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THE QED-1 DEVICE AND MEASUREMENTS OF GETTERING 
EFFICIENCY FOR A SIMULATED DIVERTOR PLASMA 
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Plasma Physics Laboratory, Princeton University 
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ABSTRACT 

The QED-1 device a t PPL has provided g e t t e r i n g 

eff ic iency d a t a for n e u t r a l i z e d hydrogen plasma on 

t i tan ium. The hollow-anode a r c j e t produces a plasma 
1 o l ^ ^ 

column 1 cm i n d i a m e t e r w i t h 10 < n < 10 cm and 
e 

T. < T = 3-10 eV, confined by an axial magnetic: field 
of 1-6 kG. The gettering measurements are based on 
monitoring neutral gas density with respect to time in 
the divertor simulation chamber of QED-1. The present 
results indicate that the plasma particles lose their 
charge and most of their energy when they strike the? 
neutralizer plate. 
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TNTRODUCTION 

With the recent achievement of containing higher-B plasmas 
in magnetic fusion devices, interest in the experimental invest
igation of MHD (macro) and kinetic (micro) stability of finite-!? 
plasmas (10 < 8 < 1) has greatly increased. The construction 
of a long pulse-length or steady-state quiet, high density plasma 
device would greatly contribute to the better understanding of 
plasma stability relevant to magnetic fusion research. 

The encouraging results of the recent magnetic divertor 
tests in tokamaks has created an interest in divertor simulation 
in which the environment of a divertor plasma is reproduced as 
a slender tube terminated by a collector plate. In this kind 
of plasma one would be able to investigate particle and heat 
transport in a flowing plasma which simulates the divertor 
scrape-off regime and obtain data on particle gettering, 
plasma collection, sputtering yield, and plasma-neutral gas inter
action. An energetic arc device was constructed at PPL in 1976 
to provide relevant experimental data in these research areas. 

The QED-1 (Quiet-Energetic-Dense) device produces a hot 
(T - 1-10 eV) isothermal, current-free plasma with an arc jet 
plasma gun. In this machine, a 1-2 cm-diameter plasma streams 
along the magnetic field into a burial chamber where the plasma 
recombines on the neutralizer plate and the resulting neutral 
gas is pumped away. High speed differential pumping ensures 
low background-pressure in the experimental region, and thus 
uniform plesma. Plasma density of n =10 -10 cm and 
temperature T = 3-10 eV have been obtained for various gas 
discharges, i.e. H_, D_, He, and Ar. The anode of the arc jet 
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gun is made of oxygen-free high conductivity copper with a 
].6 mm thick wall between the vacuum and water cooling channel. 
The cathode is 3% thoriated tungsten, 9.5 mm diameter, the 
same dimension as the anode orifice. 

The gettering experiment on QED-1 was performed to deter
mine the type and energy of neutral gas which comes off the 
neutralizer plate and measure the sticking coefficient on 

(2) 
titanium of the resulting gas. Although G. Martin 

* has set a lower limit of 10% for the sticking coefficient 
of room temperature atomic hydrogen on Ti films, the com
position of a neutralized H plasma is not known. 

For the measurements, the QED arcjet is used to produce 
a 3-10 eV atomic hydrogen plasma which is neutralized by strik
ing a cold neutralizer plate. The resulting gas is then used 
as a known source in a classical pumping speed measurement. 
It appears that the gas which comes off the neutralizer plate 
is mostly cool molecular hydrogen. 

Section II discusses the mechanical and operational 
aspects of the machine. Section III presents data on the 
various plasmas which have been produced in QED-1, and Section 
IV describes the titanium-film gettering experiment. 

Martin did not take into accovnt that an ionization gauge is 
less sensitive to H that Hi. The reduced sensitivity results 
in a 10% lower limit for the sticking coefficient, rather than 
30%. 
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II. Description of the QED-1 Device. 
The four-stage differentially pumped arcjet system, which 

was constructed at UCLA J similar to the TPD device developed 
at IPP, ' ' Nagoya, Japan, generated remarkably high density 
plasma in steadystate. The present QED-1 device is an improved 
version of the UCLA device with higher pumping speed, anode-
cooling capacity and diversified operation modes. 

The normal configuration of the QFD-1 device is shown in 
Fig. 1. It can be modified in several ways, such as placement and 
number of limiters, magnetic field, and layout of the experimental 
area at the neutralizer-plate end of the machine. Such modifi
cations permit optimum design for different experiments. In 
this Section each of the major components are described. 
II-A. Construction of Machine. 

The linear magnetic field is produced by two sets of pancake 
coils, L-2 standard coils (with 25 cm bore), and larger, Q-l test 
cons (with 60 cm bore) . The field can be varied from 1 kG to 6 kG 
with an on-axis ripple of ± 2.5%. 

The water-cooled vacuum chamber is stainless steel with 
gold-seal flanges. As shown in Fig. 1, there are four access 
areas. Position #1 is a four-port cross with 2" diameter flanges. 
Positions #2-4 have two, 2" diameter flanges on the upper and 
lower surfaces of the vacuum vessel. In addition to the 2" flanges 
positions #3 and #4 have 6" diameter flanges in the horizontal 
plane with a field of view across the diffusion pumps through the 
plasma. These ports are useful for spectroscopy and large probe 
drives. 
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In order to obtain low neutral pressures in the experi
mental area during arc operation, high-speed differential pumping 
is employed. The vacuum chamber is divided into four regions by 
cooled, electrically isolated limiters which make a tight seal 
at the wall and have a 2 cm diameter hole in the center. Plasma, 
flowing along the magnetic field, passes directly through these 
holes. Neutral gas also flows through the holes, but is not con
fined by the magnetic field so that the flow is effusive and 
not directed. By pumping on each chamber (differential pumping) 
with pumps of sufficient speed (- 10 H/sec), it is possible to 
obtain a pressure drop of 1-2 orders of magnitude across each 

-4 -6 
limiter and 10 -10 torr pressures in the experimental area. 

To maintain high pumping speed over the pressure range of 
-6 10 torr to several torr in QED-1, two types of pumps are 

necessary: standard diffusion pumps for pressures less than 
1C torr and booster pumps (called ring-jet pumps) for pressures 
greater than 10 torr. A booster pump and a diffusion pump are 
similar in construction, the difference being that diffusion 
pumps are optimized for operation in the molecular flow regime 
while booster pumps are optimized for the viscous flow regime. 

The water-cooled, copper neutralizer plate is electrically 
isolated from the machine and can be biased to collect ion or 
electron current. 

The shutter is a water-cooled copper plate which is used 
to stop plasma flow without shutting off the arcjet itseLf. 
It can be moved into the plasma in less than 200 ms and removed 
from the plasma in less than 50 ms. This feature was necessary 
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for the gettering experiment and is useful for density measure
ments with the 2 mm microwave interferometer. 

The arcjet gun is shown in Fig. 2. The anode is made of 
oxygen-free high conductivity copper with a 1.6 mm thick wall between 
the vacuum and water cooling channel. The vacuum seal between 
the cooling channel and vacuum is made with two "0-rings" shown 
as black ovals in Fig. 2. The cathode is 3% thoriated tungsten, 
9.5 mm (3/8") diameter, the same dimension as the anode orifice. 

Gas flows into the arc region through a .38 mm wide, 6.35 cm 
diameter annular orifice. Any gas can be used to form an arc 
except those gases which chemically attack the electrode surfaces 
at high temperatures. So far, plasmas have been generated using 
hydrogen, deuterium, helium, and argon. For start-up, argon is 
always used since it readily forms an arc without damaging the 
anode. Other gases can then be slowly substituted for the argon. 
II-B. Operation of Machine 

The arcjet is powered by three, floating supplies in 
parallel: a high-voltage, low current starting supply; a medium 
current sustaining supply, and a high current supply. The start
ing supply is used for breakdown, and the sustaining supply main
tains the discharge until the current from the main supply 
(connected irough ," blocking diode) is increased and the arc 
is operating in a staole high current, low voltage mode. A 1 
farad, 380 V capacitor bank is also available for pulse experiments. 
Table I is a summary of typical arcjet operating conditions. 
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In discussing the physical limitations of the arcjet, it 
is important to have an idea of conditions in the arc region 
during normal operation. For the low pressure arc in the arcjet, 
most of the total arc current is carried by thermionic electrons 

f fi 1 emitted from the cathode which requires the cathode surface to 
be molten in order to provide the 100A and greater currents 
needed. A simple calculation for a cooled cathode indicates 
that the ion bombardment which heats the cathode to the necessary 
temperature must supply about 800 W. The cathode is cooled to 
prevent the cathode support structure from becoming too hot and 
not to keep the cathode itself from overheating, since thermal 
radiation is sufficient to regulate cathode temperature. When 
the cathode-anode separation is large enough for proper electrode 
sheaths to form, only a small amount of tungsten is lost from 
the cathode although it is clear that the surface is molten 
since the end of the cathode develops a small protrusion after 
a short running time. 

For a self-sustained, hot cathode arc, the cathode fall 
determines conditions in the arc. The power to the cathode 
is only 800 W for stable operation, and the plasma striking 
the collector plate carries only a few hundred watts, hence 
all but about 1 kW of arc power is deposited on the anode or 
heats the gas in the anode chamber. 

To prevent catastrophic anode failure, it is necessary to 
efficiently cool the anode. It is possible to calculate the 
cooling using published correlations for water cooling provided 
the power deposition as a function of position on the anode is 
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known. Although we do not know the depositon profile, the cool

ing can be calculated for the worst case situation in which 

essentially all the power to the anode is deposited in the narrow 

throat region of the anode. Th:.s situation is expected to occur 

under low pressure, high magnetic field conditions, :.e., just the 

conditions which produce the hottest plasmas. The cooling cal

culation for this case indicates that the maximum power which 

can be removed from the anode is 10 kW. At these power Levels 
2 (2.C kW/cm ), nucleate boiling at the water-copper interface is 

extremely important in increasing flow turbulence and enhancing 

thermal transport. Temperature induced mechanical stresses 
(9) in the anode could also be a problem at these power levels 

leading to anode failure. For higher gas pressures and lower fields, 
where the power is expected to be deposited over a larger area 

of the anode, higher power levels up to 20 kW can be achieve'! 

without failure. 

III. Plasma Properties of the QCD-1 Device. 

For the working gases H_, D_, He, and Ar, the plasma prop

erties of the present steady-state plasma have been extensively 

measured. The determination of plasma parameters has often been 

made using more than two diagnostic techniques. A list of 

diagnostics used for each plasma parameter is shown in Table 2. 
Despite earlier estimates, Langmuir probes (cooled and non-

14 -3 
cooled) can withstand high density Argon plasma of n > 10 cm 

+ + 4- 14 -3 
For density measurements of He , H , and D plasmas (n > 10 cm ), 

lL 
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we have used a swept probe which can radially traverse the plasma 
column within a few seconds. 

Fig. 3(a) and Fig. 3(b) show typical radial density distri
butions and potential profiles for high-current Argon discharges. 
In order to obtain high density Argon discharges, the discharge 
current and the confining magnetic field were kept high 
(B > 5 KG), the highest density obtained being 2 x 10 "cm 
The absolute value of the density was determined with a far-in
frared laser (CH-OH, A = 119 u) interferrometer which was developed 
for the PDX diagnostics. ' As shown in Fig. 4, the electron 
density increases almost proportionally to the gas-flow feed rate (Q) 
to the plasma gun, up to Q - 3 torr H/sec but decreases as Q in
creases further. Fig. 5 and Fig. 6 present the plasma density 
for hydrogen and deuterium discharges, respectively, for various 
gas-feed rates as a function of discharge current. Fig. 7 depicts 
the dependence of plasma density on magnetic field. As is shown 
in these figures, a high-current discharge in a large magnetic 
field produces a high density plasma for tha working gases H_, 
D 2. Long-term (>5 hrs) operation of high-current, high-field 
discharges can damage the anode resulting in catastrophic de
struction of the gun. Under normal conditions (I < 200A, B < 3 kG), 
the anode can last as long as 200 hours. 

The electron temperature cf the present plasma is not much 
different from that at: a standard arc discharge. The electrons 
ejected from the hollow anode have a temperature of 2 eV < T < 
10 eV and extract ions by an ambipolar diffusion potential. The 
plasma flow velocity measured in the linear region between the 
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gun and the final chamber was of the order of 1/2 - 1/4 C where 
s' 

C g is the ion sound velocity. The ions, which are as cold as 
room temperature in the arcjet nozzle (p > 1 Torr], are heated 
by collisions with electrons during their drift to the experi
mental chamber. In high-density operation, the ion temperature 
has been determined to be roughly equal to the electron tempera
ture as measured by doppler broadening spectroscopy. Fiq. 8 
presents the measured electron temperature for Argon discharges 
as a function of gas flow. One sees a good agreement between 
the probe measurements and the spectroscopic measurements of 
S. Suckewer.d 1' For the spectroscopic measurements, the line 
intensity from Ar II 4806&, 4B65A\ 3957&, 3480R, 3480.6^ and the 
impurity lines C II 4267&, C III 22978 have been monitored. A low 
gas flow, high-current, high-field discharge tends to generate a 
high temperature plasma. Fig. 9 shows the dependence of T for 
H_ discharges and the optimum gas flow rate is found to be 
10 Torr Jt/sec witn T - 10 eV. Fig. 10 gives the dependence of 
T on the confining magnetic field, E, for hydrogen discharges 
of 200 Amp and a gas-feed rate of 11 torr Vsec. 

Helium discharges have also been successfully produced with 
plasma properties similar to those of H., discharges, except that 
helium discharges tend to have higher electron temperatures. 

12 -3 14 -3 
The plasma density range of 10 cm < n g < 5 x 10 cm has 
been obtained for this gas. 

The base pressure in the vacuum vessel was below 2 x 10 torr 
befort the gettering experiment. The pressure in the experimental 
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chamber during plasma discharge wa3 of the order of 10 torr. 
Concentration of impurity atoms and molecules in the plasma was 
monitored using a spectroscopic method and found to be very 
small; normally it was less than 0.1%. The degree of ionization 
in the hydrogen plasma has also been checked by means of probes 
and spectroscopy and the plasma was found to be more than 50% 
ionized. 
IV. Gettering Experiment. 

As originally planned, the gettering experiment on QED-1 
was supposed to measure the sticking coefficient of 3-10 eV 
neutral atomic hydrogen on titanium films for tae purpose of 
simulating getter pumping in the divertor region of PDX. The 
assumption that a 3-10 eV atomic hydrogen plasma will produce 
an equally hot neutral gas upon striking a metal plate has 
proven to be incorrect, as the high pumping speeds predicted 
for 3-10 eV atomic hydrogen have not been obse. ̂ ed. Instead, 
the pumping speed on Ti of the neutral gas evolving from the 
neutralizer plate combined with published values of the sticking 
coefficient of room temperature molecular and atomic hydrogen 
on Ti have been used to roughly establish the composition and 
energy of the neutral gas. 

For the experiment, the QED arcjet is used to produce a 3-10 eV 
atomic hydrogan plasma which is neutralized by striking n cold 
metal plate located in a large chamber (Fig. 11). The resulting 
gas is then used as a known source in a classical pumpincr speed 
measurement. 
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IV-A. Theory 

The theory which is used to interpret the sticking coefficient 
results should be a kinetic theory which takes into account that 
fast particles are pumped more rapidly than slow particles. This 
is important since certain kinds of measurements are sensitive 
to the velocity distribution function of the particles in the 
chamber. However, since the gas in the chamber is concluded to be 
cool, the usual pumping equation adequately describes the situ
ation. Then 

v g . - r n - - / n + ( l ^ ) N , 

where 

V = chamber volume 

n = particle density 

F = diffusion pump speed 

a = sticking coefficient 

v - (8 k T / M T ) 1 / 2 

A = area of Ti film 

£ = chamber area o 

N = particle influx rate 
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The factor (1-aA/A ) takes into account those particles 
which stick to the Ti on the first bounce and do not contribute 
to the particle density as measured by a gauge shielded from 
the neutralizer plate. In general, a depends on the amount of 
hydrogen which has been absorbed by the titanium. 

For the gettering experiment, the source function, N, is 
a step (50 ms rise time) obtained by opening the shutter. N is 
obtained by measuring the ion saturation current to the end plate. 
If the H plasma recombines oa the end plate prodMcing H_, then 
half the ion saturation current is used to determine N. With 
this source the pumping speed can be measured three ways: 

1) Pumping time constant 

1 / a v A A \ 
7 - \F + ~ir-) / v (2) 

2) For t imes long compared to the above t ime cons tan t , 

the s t e a d y - s t a t e so lu t ion can be used 

( l - aA/AQ)N 
av.A " ' 3 > 

F + - A 

^PUMP 4 

3) Using (3) with and without gettering and constant N, 
one obtains 

% 1 / F T i\ 
n G - j 1 - «A/ig- [' + f^) • f*) 
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where n Q = density without gettering 
n_ = density with gettering 

FTi = W A A / 4 " 

For the QED-l parameters, Table 3, the time constant measure
ment is difficult so that the second and third methods were 
used. 

IV-B. Instrumentation. 
The instrumentation consisted of a glass enclosed ion

ization gauge connected to the gettering chamber by glass 
tabulation and a power supply and ammeter for measuring the 
ion saturation current to the neutralizer plate. We attempted 
to use a nude ionization gauge to measure the gas density 
directly but found the nude gauge to be sensitive to residual 
plasma in the chamber and hence unreliable. 

The enclosed gauge was calibrated for H. using a Baritron 
capacitance manometer. The calibration for H was inferred from 
the H_ and H ionization cross-sections at 100 eV. The gauge is 
2.6 times less sensitive to H than H,. The change in sensitivity 
with magnetic field was calibrated and taken into account. 

In steady-state or for density changes slow compared to 
the enclosed gauge time constant, the requirement of influx to 
the gauge equal to outflux from the gauge yields 
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where 

n = density in gauge 

n = density in gettering chamber 

1/2 vft = (8 kT/Mtt) , T = chamber gas temperature 

1/2 v = (8kT/M'i) , T = gauge gas temperature 

It is usually assumed that the hot gas which enters the 
gauge cools to room temperature by the time it reaches the gauge. 
If n were obtained independently, e.g. n = N/F in steady-state, 
v /v could be inferred from the enclosed gauge response. 

Combining Eq. 3 with Eq. 5 and assuming F . >> F
P U M P 

one obtains 

a = N/(An V Q / 4 ) , (6) 

or from Eq. 4 and QED-1 parameters 
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IV-C. Results. 

To perform the measurements, the arcjet was turned on and 
allowed to run until a stable discharge was well established. 
The plasma was allowed to enter the gettering chamber during 
this time to ensure that the Ti film left from previous runs 
was completely saturated and hence had no pumping capability. 
The value of n , gauge density with plasma but no gettering, 
was recorded along with the ion saturation current to the 
neutralizer plate. The electron temperature of the H plasma 
was measured and found to be 3 eV in front of the neutralizer 
plate. 

The shutter was then closed and Ti deposited on the gettering 
chamber walls. After a sufficient amount of Ti had been deposited 
the shutter was opened (typically for less than 2-3 seconds) and 
the pressure in the gauge recorded during the pressure rise and 
until steady state had been reached. The shutter was then 
closed. More Ti was deposited and the measurements repeated. 
The density rise in the gettering chamber is shown with and with
out titanium deposition in Fig. (12). In the upper trace the 
density increases with a time constant of approximately .15 s, 
determined by the volume of the chamber and pumping speed of the 
diffusion pumps. In the lower trace, titanium has been deposited 
and the pumping speed is on the order of 50 times greater than 
with diffusion pumps alone. The initial rate of rise is limited 
by the opening time of the shutter (50 ms). The linear rise in 
pressure after .1 s is due to a decrease in the pumping speed of 
the titanium film. 
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In Figure (13) a, as determined by Eq. 6 is plotted vs_ 
F T - / F p n M p (Eq. 7) from our data. To calculate a from Eq. 6, 
it was assumed that the gas in the gauge was at room temperature, 
hence these curves represent upper limits on a. A case not 
shown in Figure 13 is atomic hydrogen in the gettering chamber 
which recombines in the ionization gauge so that the gauge 
measures H„. Assuming this model, a for atomic hydrogen would 
lie on the line for H~ in Fig. 13. The first conclusion to be 
drawn is that the gas in the chamber is not atomic hydrogen as 
the sticking coefficient for H is always less than G. Martin's 
lower limit of 10%. 

Assuming the gas in the chamber to be H-, one can calculate 
v B/v , the ratio of the thermal speed of the gas in the chamber 

n. O 

to the speed of the gas in the gauge. The pumping speed of 
the diffusion pumps was measured without gettering by opening 
the shutter and measuring the time constant of the pressure rise. 
Given the pumping speed, either F_. or FprjMp' a n d t n e particle 
influx rate, N, from the ion saturation current to the end plate, 
v A/v follows from Eq. 5. With gettering we find 

v./v = 2.17 + .43 and « o -
without gettering 

v A/v Q = 2.45 + .1 . 
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Limits can be se t on v • the lower l i m i t corresponding to 

room tempera ture and t h e upper l imi t if we assume tha t t he max

imum a we observe corresponds to a s t i c k i n g coef f ic ien t of 3%( : l- 2< 1 3) 

which makes v about 2.3 t imes room tempera ture . The gas which 

comes off t he n e u t r a l i z e r p l a t e then has a mean energy, E: 

.1 eV < E < .8 eV . 

The energy of the ions striking the neutralizer plate is esti
mated to be at least 10 eV. 

A final result is shown in Fig. (14), where the sticking 
coefficient (assuming roam temperature H_) is plotted versus 
monolayers of freshly deposited titanium. As can be seen, full 
pumping speed is not attained until -2000 monolayers of Ti are 
deposited. 

The estimates of gas energy and composition which we have 
made are of course indirect and open to criticism. However, as 
a simulation of divertor pumping, we have the result that a 2000 
monolayer thick titanium film pumps a neutralized hydrogen plasma 

-1 -2 at 7.S S.s cm 
IV-D. Conclusion. 

The QED-1 hollow-anode arcjet device has produced a high 
density plasma column of n e = 10 1 2 - 1 0 1 5 cm"3 and T i < T @ = 3-10 ev. 
In this device, we have measured the pumping speed of titanium 

-1 -2 films for a neutralized hydrogen plasma as 7.8 Us cm . We 
estimate that when a H plasma (3-10 eV) is neutralized on a 
metal plate, cool (.1-.8 eV) molecular hydrogen is formed. 
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Furthermore, we have concluded that two thousand monolayers of 
titanium are necessary to obtain an optimum sticking coefficient 
for hydrogen. 
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TABLE 1 

Anode Cooling 

Cathode Cooling 

Maximum Power for 
Extended Lifetime 
(> 10 hrs.) 

Lifetime for Power 
Levels Above 20 kW 

Main Power Supply 

Ballast Resistor 

Magnetic Field 

10 gpm, 300 psi 
deionized water 

300 psi deionized water 
~ 10 gpm 

P < 10 kW (low density) 
P < 20 kW (high density) 
I < 200 A, V < 60 V 

< 2-3 hrs. 

0-1000 A, 120 V 

.4 n 

1-6 kG, +2.5% Ripple 
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Table 2. Diagnostics for QED-1 Plasma 

Plasma Parameters Regime Diagnostics 

Density {n =n.) 10 1 L cnf 3<n <5xl0 1 Acm~ 3 

e 
Probes 

l n 1 3 -3„ _ l f v l4 -3 10 cm <n <10 cm e-

10 1 4cm" 3<n e 
1 3 - 3 IS -1 10 cm J<n <10 cm J 

e 

2 mm Microwave 
Interferometer 
Infrared laser 
Interferometer 

Spectroscopy 

Electron Temperature 
T 

e 
.5 eV <Te<10 eV Spectroscopy 

Probes. Whistler-
wave dispersion 

Ion Temperature .5 eV <T.<10 eV Doppler broadening 
T i 

Plasma Flow 
1 1 v / " . " _ 

u = 2 " I V ^ - Collector Current 

Impurity level n i — < 0.01 n e 
Spectroscopy 
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TABLE 3 

GAS H H 2 

kT 1/40 eV 1/40 eV 

\ 2.5 x 10 cm/s 1.77 x 10 5 cm/s 

a. > • 1 .03 

A 4 2 2 x 10 era 4 2 2 x 10 cm 

V 2.2 x 10 5 cm 3 5 3 2.2 x 10 cm 

SPEEDS 

FPUMP 1.5 x 10 6 cm3/s 1.5 x 10 6 cm3/s 

1 'PUMP .15s .15 s 

avftA/4 > 1.25 x 10 8 cro3/s 2.66 x 10 7 cm3/s 

T 2 '• V / F T i < 1.8 ms 8 .3 ms 
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FIGUR3 CAPTIONS 

Fig. 1. Normal QED-1 Machine Configuration. 
Fig. 2. QED-1 Arcjet. The dark ovals are "O-ring " 

seals. 
Fig. 3 a,b. Radial profiles of electron density and floating 

potential measured by probes for Argon plasma dis
charges. B = 5 kG, I = 400 A, Anode voltage = 50 V, 
Q denotes flow-rate of feed gas. 

Fig. 4. Electron density obtained in the experimental 
chamber vs flow-rate of feed gas (Ar),B = 5 kG, 
I = 400A, 40 V < V A n o d e ' 6 0 V , 

Fig. 5. Electron density of hydrogen plasma y_s discharge 
current for various gas-feed rates; o 28 Torr-Jl/ 
sec, • 15 Torr- 5,/sec, A 8 Torr- JL/sec. B = 2 kG. 
The absolute value was calibrated by 2 mm micro
wave interferrometer. 

Fig. 6. Electron density of deuterium plasma vs discharge 
current for various gas-feed rates; • 20 Torr-.il/ 
sec, o 12 Torr-JL/sec, 4 6 Torr-?./sec. 

Fig. 7. Electron density of hydrogen plasma vs confining 
magnetic field. 

Fig. 8. Electron temperature of Argon plasma vs flow-rate 
of feeding gas, B = 5 kG, I = 400 A. • denotes 

P 

orobe measurement, o denotes spect roscopic l i ne 

i n t e n s i t y measurement by S. Suckewer. 

Fig, 9. Electron temperature of hydrogen plasma vs flow-

r a t e of feed gas . B = 3 kG, I = 200 A. 
fcr 

http://Torr-.il/
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F ig . 10. E lec t ron temperature of hydrogen plasma vs. 

confining magnetic f i e l d . I = 200 A, V = 
3 a P anode 

5 5 V, flow r a t e of gas q = 11 t o r r - H / s e c . 

F ig . 11. QED-1 Get ter ing Configurat ion. 

F ig . 12a. Density r i s e in g e t t e r i n g chamber a f t e r shu t te r 

opens without Titanium g e t t e r i n g . 

F ig . 12b. Density r i s e a f t e r shu t te r opens with g e t t e r i n g . 

F ig . 13. Calculated s t i c k i n g coef f ic ien t vs measured 

pumping speed for t i tanium g e t t e r i n g assuming 

room temperature gas . 

F ig . 14. S t ick ing c o e f f i c i e n t for H on on t i tanium y_s 

th ickness of Ti f i lm. 



- 2 7 -

QED-I MACHINE CONFIGURATION 

DIFFUSION 
PUMPS 

ARCJET-

* * t ACCESS PORTS t 
1 2 3 4 

B(Mox6kG) 

J 1 I L 30 60 90 120 cm 

Fig. 1. (PPPL-783002) 



QED-I ARCJET 

OUT ANODE C / f H 0 D E GAS IN 
/<0m^^MM '\ + ff •';#«$ 3 

^K\\^\\^\\\\\\\K'\\\\\\\\^.\\\\S\\\^\\\\,mi.\<> W& 

CATHODE COOLING 
^KW.WVV-.'A-^-T \ V ^ V V ^ \ V ^ ^ \ V W A A V A V A V A \ ^ •NSSSj^p 

mmm J ! | I1 11 I •'• 

'/-///•'//£„ 
1 

WATER IN 

F i g . 2 . (PPPL-7S3001) 

HoooH 



- 2 9 -

1.2 

1.0-

_ 0.8 
E o 

O 

^ 0.6 

0.4 

Ar 

0=3.1 torr- X/S 

B=5 kG 
I = 400 A 
P~20kW 

0.2 

15 
r (cm) 

F i g . 3a . (PPPL-776036) 



10 
-30-

Ar 
B= 5kG 
1=400 A 

> 

<t 

Z 
UJ 
I -
O 
Q-

O 

-10 

0 = 1.8 torr-l/s 

-20 

u- -30 

-40 

0 = 1.1 

-50 1 
0 5 10 

r ( cm) 
15 

Fig . 3b . (PPPL-776037) 



• 3 1 -

ro E u 
in 

2 | 
V 

0 

Ar 

B = 5kG 
I = 400 A 

1 
I 2 3 

GAS FLOW(torr - l /s ) 

Fig. 4 . (PPPL-804095) 



- 3 2 -

Ip(Amp) 

Fig. 5. (PPPL-803062) 



20 140 
Ip (Amp) 

i 

200 

Fig. 6. (PPPL-803059) 



- 3 4 -

B(kG) 

F i g . 7. (PPPL-803058) 



• 3 5 -

10 

8 

> 
a> 

4 -

[ 

Ar 

B = 5 k G 
I = 4 0 0 A 

0 2 3 4 
GAS FLOW (Torr - l /s ) 

Fig. 8. (PPPL-803061) 



\0 

-36 -

-o-

H 2 Discharge 
/ N 

\ 

s. 
O ^ 

> a> / 
P ""Ok. 

Ip=200 Amp 

B =3kG 

0 
0 10 20 

FLOW-RATE (Torr- I/sec) 
30 

Fig. 9. (PPPL-803063) 



-37-

0 1,0 1.5 2.0 2.5 3.0 3.5 4.0 
B(kG) 

P i g . 10. (PPPL-803060) 



QED-I GETTERING CONFIGURATION 

RING JET 
PUMP 

DIFFUSION 
PUMPS 

NEUTRALIZE 
PLATE 

Fit,'. 1 1 . (PPPI.-776212 > 



-39-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
TIME (sec) 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
TIME (sec) 

F i g . 12. (PPPL-803018) 



F • / F 
r T l ' rPUMP 

F i g . 1 3 . (PPPL-793802) 



I I I I I I I I I I I I I I I I I I—I I I I I I I I I I 

(%» 

I I I I I 1 1 I 1 I I I I I I I I I I I I I I I I 1 

1000 2000 
MONOLAYER 

3000 

Fig. 14. (PPPL-793803) 



i : \ l i . K \ A l . SMS VKilM JTIO : IN AUDITION TO TIC UC-20 

ALL C . n.GORIES 

I''. -\-.!•.;".'., Auburn I in v i Mly , Alabama 
s. "['. An, ! HI •. ol \ ! ibaina 
c e o p h y . i ' ill Ins t i tu te . Univ. ni Alaska 
(.i.L. lohii' i lun. Sunt it i !,i State 1 iriiv, California 
t l . H. Kui'lil.l Iniv. fit S. C.ilif onua 
inst i tute fur Energy Studies, Stanford I Imversity 
It. I I . Campbell, University of Florida 
N. L. Olosou, University of South Florida 
\ V . \ I . Stacoy, Georgia Insti tute uf Technology 
h"n|. imiu Ua, Iowa S t a t e University 
\kigut' Kristi i insi' i i , Try.is Turh. University 
W. L. Vi'iose, Nat'l Bureau ol Standards, Wash., D.C. 
Australian -M.it lonal Universi ty, Canberra 
C.N. \Y.itson-\Uiiirn, Univ. ol Sydney, Australia 
I . Cup. Inst, lor Then. Physics, Austria 
IV .M. I l ' i i i ' l l ' i , Institute for Theoretical I l iysics 

T"i bill ' al I .ui vn sity ol u i . i / 
I-i op- K ovale \ l i l itai re, Uru xclles, Belgium 
11. Palmiilio. l'.. I j i i i i j j i-. in Couitn. )\- lOVj-UrusscTs 
I'.I I. S n. iii.ik i. Insl i tuto rle F ISH a, Campinas, Brazil 
M.l ' . Isn hyii'iki, MPB Tei h., Ste. Anne do Bcllevue, 

O ' l 'b ' " , Canada 
C R. 1.inn's, I'm versi ty ol Mbertu, C.inada 
TAV. lohnslnn, INRS-Energn', Vat eenes, Quebec 
H. M. Miarsgard, Univ. ol S.isk itdicu.an, Canada 
Inst. o[ Physio, Ac idemia Sinica, Peking, 

People's Republic of China 
Inst, of Plasma Physics, l l e te i , 

Anhwei Province, People's Re|xiblic ol China 
Library, Tsui)', Una Univ., Poking, people's 

Re|xihli< ol China 
21 KMI^.V u L 1. southwestern l i i s t .o l I'hys., Leslun, 

So hii.in Pimini e, P'-nplo's Republii ol China 
Librarian, Culhani Laboratory, Abingdon, Filmland (2) 
A .M. Ilupas Lila arv, C.F.N.-G, Grenoble, France 
I entral l ies. lust, lor Physics, Hungary 
S. R. Sh.uma, Univ. of I! a|.r,th.in, ]AlPUR-i i , India 
R. Shingul, Met>i ut Cnl leg" . India 
A.K. Suiularain, Phys. Res. Lab., India 
Pib l iotc a, frasi a t l , Itaiv 
B ibhn t r ' . i , \ l i l .mn. Italy ' 
G. Iv'nst.igni, f' i u v. f l i P.idova, P.idnva, Italy 
Preprint Liln at y, lust, de Fisicu, Pisa, Italy 
Libr.iry, Plasma Physics Lab., Gokaslr>, 11 j i , Japan 
S. Mori, Japan Atomic Energy Res. Inst ..Tbkai-M lira 
Research lulornuit ioti Center, Nagnya Univ., Japan 
S, Shioda, Tokyo Inst, ol Tech., Japan 
tnsl .of Space ft Aero. "Set., Un iv .o l Tokyo 
T. I k 'h i t l i , Un i " . of Tokyo, Japan 
M. Ytuiuito, Toshiba I t . & I I . Center, Japan 
M. Yoshikawa, JAER1, Tokai Res. Est., Japan 
Dr. Tsuneo Nak.ikita, Toshiba Corporation, 

Kawosaki-KuKawasaki, 210 Japan 
N. Yajitna, Kyushu Univ., Japan 
R. England, Univ. Nat ional Auto-noma dc Mexico 
11. 5. Liley, Univ. of Waikato, New Zealand 
S. A. Moss, Saab Univas Norgc, Norway 
J.A.C. Cabral, Univ. de Lisboa, Portugal 
O. Petrus, A L.I, CUZA Univ., Romania 
J. de Vil l icrs, Atomic Energy Bd., South Afr ica 
A. Maurech, Coinisaria I3e La Energy y Recoursos 

Miner ales, Spain 
Library, Royal Institute of Technology, Sweden 
Ccn. dc Res. Cn Phys.Des Plasmas, Switzerland 
Librarian, Fom-lnstituut Voor Plasma-Fysica, 

Tbe Netherlands 

Bibliothok, Stut tgart , A est Germany 
R.I). IWhh-r, Univ. ol Sturtgart, 

West l ,cnn,Jiy 
Max-Planck-lnst. lur Plasinuuhysik, 

V . Germany 
Nucl. Ues. Estab., Julich.West Germany 
K. Schindlcr, Inst. Fur Theo. Pliysik, 

W. G er rn an y 

EXPERIMENTAL 
THEORETICAL 

M. I I . Hrenuan, Flinders Uruv. Australia 
I I . Barnard, I 'mv. of Bn ush Columbia, Canada 
S. Si reeiiivasaii, U ui v. ol Calgar y, Canada 
J. Radet, CE.N.-11.P., Fontenay-aux-R oses, 

France 
Prol. S ihat / iuan, Observatoire de Nice, 

France 
S. C. Slwrma, Univ. ol Cape Coast, Ghana 
U. N, Aiyer, Laser Section, India 
B. Buti, Physical Res. Lab., India 
L. K. Chavda, S. Gujarat Univ., India 
IA1. Las Has, B.uiaras Hindu Univ., India 
S. Ciipermun, Tel Aviv Univ., Israel 
E. tireenspan, ISIuc. Kes. Center, Israel 
P. Rosenau, Israel Inst, of Tech., Israel 
I n t i . Center lor Ttioo. Physics, Trieste, Italy 
I. Ka.vakauu, Nihon University, Japan 
T. Nakayama, R itsumeikan Univ., Japan 
S. Naj'ao, Tohokii Univ., Japan 
J.I. Sakai, Tosaina Uni v., Ja|Xin 
S. T lo t tJ , I iniv. I IVerRen, Norway 
U.A. Ilellberj;. I Iniv. of Natal, South -Urica 
H. \\ ilhelmson, Chalmers Univ. of Tech., 

Sweden 
Astro. Inst., Snnnenborj>h Oils., 

The Netherlands 
T. J. Boyd, I Iniv, College ol North Wales 
K. Milliner, I 'niv, Heidelberj;, W .denoany 
I I . 1. Kaeppeler, I Iniv. ol Stuttgart, 

West l icrmafiy 
K, H. Spatschek, l lm v. Essen, ft est cermany 

EXPERIMENTAL 
ENCilNEEKINu 

B. i jn -k , I Iniv. du Oucbec, Canada 
P. I.iik.u , Koinenskcho Univ., ("/.echoslovakia 
t j . Honkoshi, Nat' l Lab for High Energy Physics, 

Tsukuba-tiun, Japan 

EXPERIMENTAL 

F. J. Paoloni. 1 Iniv. of W oil on Rung, Australia 
J. Kistcniaker, Fotn Inst, for Atomic 

A Mulcc, Physics, Tlie Nctlierlands 

THEORETICAL 

F. Verhecst, Inst, Vor Theo. Mech., BelgiuiTi 
J. Tcichmann, Univ. of Montreal, Canada 
T. Kal.an, Univ. Paris VII, France 
R. K. Chhajlani, India 
5. K. Trehan, Pan jab Univ., India 
T. NamiJ<awa, Osaka Ci ty Univ., Japan 
H, Narumi, Univ. ol Hiroshima, Japan 
Korea Atomic Energy Res. Inst., Korea 
E. T. Karlson, Uppsala Univ., Sweden 
L. Stenflo, Univ. of UMEA, Sweden 
J. R. Saraf, New Univ., United Kingdom 

file://i:/li.K/Al
file:///V./I
file:///kigut'
http://-M.it
file:///Y.itson-/Uiiirn
file:///lil.mn

