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ABSTRACT 

To help identify the major sources of fueling gas in Tandem Mirror 

Experiment-Upgrade (TMX-U), we mounted a mass-sensi t ive, E | |B, end-loss ion 

spectrometer (ELIS) near the machine's cen te r l ine . We set the e l e c t r i c 

f i e ld in the ELIS to simultaneously measure the axia l loss currents of both 

hydrogen and deuterium. We then i n i t i a t e d plasma discharges, where we 

injected e i ther hydrogen or deuterium gas i n to the cent ra l c e l l . We also 

selected and deselected the cen t r a l - ce l l neutral beams that were fueled with 

hydrogen gas. The end-cell neut ra l beams were always selected and fueled 

with deuterium. By taking the r a t i o of the hydrogen end-loss current to the 

deuterium end-loss current (with a known deuterium-gas feed r a t e ) , we were 

able to infer the effect ive fueling ra tes that were due to wall ref lux, 

cen t r a l - ce l l beams, and end-cell beams. The r e s u l t s were the following: 

wall ref lux, & Torr-1/s j c e n t r a l - c e l l beams, 15 T o r r - l / s ; and end-cell beams 

1 T o r r - l / s . 
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I . E B END-LOSS ION SPECTROMETER 

Charged pa r t i c l e s that enter a region of pa ra l l e l e l e c t r i c (E) and 

magnetic (B) f i e lds at coordinate (0,C,0) with momentum (0,0,mV ) are 

separated by the i r momentum in a plane perpendicular to E and B and by the i r 

charge-to-mass r a t i o in the d i rec t ion of E and B (Fig. 1). The governing 

equations are 

x = 2/2mwVqB (1) 

and 

y - 7T2"iEy/(2qBy

2) , 12) 

where m is the p a r t i c l e ' s mass, q i t s charge, and W i t s energy (W = -x mV ) . 

E is the analyzer ' s e l e c t r i c f i e ld and B i s i t s magnetic f ie ld (both of 

which are in the y d i r e c t i o n ) . By placing pa ra l l e l s t r i p s of p a r t i c l e 

detectors in the x d i rec t ion , we can simultaneously analyze the momentum 

(energy) of ion species with di f ferent charge-to-mass r a t i o s . This 

p r inc ip le has been used by Medley a t Princeton and by Armentrout a t General 
2 

Atomic to create neutra l - f lux (charge-exchange) analyzers and by Foote at 
3 

Livermore to create an end-loss ion spectrometer. 

For t h i s experiment, we mounted the ELIS near the rad ia l cen te r l ine of 

TMX-U on the east end wal l . We equipped the ELIS with two pa ra l l e l s t r i p s 

of Faraday cup detectors so that the flux of both hydrogen and deuterium 

ions could be measured. We used a dedicated microcomputer system to col lec t 
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the raw data and to determine the end-loss ion-current density, the peak 

plasma potential, and the average energy of the end-loss ions for both 
3 

hydrogen and deuterium. 

I I . EXPERIMENT 

Figure 2 schematically shows the axial var ia t ion of the magnetic f i e ld 

in TMX-U. The locat ions of the principal heating and fueling systems are 

also shown in t h i s f igure . The primary gas-fueling source i s the cen t ra l -

ce l l (CC) gas box. This i s a closed s t ruc ture around the rad ia l edge of the 

plasma into which we meter neutral gas using p iezoe lec t r i c valves. The 

neutra l beams shown in both end c e l l s and in the central c e l l are 15-kV, 50-

A Berkeley type in jec tors (Fig. 2 ) . In t h i s paper, we refer to the beam 

current only in terms of the accelerated current , drained from the beam 

power supply. 

Note that TMX-U i s a heavily get tered system where approximately 10 A 

of titanium ge t te r ing are sublimated onto the walls of the device before 

each plasma discharge. 

From these experiments, we wished to determine whether or not the 

central cel l was the dominant source of end-loss ions, hew much of our 

p a r t i c l e fueling was due to wall reflux, and how much fueling was provided 

by the c e n t r a l - c e l l beams. 

We determined the desired quant i t ies by using the ELIS to measure the 

ion ax ia l - loss current dens i t i es of hydrogen and deuterium (near the axis of 

the device) as a function of the sources and types of p a r t i c l e fue l ing . 

He began the experiment by fueling the central ce l l with deuterium gas. 

The end-cell neutral beams were a lso fueled with deuterium (these beams 
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remained unchanged throughout the experimental sequence.) After a series of 

these discharges, we added the central-cell neutral beams, which were fueled 

with hydrogen gas. Typical data from the second series of discharges are 

shown in Fig. 3. For the last series, we switched to injecting hydrogen 

into the central-cell gas box. 

The results of these experiments are given in Table 1. 

III. DISCUSSION 

The values in Table 1 are presented as effective, on-axis, fueling rates 

because (1) the ELIS measurements were made within 2 cm of the axis of the 

device (measured in the central cell), and (2) the ratio of the ion axial-

loss currents is the ratio of the neutral-hydrogen-fueling rate to the 

neutral-deuterium-fueling rate, assuming (i) that both gases had undergone 

the same amount of radial attenuation while reaching the axis, (ii) that 

there was no preferential radial transport of hydrogen or deuterium, and 

(iii) that there was no preferential loss of hydrogen or deuterium out 

either end of the device. 

During the initial series of discharges, when we did not fuel with 

hydrogen gas, we still obtained an effective hydrogen-gas fueling rate of 

6 Torr-l/s. This is unusual for TMX-U. During typical TMX-U operation with 

only deuterium gas feed, the hydrogen end losses measured by the ELIS are 

zero. We believe that the large hydrogen signal is due to the fact that we 

had loaded the central-cell walls with hydrogen earlier in the day while we 

conditioned the central-cell beams to run on hydrogen. We believe, 

therefore, that the central-cell walls were the primary source of hydrogen 

during the first series of discharges. 



I t i s in t e res t ing to compare the above data to that taken when a l l the 

fueling (except the end c e l l s ) was done with hydrogen. For th i s case, the 

t o t a l deuterium fueling was equivalent to 1 T o r r - l / s . Since t h i s value i s 

equal (within a factor of 2) to the trapped beam current in the e.?d c e l l s , 

i t i s possible that the t o t a l wall reflux fueling was zero, which appears to 

contradict our e a r l i e r measurement with hydrogen wall r e f lux . We can offer 

two possible explanations: e i the r one of our assumptions about hydrogen vs 

deuterium fueling i s wrong, or the primary source of wall-ref lux fueling is 

in the area of the cen t r a l - ce l l neutral beams. 

We also note tha t the hydrogen fueling r a t e from the c e n t r a l - c e l l 

neutral beams i s la rge: 13 to 17 To r r - l / s . Since the maximum amount of 

a x i a l - l o s s current that would r e s u l t from d i rec t trapping of energet ic beam 

neut ra l s i s l e ss than 1 T o r r - l / s , we conclude that the remainder i s due to 

streaming-gas and beam-dump ref lux gas . This observation i s consis tent with 

the slow increase in the hydrogen end-loss signal af ter the beams are turned 

on (Fig. 2) . 

Last ly , we report that the change from equal deuterium-to-hydrogen end 

losses to almost en t i re ly hydrogen end losses was observed on the very f i r s t 

shot after we switched from deuterium to hydrogen gas feed in the cen t r a l -

ce l l gas box. We a t t r i b u t e th i s quick change over to having a heavily 

get tered system such that the walls did not require recondit ioning af ter a 

source-gas change. 
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Based on t h i s experiment, we conclude tha t a mass-sensi t ive ion 

spectrometer i s a valuable tool for determining the fueling sources in an 

open-ended device such as a tandem mirror. Preliminary experiments with 

t h i s instrument in TMX-U indicate that neutral-gas and neutral-beam fueling 

in the central ce l l does provide the primary source of pa r t i c l e s that 

eventually escape out the ends of the device. W l l - r e f l u x fueling i s 

smaller than the other sources and also seems to be concentrated in the 

central c e l l . 
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Table 1. Effective, plasma fueling rates as a function of gas sources. 

Hydrogen 
sources 

Deuterium 
sources 

Effective hydrogen-
fueling rate 
(Torr-l/s) 

Wall reflux Hall ref lux, 
cen t r a l - ce l l gas 
a t 70 T o r r - l / s , 
end-cell beams: 380 A 

± l.E 

• Wall ref lux, 
cen t r a l - ce l l 
beams: 1 10 A 

Wall ref lux, 
cen t r a l - ce l l gas 
at 70 T o r r - l / s , 
end-cel l beams: 325 A 

23 ± 1.2 

• Wall reflux, 
central-cell 
beams: 100 A 

Wall reflux, 
central-cell gas 
at 20 Torr-l/s, 
end-cell beams: 300 A 

18 ± 5.9 

Wall reflux, 
central-cell 
beams: 110 A, 
central-cell 
gas at 20 Torr-l/s 

Wall ref lux, 
end-cell beams: 250 A 

Effective 
deuterium-gas 
fueling r a t e : 
1 ± 0.33 
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FIGURE CAPTIONS 

Fig. 1. Schematic of an E| |B charged-part ic le analyzer . The actual device 

was mounted on the east end wall of TMX-U, where i t analyzed the energy 

d i s t r i bu t ion of ions that escaped axia l ly along the magnetic f i e ld t o the end 

wal l . 

Fig . 2. Axial p rof i l e of the magnetic-field s t rength in TMX-U. Locations of 

primary heating and fueling sources are shown. Also indicated I s the type of 

gas (D, or H,) used in the par t i c le - fue l ing sources . 

Fig. 3. Typical data from a plasma discharge that was fueled with deuterium 

gas in the c e n t r a l - c e l l gas box (20 T o r r - l / s ) , with deuterium gas in the end-

ce l l neutral beams (300 acce l . A), and with hydrogen cen t r a l - ce l l beams (100 

acce l . A). Shown are the time h i s t o r i e s of (a) the cen t r a l - ce l l density from 

microwave interferometry, (b) and (c) the a x i a l - l o s s currents ( in tegrated over 

energy) of deuterium and hydrogen Ions, r espec t ive ly , from the ELIS, and (d) 

the ax ia l - los s current measured by a Faraday cup mounted on the TMX-U end wall 

near the ELIS. 
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Grubb and Foote - Figure 1 
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Grubb and ?'oote - Figure 2 
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