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Fast shutdown of discharges using massive gas injection (MGI) is a promising technique 
for reducing tokamak wall damage during disruptions [1]. An outstanding concern, however, 
is the generation of runaway electrons (RE) during the shutdown. Although RE formation 
observed during MGI in present-day experiments is quite small (typically <1% of the main 
plasma current Ip in DIII-D), it is thought that even this small RE current could be amplified 
to significant levels in reactor-scale tokamaks such as ITER [2]. 

It is expected that complete collisional suppression of any potential RE amplification 
during the CQ can be achieved for suppression parameters !crit " Ecrit/E# > 1, where Ecrit = 
[2$e3ln%(2ne + nB)]/mc2 is the critical electric field [2] and E# & [(μ0li)/4$][-('Ip/'t)+ 
(L(Iw/)w)] is the toroidal electric field resulting from the decay of the plasma current Ip. ne is 
the free electron density, nB is the bound electron density, (L ! 2[ln(8R/rw)-2]/li is the ratio of 
external (outside conducting wall) to internal (inside conducting wall) self-inductance, Iw is 
the wall current, and )w is the wall time. The densities required to achieve !crit > 1 are 
typically quite large, e.g. ntot " ne + nB/2 & 1016 cm-3 for DIII-D. To have a possibility of 
achieving the required density in the DIII-D plasma (with volume Vp & 20 m3), an MGI 
system using argon must be able to deliver of order 1022 argon atoms to the plasma within the 
shutdown timescale (jet trigger to CQ onset) of about 10 ms. 

In 2005-2007, three different MGI delivery systems were tested on the DIII-D tokamak; 
these are shown in Fig. 1. In 2005, a single-stage low-flow D = 0.495 cm valve was used 
together with narrow D = 1.5 cm directed guide tube to aim the neutral jet at the plasma core. 
This valve delivered a total of about 3*1022 argon atoms to the plasma in a 20 ms pulse (at the 
plasma). In 2006, a new two-stage, large-orifice (D = 2 cm) gas valve was used to inject argon 
through a high-flow D = 15 cm guide tube. The 2006 setup delivered of the order 3*1023 
argon atoms to the plasma in a roughly 10 ms pulse. Most recently, in 2007, tests are in 
progress using 1 to 6 single-stage valves simultaneously injecting gas through a high-flow 
guide tube. The 2007 setup has been tested with argon in a single actual plasma discharge to 
date, delivering of the order 2.6*1022 argon atoms to the plasma in a roughly 4 ms pulse 
(using 5 valves). 
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Neutral delivery rates at the plasma are 
shown in Fig. 2(a). The neutral flow rate for 
the 2005 geometry is obtained from 2D fluid 
modeling; this modeling has been validated 
through comparison of fast output pressure 
measurements in bench tests of the actual 
delivery system geometry and the simula-
tions [3]. In the case of the 2006 geometry, 
the fluid modeling was not performed 
because of the complicated, poorly-known 
valve opening behavior of the valve. Instead, 
the flow was approximated as being 
proportional to the output pressure measured 
in bench tests, normalized by the known total 
amount of gas delivered. Finally, in the 2007 
geometry, neither bench tests nor fluid 
modeling have been performed yet, so ana-
lytic expressions were used to estimate the 
flow rate. It can be seen that the two-stage 
valve has chatter [see time range t � t0 = 
4-10 ms in red curve, Fig. 2(a)], leading to 
pulses in the flow which contain sufficient 
argon to initiate the plasma shutdown, as 
shown by the core electron temperature, 
Fig. 2(c), and plasma current, Fig. 2(f). The 
bulk of the argon in the 2006 experiment 
arrives in the second half of the CQ [CQ 
time period marked by red shaded area in 
Fig. 2(f)]. Surprisingly, the large two-stage 
neutral pulse has little effect on the ne trace, 
[Fig. 2(d)] or in the Ip  trace [Fig. 2(f)]. In 

Fig. 2(f), it can be seen that the 2007 valve 

geometry initiates the plasma CQ several ms before the other valves geometries; this rapid 

shutdown onset is desirable from the standpoint of timely response during or prior to a 

disruption. 
To estimate the bound electron density nB achieved in these experiments, the distribution 

of charge states in the plasma current channel needs to be known. This is estimated here with 
0-D collisional-radiative modeling of the radiative shutdown [4]. The 0-D modeling uses the 
known neutral delivery rate to the vacuum chamber but varies the mixing of these neutrals 
into the core to match observed timescales. In the version of the 0-D model used here, three 
free parameters, the TQ mixing timescale !TQ, current quench mixing timescale !CQ, and TQ 
carbon delivery rate due to wall sputtering ú N C,TQ , are varied to best match the observed time 
TQ and CQ durations and current quench radiated power fraction due to carbon, Prad,C/Prad,Ar. 

Fig. 1. Schematics of three DIII-D MGI 
geometries: (a) 2005 geometry using single-
stage valve and directed jet tube; (b) 2006 
geometry using two-stage valve and open jet 
tube; and (c) 2007 geometry using six single-
stage valves with open jet tube. 
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Typically, 1�5!1019 carbon atoms need to 
be added in the model to match the 
observed radiated carbon fraction 
(compared with "5!1020 D+ and "1!1019 
C6+ ions in the plasma initially). The current 

quench radiated power fraction due to 

carbon is estimated from the single-chord 

core-viewing VUV survey spectrometer, as 

shown in Fig. 2(e). 

Figure 3(a) shows the amount of argon 
injected into the vacuum vessel Ninj (from 
the fluid calculations and/or bench tests) 
and the amount actually mixed into the 
plasma core Nplasma by the middle of the CQ 
(obtained from the 0-D modeling). It can be 
seen that the mixing efficiency Ymix # 
(Nplasma/Ninj) of argon from the edge into the 
core is relatively low, between 1%-5%. 
Also, it is apparent that the amount of argon 
injected by the middle of the CQ (Ninj) for 
the 2006 valve is similar to the 2005 valve, 
although the total amount injected (inte-
grated over the entire pulse) is 10! larger. 

Figure 3(b) shows the suppression ratio 

$crit; to obtain this, both free ne and bound nB 
electron densities in the current channel need 
to be known, as well as plasma and wall 
currents Ip and Iw. Here, we use ne measured 
from line-average interferometer measure-
ments. The line-average values are expected 
to be reasonably accurate by the middle of 
the CQ because the plasma is thought to be 
somewhat homogenous at this point; this is 
supported by observed ratios between differ-
ent interferometer view chords. The plasma 
current is measured by magnetic loops inside 
the vessel. The bound electron density nB and 
the wall current Iw are obtained from the 0-D 
modeling. It can be seen that the suppression 
ratios $crit are relatively low, about 1%-3%. A 
slight upward trend of $crit with increasing initial plasma thermal energy Wth is observed in 
the 2005 data � this is possibly due to higher-energy plasmas having more violent TQ MHD 
mixing and thus giving higher Ymix. No significant improvement in $crit is noticed in the 2006 

Fig. 2. Time traces (relative to valve opening 
time t0) of (a) argon delivery rate 
(1022 particles/ms), (b) jet photodiode (visible 
light), (c) central electron temperature (keV), 
(d) line-averaged electron density (1014/cm3), 
(e) radiated power, and (f) plasma current 
(MA). 

Fig. 3. (a) Number of argon atoms Ninj 
injected into vacuum chamber (circles) and 
Nplasma assimilated into plasma (diamonds) by 
middle of CQ; (b) runaway suppression ratio 
$crit for 2005 geometry (blue), 2006 geometry 
(red), and 2007 geometry (green) as a 
function of initial plasma thermal energy Wth. 
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two-stage valve geometry over the previous 2005 configuration, although 10! more neutrals 
are being injected. This clearly demonstrates that the initial neutral rise, not the total amount 
of particles injected into the vacuum vessel, is crucial for achieving high "crit. Consistent with 
this, despite injecting less particles, the 2007 configuration, at least based on the single Ar 
MGI shot obtained to-date, appears to give a higher "crit than the previous configurations. 

Several factors contribute to the overall low-achieved values of "crit. First, the finite 
delivery rate of argon neutrals causes the bulk of the argon neutrals to arrive after the CQ is 
over, at least for longer-pulse, higher total delivery, experiments (2005 and 2006). Second, 
argon neutrals are stopped at the plasma edge and spread sideways into the vacuum region 
instead of being absorbed into the plasma edge. This has been observed over a wide range of 
target plasmas [5] and is consistent with calculations of jet stopping [6]. Because of the 
resulting rapid neutral pressure buildup in front of the jet nozzle, less than half of the argon 
which is injected into the vacuum region during the CQ actually hits the plasma edge; this is 
estimated from absolutely-calibrated Ar-I imaging. The missing argon neutrals presumably 
go into side ports and beam ducts � this is seen in fast pressure gauge signals and has also 
caused difficulties with neutral beam sources after some MGI shots. Finally, even argon that 
is ionized at the plasma edge does not mix into the central current channel with perfect 
efficiency. Instead, a significant fraction is swept into the divertor region, indicated by 
divertor density measurements. 

In summary, argon MGI using three different valve/delivery tube geometries has been 
tested in DIII-D in the last three years. The results indicate that only the argon neutrals deliv-
ered to the plasma in the first several ms of the shutdown affect the resulting CQ impurity 
assimilation, so a very clean, sharp neutral rise is essential for achieving high assimilation. 
Preliminary results in 2007 using up to six single stage valves firing simultaneously have 
given promising results and experiments using this geometry are ongoing. 

This work was supported by the U.S. Department of Energy under DE-FG02-07ER54917, 
DE-AC05-00OR22725, DE-FG02-04ER54758, DE-FC02-04ER54698, W-7405-ENG-48, 
DE-FG03-95ER54309, and DE-FG02-04ER54762. 
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