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Predicting and controlling disruptions is an important and urgent issue for ITER. Reactors based 

on the ST and Tokamak concepts are expected to carry several MA of plasma current and 

therefore have the potential for disruption and the generation of substantial amounts of run-away 

electrons. While work is in progress to avoid disruptions, some may be unavoidable. For these 

cases, a fast discharge termination method is needed to minimize the deleterious effects of the 

disruption.  

 

At present Massive Gas Injection (MGI) is the most promising method for safely terminating 

discharges in ITER. Recent experimental results have shown that the cold front from the edge, 

which has been cooled by a massive gas injection pulse, needs to reach the q=2 surface for the 

onset of rapid core cooling to occur. On ITER, because of the large minor radius of the device, 

the long transit times for the slow moving neutral gas, and the large scrape-off-layer flows, it is 

not known if a simple MGI pulse from multiple locations would be adequate. Insight into ways 

for reducing the total amount of injected gas and optimizing the injection locations would further 

help with the design of a reliable system for ITER. NSTX can offer new data by injecting gas 

into the private flux and lower x-point regions to determine if this is a more desirable location for 

massive gas injection.  

 

Injection from this new location has two advantages. First, the gas is injected directly into the 

private flux region, so that it does not need to penetrate the scrape-off-layer. Second, because the 

injection location is located near the high-field side region, the injected gas should be more 

rapidly transported to the interior as known from high-field side pellet injection research and 

from high-field side gas injection on NSTX. By comparing gas injection from this new location 

to results obtained from injecting a similar amount of gas from the conventional outer mid-plane, 

NSTX results on massive gas injection can provide additional insight, a new database for 

improving computational simulations, and additional knowledge to disruption mitigation physics 

using massive gas injection. 

 

Introduction 

 

The present understanding of disruption mitigation using massive gas jets is based on work 

conducted on DIII-D, Alcator C-MOD, ASDEX-U, JET and other large tokamaks, and is 
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summarized in the following References [1-4]. A very brief summary of the present 

understanding of disruption mitigation using massive gas jets is given below. 

 

Requirements for the mitigation of disruption effects fall into three categories:  

 

(1) Reducing thermal loads on divertor and first wall  

(2) Reduction of electromagnetic forces associated with halo currents 

(3) Mitigation of runaway electron (RE) conversion in the current quench phase of the disruption 

 

Two methods of impurity injection are being pursued in disruption mitigation experiments: 

impurity pellet injection and high-pressure gas injection. Fast shutdown, high radiated power 

fractions and low halo currents have been shown to result from cryogenic argon and neon pellet 

injection in ASDEX-U, JT-60U, DIII-D and T-10. However, significant runaway generation was 

observed, especially when using argon pellets, leading to an increased interest in high pressure 

gas injection. More recent studies on DIII-D using shattered deuterium pellets seem to allow a 

safe termination of the discharge without the generation of runaway electrons [5]. High-pressure 

gas injection has been shown to provide fast shutdown and halo current mitigation, but without 

the generation of significant runaway electrons. 

 

During massive gas injection (MGI) experiments, the injected impurities strongly cool the 

boundary plasma, in the vicinity of the pedestal. Progressive cooling produces unstable current 

profile with evolving and growing islands. The cooling and island growth at the q=2 surface, 

finally invokes a rapid cooling of the entire plasma through both convection and impurity 

mixing. The core energy is effectively dissipated by impurity radiation, and the cold, dense 

poorly conducting outer region results in a significant reduction of wall heating.  

 

Empirical observation is that this thermal/electromagnetic (T/E) mitigation can be achieved with 

impurity density injection nimp~ 5x10
21

 m
-3

 (gas particles / plasma volume) introduced on a 

several millisecond timescale.  

 

If the total electron density in the plasma volume can be raised to the Connor-Hastie-Rosenbluth 

(CHR) limit [6], Ec ≥ E, then collisional suppression of runaway electron generation is 

guaranteed. For ITER this represents a density of 5x10
22

 m
-3

 for E=65 V/m (~500 kPa-m
3
 for He 

injection, about 10 times larger than for T/E mitigation). The proposed plan for ITER is to install 

gas injection systems with this capability, as this also simultaneously takes care of the T/E 

mitigation issues.  

 

Considerable amount of numerical modeling work is being conducted to better understand 

experimental results and to design a safe plasma discharge terminating system for ITER. 
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Experimental Plans for NSTX-U 

 

As a result of recent changes to the NSTX program plans, disruption mitigation experiments 

planned for in NSTX will now be conducted on the Upgrade to NSTX. These are briefly 

summarized. The primary goal of the experiments is to understand the different ways in which 

the safe plasma termination sequence propagates after arrival of the gas front to the plasma edge 

for variations in the poloidal gas injection.  Of particular interest is the comparison of injection 

location (1a) with location (2) as shown in Figure 1.  

 

The initial goals are to inject 1250 Torr.L of a 25% Neon + 75% Deuterium mixture at a plenum 

pressure of 5000 Torr during a current flat-top of discharge similar to that shown in Figure 1a. 

These initial experiments would be used to asses impact on diagnostics and if necessary to 

readjust the amount of injected gas. During the second part, a similar discharge would be forced 

to undergo a downward moving vertical 

disruption by unbalancing the vertical position 

control coils. Gas from locations (1a) and (2) 

would be injected and synchronized to contact 

the plasma edge just as the plasma begins its 

downward motion.  In the third part, gas 

injection from location (1a) would be delayed in 

time to assess the benefits of having a large 

buffer gas between the lower divertor tiles and 

the disrupting plasma. The effect of injecting 

gas into the lower scrape-off region that is 

located in a region of relative high toroidal field 

(location 1b) will be studied using a discharge 

similar in shape to that shown in Figure 1b. 

Finally a comparison of injection locations (1a) 

and (2) will be studied by injecting gas during 

the current flat-top but at different times during 

the q-profile evolution to assess the importance 

of the discharge q=2 surface proximity to the 

plasma edge, as previous work has indicated that the cooling and island growth at the q=2 

surface, is what finally invokes the rapid core cooling of the discharge. In all cases a comparison 

of the mid-plane location and from location (3) to lower divertor injection will be made. These 

studies would further motivate other experiments related to the variations in the gas composition 

and impurity species. These experiments would help develop the plenum size and valve 

throughput requirements for a system that could then be used on NSTX-U for disruptor predictor 

feed-back controlled MGI system triggering based on sensor provided data on an impending 

disruption. 

 

Figure 1: Shown are the planned Massive Gas 

Injection locations on NSTX-U. (1a)-Private flux 

region, (2)-Conventional mid-plane injection, (1b)-

high field lower scrape-off-layer region and (3) 

above mid-plane. 
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Integration of Diagnostics with Analysis 

 

These experiments are expected to contribute to the understanding of several important physics 

questions related to the MGI experiments. The primary study to be conducted would be to 

understand the gas assimilation efficiency. The key diagnostic for this is the Thomson scattering 

system. By triggering the two (or three) lasers in close temporal proximity to each other and 

using equilibrium reconstructions the gas assimilation efficiency as a function of poloidal 

injection location could be obtained. The MGI system response time, defined as the time delay 

between system trigger time and the time when the gas front reaches the plasma edge will be 

determined using neutral pressure gauges and H-alpha arrays. Multi-color Soft X-ray arrays, H-

alpha arrays, Plasma current monitor, EFIT reconstructions, Thomson scattering system, and the  

Mirnov coils are needed to establish the delay in current quench after the gas contacts plasma 

edge as well as in determining the rate of current quench, vertical dynamics of the plasma and 

the thermal quench evolution and pedestal collapse times. The bolometer array would provide 

information on core radiated power dynamics. The eventual impact of the uncontrolled and 

controlled disruption on the lower divertor would be studied using tile halo current sensors, 

divertor fast infrared cameras and by eroding thermocouples. These would also provide 

information on the spatial distribution of thermal loads and fast heat flux measurements. 

Eventually for developing a feedback controlled disruption mitigation system, locked mode 

sensors, resistive wall mode sensors and n=0 mode detectors are needed to predict an impending 

disruption.  

 

In summary, disruptions in NSTX have already noted the fastest current quench rates. The area-

normalized current quench times down to 0.4 ms m
-2

 have been observed, compared to the 

minimum of the 1.7 ms m
-2

 recommendation based on conventional aspect ratio tokamaks; as 

noted in ITPA studies. The difference is due to the reduced self-inductance at low aspect ratio 

and the high elongation [7]. The mission of NSTX is the demonstration of the physics basis 

required to extrapolate to the next steps for the spherical torus, such as a component test facility 

(ST-CTF), and to support ITER. These future devices would carry substantial amounts of plasma 

current and have the potential for disruption. A fast acting system to minimize the damaging 

consequences of a high-current disruption is needed not only for ITER, but also for ST based 

machines. This work supported by U.S. DOE Contracts DE-AC02-09CH11466 and DE-FG02-

99ER54519 AM08 
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