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ASDEX Upgrade is a midsize tokamak operated since 1991. A scheduled maintenance and enhancement shut down 9 

is done about once a year. After pump down and leak search a baking procedure is started to condition the vacuum vessel 10 

for plasma operation. During operation the vacuum vessel and all in-vessel components are water cooled. This cooling 11 

system is also used for baking with hot water at 150°C. During one of these regular baking periods a hot steam leak 12 

appears in November 2017. The detection of the leak has triggered a controlled cool down scenario. Nevertheless, between 13 

the appearance of the leak and the identification and closing about 100 l water  escaped during the controlled cool down 14 

from 150°C to 65°C into the torus. A fraction of the hot water was distributed as steam all over the torus and condensed 15 

at the coldest parts of the vessel, preferentially in remote ports. In addition, the steam interacts with boron containing 16 

layers. The resulting acid steam caused additional erosion. 17 

The paper presents details of damages, actions taken to remove them as well as measures taken to avoid a future steam 18 

leak.  19 
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Fig. 1 Chronology of the steam event, the shutdown and restart. 23 

1. Introduction 24 

ASDEX Upgrade is a midsize tokamak operated since 25 

1991[1]. A scheduled maintenance and enhancement shut 26 

down is done about once a year. After pump down and leak 27 

search a baking procedure is started to condition the 28 

vacuum vessel for plasma operation. During operation  29 

ASDEX Upgrade is water cooled with two separate cooling 30 

circuits for the vacuum vessel and all in-vessel 31 

components, respectively. This cooling system is also used 32 

for baking with hot water at 150°C at 12,5 bar.. During one 33 

of these baking periods a hot steam leak appeared in 34 

November 2017. The detection of the leak has triggered a 35 

controlled cool down scenario. Nevertheless, between the 36 

appearance of the leak and the identification and closing 37 

about 100 l water) escaped during the controlled cool down 38 

from 150°C to 65°C into the torus. A fraction of the hot 39 

water was distributed as steam all over the torus and 40 

condensed at the coldest parts of the vessel, preferentially 41 

in remote ports. In addition, the steam interacts with boron 42 

containing layers. The resulting acid steam caused 43 

additional erosion [2]. 44 

After opening the vessel for man-access salt like 45 

remnants and rust were identified. 46 

This paper reports on the damages, the actions to re-47 

establish operation and the measures taken to avoid 48 

future steam events. 49 

 50 

2. Steam event 51 

2.1. Chronology 52 

In November 2017, a small water leak occurred during 53 

plasma experiments at the divertor manipulator (DIM-54 

II) at about 70°C (Fig. 1). About 10 liters of water were 55 

found in the lower divertor region nearby the location of 56 

DIM-II. Removing the water and drying required man 57 

access for 2 days. After closing the vessel, the routine 58 

restart for vessel conditioning was started - leak testing 59 

followed by baking the vessel at 150°C for about a 60 

week, depending on the water partial pressure. After 61 

about 3 days baking, a small water leak was detected 62 

and the controlled cool down with about 6K/hour was 63 

started. A low cool down rate is used to allow 64 

temperature equilibration between different sections 65 

and in-vessel components, mainly for thermo-66 

mechanical stress reduction. The chronology of the 67 

baking is shown in Fig. 2. 68 

Unfortunately, during the cool down at about 90°C, 69 

the water leak was enlarged. After detecting a 70 

significant loss of water from the reservoir, the in-vessel 71 

water baking system was switched off at about 65°C. 72 

The amount of water escaped into the vessel was 73 

estimated from the loss of water from the water 74 

reservoir to about 100 l. 75 

The steam event happens about two months before a 76 

scheduled opening so that the damage repair and the 77 

scheduled work could be done in parallel, as indicated 78 

in Fig. 1. 79 
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 80 

Fig. 2 Chronology of the steam event. 81 

2.2. Steam event - findings 82 

A first look onto the vessel and the large vacuum 83 

windows after entering the experimental hall has already 84 

shown the problem. A fraction of the hot water was 85 

distributed as steam all over the torus and was condensed 86 

at the coldest parts of the vessel. 87 

Venting and opening the vessel for man access gave 88 

a first insight in the consequences of the steam event: 89 

• Condensed water all around the torus, 90 

preferentially in (colder) remote parts. 91 

• Salt like remnants originating from the interaction 92 

of the steam with deposited layers resulting from 93 

plasma wall interaction and boronization [3] of the 94 

first wall. During the experimental campaign 2017 95 

about 60 g of boron was deposited onto the inner 96 

surface of about 50 m2. 97 

• Rust, in particular around welding seams. 98 

2.3. Steam event – origin 99 

A small copper seal deep in an NBI-port duct was 100 

identified as the origin of the leak. The NBI port duct is 101 

water cooled to remove the heat due to reionization losses 102 

in the duct. The VCR® (metal gasket face seal) like seal 103 

was hidden behind a protection plate Fig. 3. It was never 104 

touched over more than 10 years and more than 26 baking 105 

cycles.  106 

Microscopic inspection revealed strong erosion of the 107 

copper seal and a gap causing the leak, see Fig. 3 and Fig. 108 

1 in [2]. The erosion of the copper is attributed to the 109 

acidic pH-value of pH=5 found by analysing the water 110 

from the baking circuit. 111 

 112 

 113 

Fig. 3 (left) VCR® (metal gasket face seal) like seal in the NBI 114 
duct cooling pipes behind a protection plate (removed), (right) 115 
photo of the Cu-seal and the leak location (arrows).  116 

Acidic water is not used by intention. Usually 117 

deionized water is used for the cooling of the in-vessel 118 

structure to ensure a low electrical conductance of the 119 

water. A conductance below  5µS/cm is required to 120 

avoid an electrical by-pass over the insulating gaps 121 

installed in the water circuits to minimize forces due to 122 

electrical currents induced during disruptions. 123 

Unfortunately, the deionized water reacts with CO2 124 

from air at the baking temperature of 150°C. 125 

3. Actions and repair work 126 

The in-vessel inspection and the identification of the 127 

leak revealed that: 128 

1. Water can be anywhere in the vessel. Remote 129 

components can be particularly affected.  130 

2. All cooper seals in the water circuit might 131 

suffer from erosion. 132 

As a consequence, the lower and upper divertor as well 133 

as the protection tiles of the inner column were 134 

disassembled to replace all copper seals in the in-vessel 135 

water cooling system and to give access to remote areas 136 

for inspection and cleaning (magnetic pick-up coils, 137 

vacuum bellows). 138 



During baking all valves between the AUG vessel 139 

itself and diagnostics with a separate pumping systems 140 

are closed. The ECRH valve for the ECRH window 141 

protection was open. The steam was condensed at these 142 

remote regions near to the vacuum barrier. 143 

Before the dedicated refurbishing of diagnostics and 144 

other remote components was started, the main vessel 145 

was cleaned by using a combination of steam and 146 

vacuum cleaning. This way salts and other remnants 147 

could be removed, whereas the rust removal was 148 

supported by mechanical methods, see Fig. 4. 149 

 150 

 151 

Fig. 4 (left) Combination of steam and vacuum cleaning. (right) 152 
Situation before and after the vessel cleaning. 153 

3.1. ECRH damages and repair. 154 

Between the gate valves and the ECRH-windows, 155 

short Aluminum wave guide sections are installed as 156 

inserts into the stainless-steel ports. The intermediate 157 

volumes were filled with aggressive water. Six systems 158 

had to be completely disassembled up to the gate valves. 159 

Fortunately, the copper brazings of the diamond windows 160 

did not show signs of erosion nor did the absorption at 161 

140 GHz of the diamond change significantly. Corrosion 162 

was observed in the gate valves, the inserted Al wave 163 

guides and some in-vessel gearings. These were only 164 

cleaned, not replaced.  165 

3.2. Refurbishing of vacuum valves 166 

A significant amount of water and salts were detected 167 

inside diagnostic ports and the corresponding valves. To 168 

refurbish the components the adapter between the AUG 169 

vessel and the corresponding diagnostic was 170 

disassembled to get access to the valve corpus. The 171 

components were steam and vacuum cleaned, dried and 172 

reinstalled.  A typical installation is shown in Fig. 5 173 

 174 

 175 

Fig. 5 (left) View into a diagnostic port with a closed valve 176 
showing condensed water. (right) External view to the 177 
diagnostic tubes and the valve for diagnostic separation. 178 

3.3. Flanges with electrical feed troughs 179 

Nearly all flanges used for electrical signals in 180 

particular for bolometer diagnostics and vessel 181 

protection systems, such as thermocouples and strain 182 

gauges were inspected. A typical finding is shown in 183 

Fig. 6. The steam was interacting with layers and 184 

deposits of the vessel and the condensed water was 185 

polluted by boron and boron salts. This aggressive water 186 

has dissolved Molybdenum pins of the vacuum feed-187 

through and results in leaks in many flanges. For 188 

refurbishing, the flanges were disassembled, afterwards 189 

sand-blasted, cleaned in an ultra-sonic bath, dried and 190 

finally leak tested. This procedure was applied to more 191 

than 85 flanges. 25 out of them showed a leak and were 192 

replaced by new ones. 193 

 194 

 195 

Fig. 6 Flange with electrical feedthroughs before cleaning. 196 

 197 

Fig. 7 (left) 5 pin electrical feed through showing the corrosion 198 
at the Molybdenum pins (see also fig. 4  [2]). (right) 199 
Refurbished feed-through. 200 

3.4. Rust 201 

AUG is made from stainless steel and rust is initially 202 

not expected. Nevertheless, it was found on both sides 203 

of welding seams where the material structure is 204 

modified due to the welding. Rust was predominantly 205 

found in the pump ducts (Fig. 8)  that were 206 

manufactured by a company different from the vacuum 207 

vessel manufacturer.  208 

 209 

 210 

Fig. 8 Rust at both sides of a welding seam in a pump duct. 211 

More critical was the existence of rust in the lower 212 

part of the 1.2 mm thin bellows of the vacuum barrier 213 

connecting the eight otherwise electrically insulated 214 

AUG octants (Fig. 9). Pitting corrosion could result in a 215 

leak in a component that can’t be replaced. The rust was 216 

rust

Water in the
diagnostic duct



detected occasional in folds of the bellows and not at the 217 

welding seems itself. The origin were small particles 218 

laying in the bottom of the folds. SEM analysis of 219 

particles reveals that they contain iron, either in metallic 220 

or oxidic state. The source of these small particles was 221 

identified. They were fallen down during an 222 

installation/drilling years ago. 223 

In these places the particles were taken out and the rust 224 

was mechanical removed, followed by cleaning with 225 

purified water and drying. This way the rust could be 226 

removed completely as shown in Fig. 9.   227 

 228 

 229 

Fig. 9 (left) Bellow with deposited rust in a single fold. (right) 230 
Bellow after refurbishing. 231 

Pitting corrosion cannot be completely excluded for 232 

the remaining rust in pump ducts that are not, or only with 233 

huge effort, accessible. That’s why a few flanges were 234 

identified that will be opened at the end of scheduled shut 235 

downs to monitor a potential pitting corrosion. Control 236 

inspections done during the two subsequent shut downs 237 

revealed no further evolution of rust.  238 

4. Restart 239 

After more than six-month shutdown used for new in-240 

vessel installations and refurbishing components 241 

damaged by the steam event, the vessel was closed and 242 

pumped down. This first pump down revealed significant 243 

leaks in the order of 5x10-2 mbar.l/s. The leaks were 244 

caused by flanges with Helicoflex seals. Standard seals 245 

are CF-seals at AUG. Helicoflex seals are used for the 246 

large rectangular horizontal port flanges. But they were 247 

also used during the assembly of AUG to extend the 248 

upper and lower vertical ports. Such, the vacuum barrier 249 

was moved to a position outside the poloidal field support 250 

structure. These extensions tubes were assembled before 251 

the poloidal field coils and their support structure. The 252 

Helicoflex seals were never touched after AUG came into 253 

operation in 1991. The access, in particular to the inner 254 

most flange is only possible through a 10 cm wide gap, 255 

whereas the flange itself is about 80 cm below the support 256 

structure. Tools with extensions were used to open the 257 

flanges and to inspect and remove the seals (see Fig. 10). 258 

Afterwards the flange surfaces were cleaned and polished 259 

using extensions. In addition, the Helicoflex flange at the 260 

extension tube was modified to provide a narrow sheet 261 

metal strip that holds the gasket in position during 262 

assembly. 263 

 264 

Fig. 10 (left) Top view of AUG during assembly, before the 265 
installation of the poloidal field coils and the support structure. 266 
The long extension tubes are already mounted. (middle) CAD 267 
view with the poloidal field support structure. The critical 268 
ports are placed inside the inner triangles with about 10 cm 269 
gap size. (right) Photo of the real situation on top of AUG. 270 

The Aluminium material of the Helicoflex seals 271 

show a strong erosion resulting in pitting, as shown in 272 

Fig. 11. The vertical ports at AUG are mostly used for 273 

electrical cables but also for optical fibres. Whereas 274 

electrical cables can be disconnected at the flange, 275 

optical fibres cannot. Removing them would require 276 

man access to the vessel. Instead of replacing all 277 

Helicoflex seals, seals with leaks were identified and 278 

replaced iteratively until the leak rate was below 1e-7 279 

mbar.l/s. Three pump downs and the replacement of 23 280 

seals were necessary (see Fig. 1).  281 

 282 

 283 

Fig. 11 Helicoflex seal. (clockwise, starting upper left). 284 
Scheme of a Helicoflex seal, Flange showing deposits, 285 
microscopic picture of a seal with whole and deposited salt. 286 

The third pump down was also used for a short 287 

baking to make sure that the thermal expansion due to 288 

the baking is not causing additional leaks at pre-289 

damaged non-replaceable seals.  290 

The good vacuum after the third seal replacement 291 

cycle allowed detecting leaks in the 1e-7 mbar.l/s range. 292 

At this leak level 4 essential feed throughs for magnetic 293 

diagnostics were identified as to be replaced due to 294 

leaks. Preparing the new flanges and installation 295 

required about a month. The ‘final’ pump down was 296 

started at the end of August 2018. After baking, first 297 

technical discharges were performed mid of September. 298 

About 6 flanges with a tolerable leak rate were 299 

replaced later during the shutdown in 2019.   300 



5. Actions to avoid and mitigate future steam 301 

events 302 

Different measures were taken and operation 303 

procedures were modified to avoid steam events, or at 304 

least to mitigate the effects in future. 305 

Erosion of copper seals will be minimized by 306 

increasing the water pH to pH = 8.5 by adding NaOH 307 

during baking. 308 

The pressure for the routine leak testing before the 309 

infill of water will be increased from 10 bar to 20 bar. 310 

A leak during baking at elevated temperature cannot 311 

be generally excluded. To mitigate the consequences the 312 

control logic was modified. In case of a leak the baking 313 

of in-vessel components will be stopped if a pressure 314 

increases to about p ≈ 10-1 mbar is detected. 315 

Subsequently, the in-vessel water-cooling system will be 316 

emptied and the vessel will be cooled down by using the 317 

external vessel cooling only. Venting the torus to 500 318 

mbar N2 forces the cooling of in-vessel components by 319 

heat convection. 320 

In case that steam escapes into the vessel, it will be 321 

dried by pumping and purging shortly after the event. 322 

6. Summary 323 

A steam event happened about two months before a 324 

scheduled opening due to a water leak during baking. 325 

That the event happens before a scheduled opening 326 

was a stroke of luck, as the repair work could be carried 327 

out in parallel with the planned enhancements work. 328 

The regular restart required three additional months 329 

to identify and fix leaks caused by erosion due to the 330 

steam. About 8 months shutdown were necessary to 331 

recover from the failure of a small copper seal in an NBI 332 

port. 333 

A water leak event, and in particular a steam event, is 334 

the concern for the reliable operation of fusion 335 

experiments and adequate measures to mitigate the risk 336 

are taken, see e.g.[4]. For AUG new measures have been 337 

defined to minimize the risk of a steam event and to 338 

prevent damages in future:  339 

• The pH value of the hot water will be increased to 340 

pH = 8.5 to avoid Cu erosion. 341 

• The reaction on a steam event is optimized to reduce 342 

the amount of escaping water.  343 

• Prompt conditioning/drying of the vessel is 344 

recommended to avoid further erosion in remote 345 

areas during the shutdown period. 346 

No additional leaks due to erosion were observed 347 

during the following experimental campaigns and shut 348 

downs. 349 
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