • 2 ;•. 4 e i 

where W is the width of the emission shell and n and n are assumed rouzhlv 
e I ** ' 

constant over the width of the shell. 
Figure 18 shows the radial brightness profile of 0V - 630 A and the 

volume emission profile obtained from it by matrix inversion. In addition, 
the chord average (/n^dlj profile obtained by neutral beam attenuation is included. The /n dl Drofile is well-fitted by a Gaussian profile, so the n e ' e 
profile will have a similar shape (as the inversion ot a Gaussian profile 
fields a Gaussian). The fact that the brightness and volume emission rate 
profiles are so similar suggests that this data is also well characterized by 
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a Gaussian profile; furthermore B(r) a E(r) a n g(r) which implies that a 
constant density model is the appropriate choice for this data. A similar 
result was obtained for OIV; these two ionization states were examined most 
carefully as they contain the major fraction of oxygen density in the TUX 
central cell. 

3.5.3 Impurity density results 

Using the constant density model; the ion density is simply 

4iTB 
n i /n dl /dV\ ' 

e \ /ex 
Where B is the central chord brightness. Table 6 presents the density of the 
oxygen states obtained during a single run on November 1, 1979, during gas box 
Operation. The OV metastable to ground density ratio was measured to be 0.7 
In these conditions; the other metastable ratios were assumed to be similar to 
the 2XIIB case. Note that most of the oxygen density is in OIV and OV, with a 
Smaller amount in OVI. 

Similar calculations were carried out for carbon and nitrogen, and the 
results are summarized as follows (factor of 2 uncertainty): 

Oxygen 0.3% 
Carbon 0.052 
Nitrogen 0.22 

The concentration is defined to be n./n where n = J a (r) rdl. For a 
l e e o e 

Gaussian profile, ii •» 0.632 n <n = peak density). It should be noted that 
this emphasizes the section r < r ; this was chosen because the impurity and 
electron density behavior is less well known outside of this region. However, 
if one defines the concentration to be n. (total)/n (total), the result is 
only 40% greater. Comparisons with data from other runs indicate that these 
results, to within a factor of two, are typical densities of the light impuri
ties. In some cases, the relative populations of the ionization states changed 
(which would be expected if the electron temperature changed), but the overall 
density remained fairly constant. 
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TABLE 6. Central-cell oxygen densities. 

Shot Species 

37 Oil 0.006 
26 01II 0.03 
20 OIV 0.10 
13 0V 0.13 
40 OVI 0.05 

TOTAL 0.3 
all/01/79 

3.6 RADIATED POWER 

3.6.1 Radiated power from light impurities and D 

As discussed above) it is also important to determine the amount of 
radiated power caused by line radiation from the impurities present in the 
plasma. One accroach would be to measure every spectral emission feature and 
its radial profit ; the sum of these measurements would be the total radiated 
power. This is impx. -tical with a monochromator as shot—by—shot spectral scans 
uould be required over . large spectral range. However, certain simplifying 
assumptions can be made so 'hat measurement of the radial profiles of the 
resonance and metastable transitions is sufficient. These assumptions are 
justifiable from a knowledge of the atomic physics of the ionization states. 
Namely: 

1. The principal excitation mechanism is electron impact excitation. 
2. Only ground and low-level metastable levels are populated 

significantly. 
3. An = 0 (n = principal quantum number) are the most significant tran

sitions, followed by An • 1. 
4. For An = 0 transitions, the effective Gaunt factor <g> in the exci

tation rate coefficient is nearly 1; for in" 1 transitions it is less. We 
vill assume <g> = 1 for An = 0 and <g> =0.3 for An = 1. This is based on 

23 results by Davis. 
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With these assumptions, by measuring the resonance transition and the 
metastable transition of a certain ionization state, the radiated power from 
all of the transitions can be calculated. Specifically, the volume emission 
rate is proportional to (oV\ , so the radiated power is given by 

A (dv) ^ /ex o 
P ° = - ^ o — * 

where o denotes the mearured resonance or metastable transition and A is the 
proportionally constant; then for another transition 

A (av) 
P. „ \ / e * J . 

And finally, expressing the power in the j transition in terms of 0 equals 

'i" ft) '• 
I /oV) . o v 'ex j 

= A. /oV\ 
j \ /ex o 

To complete the total radiated power, P. must be summed over all of the 
relevant resonance and metastable transitions. In turn, to compute the total 
power from ~ne species, all of the power in each ionization state must be 
added up. 

The results of the impurity radiated power calculation are summarized in 
Table 7; the impurity densities are also included. In the case of oxygen, the 
majority of the power comes from OIV and OV; recall these ionization states 
also contain most of the density. The power loss from deuterium radiation 
was estimated in a similar fashion. 

3.6.2 Radiated power - titanium 

The estimation of radiated power from titanium radiation is more 
difficult, as the atomic physics coefficents are not well known for these ions. 
A crude estimate was performed by cross-calibrating the survey instrument with 
the calibrated single channel instrument in the central cell. Specifically, a 
photographic spectrum was obtained which included the major oxygen emissions 
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TABLE 7. Impurities in TMX central cell. 

Density, X Radiated power,3 kW 
Species (factor of 2) (factor of 2) 

0 0.3 
N 0.2 c o.os 
Ti (b> 
D-La 

Plug oxygen densities, X 

TMX TMX scaled0" 2XIIB 

0.25 1.5 3 
a Typ ica l t rapped beam power = 450 kW 
b Not o b t a i n a b l e from da ta 
c Est imated 
" Linear scaling was assumed 

and several titanium lines on the same plate. During the discharges, the 
absolutely-calibrated monoehromator measured the oxygen emissions. By adding 
up all of the titanium emissions {nearly 300), an estimate of the radiated 
pow-v,r fro£a titanium relative to oxygen was obtained. The results are msa 
inc|uded in Table 7. 

It should be noted that this was only a crude estimate (factor of 3 to 4 
uncertainty); the measurement assumes that most of the important emissi o n s were 
raea^ured. a n < i that the radial profiles are not substantially different H nen 
compared to other impurity species. Transfer of the absolute calibration from 
the monochromator to the film and shot-to-shot variations in the eoissi o n s a r e 

probably the largest sources of error. 

4 
4 

1.5 
5 
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4. EXPERIMENTAL TRENDS - WALL CONDITIONS 

It is a well known fact that the wall conditions in a plasma device can 
significantly influence the plasma conditions. Normally, a low temperature 

28 plasma (discharge cleaning ) and/or titanium gettering is used for wall 
29 preparation. In addition, it has been shown by the Alcator group that the 

wall temperature can influence the light impurity density both during discharge 
cleaning and the plasma discharge. This section discusses the results of two 
experiments on TMX which examined the effect of wall conditions on the plasma. 

4.1 GETTERING 

The first experiment was to measure the effect of titanium gettering on 
the oxygen density in the central cell plasma. On September 25, 1980, a 
specific set of wall conditions existed in the central cell because of previous 
experiments: the whole machine had been gettered except for a section between 
the limiters in the central cell (to protect the ICRK antenna). On shots 4 to 
15, the machine was run in the same configuration and emissions from oxygen and 
carbon were monitored. The machine (except for the section noted) was gettered 
on every shot. On shots 16 to 25, the entire gettering system was used (in
cluding the east section of the central cell) and these emissions were again 
monitored. The results are shown in Table 8; B//n dl, which is proportional to 
the impurity density, is used for comparison. The discharges shown were 
similar; the electron density decreased approximately 302 after the new panel 
was gettered. The results show that gettering does affect the central- cell 
impurity density, as expected. 

Secondly, it was noted during the initial phases of several runs. To 
prolong the lifetime of the gettering system, it is sometimes used only on 
alternate shots. During this time, Oil - 53V A emission was monitored and 
changes in the brightness were observed to correlate with the gettering. That 
is, B//n dl was approximately 40% greater on nongettered shots than on those 
with gettering. This sequence usually persisted until shot 15 to 20 of the 
run (often, a switch to gettering before each shot was made when this mode was 
detected); after this time, the emission dropped to a plateau and was quite 
constant even if gettering was performed on alternate shots. This result 
suggests that the central cell wall conditions influence the impurity density 
in this region. 

-41-



TABLE 8. Impurity brightness before and after localized 
central-cell gettering. 

Wavelength 

3.3 x 10 1 3 X 
2.7 * 10 1 3 X 
2.5 * 10 1 3 X 
2.5 * 10 1 3 X 

3 •'• 10 1 3 X 

» 
„ Getter 

Shot Species A Brightness Before After Decrease3 

4 Oil 539 
8 
9 
11 
12 

16 Oil 539 1 * 10 1 3 x 0.66 

5 OIII 703 1 x 10 1 3 x 
17 A>< 10 1 2 x 0.66 

6 CII 904 1 x 10 1 3 x 
19 8 * 10 1 2 x 0.2 

7 CIII 977 3.2 * 10 1 4 x 
20 8 * 10 1 3 x 0.75 

Brightness t - Brightness 
" getter _̂ nogetter 

Brightness 
° getter 
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4.2 LISEfi EXPERIMENTS 

As discussed in (Kef. 30), liners filled with liquid nitrogen are used 
in TMX for additional vacuum pumping. These liners are used in the ends of 
the central cell (outside of the plasma radius) and in both plugs. Emissions 
from light impurities were monitored before and after the liners were filled 
to determine their affect on the impurity density. Decreases in the measured 
brightness in the central cell were observed after the liners were filled in 
some cases; however in other cases, no change was seen. (In all cases the 
ambient pressure was decreased at least a factor of 5.) However, the bright
ness measured in the plug was normally unchanged by liner operation. This 
result is consistent with a wall-source of impurities in the central cell and 
primarily beam—induced oxygen in the plugs. 

5. SUMMARY OF OTHER IMPURITY EXPERIMENTS 

5.1 CENTRAL CELL HEATING EXPERIMENT 

For a short period, TMX was operated with three neutral-beam injectors 
mounted on the central cell at approximately Z = 0. The single-channel 
monochromator was also mounted on the central cell, but at approximately 
Z = 40 cm; hence it did not view the beams directly. The central-cell 
injectors were turned on at 14 ms and off at 20 ms for the data presented here. 

The central-cell brightness divided by the line integrated density versus 
time for OIV - 554 A, OV - 630 A, and OVI - 1032 A are shown in Fig. 19. The 
central cell injectud beam current was 6(1 A, while the east and west were 55 
and 35 A, respectively. Note the dramatic increase in OIV, which is 
accompanied by a rapid increase in OV and a slower increase in OVI. After 2 
to 3 ms, the OIV signal decreases, while the OV decreases slightly and the OVI 
continues to increase. 

We interpret these results to be an indication that the electron 
temperature in the central cell is inert jsing when the central cell beams are 
turned on. In addition, the oxygen density increases, as the 0III and OIV 
brightness are approximately the same before and after the beams are on. That 
is, if the only the electron temperature were increasing, a shift to the higher 
ionization states with a corresponding decrease in the lowest states would be 
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FIG« 19. Impurity behavior during the central c e l l beam heating experiment. 

- 4 4 -



expected. Because the spectrometer is well separated from the injectors, the 
increase is interpreted as an indication of the bulk electron behavior, as 
opposed to a local effect present only near the beam. It should also be noted 
that this dramatic behavior was observed only when the plug and central cell 
beam currents were of the same order. For example, with I = 100 A per plug 
and I = 60 A, the dramatic increases were not seen. 

5.2 IMPURITY INJECTION EXPERIMENTS 

A series of impurity injection experiments was performed on TMX to study 
three main issues: C D impurity confinement, (2) impurity sources and penetra
tion, and (3) radial transport in the central cell. These experiments involved 
puffing gas into the central cell and the measurement of the emissions from 
this impurity as a function of time. Paragraph 5.2.1 will describe the experi
mental configuration and the procedure used; in paragraph 5.2.2 the data and a 
initial qualitative analysis are presented. 

5.2.1 Experimental Procedure 

Deuterium, oxygen, and neon were introduced into the central cell by 
means of a fast pulsed Valve which was located at Z = 0. Two different valve 
timing sequences were used. In thf first case, the valve was opened for 5 ms 
starting 1 ms before the shot sequence (i.e. -1 ms Co +4 ms). In this way, 
the impurity was distributed before the plasma was initiated, minimizing gas 
penetration effects in the initial phases of the plasma. In the second case, 
the valve was turned on at 12 ms and off at 17 ms, which introduces the 
impurity during steady-state plasma conditions. This should allow a determi
nation of the impurity penetration rates and a measure of radial transport in 
the central cell. 

Neon was initially chosen for injection because it is not an intrinsic 
impurity in TMX. Oxygen was used because it is much more readily pumped by Che 
cold liner surfaces and gettered walls than neon; this provides 3 different 
source and presumably different edge plasma conditions. Finally, deuterium was 
injected because it is the plasma working gas. (In passing, it shculd be noted 
that neutral oxygen and deuterium are also similar in that their ionization 
potentials are equal.) When oxygen and deuterium were injected, the contri
bution due to the intrinsic levels of these species was subtracted. 
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The 22-channel monochromator (SIDS) mounted on the central cell was the 
main diagnostic used during the impurity injection experiments. Tiae-resolved 
radial profiles of several ionization states of neon, oxygen, anil deuterium 
were monitored; a list of the observed transitions is shown in Table 9. In 
addition, the monochromators on the plugs were also used to measure the amount 
of the impurity which penetrated into the plugs from the central cell. 

TABLE 9. Lines observed during impurity injection experiments. 

Deuterium D 1216 

Oxygen on 539 
OIII 70: 
OIV 554 
ov 630 
OVI 1032 

Neon Ne II 460 
Ne III 490 
Ne IV 542 
Re V 461 
Ne VI 433 

Ionization 
Gas Species ) , A Potenrial, eV 

13.6 

35.1 
54.9 
77.4 
U3.9 
138.1 

41.0 
63.5 
97.1 
126.2 
157.9 

5,2.2 Experimental Results and Discussion 

When neon was puffed into the central cell before the shot, the emission 
from the ionization states of neon remained roughly constant throughout the 
entire discharge. Oxygen injection increased the brightness by a factor of 
approximately 5 over the intrinsic level; again a constant time evolution was 
noted. Because recycling most certainly influences these results, it is 
difficult to ascertain estimates of impurity confinement times until a more 
detailed analysis is completed. 

Neon and oxygen puffing from 12 to 17 ms during the discharge yielded 
time histories as shown in Fig. 20. The radial brightness profiles versus 
time are shown in Fig. 21. Note that the brightness of each ionization state 
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FIG. 20. The time evolution of emissions during neon puffing. 
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starts to increase at essentially the sane time and continues to rise until 
the end of the shot, in the case of neon, the brightness of each ionization 
state increases in a region near the plasma axis rather thsn first appearing 
at tbe plasma edge. Th. • suggests that the neon peret rates the plasma much 
more deeply than the oxygen before being ionized. 

Another general observation was that the emission in the plug was in
fluenced very little by the injected species. This supports the theory that 
the central cell fons are confined axially by the electrostatic potential be
tween the ; lugs and the central cell and that the ions do not penetrate ir.to 
the plug. 

Finally, these resulLs are currently undergoing comparison"! with a 
simple computer model. Further analysis should yield information on the 
confinement times and recycling rat.is of impurities in TMX. 

6. DISCUSS ION OF CONCLUSIONS 

The results presented here are the first comprehensive impurity study of 
a tandem mirror machine. The impurity measurements in the TMX plug show that 
the general features are similar to that of 2XIIB. Namely: 

(a) Oxygen is injected by the neutral beams, 
(b) the ~0.3% oxygen density measured on TUX when scaled co 2X1IB 

parameters is in qualitative agreement with the oxygen density measured on 
2XIIB, and 

(c) the emission from the ions is significantly d^ppler broadened 
indicating an effective energy near 10 keV. 

The m^jor focus of this study was impurity behavior in the central-cell 
plasma. Time resolved radial emission profiles were used to calculate the 
density of light impurities (factor of 2 uncertainty): 0.3% oxygen, 0.2» 
nitrogen, and 0.05% carbon. The total radiated power from the impurities was 
estimated to be 20 to 30 kW, which is approximately 10?. of the input power. 
In general, the rentrsl-crll impurity con -cntrarior. w.if found ti> h,- inriurnrtvi 
significantly by vacuum vessel conditions such as, gettering, and in sotc= 
cases, use of cold liners. 

Finally, oxygen and neon gases were introduced into the plasma to study 
the details of impurity behavior. While the analyses of these results are 
incomplete, the spatial profiles of the emission as a function of time were 
qualitatively different for each g^s. 
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