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Leak evaluation in JET and its conseguences

for future Fusion machines.

T.Winkel, J.Orchard, JET Joint Undertaking, Abingdon, OX14 3EA, GB.

During the assembly of the vacuum vessel and the subsequent
operation of JET hundreds of vacuum leaks were found and
repaired. Information.on‘leaks has been collected and evaluated
since 1981 in an atteﬁpt to reveal the causes. In this evaluation
a clear distinction was made between leaks occurring during the
installation and during the plasma operation phase. Most
installation leaks on flanges appear to be caused by incompatible
seals, damage or contamination of the sealing surfaces. Leak§ in
weldéd connections were mostly due to impurities, incompatible
welding materials or inaccurate setting of the welding
parameters. The difficulty of access to flanged or welded
connections proved to be responsible for the occurrence of leaks
during assembly. Operational leaks are in general the result of
design errors, problems with bellows, in particular bellows in
water cooling systems, and mechanical forces on the egquipment due
to uncontrolled plasma behaviour (disruptions). Recommendations
will be made on leak prevention for the radioactive tritium phase

of JET and for future machines.

1. Introduction

Leak detection! and repair of leaks in large fusion devices will
become increasingly more difficult once these machines have been

operated with deuterium/tritium plasmas. Access and hands-on




operation will be severely restricted due to activation and
tritium contamination. Hence leak detection and repair eventually

have to be carried out by remote means.

Therefore the main aim is to minimise leak test and repair
interventions by developing leak prevention techniques. Each
individual leak on the JET machine was evaluated and the
resulting data were stored on a computer databasé to enable
analysis of the causes. A clear distinction was made between

installation and operation leaks.

This data has been analysed and the conclusions and
recommendations for JET and future fusion machines will be
discuﬁsed in this paper. Leaks occurring during the manufacturing

stage of the machine components have not been included in the study;

One common cause for both, leaks during installation and operation,
were the lack of knowledge and experience for this large machine.
Extrapolétions for design and manufacture had to be made from
smaller machines with the inherent under and over designs in many

cases.

During the last three years JET has been operating far beyond the
design limits for the plasma current and pulse duration causing

a variation of operational leaks.

Due to the experience gained during the six years of operation we
have been able to reduce or to eliminate various sources of leaks

and are now able to share our experience.




2. Leak distribution

After every vacuum intervention and in particular after the
planned major shutdowns the JET machine is leak tested. The leaks
which are found during these periods are classified as

"Installation Leaks".

As the analysis revealed most of the installation leaks were
avoidable and generally easy to cure. A large number of these
leaks could be attributed to lack of access. Vacuum connections
often have to be made under difficult circumstances. Access .

restrictions therefore are a precursor to installation leaks.

Durinb the operational periods leaks often occur due to directly
or indiregtly plasma operation related activities. They are

classified as "Operational Leaks".

Curing this type of leak proved to be more difficult and time

consuming.

3. The JET vacuum vessel and peripherals

The JET vacuum systems? consist of the main Torus Vacuum Vessel?
(200 m?®), two Neutral Beam Injectors* (80 m® each), Pellet

Injector (80 m?®) and several diagnostic systems.

Each of these systems are individually pumped by turbomolecular
pumps with additional cryo condensation pumps for the Neutral

beam® and Pellet injectors®.

The vacuum vessel is an all welded double walled Inconel vessel




and forms the main plasma chamber. The vessel is built out of
eight Oétants each of which has been baked to 520 °C and then
leak tested at 350 °C. After the repair of some initial leaks in
single run welds, revealed during the hot leak tests, no more

leaks have occurred in the Octant segments.

Each double walled Octant is made up of segments of 20 mm
thickness. They were welded together with multi pass weld runs.
After the internal root weld had been made the additional weld
passes were added extérnallys. Some concerns existed as to the
possibilities of trapped volumes and virtual leaks. This has
proven to be unfounded and after baking the vessel to 350 °C ?nd

cool down vessel pressures of <1.10-¢ mbar have been reached.

During the last three years the machine has been operated
regularly with vacuum vessel temperatures in excess of 300 ¢C

without any leaks occurring in the vacuum vessel itself”.

3.1 All metal valves

The main vacuum chamber is separated from the peripheral systems
by all metal valves. Numerous leaks across valve seats and in the
sealing actuators occurred. Debris lodged into the sealing
surfaces was the mean cause for leaks in vent valves and the
valves used during the initial pumpdown from atmosphere, the

bypass valves.

Vent valve damage due to debris from the vent line ﬁas overcome

by installing a particle filter in the vent line adjacent to the




valve.

Bypass valve damage was caused by debris from the vacuum vessel
being stirred up during the initial pump down. This necessitated
the pumpdown procedure to be altered at the start of the
pumpdown. The fore wvacuum lines ~ 20 m%- 10% of the vessel
volume- are now vented to atmospheric pressure before pumpdown
commences. This prohibits the initial surge from the previously

evacuated fore pump lines and has proven to be successful.

The second main cause for valve damage was out of sequence
operation of the electronic and the pneumatic control of the
pendulum gate valves. The JET valves needed two separate airi
lines i.e. one pneumatic actuator for sealing plate closure, the
second one for the actual sealing action of the valve.
Simultaneous operation of the actuators or operation in reverse

- order, after power or compressed air failure, did damage the seal
and the sealing plate. Occasionally this also caused the

pneumatic seal bellows to crack causing a leak.

To avoid out of sequence operation a new actuator was developed
which prohibits by mechanical means the sealing actuation before

the sealing plate has reached its final position.

Where possible -space permitting- pendulum gate valves have been

replaced by single acting all metal gate valves.

3.2 Vacuum gauges

In most systems Penning gauges are used for vacuum measurement




and to set high vacuum switching levels. Pirani's are used in the
same way for fore pressure measurements and switching levels.

For several reasons Penning gauge leaks have frequently occurred:
the magnet was dislodged due to strong magnetic field during
plasma operation damaging the electrical feedthrough; gauges left
switched on at atmospheric pressure; Penning measuring chamber

pole plate movement damaging electrical feedthrough.

The Penning magnet fixing has been improved which eliminated the

occurrence of related leaks.

Penning gauges left switched on at atmospheric pressure caused
arcing at the feedthrough between the central electrode and the
casiﬂg. The metal seal between ceramic insulated electrical
feedthroughs and the casing was destroyed by spark erosion or the

ceramic had cracked.

As a conceguence all the Pennings are now switched on and off
depending on the pressure that is reached. JET pennings are
switched on at 5.10-%mbar and switched off at 1.10-2 mbar. The
Penning gauge can also be uﬁed to switch itself off via the
controller but needs another fore vacuum gauge like a Pirani to

be switched on again.

The measuring chamber pole plate movement was caused by
inadequate securing of the plate and the strong magnetic fields
of the machine. The problem was solved by fitting a large

internal c¢irclip holding the plate in position.

The electrical feedthroughs of the JET Pirani's are very prone to




mechanical damage and have caused several leaks.

Better mechanical protection of these feedthroughs have improved

their reliability.

4. - Vacuum connections

Although the vacuum vessel is an all welded structure the
peripheral equipment i; attached in a variety of ways. Several
types of flanges, including weld flanges, are used. The Conflat
type flange is the only one not remote handleable® and is only
used sparingly without any major problems. The other types, the
JET designed remote handling bolted flange, the V-band flange, the

sleeve joints and the weld lip flange are all remote handleabie.

4.1 The bolted flange

The bolted flange® (Fig.l) is based on the Helicoflex all metal seal
and is used from 35 mm ID to 1200 mm ID. For UHV and bakeable
systems a silver lining is used and for fore vacuum and ambient
temperature applications an aluminium one. For remote handling
purposes it .is desirable to reduce the number of bolts per

flange. Therefore the JET bolted flanges differ from the standard
vacuum flanges in several ways. The bolts made of Nimonic are
strbnger than normal énd the flange thigkness is " 1.5 times the
standard flanges to compensate for distortion. To ease remote
handling operation the flanges have been designed with nut rings

and captive bolt rings.

Initially “5% of the flange connections were leaking. The main




cause was due to : damaged sealing surfaces; to‘a 1esser extent
to uneven heating of flanges; damaged seals; debris falling in
from the bolts (vertical flanges). The problems associated to
sealing surfaces were caused by damage due to scratches and
dents. Accidental electro polishing of some flange sealing
surfaces caused incurable leaks in the of 10-% - 10-7 mbarl/sec
range. The concentric machining grooves in the surface seem to be

essential for a proper sealing action.

Most of the damage problems have been overcome by protecting -the
sealing‘surfaces immediately after manufacturing, during |
transport and_after removing a flanged component. Special
aluminium protection rings have been made protecting only the
sealing surface and leaving access through the centre for weldin§
and cleaning purposes. The protecting rings are attached by nylon

bolts.

Uneven heating of the 1200 mm JET main door seals resulted in
leaks opening up mainly on cool down of the machine. A much
improved heat distribution was obtained by installing a heat

insulated door cover.

Before installing or re-installing a flange the seal and sealing
surface is carefully inspected for damage. Damaged seals are

rejected and surfaces "touched up" if required.

For ease of assembly Molycote paste has been applied to the
. bolts. Subsequent feeding through and tightening up of the bolts

often caused some Molycote to fall onto the seal freguently




causing leaks. Ultrasonic cleaning of the bolts and Molycote

applied to the nut provided the answer.

4.2 Conflat type flanges

These flanges are occasionally used up to 150 mm ID in equipment
without remote handling requiremenfs . They are used invariably
in diagnostic systems decoupled from the main vacuum system via
an all metal valves and bellows. They have given minimal

problems.

4.3 V-band flanges

V-band flanges“,'originally introduced for water connections,i
have found their way into the vacuum systems. The flanges have
tapered edges and a chain clamp with wedged sections prévides the
clamping force for the metal Helicoflex seals. The wedged
sections of the chain are wrapped around the tapered edges of the
flange and tightened up by a singie bolt. To reduce the friction
Molycote paste is applied to the wedged sectors of the chain
clamp and the bolt threads. The single tightening bolt is very
useful for remote handling but leaves a lot of room for

improvements in UHV applications.

The main "bone of'cohtention" is the inherent uneven distribution
of the clamping force which is mainly concentrated on the sealing
area near the tightening bolt. An increasing amount of leaks in
these flanges are being observed during installation and

operation in particular after large mechanical forces have been




applied due to uncontrolled plasma behaviour (disruptions).

Limits have to be set for the unsupported mass attached to these
flanges. Further improvements in the clamping mechanism are still
required before the V-band flange can be reliably used for UHV

applications.

4.4 Weld lip connections

The weld lip design (Fig.2) is one of the most successful vacuum
sealing applications in JET. Both sides of the vacuum interface
are equipped with identical 2 mm weld lip flanges and after
matching up welded together with an edge weld. The welding can be
carried out by hand or with the remote handling welding trolléyﬂ.
For disassembly a remote handling nibbler or a hand held grinding
tool is used to remove the edge weld. This type of connection
occasionally requires additional support in case comparative

large components have to be carried.

The connection is very easy to make and to repair by remote
handling. It does not suffer from sealing surface damage or

damaged seals.

The only problems experienced initially were leaks at the
cohnecting weld between the weld lip and the component. Since
this weld will be internal as soon as the two flanges are welded
up, repair is impossible without creating a relatively large
trapped volume. For that reason ~easy repair~ the welds to the
components were done externally wherever possible. Alternatively

local test probes were used to leak test the internal welds in
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advance.

In these connections leaks were only found during installation on

manually welded components.

4.5 Tube welds sleeves

A special weld sleeve® has been designed enabling automatic
welding and cutting of tubes. The weld sleeve has a locating
groove for the remote handling orbital welder/cutter and can be
set up for either side of the sleeve. A fillet weld on eitheﬁ
side completes the vacuum connection. For disassembly the fillet
weld is removed again with the orbital machining arrangementﬁ
This type of sleeve joinﬁ.can be used up to three times before
replacement of the sleeve is required. It is only applied in

cases of infrequent removal of components or connections.

4.6 Aluminium wire seals

Several aluminium wire seals have been used unsuccessfully in one
particular applicati;n.‘The sealing arrangement was unable to
withstand the mechanical loads in combination with bakeout
temperature fluctuations and caused intermittent leaks. Since
this component could not be isolated from the torus main vacuum
vessel it took a lot of effort to pin-point the leak.

The problem has been cured by changing the sealing arrangement to

a lip weld seal without further leak occurrence.

4.7 Ferro fluidic seals

11




In the same application as above ferro fluidic seals have been

‘ used to accomplish a rotary movement in vacuum. Probably due to
the high external magnetic fields the seals started failing
causing intermittent leaks. The leak indications in the machine
disappeared after removal of the suspected equibment, which later

proved to be the leaky component.

It is recommended that ferro fluidic seals are never used in

large fusion machines.

The problem has been partly solved by an oil filled

differentially pumped rotary feedthrough.

5. - Optical windows

Optical windows necessary for spectrometers, CCD cameras, laser
and other diagnostics have to stand bake out temperatures in
excess of 400 °C. Gold or aluminium bonded quartz and sapphire
windows are installed directly onto the vacuum vessel. Water,
resulting from water leaks inside the vessel and deposited on the
hot windows, cracked several whereas the aluminium bonded ones
were often destroyed due to the demineralised water attacking the
bonding. Gold seals 4id not suffer from this effect but were much
less reliable due to bonding problems which manifested themselves

during venting and pumping of the machine.

In the critical areas the gold sealed windows have been replaced
by aluminium ones which are protected from water as well as can

be achieved.
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6. Water cooled components

Water cooled components leaking into the vacuum vessel at > 300
°C are of major concern. The reason for this type of leak is
mainly due to arcing or particle beams penetrating insufficiently

protected water channels.

This type of leak is very difficult to anticipate or prevent and
the resulting damage is the most severe. Not only is access to
the vessel needed for repair but more often than not the water
has damaged the wvacuum measuring equipment and cracked opticdl
windows. Recovering from this sort of incident at the moment,'

even with 24 hours working, takes the best part of a week.
{

Otheg leaks of water cooled components have occurred with less
catastrophic results and were mainly caused by bellows failing
due to excess of vibration or weld failing under high stresses
induced during the plasma shots. The stresses are a combination
of high power loading, magnetic field induced mechanical loads

and vacuum forces.

Efforts have to be made to‘improve the protection of water lines
from penetrating particle beams by protective cladding, bellows
have to be designed specifically for their purpose and structures
stfengthened to withstand the forces. In general a more stringent
application of design codes and improved quality control have to
be employed. Often equipment had to be removed for repair,

redesign or remanufacturing in a continuous effort to still

improve in these areas in spite of the already very high

13




standards achieved initially.

The water cooled internal vessel components are the most
controversial problem to be solved in the future. Several almost
incompatible entities, vacuum, high temperature walls and water

have been combined.
7. Bellows

Metal bellows subjected to high gas or water throughput are prone
to sustain d;mage due to excessive vibration. Metal fatigue and
subsequent failure occur even in a couple of days as in the case
of edge welded bellows which are used for high throughput or are
exposed to 50 Hz vibration as in JET's eddy current controlled
dosing valves®. Special test efforts are necessary to avoid
resonance in the system in particular in longitudinal direction.
Although the bellows itself may stay within the limits of maximum

expansion individual sections may be over stretched and crack.

When large displacements are not asked for and bellows are merely
used for decoupling the vibration can be reduced considerably by

enclosing the rolled or hydro formed bellows in a metal braiding.

Quality control on material and the fabrication is essential.
Recently 10-7-10-1° mbarl/s leaks have been found along thergrain
structure of machined components made from forged stainless
steelt®, Impurities are deemed to create this porosity and.it is
therefore important to check on the inclusion content of the
original material. To avoid these problems on the machined end

pieces of bellows it is suggested to use electro slag refined

14




material (ESR).

Designs with double bellows and interspace pumping or ventilated

double or triple ply bellows should be envisaged.

Bellows failures in JET have been the major single item causing
most of the operational stoppage. Hence a major effort is needed

to solve this problem for future machines.

8. Electrical feedthroughs

Early on it had been recognised that small leaks in electric#l
feedthrough arrays were almost inevitable. Therefore feedthroﬁghs
in JET are generally designed in such a way that a guard vacuum
can be applied in case of a leak. This has frequently been proven
to be the proper approach to overcome leak problens. A problem
arises when a guard vacuum is applied in the pressure range of 10
- 10-2 mbar. A‘voltage of “150 V can create a diécharge or flash
over which often damages the isolated conductor. High current
discharges aggravated by magnetic fields from the magnetic field
coils are the main cause of feedthrough destruction and

subsequent leakage.

There seem to be only two solutions, either pumping down below
10-% mbar, or back filling with a noble gas at 0.5 to 1 bar.

Hydrogen or deuterium back £illing could be contemplated as well.

In JET systems are often back-filled with nitrogen or a noble gas
(argon or neon) to 600 mbar and the pressure is monitored

regularly for leak indications. Monitoring the mass spectrum for

15




these gases will indicate a possible feedthrough leak.

9. Discussion of results

Examination of the statistics of the leaks encountered on the JET
machine and its peripheral equipment as presented in Table 1 and
Figures 3 and 4 show the range and complexity of the problems of

the leak integrity and component reliability.

Considerations of Table 1, which lists the number of installation
and operational leaks in each category and shows the total as
percentage of the installed connections and items, gives é range
in this figure from 0.8% to 70.2% but taking each category in

turn the following comments are valid.

For flanges it is self evident that the bolted type is more
reliable than the single bolt V-band flange, particularly as the
operational leaks on the bolted type occurred in the early
periods of JET operation and the leaks on the V-band type were
caused in the later periods when the machine performance was
upgraded and were caused by vibration. No such bolted flange

leaks occurred for this reason.

In general terms welds were found to be more reliable than seals.
Thé figure of 13.2% forvlip welds as against 2.8% for fillet
welds does not itself give a true picture as the lip welds are
more reliable as far as operation leaks are concerned and much

more accessible for repair requiring much less machine downtime
The electron beam welds were part of the nickel limiters which
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after they failed during operation were removed from the machine.

As far as the non-standard seals are concerned two points are
relevant. One is the high failure rate of aluminium wire seals
(54.5%) caused by both variation in temperature and machine
vibration and the ferro fluidic rotary seals whose leaks (33.3%)
were caused by high magnetic fields. These items have been dealt

with as mentioned before.

The water leaks apart from the particle beam show the need of
stringent teéting of components prior to installation and
possible redesign where necessary as this has shown to be
beneficial in reducing the number of this type of leak to a

minimum.

For the most part windows were found to be reliable, no leaks
having occurred in aluminium bonded windows apart from water
damage. However the gold bonded windows at 37.5% leak rate mostly

of diameters of 80 mm and above were eventually replaced.

Edge welded bellows at 13.3% leak rate and hydro-formed bellows
at 5.5% leakage is not surprising as the duty required of edge

welded bellows is much more arduous.
Feedthrough and gauge leaks (7.7%) have been mentioned already.

The valve leakage figure of 70.2% is very high, but as the
majority of leaks across valves occurred in positions where the

valve acted as a barrier between two systems under vacuum, the
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effect of these leaks is not significant.

With reference to Figures 3 and 4 which illustrates the leak

distribution of the various categories several items stand out.

No leaks on welds are found less than 1.10-¢ mbar.l/sec. during
installation leak tests, due it is thought to water vapour
blocking any leak below this level and in fact only on flanges
are leaks found less than that figure. The larger leaks of
magnitudes >1.10° mbar.l/sec found during installation on the JET
machine can be explained by clamps misaligned on V-band flanges
or wrong type seals used on bolted flanges, welds in the wroné
place or valves accidentally left partially open. On a machine as
large and complex as the JET machine the last item is easily |

done.

Looking at Figure 5 in operational leaks the general leak spread
tends to be over a greater range with more leaks at the top and
bottom end. At the top end it is obvious that this is due in part
to the number of catastrophic water leaks present and that leaks
due to plasma disruption forces tend not to be small due to the

high forces involved.

Obviously in the next generation of fusion machines all these
factors need to be taken into account during the design of such a

machine.

10. - Conclusion

Leaks and other vacuum related delays accounted for more then 10%

18




of the total machine operation delay time and constitutes 2.5% of
the actual operation time loss!! . This figure may well increase
in future due to access restrictions, i.e. increasing radiation

levels.

It is therefore important to apply and even extend the
recommended leak prevention techniques. It is essential to
protect sealing surfaces, bellows, feedthroughs and other

sensitive components against damage.

The type of vacuum connection should be well considered and where
possible a welded connection should be chosen. The weld lip

design is recommended in particular.

For m&st of the occurring leak problems solutions have been
presented for introduction into the design parameters of future
fusion machines. Some problems like edge welded bellows still
exist with the main emphasis on cooling of invessel components

and welds failing under stress.

Wherever possible pre-assembled components must be tested up to
or even in excess of the machine operation parameters. Whatever
tests are carried out however to prove the components in advance
nothing resembles the combination of temperature, temperature
gradients, mechanical forces, magnetic forces and vacuum in
machines like JET. Only during the experiments with these devices
is the true character of the componehts revealed. That is ﬁhy
JET should continue to be a test bed for all future fusion

machines.
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