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HIGHLIGHTS

® A Disruption Mitigation System based on massive gas injections has been designed.
® The DMS has been installed at the JET-tokamak for routine machine protection.

e The DMS is capable of a throughput of up to 4.6 kPam?.

® The new DMS is compatible with the deuterium-tritium operation at JET.
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Disruptions, the fast accidental losses of plasma current and stored energy in tokamaks, represent a
significant risk to the mechanical structure as well as the plasma facing components of reactor-scale
fusion facilities like ITER. At JET, the tokamak experiment closest to ITER in terms of operating parameters
and size, massive gas injection has been established as a disruption mitigation method. As a “last resort”
measure it reduces thermal and electromagnetic loads during disruptions which can potentially have a
serious impact on the beryllium and tungsten plasma-facing materials of the main chamber and divertor.

IT%{(‘:;TIT For the planned deuterium-tritium experiments, a new Disruption Mitigation System (DMS) has been
Disruption designed and installed and is presented in this article. The new DMS at JET consists of an all metal gate

valve compatible with gas injections, a fast high pressure eddy current driven valve, a high voltage power
supply and a gas handling system providing six supply lines for pure and mixed noble and flammable
gases (Ar, Ne, Kr, D,, etc.). The valve throughput varies with the injection pressure and gas type (efficiency
- injected/charged gas 50-97%); the maximum injected amount of gas is approximately 4.6 kPam? (at
maximum system pressure of 5.0 MPa).

Disruption mitigation
Massive gas injection

© 2015 Published by Elsevier B.V.

1. Introduction techniques to operate tokamaks, they may never be completely

avoidable [1,2]. This has led to an international effort to study mit-

Disruptions, the fast accidental losses of the plasma current
and stored energy in tokamaks, are critical issues for reactor-scale
fusion facilities like ITER and present a risk of severe damage to
vital plant components and structures. Although the rate of dis-
ruptions can be successively minimized by developing appropriate
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igation techniques such as massive gas injection (MGI) [3-6].
Disruption mitigation is crucial, especially in larger tokamaks
like JET with its ITER-like Wall (ILW - Be and W used as plasma-
facing material in the main chamber and divertor) [7] which can
experience considerable damage during unmitigated disruptions.
The absence of radiating impurities due to the ILW can have severe
implications such as excessively high heat loads on the plasma
facing components (PFC), leading to melting events, as well as
high forces on the vacuum vessel and the supporting structure.
To minimize these effects a MGI valve and corresponding auxiliary
equipment, originally designed for MGl studies, has been integrated
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into the JET machine protection system [8,9]. With the utilization of
this valve the first Disruption Mitigation System (DMS) was estab-
lished at JET which could reduce high vessel forces and local heat
loads on PFCs by increasing the radiated energy up to 100% of the
initially stored energy [10].

Plasma operation without DMS has been generally restricted to
plasma currents up to 2 MA and total plasma energy (poloidal mag-
netic + kinetic) below 5M]J. As a consequence, the majority of JET
pulses nowadays require the DMS; the requirements for the reli-
ability and the availability of the existing system resulted into the
need for anew DMS. This new system includes a new MGI valve and
corresponding auxiliary systems which have been designed and
integrated into the JET environment, primarily to provide redun-
dancy to the original DMS during deuterium-deuterium operation.
Furthermore it allows a wider range of MGI experiments due to
significant performance improvement compared to the original
system. It incorporates experimental features such as six separate
gas feeding lines, for example Ar, Ne, Kr, D5, N, and mixtures of
these, similar to the original DMS (three lines), but is also able to
deliver five times more gas in two thirds of the time due to a shorter
and wider gas delivery tube. The new DMS has been specifically
designed to operate reliably under harsh nuclear conditions and
to act as a reliable machine protection system during the planned
deuterium-tritium (DT) campaign at JET. This article presents the
new DMS at JET, which consists of a fast high pressure eddy current
driven valve, the disruption mitigation valve (DMV), an all metal
gate valve compatible with high pressure injections, a high voltage
power supply and an all metal gas handling system providing six
separate supply lines for flammable and noble gases.

2. The Disruption Mitigation Systems at JET

The two Disruption Mitigation Systems at JET consist of two fast
eddy current driven valves called DMV1 and the new DMV2 located
in two different JET octants (toroidally 90° apart) and poloidal
positions, as indicated in Fig. 1a. DMV1 is mounted on a probe
drive on top of JET in octant 1 and is connected via a 4.1 m long
gas delivery tube to the vacuum vessel (diameter 40 mm, distance
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to separatrix ~0.5m). DMV1 and the attached delivery tube can
be driven through a gate valve with the help of the probe drive
infrastructure and can be retracted if necessary to seal off the pri-
mary Torus vacuum. The new valve (DMV2), shown in Fig. 1b, is
located in octant 3 on a horizontal port with a wider and shorter
gas guiding tube (length 2.4 m, diameter 150 mm, distance to sepa-
ratrix ~0.6 m). For reliability purposes, no moving parts are present
within the primary Torus vacuum in the new system, fulfilling con-
tainment requirements for DT operation. The injected gas passes
a special type of gate valve which is designed to withstand higher
pressures and to optimize the through flow. In general, the simpli-
fication of the setup is one of the key features to assure a reliable
DMS operation. Both valves are activated by individual HV power
supplies. These power supplies are triggered by the JET Pulse Termi-
nation Network (PTN) utilizing a direct fiber connection [9] leading
to the desired gas release. A typical MGl sequence applying DMV?2 is
showninFig. 1.In closed loop operation, once the potential for a dis-
ruption arises (typically when the amplitude of a locked n=1 mode
or an excursion of the loop voltage, indicating the start of the CQ, is
detected) or is deliberately induced for disruption studies, a trigger
signal is generated, warning first all auxiliary heating and diag-
nostic systems of potential damage from high vacuum pressures.
When these systems are in a safe state, the trigger is passed to the
DMS high voltage power supply which induces a current into the
DMV coil causing the valve to open and to inject the gas into the
plasma (within 5 ms). As a result, the radiation increases due to the
interaction between the injected gas and the plasma, which effec-
tively reduces the plasma energy. Ideally this is achieved before the
plasmabecomes vertically unstable and hits the wall causing exces-
sive heat loads on the PFCs. The gas for either machine protection
or MGI experiments is provided by individual gas handling systems
(GHS). Both of these are equipped with the possibility to load pure
gases or gas mixtures and to remove or change these gases auto-
matically in between plasma pulses upon request of the main JET
control system. As a pressurized high voltage system, the DMS has
to provide operational safety aspects as well as personnel safety. It
is therefore equipped with various passive mechanical safety fea-
tures, software and hardware interlocks and monitoring equipment
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Fig. 1. (a) Poloidal cut of JET presenting the JET DMS. The two disruption mitigation valves (DMV) are projected into the same poloidal plane. Their physical positions are
on top of the machine in octant 1 (DMV1) and at a horizontal position in octant 3 (DMV2). Both systems are located 90° toroidally apart. (b) Technical drawing of the new
DMV (DMV2). (c) Characteristic properties of the two DMS. (d) Typical DMV2 sequence (JET Pulse Number (JPN) #86878, B, =1.5T, Ip = 1.5 MA, Auxiliary heating: 14 MW NBI,
DMV request time: 21.0s, Total injected gas: 0.5 kPam? of 10% argon and 90% deuterium mixture, Time of flight: ~1.5 ms, total radiated energy fraction is about 92% (not

considering radiation asymmetry effects).
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managed by an industrial control system described elsewhere
[11].

2.1. Disruption mitigation valve

The new disruption mitigation valve is shown in Fig. 1b. It con-
sists of two volumes, the injection volume and the spring volume.
Both volumes are connected by a “mushroom” shaped piston and
are sealed against each other with the help of two radial (dynamic)
seals surrounding the piston cylinder. The latter carries a small
plate with an integrated third (static) seal and is pressed by disk
springs located inside the spring volume against the bottom of the
injection volume sealing the orifice. The spring force is optimized
to seal the injection volume toward the torus vacuum (leak rate
10-6 Pam3/s) before the valve is actuated and to restore the sealed
condition upon actuation. To optimize the injected gas quantity, the
spring volume is evacuated. The process to inject the gas stored in
the injection volume is initiated by discharging the capacitor bank
of the associated high voltage power supply through the external
coil of the DMV. As a result, a time-varying magnetic field excites
eddy currents in the “mushroom” surface of the piston body and
the resulting JxB force repels and lifts the piston. The stainless steel
body of the DMV is sealed with metal seals to atmosphere and is
bolted together minimizing welding. An assessment of the mate-
rial properties of the polymer seals has shown that no significant
damage should be expected at the fast neutron fluxes during the DT
operation. The valve body has been pressure tested up to 8.0 MPa
which restricts the operation pressure to 5.0 MPa. With a volume
0f 9.75.:10~4m3 and an orifice of 30 mm, it is in principle capable
of injecting gas up to 4.875kPam?3. This new DMV is a result of
significant development of eddy current driven disruption mitiga-
tion valves by Forschungszentrum Jiilich over the last decade. DMV1
(2005) was one of the first generations and DMV2 has a far more
advanced design. The latest development is a full metal DMV proto-
type which incorporates only ITER compatible materials. This valve
is described elsewhere [12].

2.2. Gate valve for high pressure injections

For maintenance purposes the DMV is not directly connected
to the primary JET vacuum vessel, but is connected to an all metal
gate valve. In Fig. 2a the issues with gate valves and high pres-
sure injections are illustrated. Injecting through a normal gate valve
will not only increase the pressure in the gate valve body, which
might damage the valve, but also will strongly influence the gas
flow. The special JET DMS version shown in Fig. 2c is equipped with
two features to overcome this issue. The first feature is a gas guid-
ing ring which is placed in the open state of the gate valve into a
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Fig. 2. Illustration of the all metal gate valve compatible with high pressure injec-
tions. (a) Normal gate valve and (b) special gate valve in closed-open state and in
the case of a gas injection through the open gate valve. (c) Special gate valve key
design features.

position minimizing the gap in the valve body enabling high pres-
sure injections with a minimum disturbance of the gas flow. The
second feature has been designed to minimize the risk of damage
to the gate valve itself by including a vented protection cap for
the most fragile part of the gate valve, the internal bellows. Fur-
thermore this gate valve is designed to withstand pressures of up
to 0.6 MPa in case the DMV injects into a closed volume, as a worst
case scenario. This is sufficient to prevent damage to the valve body
in the present setup.

2.3. High voltage power supply

The high voltage power supply (HVPSU) is equipped with a
capacitor bank of 400 pF and a HV transformer charging the capac-
itor up to 2 kV (typically 1.8 kV). Upon receipt of the trigger, which
is transmitted via an optical fiber, a high voltage thyristor is acti-
vated causing the capacitors to discharge via a suitable coaxial
cable (RG214) into the DMV coil. The typical timescales of this fast
discharge are a few ms (peak coil current ~1kA). For monitoring
purposes, all relevant signals (voltage, current, etc.) and commands
(charge, discharge, etc.) are transferred to the DMS control system.
All inputs and outputs are isolated to minimize the risk of high
frequency noise entering and disturbing the internal control elec-
tronics. To optimize the DMV throughput the HVPSU is located near
the DMV to minimize the coaxial cable length and therefore con-
serve the required short current pulse. For DT operation the HVPSU
will be placed behind the biological shield connected to the DMV
coil via a longer (approximately 25 m) cable.

2.4. Gas handling system

One of the key features of the DMS is the gas handling system
(GHS) shown in Fig. 3. It fulfills multiple purposes: (1) it provides
different gases, generates mixtures and charges the DMV with gas
for the MGI. It is also equipped with pumping capabilities to evac-
uate the spring volume, injection volume and gas supply lines to
avoid contamination between gases in case gases are changed or
mixed. (2) A combination of vacuum and pressure gauges enable
the monitoring and recording of important process parameters
such as vacuum pressure, inlet pressure, exhaust pressure and
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Fig. 3. Schematic of the new DMS gas handling system.
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Fig. 4. Valve throughput and efficiency (injected/charged gas quantity) for DMV2
at various injection volume pressures.

injection pressure. The measurement of the injection pressure is
used to assess the injected gas quantity which to monitor the
flammable gas limits of the cryogenic pump inventory. These pro-
cess parameters can also be utilized to assess the condition of the
radial seals as well as the condition of the gas guiding ring. An
increased leak into the respective volumes would indicate a degra-
dation of these essential DMS components. Continuous recording
enables long term diagnosis. (3) The GHS consists exclusively of
high pressure compatible components in order to be inherently
safe for plant and personnel. Additional safety is achieved by imple-
mented pressure relief valves with nitrogen venting capabilities in
case a flammable gas overpressure event occurs (see more details
in [11]). (4) In the unlikely event that single or all pressure gauge
information is lost due to damages by fast neutrons, the GHS incor-
porates a combination of electro-mechanical pressure switches, a
burstdiskand a pressure relief valve to keep the GHS operational for
machine protection purposes. Although the present state of the GHS
includes strain detector pressure gauges with integrated electron-
ics, a new type of radiation hard gauge has been successfully tested
without internal electronics, instead having an external signal con-
ditioning unit which can be located outside the biological shield.
Furthermore, all fittings and valves are metal sealed internally
toward the gas handling processes and externally to atmosphere
(apart from dielectric isolators). The pneumatic valves are arranged

to create a full metal boundary together with the DMV to stop
any form of contamination. 5. The conductive connections such
as pipes or cables/cable shields have been designed to minimize
noise by utilizing carefully chosen grounding schemes and avoiding
loops.

3. First applications and experience

The DMS was brought into operationin 2014 and has been tested
atvarious pressures and gas mixtures. In Fig. 4, the injected quantity
of gas is shown as well as the efficiency (injected/charged gas quan-
tity). Although these measurements indicate that for light gases
or mixtures there is a linear relation between the charging pres-
sure and the delivered gas quantity at a efficiency above 90%. This
does not appear to be the case for heavier gases (such as N;, Ar
or Kr). Here, the efficiency appears initially to drop, to level off
and rise at higher pressures reaching 90% efficiency at 5.0 MPa in
case of N, (from a minimum efficiency of 70% at around 2.0 MPa).
This behavior is not quite understood and is most likely caused
by a gas dynamic effect. Further investigations are necessary to
clarify this issue. However, this effect does not restrict the DMV2
applications and does not have any effect on the use for machine
protection purposes. For the latter a mixture of 10% Ar and 90% D,
at 1.0 kPam? is currently utilized. General restrictions apply to the
total amount of injected gas during normal JET operation due to
potentially overloading the JET cryogenic pump. To avoid a high
heat transfer through the injected gas onto the cryogenics system
operational pressures are reduced depending on the gas type (e.g.
for 10%Ar +90%D, 2.6kPam?3). Due to recent reliability issues of
DMV1, DMV?2 has started to provide permanent machine protection
for more than two months in 2014 with 223 gas injections reliably
applied in closed loop operation. In addition various MGI experi-
ments covering disruption mitigation as well as runaway electron
studies were successfully utilizing the new DMS in combination
with the existing system [13].
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