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The article presents a detailed investigation of the fast disruption mitigation valve developed at FZJ

Juelich. The essence of this study is the novel direct observation of the piston motion by means of

a fast framing camera. The piston stroke and the injection duration are shown to strongly depend on

the operational pressure and the used gas. The same is true for the valve throughput. The analysis

revealing the leading contribution of the injection duration in this modification is given. The

knowledge of the injection duration is also used to reconstruct the characteristic pressure decay rates

and the gas outflow rates. The means to increase the gas outflow are discussed. The main found

valve characteristics are: �1� valve reaction time, i.e., the delay between the application of the trigger

signal and the achievement of reliably observable opening 0.5 mm, is about 0.3 ms; �2� the

maximum achieved throughput is 7.5 bar l for argon and 9.5 bar l for helium; �3� the maximum

delivery rates are 500 bar l s−1 for Ar and 1500 bar l s−1 for He. © 2007 American Institute of

Physics. �DOI: 10.1063/1.2712798�

I. INTRODUCTION

The operation of tokamaks is prone to fast accidental

losses of the stored energy �tens of MJ in present-day ma-

chines�. These losses referred to as disruptions occur in two

stages. In the first stage the whole plasma thermal energy is

deposited onto the limited area in contact with the plasma on

a time scale shorter than 1 ms. After that the current flowing

through the several electron-volt cold plasma decays in a

resistive way, with the characteristic time constant �=L /R

being of the order of 10 ms. It is worth pointing out that the

stored magnetic energy associated with the plasma current in

tokamaks is even higher than the thermal inventory. The dis-

ruptions are highly undesirable since they result in extreme

loads on the machine usually categorized in the following

groups:
1 �i� excessive heat loads; �ii� a local energy deposi-

tion by a beam of mega-electron-volt electrons �runaway

electrons�; �iii� electromagnetic forces resulting from the

closing of the plasma current inside the vessel �halo cur-

rents�. The loads being thought to become critical and to

effectively limit the lifetime of the machine in the future

fusion experiment ITER �the full stored energy about 1 GJ,

the energy gain factor 10�,2 an elaborated technique protect-

ing a tokamak during disruption phase has to be developed.

The most promising technique mitigating all negative

consequences of a disruption is a fast massive noble gas

injection. A good radiating impurity decreases the heat flux

density by redistributing the energy over a larger surface

area. The created high particle density provides the collision

frequency high enough to hinder runaway acceleration. At

the same time the resulting high plasma resistivity makes the

current decay faster, thus limiting the currents transferred to

the vessel walls. The required amount of particles is given by

the energy content of the tokamak. In the present day experi-

ments it equals to about 10 bar l �1 bar l�2.4�1022 par-

ticles� to be injected in the characteristic time of 10 ms. This

number is to be increased for ITER, however, the exact scal-

ing is still under discussion. As potential gases to be puffed

the following are considered: He, Ne, and Ar. A high Z im-

purity has an advantage of the higher radiative cooling rate

while the lighter atoms are able to provide higher influx

rates. Among the mentioned gases, helium possesses the

highest flow rate, however, the total amount of the injected

helium is limited by the presence of helium cooled cry-

opumps in tokamak structures. To sum up, a gas puff system

for disruption mitigation must meet the following require-

ments: the system reaction time is about 1 ms, the total

amount of injected particles is more than 10 bar l and the

injection rate is of the order of 1000 bar l s−1. The injector

operational pressure as found from the last two criteria and

the assumption of a reasonable size is in the range 10–50 bar.

The systems used for the gas injection are either

solenoid-actuated valves or the valves activated by eddy cur-

rents. It is to be mentioned that there are also attempts to use

piezoelectric valves. However, the gas flow rate �1 bar l s−1

achieved with such systems
3,4

is much lower than required

for the large scale experiments. The high performance sole-

noid valves extensively used at DIII-D,
5,6

Alcator-C,
7

and

Tore-Supra
8

are similar to that described in Ref. 9, in which

the ferromagnetic piston is drawn by the gradient of the mag-

netic field. In the recently emerged two stage valve
10

the

solenoid valve is the pilot one, the second stage being

opened by the pressure imbalance created by the outflow

from the first stage. Though providing in both mentioned

cases the valve opening time shorter than a millisecond the

ferromagnetic piston does not allow the valve to be installed

in the immediate vicinity of a tokamak. A several meter long

tube connecting the injection system and the vessel should bea�
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introduced. This fact considerably increases the total system

reaction time consisting of the valve opening time and the

time for the gas to travel through the delivery tubes. As op-

posed to it, the disruption mitigation valve �DMV� activated

by eddy currents
11

does not exploit any ferromagnetic mate-

rials and can be reliably operated in a high static magnetic

field as it has been already demonstrated.
12,13

This type of

DMV is currently used at the tokamak TEXTOR and has

been recently installed at the largest fusion experiment JET.

The analysis of these experiments as well as the possible

ITER application require a better understanding and detailed

calibration data of the DMV.

The present article describes a novel method of the valve

characterization. The method is based on the direct observa-

tion of the piston motion by means of the fast framing cam-

era. The results of these observations are used to determine

the valve reaction time, the gas outflow rates and to explain

dependence of the valve performance on the operational pa-

rameters.

II. DMV AND EXPERIMENT DESCRIPTION

To begin with, briefly consider an ideal DMV working

cycle. In the charged state �Fig. 1�a�� the aluminum

mushroom-shaped piston, with the small and back diameters

20 and 200 mm correspondingly, effectively closes the 10

mm orifice of the working chamber owing to the pressure

imbalance on the orifice surface. The registered leak rate

does not exceed 10−5 bar l s−1 as required by a tokamak

vacuum system. In the discussed valve the volume of the

working chamber is 320 ml, which differs from that used at

TEXTOR and JET: 30 and 650 ml. The scalings of the ob-

tained results with volume are straightforward. The pressures

in working �pw� and back �pb� chambers are in the range

5–60 bar and related by the closing condition pw�1.8pb

given by the ratio of the actual areas A1 , A2 on which the

pressures are acting, as it is illustrated in Fig. 2. When the

capacitance bank �C�200 mF, U�2 kV� is discharged

through the coil a time-varying magnetic field excites eddy

currents in the back part of the piston. The resulting j�B

force opens the valve by repelling the piston �Fig. 1�b��. A

typical timescale of the described process is about 0.5 ms as

it is illustrated by the oscillogram of the current flowing

through the coil �Fig. 3�. Laboratory measurements indicate

that about 5% of the stored electrostatic energy can be trans-

formed into kinetic energy of the piston.

In reality the piston dynamics is affected by all applied

forces illustrated in Fig. 1�b�: EM force exerted by the coil

current, pressures p1� pw , p2 , p3 and the friction force in

the sealing separating the chambers �the pressure equivalent

of the friction force pfr�Ffr /A1 is 5 bar�, where the pressures

are themselves dependent on the piston movement. It is this

dynamics that determines the width and the duration of the

valve opening and, hence, the gas injection rate and the total

amount of the puffed gas. To measure the opening character-

istics of the valve experimentally a 3 mm thin pin was

mounted at the leading end of the piston as it is sketched in

Fig. 1�c�. The displacement of the pin was observed with the

aid of the fast framing camera PSI5
14

through a vacuum

window. The optical setup provided a spatial resolution of

about 0.3 mm. This approach allows the opening character-

istics to be measured with a pressure evolution very similar

to the original one when the piston extension is not mounted.

Furthermore, the average gas outflow rate is easy to estimate

from the obtained injection durations without implementing

any particular scheme of the unsteady transonic flow mea-

surements. The disturbances introduced by the presence of

the pin are thought to be insignificant: piston mass modifi-

cation is about 1.7%, the orifice area change is about 9%.

Injections were performed into a 20 l vol evacuated to

FIG. 1. The schematic view of the valve. �a� the valve

is charged; �b� the valve is being opened, main forces

are illustrated; and �c� the piston modified for the posi-

tion registration. The notation: 1—the chamber contain-

ing the gas to be injected �working chamber�; 2—the

chamber filled with the gas providing the closing force

�backchamber�; 3—part of the backchamber separated

by the piston; P—the aluminum piston; C—the pan-

cake coil; S—the sealing separating working and back-

chambers; O—the orifice; and H—the piston extension.

FIG. 2. The detailed view of the orifice. The notation: S—the O-ring sealing

the orifice; A1, A2—the areas on which the pb and pw are acting. FIG. 3. The typical oscillogram of the current flowing through the coil.
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�10−2 Torr. In addition to the piston position registration the

pressures in the working and back sections were measured

before and after every experiment by means of pressure

transducers. During the tests, only helium and argon were

addressed as being of particular interest for the disruption

mitigation experiments. The gases in the back and working

sections could be the same or different, i.e., the following

configurations of gases were used: “Ar/Ar,” “He/He,” “Ar/

He,” and “He/Ar,” where the first symbol stands for the

working gas and the last one is the gas in the back section.

The backpressure pb was varied in the range 5–35 bar, the

working one was either equal to that pw= pb �“equal”� or

higher by the fixed factor pw=1.5pb �“overpressure”�.

III. OPENING CHARACTERISTICS

An example of the recorded frame sequence of the pin

movement is shown in Fig. 4. Upon receiving the trigger

signal at time moment 0 the piston together with the pin are

drawn to the left: the valve is opened. As the pressure in the

working chamber decays the resulting decelerating force

makes piston stop and move back. The original set consists

of 300 frames obtained with 50 �s time resolution. The pis-

ton position relative to the closed state as a function of time

is given in Fig. 5. The noticeable opening of 0.5 mm to be

associated with the reaction time of the system is achieved

about 0.3 ms after the trigger in all cases. The full opening

occurs after approximately 1−2 ms. The detailed dynamics

depends on the gas species and the overpressure factor as it

is discussed later.

The graph in Fig. 5�a� compiles the time-position corre-

spondences for a number of the used pressures in He/He

experiments. The curves are labeled by the corresponding

working and backpressures “pw / pb”. It can be concluded

from the plot �curves “5/5,” “15/15,” and “35/35”� that an

increase of the backpressure decreases the opening width and

shortens the opening duration. While the overpressure

�curves “8/5,” “23/15,” and “53/35”� provides wider gap and

prolongs the injection time by keeping the backpressure bal-

anced for a longer period. The described results are in full

correspondence with the change of the term pb− pw�t� in the

equation of the piston motion

mp

dV

dt
= �pb − pw�t� − p fr sign�V��A1,

where A1 is the active surface area. The backward motion

starts at the time moment when the backpressure exceeds the

sum of the working and friction pressures. Since the gas

outflow rate is expected to grow with pw, this motion and the

valve closing take place earlier at higher operational pres-

sures.

The similar dependencies are observed in the case of

Ar/Ar experiments �Fig. 5�b��. However, in comparing plots

of Figs. 5�a� and 5�b� the following two points are to be

discussed. First, injection times in Ar/Ar experiments are

comparable to that in He/He set in spite of the expected

slower decrease of pw. The gas outflow velocity being of the

order of sound speed cs is about three times less in the case

of argon injection. And second, the piston is stopped much

earlier and consequently the achieved valve opening is nar-

rower. The explanation is likely to be related to the gas dy-

namics in the back section. Indeed, the time required for the

equilibration of the argon pressure along both sides of the

piston backpart is found from the ratio of the back radius r to

the sound speed cs. This value amounts to about 0.3 ms to be

FIG. 4. An example of a recorded frame sequence showing the motion of

the pin. The pin is a black rectangle observed in a backillumination. The

valve located on the left is not shown. The corresponding frame times rela-

tive to the trigger signal are denoted.

FIG. 5. The dependence of the piston position on time for different pressures. �a� He/He and �b� Ar/Ar. The pressures in the legends are indicated in the format

pw / pb.The cases of pw= pb �equal� and pw=1.5pb �overpressure� are shown.
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compared with the characteristic time of the problem 0.5 ms.

Moreover the 1 mm narrow and 3 mm long separation gap

between subsections 2 and 3 �Fig. 1� is to aggravate the

imbalance. The overpressure better evens the forces and pro-

vides the time for the backpressure relaxation, which leads to

a dramatic performance improvement to be shown later. In

helium experiments the pressures in the backpart are effec-

tively equilibrated.

The described analysis leads us to conclude that helium

is to be preferred in the back section. Confirming this con-

clusion is the other series of measurements performed with

the distinct gases in the chambers: Ar/He and He/Ar. Figure

6�a� shows the comparison of the time-position dependencies

for all gas combinations at the fixed working pressure pw

= pb=25 bar. Reformulating the earlier made conclusion

once more, helium in the back section provides the wider

valve opening and prolongs the injection time. The differ-

ence in the slopes of the curves He/He and Ar/He �as well as

He/Ar and Ar/Ar� is caused by the difference in sound ve-

locities giving rise to the unequal decay rates. It is to be

noted that the overpressure effect is in general the same for

any gas combination and it is not illustrated here to clarify

the plot.

To perform estimations of the gas flow rates the injection

durations were determined �Fig. 6�b��. The accuracy of the

data is specified mainly by the spatial resolution and consti-

tutes approximately 0.35 ms. The end of the injection was

not directly observed in the “Ar/He over” case due to the

limited record length. The values were found by extrapolat-

ing the time-position curves with a second order polynomial.

All main findings are clearly seen in this figure: the duration

decreases as the pressure increases and the choice of the gas

combination and overpressure factor plays a significant role.

The argon tests appear to be more sensitive to the overpres-

sure effect.

To sum up, to achieve better performance of the DMV it

is advised to use helium in the back section and the overpres-

sure in the working chamber.

IV. VALVE EFFICIENCY, THROUGHPUT, AND DECAY
RATE

Before proceeding to measurements, the appropriate ter-

minology is to be introduced. The simplest model of the gas

outflow with the sound velocity cs from the volume V

through the hole of area So leads to an exponential law of the

particle content evolution

dN

dt
� − N

csSo

V
.

That is N=N�0� exp�−�idt�, where �id=cs ·So /V is the ideal

decay rate. It is reasonable to characterize the process by

measuring �. The value reciprocal to the decay rate corre-

sponds to the characteristic volume exhaust time. The a pri-

ori estimation for the used DMV gives decay rates of

0.22 ms−1 for helium and of 0.07 ms−1 for argon, or approxi-

mately 5 and 14 ms in terms of the exhaust times. The va-

lidity of the model has to be proven in the course of the

analysis.

Let us first consider the valve efficiency. The dimension-

less efficiency is defined as the amount of the injected par-

ticles relative to the initial particle content in the working

chamber

Ef =
pw�0� − pw���

pw�0�
= 1 − exp�− �t�� ,

where t� is the injection duration. The efficiency itself is easy

to obtain, however, in this article the simultaneous measure-

ments of the injection time reveal the reasons of the observed

tendencies. The results of the efficiency measurements are

presented in Fig. 7�a� for helium and Fig. 7�b� for argon. It

can be concluded from the plots that the use of the overpres-

sure or helium in the back section improves the efficiency by

a factor between 1.5 and 3, the exact number depending on

the particular conditions. There are only two ways to modify

the efficiency either by changing the duration of the injection

or by modifying the decay rate. The comparison of the injec-

FIG. 6. The effect of using He in the back chamber. �a� the comparison of the piston position for different combinations of gases pw= pb=25 bar and �b� the

comparison of the injection durations for different pressures and gasses. The notation: “the working gas/the gas in the backchamber”; “equal”— pw= pb;

“over”— pw=1.5pb.
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tion time and efficiency behaviors makes it clear that the

prevailing role is played by the change of the injection time.

The modification of the decay rate does take place but

amounts only to the relatively low value of 20% to be dis-

cussed later. We note also the simple relation between the

total number of the injected particles also known as through-

put and the efficiency: Th=Efpw�0�V. The maximum real-

ized throughput is about 7.5 bar l for argon and about 9.5

bar l for helium.

To stay in the framework of the introduced model the

decay rate is found from the experiment as

� =
− ln� pw���

pw�0� �
t�

= −
ln�1 − Ef�

t�
.

The dependence of the decay rate on the main parameters is

illustrated in Fig. 8�a�, the error is about 5%. As expected for

the given experimental conditions �the working gas, the

backgas, and the overpressure factor� the decay rate is a very

weak function of the pressure, which confirms the validity of

the used model. The still persisting pressure dependence is

caused by the change of the piston stroke as the pressure

changes. The abrupt drop at p=35 bar for two points arises

from the malfunction of the sealing separating back and

working chambers, this fact could be already inferred from

the corresponding injection duration measurements �Fig.

6�b��. The experimentally found decay rates differ by a factor

of 2–2.5 from the ideal estimation given earlier, while the

ratio of He to Ar decay rates constituting 2.7 coincides with

the sound velocity ratio within the accuracy of 20%. This

discrepancy is to be attributed to the flow dynamics effects.

The further clarification requires a detailed modeling of the

outflow process.

It is to be noticed that the decay rate defined in such way

is an average over the whole piston motion. The mean decay

rate coincides to the first order of accuracy with the value at

the average opening

���h�	 =
1

t�



0

t�

��h�t��dt � ���h	� .

In assessing the peak valve performance it is necessary to

analyze the difference between the maximum and the aver-

age values. The in-depth study based on the knowledge of

function ���h	� �Fig. 9� and on the measurements of the

maximum opening leads to the conclusion that these changes

remain at the insignificant several percent level for all cases

with the exception of “Ar/Ar equal” and “He/Ar equal.” In

these two sets the maximum outflow should exceed for a

short period of about 1 ms the average one by 20%. If the

specified time is enough for the flow to form, this factor

brings the maximum ratings of “*/Ar equal” set close to that

of the “*/Ar over.” Nevertheless the shown values are with

good accuracy representative of the valve functionality. The

use of helium in the back section is able to modify the decay

rate by about 20%.

The main reason of the low sensitivity of � to the sub-

stantial change of h in using helium in the back section is the

saturation demonstrated in Fig. 9. When the surface area of

the cylinder with the height h based on the orifice of radius r

becomes comparable with the value �r2, or h=r /2

�2.5 mm, the flow is limited by the orifice. This moment is

marked with the black vertical line in Fig. 9. In order to use

the piston stroke effectively the orifice is to be extended by a

factor of about 2, which corresponds to the four times in-

crease of the decay rate. The further modification of the di-

ameter should cause only a linear effect on � since the flow

would be limited by the opening width. A scrupulous analy-

sis taking into account the flow dynamics as well as the

piston mass modification is left for a future work.

The other important value intimately related to the decay

rate is the ideal particle influx. That is the particle influx rate

of the gas into the plasma if the valve were installed next to

the plasma edge. The maximum influx is given by Vpw�0��.

As the average opening is achieved on a timescale 0.5 ms

FIG. 7. Efficiency of the valve as a function of the backpressure for different gas combinations. �a� He as working gas and �b� Ar as working gas. The notation

coincides with that of Fig. 6.
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being much shorter than the exhaust time, the use of pw�0� is

justified with the accuracy better than 5%. The values ex-

pressed in bar l s−1 are shown in Fig. 8�b�. Together with the

usual data set the outflow rates for the cases Ar/Ar equal and

He/Ar equal modified by the factor 1.2 discussed ealier are

given. The maximum achieved delivery rates are

500 bar l s−1 for argon and 1500 bar l s−1 for helium. Instead

of looking at maximum ratings one can also be interested in

the delivery rate averaged over t�: �pw�0�− pw���� / t�. The

transition between this two definitions is straightforward, the

correction factor being given by Ef/ ��t��, which is effec-

tively in the range 0.5–1 in the present measurements.

V. CONCLUSIONS

The piston motion was observed by means of the fast

framing camera system and the results were discussed in

detail. The piston dynamics was found to strongly depend on

the operational pressure and the gases used in both sections.

An increase of the backpressure �pw= pb� decreases the open-

ing width and shortens the injection duration, while the over-

pressure in the working chamber and the use of helium in the

back section act in the opposite direction, i.e., the injection

time and the piston stroke are increased. The advantage of

using helium as a closing gas was proposed to be related to

the gas dynamics in the back section. Injection durations

were measured for all experimental conditions and are in the

range 5–20 ms. These data were used to reconstruct the gas

outflow rates. It was also found that the valve reaction time

is about 0.3 ms for all cases.

The results of the piston dynamics observations were

used to derive the decay rate, the ideal particle influx rate,

and to explain tendencies observed in the behavior of the

efficiency. The efficiency decreases with the pressure and is

increased by the overpressure and the use of He in the back

section. The leading role in these modifications is played by

the change of the injection duration. The improvement of the

decay rate with He in the back section amounts to about

20%. The low sensitivity of the decay rate to the substantial

increase of the opening gap is due to the flow limitation by

the output orifice. The decay rate was measured to be

FIG. 8. Time characteristics of the valve. �a� decay rate and �b� ideal particles influx rate. The notation coincides with that of Fig. 6. The curves marked M

in the �b� plot represent the estimation of the maximum outflow rate with the 1.2 modification factor derived.

FIG. 9. The dependence of the average decay rate on the average opening width. The fitting curve has the form a+b /x. �a� He as working gas and a

�0.093 ms−1, b�−0.0243 mm ms−1 �b� Ar as working gas, a�0.037 ms−1, b�−0.0105 mm ms−1. The black vertical line marks the opening from which the

gas flow is limited by the orifice surface area.
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0.035 ms−1 for Ar and 0.085 ms−1 for He, or about 12 and 33

ms in terms of the exhaust times. The expected particle

fluxes were also given.

As a summary, the valve on hand can be characterized

by the following main parameters: �1� reaction time is about

0.3 ms; �2� the maximum achieved throughput is 7.5 bar l for

argon and 9.5 bar l for helium; �3� the peak delivery rate is

500 bar l s−1 for Ar and 1500 bar l s−1 for He.

The presented material is supposed to be used as a cali-

bration for DMV experiments at TEXTOR and JET differing

only by the value of the volume �VJET=650 ml, VTEXTOR

=30 ml�. The reaction time and the particle flux do not de-

pend on the volume and are thought to be the same. This

statement is true as long as the characteristic volume length

is much larger than the opening gap, which holds for all

considered valves. The decay rate �, on the other hand, is

expected to be reciprocal to the volume, i.e., � is two times

smaller for the JET valve and ten times higher for the TEX-

TOR one. The efficiency and throughput are usually mea-

sured in every experiment, e.g., the maximum JET through-

put is about 15 bar l. The reasons of the efficiency

modifications under different experimental conditions are es-

sentially the same as discussed here. Given the efficiency and

the scaled decay rate, the injection time can be estimated by

using the simple relation Ef=1−exp�−�t�� . The influence of

the delivery system in each experiment is still to be carefully

analyzed. In TEXTOR experiment the delivery tube is so

short �L=0.8 m, d=40 mm� as to hardly affect the given val-

ues. For JET experiment this analysis seems to be vital as the

delivery tube of the same diameter is 4 m long.

If the high Z impurities like Ar are to be injected with

the higher rates the option of mixing with deuterium is to be

considered. This option combines the advantages of the high

influx rate and the good cooling rate. The additional way to

win the particle flux applicable for the next generation valves

is to optimize the orifice size. Taking into account the ob-

served piston dynamics, the two times increase of the diam-

eter can be recommended. Such diameter increase should

lead to four times increase of the gas outflow rate. In other

words, the ideal particle influx rate is expected to be about

6000 for He and 2000 for Ar. The further diameter modifi-

cation should lead only to the linear increase of the particle

flux since the flow would be limited by the piston stroke. The

detailed investigation is left for future work.

To a first approximation, the valve with an increased

orifice would inject in 10−20 ms the amount of gas between

30 and 60 bar l. The system consisting of 4 such valves could

provide the total amount of the injected gas more than 100

bar l thought to be required for ITER. At the same time the

system consisting of four valves deposits gas with higher

toroidal symmetry, which is preferable for the mitigation ef-

ficiency.
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