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Two absolutely calibrated EUV instruments have been used to study the 
impurity characteristics in the Tandem Mirror Experiment-Upgrade (TMX-U). One 
instrument is a spectrograph that measures the time histories of several 
impurity emission lines in a single plasma shot. The other instrument is a 
monochromator that measures time-resolved radial profiles of a particular 
impurity emission line. The common intrinsic impurities found in TMX-U are C, 
N, 0, and Ti. It has been shown that a large fraction of oxygen and nitrogen 
in the plasma is associated with the neutral beams. The plasma wall is the 
main source of carbon. In general, the concentration of each of the 
impurities is low (<1X), and the power radiated by them is less than 10 kW, 
which is a small portion of the total input power to the plasma. The 
concentrations of the impurities can be reduced substantially b> glow 
discharge cleaning and titanium gettering. 

I. INTRODUCTION 

In a mirror fusion device, impurities can be introduced into the plasma 
from machine walls, limiters, and auxiliary components such as neutral beams 
and radio frequency (RF) heating systems. These impurities can cause 
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significant power loss by radiation. We describe here a study of impurity 
concentrations, radiated power, and sources in the Tandem Mirror Experiment-

2 Upgrade (TMX-U) at the Lawrence Livermore National Laboratory (LLNL). The 
TMX-U is the third large mirror device at LLNL. Previous impurity studies on 

3 4 2X1 IB ' , which was a single mirror machine, indicated that the neutral 

beams were a source of oxygen impurities. These experiments were followed by 
the Tandem Mi'ror Experiment (TMX) which was a tandem mirror composed of two 
end plugs--each similar to ?XUB--connected by a solenoidal central cell. In 
TMX, impurity concentrations were low and radial penetration of cold impurity 
ions in the plasma was very inefficient. The present TMX-U device (Fig. 1) 
is an improved tandem mirror design which has demonstrated axial confinement 
with a thermal barrier. More detailed descriptions of TMX-U can be found 
in Refs. 2, 6, and 7. Briefly, the object of the experiment is to confine a 
high density plasma in the central cell by establishing a thermal barrier in 
each end cell. The thermal barrier is a result of a hot electron population 
formed by ECRH heating, and a sloshing ion population formed by neutral beam 
injection. Central cell ions and electrons are heated by neutral beam 
injection and Ion-Cyclotron Resonant Heating (ICR..,. 

Because of the addition of more sophisticated diagnostic instruments that 
obtain time-resolved EUV spectra, the impurity measurements on TMX-U have been 
extended to include measurement of impurity concentrations in a single shot, 
identification of impurity sources, time-resolved measurement of emission line 
Ooppler shifts, and qualitative estimates of the behavior of electron 
temperature. Glow-discharge cleaninq and titanium gettering of the machine 
walls have been shown to reduce the plasma impurity concentrations. 
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II. EXPERIMENTAL CONFIGURATION 

Two EUV instruments were employed to measure the impurity behavior in the 
central cell and the end plug; the locations are indicated in Fig. 1. The 
results from a third grazing incidence spectrograph located in the central 

o 
cell are presented elsewhere. 

The principal instrument used for studying EUV emissions is a normal 
incidence 1024-channel time-resolving spectrograph, which is absolutely 
calibrated at The Johns Hopkins University and at the National Bureau of 8 9 Standards. ' Its five s&lectable gratings permit the instrument to be 
operated in a survey-resolution (5-A) mode or in one of several high-
resolution (0.7-A) modes covering smaller wavelength ranges. In the survey 
mode, the spectrograph simultaneously measures emissions from 200 to 1800 k. 

The detector system of the spectrograph consists of an image-intensifier 
converter and a 1024-channel photodiode array. The signal of the photodiode 
array is scanned and digitized by an electronic controller. The data are 
stored in a local CAMAC memory and are then read and processed by a local 
microcomputer or the TMX-U data-acquisition system. The readout time of the 
1024-channel data set (or frame) is about 4.1 ms; a channel selector can read 
out channel subsets with a minimum time resolution of 1 ms. On a shot-to-shot 
basis, the instrument can be scanned to view different radial positions of the 
plasma. For most data presented here, the 1024-channel spectrograph was 
mounted on the central cell of THX-U (Fig. 1) but a limited amount of data was 
obtained with the 1024-channel mounted on the west end plug of the TMX-U. 

We also used another EUV instrument, a 22-channel normal incidence 
monochromator that is capable of measuring time-resolved spatial profiles of 

o in 

impurity emissions during a TMX-U shot. ' The detector has 22 discrete 
anodes coupled to a pair of microchannel plates in a c"2von configuration. 



-4-

Each anode maps to a certain region of the plasma. This instrument is also 
absolutely calibrated, both in wavelength and intensity. Data acquisition is 
also through a CAMAC memory, which is read by a local microcomputer or the 
TMX-U data acquisition system. The 22-channel monocromator was located on the 
east end plug of TMX-U throughout the experiment (Fig. 1). 

III. RESULTS AND DISCUSSION 

We found that the most abundant impurities in TMX-U under normal 
conditions were carbon, nitrogen, and oxygen. A smaller amount of titanium 
was also observed and silicon was observed during abnormal operating 
conditions. Shown in Fig. 2 is a typical spectrum used to estimate the 
concentrations and radiated power of the impurities in the following way. The 
brightness of a line emitted from an impurity ion is proportional to the 
integral of the product of the impurity ion density, the electron density and 
the excitation rate along the line of sight of the instrument. The 1024-
channel spectrograph measures the average brightness of one radial chord; only 
limited shot-by-shot radial scans were taken. Therefore, we use a model for 
the radial profiles (Refs. 4 and 5) that allows us to calculate the impurity 
density directly from the chord-average brightness. This model is in 
qualitative agreement with the experimentally measured radial impurity 
profiles on TMX-U. Furthermore, other models have been used to estimate the 
density and results show that they are relatively insensitive (within a 
factor of 2) to reasonable choices of the profile. In our model, we assume 

that the ion density is constant as a function of radius. With this 
12 13 

assumption, upon measuring the electron density and temperature , we 
can calculate the value of the impurity ion density of the corresponding 
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ionization state. The total density of an impurity species (e.g., oxygen) in 
the plasma is then the sum of the densities of the different observed 
ionization states. 

The radiated power associated with each emission line can be easily 
calculated from the measured brightness, using the constant-ion-density model 
for the radial profile of the emission. Because most of t*-e important 
emissions for each impurity species are in the wavelength range of the 
instrument, the power associated with each ionization state can be summed to 
obtain the total for each species. It should be noted that because the 
radiated power is calculated directly from the brightness, the total power can 
be determined even if the source of particular emission features can not be 
identified. Details of these calculations can be found in Ref. 8. 

In the central cell, during sloshing-ion-density operation for a peak 
12 -3 electron density of 5 x 10 cm , each impurity had a low concentration 

of less than one percent. The total power radiated by the impurities was in 
the range 3 to 10 kW, which is a small fraction of the total input power to 
the system (typically several hundred kilowatts). Table 1 shows the central 
cell impurity concentrations and radiated power for a typical plasma shot of 
the TMX-U central cell. It should be noted that in Table 1 only the measured 
impurity states from the 1024-channel spectrograph, that is the ionization 
states up to C IV, N V, and 0 VI, have been included. Emissions from the next 
higher ionization states (He-like) C V, N l/I, and 0 VII are outside the 
wavelength region of this instrument. While some of the impurities may be in 
these states, they do not add an appreciable amount of radiated power. This 
is because the emissions from the He-like ions are very weak due to the small 
excitation rate at the current temperature. Under conditions of lower 

1 ? ^ electron density (%1 x 10 cm" ), which corresponds to thermal-barrier 
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operation, the radiated power is usually less than 2 kVI. The impurity 
concentrations in the end plug are usually higher but are still comparable 
(factor of 2) to those in the central cell. 

The time-resolved measurement of the total EUV spectrum with the 
spectrograph also facilitates the identification of impurity sources. During 
some experiments, the central cell neutral beams were turned off during the 
steady state portion of the plasma shot. As shown in Fig. 3, the ox/gen and 
nitrogen impurity-line intensities decreased significantly when the neutral 
beams were turned off, but carbon line intensities remained relatively 
unchanged. We conclude from this data that the oxygen and nitrogen emissions 

are associated with the neutral beams. Previous results show that 1% of the 
3 4 neutral beam current is composed of oxygen. * Doppler broadening of 

nitrogen ion emissions has been observed in the current TMX-U experiment 
indicating that the nitrogen ions are energetic. However, due to the 
uncertainties in the data, we cannot determine whetner the nitrogen is an 
energetic component of the beam or the result of wall reflux that is then 
heated by the plasma. Further evidence that neutral beams are the source of 
these imparities is that their emissions are not reduced by glow-discharge 
cleaning and titanium gettering to as great an extent as are carbon 
emissions. These beam-associated impurities can be controlled by titanium 
gettering the arc chamber of the neutral beams. It has been shown that the 
oxygen impurities in the beam can be reduced by at least a factor of eight 
by this technique. Titanium getters have been installed on the TMX-U 
neutral-beam sources, but they have not been used up to now because the 
impurity emissions are quite low and we have not observed serious effects on 
the plasma due to impurities under normal operation. 
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The vacuum chamber wall is an important source of carbon in THX-U. The 
vacuum vessel consists of a room-temperature plasma wall surrounded by two 

15 liquid-nitrogen-cooled liners. Some hydrocarbons are only loosely bound 
to the wall and may be released and subsequently enter the plasma when 
bombarded by plasma particles. Data from a residual gas analyzer show that 
the main background gases in the machine are methane and other hydrocarbons. 
Figure 4 presents a plot of carbon concentration in the plasma vs. shot number 
obtained from the EUV spectrograph for a day's run. The plasma wall was 
glow-discharge cleaned but not gettered. We see that the carbon concentration 
decreases with shot number at the beginning of the run, showing that the 
plasma wall is cleaning up during initial operation. In general, after 
several shots, the abundance of the impurities remains constant under similar 
running ".onditions. 

The source of the hydrocarbons in the machine can be controlled by 
glow-discharge cleaning as well as by titanium gettering. Without 
ylow-discharge cleaning and titanium gettering of a plasma shot, the carbon 
impurities in the plasma are so abundant that plasma startup is difficult. ' 
Carbon emissions decreased significantly after glow-discharge cleaning of the 
vacuum chamber of TMX-U. The effect of titanium gettering is presented in 
Table 2 and Table 3. The input parameters for the two shots in Table 2 were 
the same except that one shot was taken before the plasma region was gettered 
whereas the other shot was taken after the plasma region was titanium gettered. 
The observed carbon emissions decreased by about a factor cf five when the 
gettering was turned on. Furthermore, the decrease even persisted for several 
shots after the gettering was stopped (see Table 3). In short, glow-discharge 
cleaning and titanium gettering before a plasma shot reduce the observed 
impurity abundance (especially carbon) and shift the ionization balance to 
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higher ionization states. However, it should be noted in Table 3 that 
titanium gettering did not decrease the nitrogen concentration in the plasma. 

Silicon emissions were also identified during some experimental runs. In 
c few shots, we observed a large amount of silicon when a quartz window of the 
gyrotron heating system was damaged. Thus the silicon emissions act as 
monitors of the condition of the ECRH windows. Because the silicon emissions 
appear only occasionally, silicon impurities do not cause serious problems in 
TMX-U. 

We also observed that carbon impurities were introduced into the plasma 
by the ICRH system. Similar behavior of titanium radiations has also beim 

1 O 
observed with a grazing incidence spectrometer mounted on the central cell 
of TMX-U. The 1CRF antenna is a double-loop antenna, which is titanium 

19 gettered. Figure 5 is a plot of the observed carbon concentration vs the 
1CRF power, which is proportional to the power delivered to the plasma from 
the antenna. The carbon concentration in the plasma increases with the 1CRF 
power input, although the exact relation between the two is not known. 
Because the impurity levels were very low in these shots (Fig. 5), the power 
radiated by the impurities introduced by the ICRF antenna did not cont'ibute 
to the power balance of the machine. 

IV. CONCLUSIONS 

EUV spectra have indicated that the main impurities in TMX-U are carbon, 
nitrogen, and oxygen. The concentration of each of these impurities is low 
and the power radiated by them is only a small fraction of the power input to 
the system. The vacuum chamber wall is the main source of carbon which can be 
reduced by glow-discharge cleaning and titanium gettering the plasma wall of 
the machine. Oxygen and nitrogen are associated with the neutral beams. 
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Also, ICRF heating introduces impurities into the plasma and the abundance of 
these impurities increases with the ICRF power. 
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Table 1. Impurities calculated for a plasma shot (at 
a density of 4 x 1 0 1 2 cm' 3) in the TMX-U central cell. 

Impurity Concentration(X) Radiated power(kW) 

Carbon 0.06 0.3 
Nitrogen 0.17 0.7 
Oxygen 0.82 2.7 

* Amounts include only the impurity states measured by the 
1024-channel normal incidence spectrograph, that is, the 
ionization states up to C 'V, N V, and 0 VI. 
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Table 2. Effect of gettering of plasma region on impurity 
concentrations (date 1/20/83, 31-35 ms, central cell). 

Shot No. ^Densities (10 9 cm' 3) " 0 VI P l a s m a r e g i o n 

0 IV Carbon Nitrogen Oxygen 

25 5 37 1.9 Not gettered 
5 8 26 3.0 Gettered 

Table 3. Persistence of decreased impurity densities afte> 
termination of gettering (same conditions as in Table 2). 

Shot No. Densit :ies (10 9 cm" 3) n 0 VI Plasma region Shot No. 
Carbon Nitrogen Oxygen n 0 IV Plasma region 

25 
33 

1.5 
1.7 

4.9 
4.0 

51 
48 

11 
10 

Gettered 
Gettering 
stopped at 
Shot No. 26 
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FIGURE CAPTIONS 

Fig. 1. The TMX-U device ind the locations of the spectroscopic instruments. 
The 1024-channel normal incidence spectrograph was mounted on the 
central cell while the 22-channel spatial-imag:,ig detector system 
(SIDS) was located on the east end plug. 

Fig. 2. Typical EUV spectrum of TMX-U central cell plasma obtained with the 
normal incidence spectrograph. The solid bars indicate how separate 
spectral regions can be selected and measured with higher time 
resolution. 

Fig. 3. Time histories of impurity ionization states showing that oxygen and 
nitrogen are associated with neutral beams whereas carbon is not. 

Fig. 4 Carbon concentration vs shot number for a running day. The He-like 
C V is not included in the calculation of total carbon. The plasma 
wall was glow-discharge cleaned but not gettered. 

Fig. 5. Carbon concentration vs ICRF power showing that carbon concentration 
increases with the ICRF heating power. 
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T. L. Yu - Figure 3 
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T. L. Yu - Figure 5 
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