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Experiments conducted on the PLT tokamak have shown 
that both plasiaa-limiter interaction and the gross energy 
confinement time are functions of the gas influx during 
the discharge. By suitably controlling the gas influx, 
it is possible to contract the current channel, decrease 
impurity radiation from the core of the discharge, and 
increase the gross energy confinement time, whether the 
aperture limiters were of tungsten, stainless steel or 
carbon. 
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1. INTRODUCTION 

It is well known (see for instance, Refs. [1-8]) that the gross 
energy replacement time and temperature of a tokamak discharge are 
affected by such macroscopic parameters as plasma density, toroidal 
field, plasma current, major and minor radius, wall conditions, 
limiter material (hence impurity content), and radial equi
librium. However., for the same values of the macroscopic parameters, 
variations greater than a factor of 2 in the gross energy replacement 
time and in the temperature of the discharge are quite common. 
Experiments on PLT indicate that in addition to controlling the 
macroscopic parameters of the discharge, it is important to control 
the manner in which the discharge evolves to the 
quasi-steady state. The mode of evolution is important in deter
mining impurity levels and radiation losses, the current density 
profile and the MHD stability in the quasi-steady state. These 
quantities in turn are crucial in determining both the energy 
confinement time and temperature of the discharge. [?J 

In PLT, changes in the initial filling pressure and the gas in
flux modify the evolution of the startup phase of the discharge 
with effects which persist throughout the quasi-steady state. 
Typically, the duration of the startup phase — i.e., the time re
quired for the current to increase and the current profile to relax 
— is 100-200 msec and the duration of the quasi-steady state is 
kOO-500 msec. The duration of quasi-steady state is long compared . 
with the energy and particle replacement times, but comparable with 
the neoclassical current relaxation time. However, the observed 
current relaxation time during the startup piiase is often short com
pared with the neoclassical current penetration time . Qualitatively, it 
appears that with appropriate .adjustment of the gas influx during the 



-3-

startup phase, the energy balance in the plasma periphery is 
modified in such a way as to establish very early in the evolution 
of the discharge a peaked instead of a hollow temperature profile 
which persists during the quasi-steady phase of the discharge. The 
relatively low edge temperature associated with the peaked profile 
leads to reduced plasma liir.iter interaction [9,10] in the startup 
phase, and to lower concentrations of limiter material in the plasma. 
Most important, the energy confinement is improved beyond the gain 
anticipated from the redv\ced radiation loss. 

In analyzing tokamak plasmas, it is exceedingly difficult to 
distinguish cause from effect, not only because of our limited 
ablility to vary plasma parameters independently but even more 
because temperature and current density profiles, impurity con
ditions, energy transport, and plasma instabilities interact 
strongly. Nevertheless, the effect of differences in discharge 
evolution on the subsequent plasma parameters of the quasi-steady 
state is, in our experience, great enough to warrant a preliminary 
report. Furthermore, in tokamaks larger than ELT, the problem of 
how best to establish the discharge for optimum results is likely 
to become even more difficult. 

In this paper, experiments illustrating the importance of 
controlling the evolution of the discharge are described. The 
bearing of current evolution effects on plasma-limiter interaction 
is discussed irv Section 2, and on energy confinement in Section 3. 

2. PLASMA-LIMITER INTERACTION 

In PLT, four tungsten rail limiters were used originally to 
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define the plasma minor radius. After extensive low power (Taylor 
[ll]) discharge cleaning, tungsten impurities in high power deuterium 
discharges radiated a large fraction of the ohmic input power from 
the plasma core. [8,12,13J The intensity of the tungsten radiation 
wac correlated directly with the ion temperature in the edge region 
and inversely with the concentration of low Z impurities. [9] Sub
sequent experiments with a carbon limiter demonstrated that the 
limiters and not the wall were the important, if not the sole 
source of tungsten; thus high levels of tungsten radiation are an 
indication of adverse plasma-limiter interaction. With a large 
influx of helium or deuterium gas, and the systematic use of 
titanium fettering between discharges, the tungsten radiation from 
the core could be reduced to a negligible level of less than 
0.15 W/cm . [8,12] In hydrogen or deuterium discharges without 
gettering,it was impossible to sustain throughout the discharge 
an influx of gas sufficient to simultaneously keep the tungsten 
radiation at a negligible level throughout the pulse and avoid a 
disruption. [8,12] Nonetheless, in these discharges the tungsten 
radiation could still be reduced, either deliberately by increasing 
the filling pressure and. the gas influx, or spontaneously in dis
charges following a major disruption in which a greater influx of 
gas and perhaps of low Z impurities increased the density and 
contracted the current channel during the startup phase. 

In Fig. 1, two hydrogen discharges are compared with different 
initial filling pressures and gas influx rates. The tungsten 
radiation was monitored by an ultra-soft x-ray detector which is 
sensitive to wavelengths less than about 150 8. [14] In discharges 
with a substantial concentration of tungsten and low concentrations 
of oxygen and carbon, the radiation detected by the ultra-soft x-ray 
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detector was in good agreement with vacuum ultraviolet measurements 
of the tungsten radiation in the band 30 to 70 8. [15 J In the dis
charge labeled (b) the initial filling pressure and the influx of 
gas were increased compared with the discharge labeled (a) . This 
resulted in a substantial reduction in the ultra-soft x-ray signal, 
an increase in the line average electron density, a contraction of 
the current channel and a reduction in the quasi-steady state loop 
voltage. The current profile was monitored by measuring H-/2 + So, 
which is determined from the plasma position and the current in 
the vertical field coils used to maintain radial equilibrium. The 
dimensionless internal inductance, I . , is that defined by Shafranov 
[16], and g Q is the usual poloidal beta. Typically & B is small 
(< 0.2) during the startup phase, so that the SL./2 + $ measurement 
is a good monitor of the gross current profile shc^e. The higher 
internal inductance of (b) which results from the constriction of 
the current channel, causes the plasma current to rise more slowly 
in (b) than in (a) for a fixed primary current. The differences 
in evolution of the plasma current, internal inductance and tungsten 
radiation shown in Pig. 1 are quite general and have been observed 
in experiments with various limiters, working gases and types of 
wall conditioning. 

The strong dependence of the intensity of the tungsten radiation 
on the shape of the current profile is shown in Fig. 2 for a series 
of hydrogen discharges produced after extensive low power discharge 
clearing. Both tungsten radiation and the equilibrium parameter 
&.j/2 + S Q were evaluated at t = 70 msec. Clearly the value of the 
internal inductance during the startup phase is a good indicator of 
the plasma-limiter interaction. The data shown by Fig. 2 include 
resylts from discharges with different initial filling pressures 
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and gas influx rates, different initial currents in the ohmic 
heating coil (which also influences the evolution of the discharge), 
and differences in the wall condition following a disruption. Some 
of the scatter in the data shown in Fig. 2 can be attributed to 
differences in the evolution of the current profile. In 
order to minimize the tungsten radiation, it appears to be desirable 
to contract the current profile throughout the startup phase — not 
merely at 70 msec. 

In order to constrict the current channel and reduce the 
tungsten radiation without causing a disruption, some control of 
the wall conditions and very precise control of the gas influx is 
required. As shown in Fig. 3, the transition from broad to peaked 
profiles and the corresponding decrease in tungsten radiation was 
accompanied by only a 10% increase in the density, measured at 
t = 70 msec. A further increase in the flow rate resulted in a 
major current disruption. 

Figures 2 and 3 taken together imply an inverse relation between 
the density during the startup phase of the discharge and the sub
sequent tungsten level in the plasma. However, the density at which 
the transition from broad to peaked current profiles occurs depends 
upon many factors. It is a function of both the method of wall 
conditioning (e.g. discharge cleaning, titanium gettering), conditions 
which bear on the level of light impurities in the discharge, partic
ularly oxygen, as well as of the applied single-turn voltage, which 
is determined by the primary current. Consequently, compared to the 
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shape of the current profile as measured by £., the density 
is a relatively poor predictor of plasma-limiter interaction. 

A dependence of the plasma-limiter interaction on the shape 
of the current profile can be qualitatively understood in the 
following way. If the current profile is broad (an occurrence 
sometimes accompanied by a hollow temperature profile), the edge 
temperature is relatively high, resulting in increased piasma-limiter 
interaction. Thus, peaked profiles are desirable. However if the 
current channel is too constricted, the discharge is more suscept
ible to disruptions. 

Differences in the tungsten concentrations might be a result 
of a change in the impurity confinement time as opposed to a change 
in the plasma-limiter interaction, as implied above. This point 
has been checked to some extent by monitoring the heat deposited 
on a carbon limiter. However, it should be noted that there is no 
evidence to suggest that in a normal discharge the heat flux to 
either the tungsten or the carbon limiters is sufficient to cause 
evaporation. Thus, though the heat deposited on the limiter is a 
direct measure of plasma-limiter interaction, it is an indirect 
monitor of the factors responsible for impurity influx. During 
1977, a carbon limiter which was not water cooled was installed 
in addition to the tungsten limiters. Figure 4 shows the net 
temperature rise on this carbon limiter (heat deposited during 
the pulse less the radiation ana conduction loss between pulses) 
versus current profile shape evaluated at 50 msec during the 
startup phase. The strong inverse correlation suggests that 
the reduction in impurities observed with a contracted current 
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channel must be at least partly due to reduced plasma-limiter 
interaction. 

3. GROSS - ENERGY REPLACEMENT TIME 

In the past year (1978), several important modifications in 
machine operation were made. T^ese changes have been discussed in 
Ref. [8] and will only be briefly described here. The tungsten 
limiters were replaced with stainless steel limiters (inside* outside, 
top and bottom) and two water cooled carbon limiters (top and bottom), 
and titaniun gettering of vacuum vessel walls between discharges 
came into routine use. [17,18] The effect of these changes has 
been to eliminate tungsten radiation and through the use of titanium 
gettering to increase the maximum line average density in H or D 

13 —3 discharges from 5 to 10 x 10 cm 
In addition to these major changes, a gas feedback system 

(Pig. 5) was installed to control the evolution of the discharge 
during the startup phase and compensate for changes in wall conditions. 
Preprogrammed density, n , and SL./2 + Bfi signals are constructed and 
the difference between the measured and the desired waveforms is 
used to drive a pulse gas valve (Veeco PV-10) . The valve is mounted 
directly on the vacuum vessel wall to minimize the response time of 
the system (< 5 msec) . Figure 5 illustrates the use of: the gas 
feedback system for both high and low density discharges. This system 
has made it possible to make parameter scans more easily and to 
evaluate differences due to changes in the startup phase, though it 
does not change the operating range imposed by plasma disruptions. 
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In recent parameter scans of deuterium discharges with both 
stainless steel and carbon limiters as well as in earlier high 

- 14 -3 density helium discharges (n < 1 x 10 cm ) with tungsten 
limiters, [12] substantial variations in the electron energy re
placement time (factor of 2) are observed for the same macroscopic 
plasma parameters. These variations are considerably greater than 
the uncertainties in the measurement. It appears that these 
variations can be attributed to the manner in which the discharge 
evolves and to changes in the plasma periphery due to differences 
in the gas influx. Furthermore, it appears that these variations 
can be controlled. 

Two different experiments were conducted to examine the effect 
of the gas influx on the energy replacement time. The first set 
of experiments compares the effect of contracting the current 

profile using the gas feedback system (see 3.1). The second set 
of experiments illustrate that favorable results can also be 
obtained during the quasi-steady state by applying a short but 
intense burst of gas (see 3.2) . Both of these experiments were 
conducted with'stainless steel liraiters, titanium gettering between 
discharges and deuterium as the working gas. 

3.1 Contracting the current profile using the gas feedback system 

Two discharges will be compared having very similar values of 
line-averaga density, plasma current and toroidal fieia. in the 
first (conducted on October 16, 1978) the gas feedback system was 
controlled with the density input, and in the second (conducted 
October 24, 1978) with both density and S../2 + B. input, in the second 

l a 
case the preprogrammed waveforms were constructed to r e s u l t in the most 
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con t r ac t ed cu r ren t p r o f i l e poss ib le without d i s r u p t i o n s during the 

s t a r t u p phase. The evolu t ion of the dens i ty and Z./2 + g n waveforms 
1 y 

is shown in Fig. 6. When the current profile was not deliberately 
contractedf the temperature profiler measured with the multi-channel 
Thomson scattering [19] system were initially hollow and only became 
peaked some 300 msec into the discharge. In contrast, when the 
current profile was deliberately contracted, the temperature pro
file was also contracted and sharply peaked even during the earliest 
phase of the discharge (see Fig. 7) . Furthermore, during the quasi-
steady phase of this discharge, the electron temperature was greater 
(both volume-averaged and peak) , the ohmic input power was less, 
and thus the electron energy confinement time, T_ . was greater 

Ee 
as shown in Pig. 8. x„_ is defined as the electron energy divided 

.fc*e 
by the ohmic input power where the electron energy is calculated 
from the Thomson scattering measurements. 

The improvement in electron energy confinement time during 
the quasi-steady state does not appear to be due primarily to changes 

••*•-.vs»..the radiation from the core of the discharge. In Fig. 9, the 
total energy stored in the discharge within a radius r, the inte
grated ohmic input, â td the bolometric power radiated are shown. 
To evaluate the energy stored in the discharge, the ion energy is 
calculated self-ooasistently assuming neoclassical ion heat con
ductivity and including convection, charge exchange and electron-ion 
collisions, and added to the electron energy. For the conditions 
of these experiments, the electrons and ions are relatively well 
equilibrated ?nd the uncertainty which this model introduces into 
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•the calculation of the energy stored in the discharge is less than 
10%. The bolometric measurements of the flux of power out of the 
discharge, including both charge exchange and radiation, were Abel 
inverted assuming that the power is predominately due to radiation. 
Figure 9 also shows the energy transport time defined by 

r 
§ / < ne k Te + n i k T i > r d r 

/<P0H ~ Prad> r d r 

as well as the more usual energy confinement time defined by 

T E (r) = 
1 / (n kT + n.kT.) rdr 2 I e e 1 1 _ Jo 

/
P c rdr 

where p n H and p , are the local ohmic input power and bolometric 
radiated power respectively. The two discharges differ in stored 
energy and in ohmic .input power; the latter reflecting a change in 
the one turn loop voltage since the plasma currents are nearly the 
same. In neither discharge is the power radiated from the plasma 
core (r < 10 cm) the dominant power loss term. Within the plasma 

m 

core both discharges exhibit similar values of t„ and T (although 
in the contracted discharge small internal disruptions observed 
in the soft x-ray emission might have affected the confinement), 
but outside the core both T„ and T^ are about twice as long in the 
contracted discharge. Thus, the increase in the quasi-steady state 
energy confinement time which accompanies the contraction of the current 
channel during startup is due to a reduction in plasma transport. 
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The electron heat conductivity was evaluated with the assumption 
that the power flow from the electrons to the ions can be calculatad 
with the model used to evaluate the ion temperature and also including 
the ohmic input power, the bolometric radiated power and an estimate 
of convection. The electron heat conductivity, K, was found to 
decrease by a factor of about two in the discharge which was 
contracted. This is partly a result of the difference in the electron 
temperature gradient scale length. The analysis of K is more 
sensitive to the uncertainties in the ion heat transport model than 

T . . . the calculation of T„, which is quite insensitive. 
hi 

3.2 Contracting the current profile through intense gas bursts 

The electron energy confinement time can also be improved by 
contracting the current profile later in the discharge with short 
(100 and 120 msec) though intense (10 to 30 Torr -1/sec) gas bursts, 
as shown in Fig. 10. In this experiment, the flow of gas was 
controlled directly and the gas valve was not part of a feedback 
loop. The effect of these gas bursts is again to contract the 
current channel, perhaps by inducing s minor disruption. During 
the bursts, the strength of the CIII emission increases very sub
stantially (factor of ~ 20), as does the emission from other low 
ionization states of carbon and oxygen (OVI, CIV). However, the 
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emissii >_ from the higher ionization states — CV, CVI, and OVII — 
either remains the same or decreases slightly. The behavior of 
these lines is qualitatively similar to changes in emission observed 
on the ATC tokamak during rf heating [10]. The analysis of the 
ATC data indicated that a substantial increase in particle recycling 
in the plasma periphery was required to account for these changes 
[10,20]. Profile changes of the electron density and temperature 
cannot in either experiment fully account for the observed increase 
in the emission of the lower ionization states. Furthermore, in 
the PLT experiment, emission of hydrogen light also was increased 
substantially' (factor of - 20) which is a direct indication of the 
decreased particle replacement time in the plasma periphery. 

The enhanced particle recycling indicates a mechanism by which 
the power balance in the periphery can be substantially altered, 
thus modifying the temperature profile. In all of the experiments 
discussed in this paper, the power loss by ionization of the gas 
influx through the valve is negligible compared with the ohmic in
put tower, so that this gas influx cannot directly affect the power 
balance in the plasma periphery and contract the current profile. 
However, if the gas influx induces rapid recycling of both the back
ground gas and low 2 impurities in the plasma periphery, then the power 
balance there can be altered and as a result the overall current 
and temperature profile can change. The importance of this mechanism 
in contracting the current profile in the other experiments discussed 
in this paper has not been determined. 
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After the gas bursts (after ~ 500 msec in Pig. 10) the energy 
replacement time increased substantially. Figure 11 shows the 
electron temperature and density profile of the discharge shown 
in Fig. 10 evaluated after the gas bursts and the corresponding 
plasma parameters. The electron and ions are even better equili
brated than in the discharge shown in Fig. 8, so that the total 
energy replacement time is - 100 msec. 

In Fig. 12 the electron energy confinement time in the dis
charges in which the current profile was deliberatly contracted is 
compared with a more usual sample of data. Titanium gettering was 
used with either carbon or steel limiters. The usual sample of 
data includes both types of discharges — those which were and 
were not contracted. By deliberately contracting the profile, the 
longest electron energy confinement times for a given density have 
been attained. A further indication that the variation in confine
ment time cannot be attributed co differences in high Z impurities 
alone is that both carbon and stainless steel limiters show a 
similar variation in confinement time for the same density. In 
discharges with carbon limiters, the level of iron radiation is 
typically a third or so of what it is with stainless steel limiters. 
Furthermore, bolometric and spectroscopic measurements in
dicate that in gettered ohmically heated discharges with either 
carbon or stainless steel limifcers, radiation for the core is not 
the dominant power loss mechanism in the quasi-steady state. 

4. SUMMARY 

The results of PLT experiments conducted with various limiters 
indicate the importance of carefully controlling the gas influx. 
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By adjusting the gas influx, it is possible to decrease plasma-
limiter interaction and the influx of high Z impurities from either 
stainless steel or tungsten limiters and also to improve the energy 
confinement time. The mechanism by which the gas influx alters 
both the evolution of the discharge as well as the conditions in 
the periphery is rather subtle. As pointed out, the power loss due 
to ionization of the gas is small comparer1 to the ohmic heating 
power. Thus, the gas influx appears to act indirectly in altering 
the profile of the discharge. It appears that just as it was 
important to develop techniques to control the macroscopic properties 
of the discharge (for instance, discharge cleaning, titanium getter-
ing, limiter design), it is now necessary to develop further and to 
implement new techniques aimed at profile control, in order to 
minimize the high Z impurity influx, and optimize both the temper
ature and nx of the discharge. Controlling the gas influx, though 
perhaps the simplest, is only one of several techniques w. ich can 
be used and all of which need to be studied further. 
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FIGURE CAPTIONS 
Fig. 1. Comparison of two hydrogen discharges with tungsten 

limiters. Both the initial filling pressure and the 
gas influx rate were increased in the discharge 
labeled (b) compared with (a) . 

Fig. 2. Tungsten radiation (ultra-soft x-ray detector) versus the 
current profile shape (JI./2 + Bn) evaluated at 70 msec 

1 D 

into the discharge. 
Fig. 3. Current profile (2̂ /2 + $Q) versus electron density 

evaluated at 70 msec into the discharge. The discharges 
shown here are a subset of Fig. 2 in which the initial 
ohmic heating current was kept constant. 

Fig. 4 (a) Schematic illustration of the change in the carbon 
limiter temperature with time. (b) Change in the 
carbon limiter temperature as a function of the 
current profile shape (JJ./2 + g ). 

Fig. 5. Gas feedback system used to operate the pulsed gas 
valve and control the density and &j/2 + ftQ waveform. 
The difference between the measured and preprogrammed 
signal is exaggerated for clarity. 

Fig. 6. Comparison of two deuterium discharges using the gas 
feedback system. In the October 16, 1978 (dotted line) 
only the density input was used while in the October 24, 
1978 (solid line) , both the density and 8̂ /2 + & e were 
used to contract the current profile. 

Fig. 7. Comparison of the evaluation of the temperature profile 
for the discharges shown in Fig. 6. 

Fig. 8. Thomson scattering profiles in the quasi-steady state 
comparing the two discharges shown in Fig. 6. 
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Fig. 9. Comparison of the energy (Ej, integrated ohmic input 
power (P_ H), bolometric power radiated (P r a d)/ energy 
transport time (T T) and energy replacement time 
T (r) for the two discharges shown in Fig. 8. 
E 

Fig. 10a. Line average density hased upon the 2 ran microwave 
interferometer and Thomson scattering measurements 
and the duration of the intense gas bursts used to 
increase the density and contract the current 
profile. (b) Line emission of CHI radiation versus 
time. 

Fig. 11a. Thomson scattering profiles of the discharges shown 
in Fig. 10 after the intense gas bursts. Values for 
Zeff s ^ i 9 n t l v *-ess than one are encountered frequently 
in high density discharges and we cannot account for the 
difference through experimental error. The Gause of this 
effect is unknown. The value obtained without including 
the neoclassical corrections is 1.2. 

Fig. 12. Electron energy replacement time versus density. The 
black circles and crosses correspond to the two experi
ments discussed in the text in which the current profile 
was deliberately contracted. The open circles and tri
angles are a typical sample of data using stainless 
steel and carbon limiters respectively with titanium 
gettering. 
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