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ABSTRACT

Real time control of deuterium or helium gas injection by feedback on Langmuir probe

signals is implemented in Tore Supra ergodic divertor discharges. The feedback schemes are

based on the robust experimental observation that the density limit coincides with edge

temperature Te~l0 eV. Three control algorithms are used:

(1) proportional feedback on the central line-averaged density with real-time attenuation of

the system gain and security cut-off of the gas injection if the edge temperature becomes too

low;

(2) proportional feedback on the central line-averaged density with security cut-off controlled

by the degree of detachment (DoD);

(3) proportional feedback on edge temperature with security cut-off on the DoD.

The DoD is defined for deuterium discharges, but not for helium since those do not detach.

All three feedback modes permit operation close to the density limit and have been

successfully applied for plasma currents 0.4</p<1.8 MA, and at /p-1.4 MA with up to 4 MW

of ICRH power.



1. Edge density regimes with ergodic divertor

Tore Supra is a superconducting tokamak dedicated to the study of high power, long

duration discharges. One of the most important axes of the experimental program is control of

high power plasmas with the ergodic divertor,1 which consists of six octopolar current coils

arranged toroidally around the outboard midplane.2 The radial magnetic field introduced by

the divertor coils destroys the outer magnetic flux surfaces to create a low confinement zone

that occupies 35% of the total plasma volume. This ergodic layer, with its broad profiles of

high density and low temperature, serves doubly as a good radiator, and as an excellent

impurity screener.3 Fields lines originating from deep inside the ergodic layer connect in a

twisted, helicoidal pattern to the 42 neutralizer plates that lie between the divertor current

bars. In flux tubes with short connection lengths of the order of one poloidal turn, the outward

streaming plasma seems to obey standard parallel physics as seen in axisymmetric divertors.4

Three edge density regimes have been identified in deuterium plasmas and characterized by

simple modelling:5 a sheath-limited regime at low volume-averaged densities, a conduction

limited (or high recycling) regime at intermediate densities in which there is strong interaction

between the recycling gas and the incident plasma, and finally a detached regime when the

power is mostly radiated rather than conducted onto the divertor plates. In ohmic plasmas the

radiated power fraction is 85-95% at detachment. The edge temperature decreases with

increasing central density throughout the high recycling regime and saturates around re~10

eV at detachment. The detachment is always followed by a radiative limit disruption. Detailed

experimental characterization of the edge density regimes in Tore Supra is described in

reference 6.

High density plasmas are required in view of reactor operation both for high fusion

power yield and to enhance the radiation capability, but the plasma edge becomes very

difficult to manage due to the non-linearity its response. With additional RF heating, the

transition to detachment is extremely rapid, usually resulting in a loss of coupling and

immediate disruption. Furthermore, it is impossible to predict at what central density the edge

will detach because the physics depends very sensitively on the amount of neutral gas and

impurity radiation, both of which are influenced by the state of the wall. It is crucial to find a

reliable, reproducible method of monitoring the state of the edge plasma in order to prevent

disruptions, and to provide a tool for selecting particular edge regimes as needed for certain

scenarios. Feedback on bolometry signals has been investigated in the past.7 In this paper we

describe techniques to control the plasma density by feedback on Langmuir probe signals.



The probe system is outlined in Section 2 and the feedback algorithms are described in

Section 3.

2. Experimental setup

2.1. Tore supra divertor probes

Tore Supra is equipped with 22 graphite (CFC) domed probes (5 mm diameter), 14 of

which are mounted between the fingers of some of the vented neutralizer plates. The probe

design is shown in Fig. 1. The probe is electrically isolated from its CFC housing by boron

nitride sleeves. The housing itself is bolted to the actively cooled target plate to ensure good

thermal contact such that the entire probe assembly cools quickly after the shot. After two

years of operation, the probes show negligible evidence of erosion or damage.

All the probes are biased in single probe mode with respect to the vacuum vessel

ground. Current-voltage (I-V) characteristics are swept out in 1 ms. In order to minimize the

time required to fit the I-V characteristics, we apply the standard analysis technique of

strongly magnetized probes, meaning that we neglect finite Larmor radius or sheath effects,

and assume a hard ion current saturation. The effective collecting area of the probe is taken to

be equal to its geometrical projection along the field lines. It is known that Langmuir probes

in typical tokamak edge plasmas can collect enhanced ion current due to deflection of ion

orbits in the magnetic presheath, with the result that the ion current does not truly saturate. If

that happens, then application of a standard analysis can lead to significant overestimation of

the electron temperature.9 Under extreme conditions, such effects can be expected even for

probes as large as those in Tore Supra. In hot plasmas with Te approaching 100 eV, the

magnetic presheath thickness becomes comparable to the probe dimensions, and so the

magnetized model breaks down and we would expect to see important ion current

enhancement due to sheath effects. This poses no limitation to the feedback technique,

because the relevant physics occurs when Te is low. In cold plasmas with re~10 eV, the

effective area should increase no more than a few percent, so the temperature obtained using

the standard analysis is only overestimated by 1-2 eV (Fig. 2).



2.2. Real time data acquisition system

The main data acquisition system of Tore Supra consists of four Digital Unix 2100

servers that manage the acquisition, storage, and automatic analysis of data for each shot.

Each of the subsystems, whether they be acquisition units (e.g. diagnostics) or control units

(e.g. poloidal field system), communicate with the main data acquisition system, sending data

as it is acquired. The Langmuir probe diagnostic is fully integrated into this network. The

electronics are embedded in a VME crate, with a Power PC mother board controlling the data

acquisition. The measured probe current and applied biasing voltage from all the probes are

transferred to an ICV 101-8MHz memory card via five multiplexer boards (ICV 122) each

having 8 input ports. The memory board is emptied periodically by the Power PC which

oversees the transfer of the raw data to the main data acquisition system. The diagnostic itself

normally performs no calculations: the data are analyzed after the shot by one of the main

servers.

I-V characteristics are measured every 8 ms, with a total sweep duration of 1 ms, but

due to limitations in the capacity of the system to handle large data flow, only every eighth

characteristic is actually transferred to the main data acquisition system to be stored in the

data base. However, two of the probes may be chosen prior to the shot to produce

characteristics at the full rate, and it is these probes that are used for the feedback application.

Following the 1 ms acquisition, the Power PC board performs least squares fits on the two I-V

characteristics in about 2 ms. The resulting density and temperature pairs are then broadcast to

a SCRAMNet card which is linked to a number of other acquisition and control units, forming

a fast reflective memory network. All the units that are connected to the SCRAMNet network

have access in real time to each other's measurements. The control units that participate in this

network are the timing, poloidal field, gas injection, LH, ICRH, and ECR systems. The

polarimetry, interferometry, bolometry, and Langmuir probe systems are the acquisition units

that have been connected until now. A schematic of the real time feedback control system is

shown in Fig. 3.



3. Feedback technique

The high recycling regime, with edge temperature just above 10 eV, is considered to

be the optimal ergodic divertor operation scenario. The radiated power fraction is high and the

conducted power onto the neutralizer plates is low. Sputtering should be minimal due to the

low temperature. The high edge density combined with the thickness of the low confinement

region leads to good impurity screening capability. High edge density is favourable for good

ICRH coupling. It has been found the the neutral pressure in the divertor plenum is

proportional to the incident particle flux, so the high recycling regime is clearly of interest in

order to maximize pumping efficiency.10 One difficulty associated with operation in the high

recycling regime is due to the nonlinearity of the system: any slight modification of the

upstream plasma parameters due to core sawtooth crashes, for example, leads to enormous

modulations of edge density and temperature. Under such conditions, the ICRH adaptation

programs cannot respond quickly enough to the rapid changes in coupling resistance, and

coupling may be lost, leading to immediate disruption. This happens because the radiative

limit in ohmic plasmas is lower than in additionally heated plasmas. As an example, Fig. 4

shows a shot when the ICRH antenna failed to couple during a density ramp-up. The

preprogrammed reference value would have been below the radiative limit with additional

heating, but it was above the ohmic limit, and so the plasma very quickly cooled and

disrupted when the temperature fell to 10 eV.

Working in "detached" plasmas, that is to say, at central densities very close to the

edge radiative limit, may have some attraction due to the high radiated fraction, but in fact,

this regime has several unfavourable characteristics. As shown in reference 6, the penetration

depth of neutrals increases dramatically once the temperature attains 10 eV leading to a

degradation of the impurity screening, manifested by an increase of ZEFF- Equivalently, and

more importantly from a practical point of view, the fueling efficiency (defined as the rate of

increase of the central density with respect to the gas injection rate) increases. This in itself

often leads to disruptions because the fueling feedback loop becomes unstable.11 Normally,

the requested gas influx is proportional to the difference between a preprogrammed density

and the real measured density, with a constant multiplicative gain determining the time

response of the system:

% = G A I N X Pe.PROG (t) - ne,MEAS(t)].



During a density ramp-up, the fueling efficiency suddenly increases, and the large influx of

gas leads to excessive core fueling and a rapid, uncontrolled density increase terminating in a

radiative limit disruption. The gain of the feedback loop can be preprogrammed before the

shot to be lower at the high densities, but the radiative limit is very difficult to predict since it

depends on the impurity content and the wall state. Such a process inevitably involves some

trial and error to find the correct system gains.

3.1. Feedback on central density with security on edge temperature

The Langmuir probes offer a solution to the density limit problem. What we need is a

way to recognize when the edge is in the high recycling regime, and a way to attenuate the

gain of the gas fueling feedback loop in real time if the radiative limit is approached (due for

example to excessive gas fueling during a density ramp, or to a loss of ICRH coupling in a

high density discharge). A simple modification of the feedback algorithm accomplishes both

ofthese tasks:

^ i = GAINx [ne PROG (t) - ne>MEAS(t)] x S(Te (t)).

Here, S(Te) is a factor that attenuates the gas flow in real time based on the instantaneous

measurement of the divertor electron temperature (Fig. 5). Above an upper threshold

temperature Te\ the factor equals unity, so the gas injection proceeds normally. Between Te\

and a lower threshold temperature T&, the factor decreases linearly according to

T - T
S(Te)=

 e e2

T - T

with the gas flow being completely cut off when Te<Te2. The idea is that, independently of the

preprogrammed density reference value, the feedback loop will be able to recognize that the

edge is too cold and cut off the gas flow, giving the pumps and wall time to absorb some of

the excess gas and thereby move away from the density limit, returning to and maintaining the

high recycling regime. In the experiments reported below, the upper threshold was chosen to

be rei=20 eV, and the lower value Te2=l4 eV. This guarantees that the edge will not fall out

of the high recycling regime, and even with a disastrous event such as coupling failure, or

excessive gas injection, there will be some margin for the edge to warm up and recover.

The feedback technique has been successfully implemented on shots with ICRH

heating and ergodic divertor. We present here one shot that illustrates the ability of the

program to respond to unexpected events (Fig. 6). The main discharge parameters were



plasma current /p=1.4 MA, toroidal magnetic field B$=3A T, divertor current 7ED= kA, with 2

MW ICRH power from one of the three antennae. Between t=4 and 5 seconds a fast density

ramp (from 4.5 to 7.6x1019 m~2) was requested. This would be a typical scenario for coupling

ICRH power, as in Fig. 4, but in order to simulate a coupling failure, the antenna was

programmed to fire later, at t=5.5 s. As the reference density began to rise, the feedback

program began to increase the gas injection in order to try to raise the plasma density. The

electron temperature measured by the Langmuir probe began to decrease rapidly, and when it

fell below 20 eV, the gain attenuation algorithm kicked in and began to reduce the gas flow.

Due to the enormous difference between the measured density and the target density, a small

attenuation was insufficient, and in fact, the temperature fell all the way to the minimum value

of 14 eV, with the gas being completely cut off. The line-averaged density was maintained at

a nearly constant value of 4.4xlO19 m"2, with occasional puffs of gas being injected in

response to temperature increases on a slow time scale determined by pumping speeds and

particle confinement time. When the ICRH power was coupled at 5.5 s, the conducted power

into the edge increased, driving Te upwards to around 25 eV, allowing more gas to be

injected. However, the reference density was too high even for ICRH, and so the temperature

again fell, wandering slowly between 14 and 20 eV until the end of the shot, with the gas

injection attenuated accordingly.

3.2. Feedback on central density with security on the DoD

In deuterium discharges it has been observed that the plasma detaches from the

neutralizer plates at high densities, followed by a density limit disruption if the gas injection is

further increased. Detachment is manifested by a sudden drop of the ion saturation current and

coincides with edge temperature re~10 eV, an increase of the radiative fraction to -85-95 %,

and an increase of the fueling efficiency. Once detachment begins, the edge temperature

levels off and remains independent of the density, and cannot be used as a control parameter.

The degree of detachment (DoD), on the other hand, displays a large dynamic close to the

density limit. The DoD is defined as the ratio between a theoretical ion current extrapolated to

high density from the high recycling regime and the measured ion current. The DoD is unity

in the high recycling regime and increases during detachment.

Practically, the DoD is defined "on the fly" during the initial density ramp up. The

fitted ion current



JSAT,FIT=f(ne)

is calculated using data points whose corresponding temperature lies between two predefined

values, 13 eV and 18 eV for the example shown here (Fig. 7). The DoD is undefined until the

temperature falls into this range. Once it is defined, the security routine is activated and

attenuation of the gas flow begins at lower threshold DoDi and is cut off at upper threshold

DoD2, similar to the security on edge temperature described in the previous section. The JET

definition of the DoD is based on a simple two-point model that predicts

for constant input power in the high recycling regime.12 Such an expression is too sensitive to

be reliably applied to real experimental data, so we have opted to use a linear fit. The

maximum value of the DoD at the density limit, obtained on shots where it was unfortunately

only calculated but not used as a security, is roughly 2.5. In Fig. 8 is shown a shot for which

the DoD was used to prevent a disruption. A density ramp with /p=1.4 MA was requested.

The threshold values for the security function were DoDi=1.3 and DoD2=1.8. Initially the gas

injection rate increases to give the density ramp. The edge temperature falls and the DoD is

defined beginning at 3.8 s. At 5 s we see the characteristic increase of fueling efficiency (ratio

of rate of density increase to gas injection rate) that coincides with the beginning of

detachment. Shortly afterwards the DoD rises as the ion current falls, imposing attenuation

and finally cut-off of the gas flow. A slow cycle of reattachment/detachment is then

maintained until the end of the plasma current plateau at 8 s. The central density and radiated

power fraction are held nearly constant despite the modulations of the edge, evidence for the

good dynamic of the DoD near the density limit. The DoD defined this way seems to be

reproducible and well behaved; presumably one could perform a pure proportional feedback

on arbitrary values of the DoD in order to maintain a perfectly stable detached plasma.

5.3. Feedback on edge temperature with security on the DoD

Since the edge temperature seems to be a critical control parameter of the discharge,

one is tempted to use it for feedback control. This has been done for a number of different

experiments. We show here two examples. The first is an experiment dedicated to highly

radiating, high power plasmas with 4 MW of ICRH heating in which edge temperature ramps

were performed in order to find the optimum conditions for maximizing the radiation by a

given impurity. Even with some smoothing, the temperature is rather jumpy due to enormous

sawtooth collapses, but it follows the reference value well enough (Fig. 9). The second is an



experiment to study the density regimes as a function of ohmic power. The shot shown here

was with plasma current /p=1.5 MA and magnetic field 5=3.1 T during which an edge

temperature ramp was performed (Fig. 10). The reference value of temperature was set to 5

eV at the end of the ramp in order to force a detachment and allow deep measurements by the

fast-scanning probes. The gas flow was attenuated starting at 6 s due to the increase of the

DoD towards the cutoff value DoD2=1.9. The gas flow was not totally stopped because the

overall gain of the feedback loop was well adapted to these particular conditions, and the

detachment was held stable until the end of the current plateau at 8 s, as evidenced by the flat

line-averaged density.

4. Conclusion

The edge temperature measured by Langmuir probes has been identified as a reliable

control parameter of ergodic divertor discharges in Tore Supra, and is now routinely used as

an operational tool. Independently of the level of impurity radiation or additional heating

power, the feedback algorithm detects the cooling of the edge plasma that typically precedes a

density limit disruption, and attenuates the gas injection. Proportional feedback on edge

temperature has been performed in deuterium and helium discharges. The degree of

detachment has been used to maintain stable detached deuterium plasmas close to the density

limit. By reducing the number of disruptions, these new feedback algorithms have directly

increased the efficiency of ergodic divertor experimental campaigns.
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Figure captions

1. Schematic of one of the domed probes mounted between the fingers of the neutralizer

plates in Tore Supra. The probe is electrically isolated from its housing by boron nitride,

and the housing is fastened to the side of the actively cooled neutralizer.

2. I-V characteristic measured in a low temperature plasma. The 4-parameter fit that includes

a slope term to describe the nonsaturation of the ion current in addition to the usual ion

saturation current /SAT, electron temperature Te, and floating potential Vf terms, does give

a better result, but the calculated temperature is not very much different than that given by

the standard 3-parameter fit.

3. Schematic of the Tore Supra control system. Some control units (e.g. the gas injection

system) and diagnostic units (e.g. the interferometry and Langmuir probes) are

interconnected via a SCRAMNet network of reflective memory, so that they may share

data in real time during the shot. Here is illustrated the feedback loop that could be used to

control the gas injection by reacting upon the central density, the edge density, and the

edge temperature.

4. This plot illustrates the necessity to be able to monitor the edge state in real time. Here a

high density was programmed to correspond to the injection of ICRH power, but the

antenna failed to couple. The requested density was above the ohmic radiative limit and so

the strong gas injection cooled the plasma, causing a disruption. In the top plot are shown

the line-averaged density and its preprogrammed waveform (solid curve), and the ICRH

power (dashed curve). In the lower graph are shown the temperature given by a Langmuir

probe (solid curve) and the total gas injection (dashed curve).

5. The gas injection attenuation function, based on the temperature measured by the

Langmuir probe in real time. Above 20 eV, the gas injection proceeds normally. Below 14

eV, the gas is shut off. Between the two thresholds the gas is attenuated below the flow

given by the standard feedback routine.

6. Application of the feedback technique in an ICRH-heated discharge. The convention is the

same as in Fig. 7. The plasma would ordinarily disrupt around 5 s due to the large gas

injection, but the Langmuir probe routine detected the sudden temperature drop and cut

off the gas. Note the large difference between the measured density and the reference

density. When ICRH came on, the gas flow increased in response the the warming of the

edge.



7. To define the DoD, the ion current density in the high recycling regime, when Te lies

between 13 eV and 18 eV, is fitted with a line and extrapolated to high densities. The Dod

is the ratio between the extrapolation and the real measured current during the detached

phase. The points indicate the data that are used to calculate the DoD for this particular

curve.

8. Shot TS27950 - density ramp with security on the DoD. In the first panel are the gas

injection rate (full curve) and the DoD (dashed curve). The gas flow is cut off when the

DoD rises above 1.8, allowing the plasma to re-attach. In the second panel are the central

line-averaged density (full curve) and the ion saturation current measured by a divertor

Langmuir probe (dashed curve). In the bottom panel are the total ohmic power and

radiated power (full curves) and the edge electron temperature (dashed curve).

Detachment occurs when Te~10 eV.

9. Shot TS28236 - edge temperature ramp (full curve) with 4 MW of ICRH power. The

reference value is indicated by the thin dotted curved. The deuterium gas flow (dashed

curve) is also shown.

10. Shot TS28269 - temperature ramp leading to a stable detached plasma with Ip=1.5 MA. In

the top panel are the edge temperature (full curve), its reference value (thin dotted curve),

and the line-averaged density (dashed curve). In the bottom panel are the gas flow (full

curve) and the DoD (dashed curve). The gas flow is attenuated in response to the

increasing DoD.
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