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ASDEX Upgrade is a tokamak that can be operated with the strike lines in the upper and/or the lower divertor. In 7 

2016 a project was started to develop and install a new upper divertor with internal coils and an in-vessel cryo-pump. 8 

The aim is to investigate alternative magnetic configurations that may facilitate the access to detachment via an 9 

enhanced poloidal flux tube expansion and/or connection length. To realize the envisaged magnetic configurations two 10 

internal coils operated with up to 52 kAt will be installed near the upper outer strike line. Since the conceptual design 11 

was presented critical aspects of the project were identified and investigated in detail. These are the vessel integration, 12 

the coil concept, the forces, in particular during disruptions, an intrinsic safe power supply, the cryo-pump and last but 13 

not least, operation with co and counter magnetic field. The present status of each of the components is presented in the 14 

paper. 15 
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1. Introduction 20 

ASDEX Upgrade (AUG) is a tokamak that can be 21 

operated with the strike lines in the upper and/or the 22 

lower divertor. The physics program was and is 23 

concentrated on magnetic configurations with the strike 24 

lines in the lower divertor. The lower divertor evolved 25 

from an open divertor towards closed divertor 26 

configuration with vertical targets as it is documented 27 

in [1]. The realization of alternative magnetic 28 

configurations able to spread the parallel heat flux 29 

reaching the divertor region over a larger area requires 30 

in-vessel coils near to the strike line region [2, 3]. 31 

In 2016 a project was started to develop and install 32 

a new upper divertor with internal coils and an in-33 

vessel cryo-pump coming into operation in 2022. The 34 

conceptual design was presented in [4]. The 35 

requirements from the conceptual design are updated in 36 

the following list: 37 

1. Two divertor coils with up to 52 kAt each, allowing 38 

to access alternative divertor configurations [2]. 39 

52 kAt are realized in the preliminary design by a 4 40 

turn coil fed with 13 kA. 41 

2. The coils are operated in both polarities, but with 42 

currents in opposite directions.  To fulfill the 43 

physics requirements an imbalanced feeding of the 44 

coils with up to ΔIcoil < 10 kAt is required [2]. 45 

3. The physics program for the lower divertor should 46 

not be restricted. Existing reference discharges in 47 

LSN configuration have to be compatible with the 48 

new structure of the upper divertor.  49 

4. Pumping speed of at least Seff = 15 m
3
/s in the 50 

private flux region to ensure a pumping capability 51 

comparable to the existing cryo-pump in the lower 52 

divertor. 53 

5. Hardening of the upper divertor target structure to 54 

cope with the high heating power of AUG with 55 

tolerable leading edge effects for both helicities. 56 

During the preliminary design phase critical aspects 57 

of the project were identified and investigated in detail. 58 

These are the in vessel integration, the coil concept, the 59 

forces, in particular during disruptions, an intrinsic safe 60 

power supply, the cryo-pump and last but not least, 61 

operation with co and counter magnetic field. 62 

The next section presents general aspects of in-63 

vessel integration before the forces, particular induced 64 

during disruptions, and the consequences for the coil 65 

design are discussed in section 3. Section 4 presents 66 

coil options under investigation. The status of the cryo-67 

pump is discussed in section 5. Finally, the target 68 

concept for bidirectional operation is presented in 69 

section 6 before a summary is given.  70 

2. In-vessel integration aspects 71 

The design of the components evolved during the 72 

preliminary design phase. The present status is shown 73 

in Fig. 1.  74 

 75 

Fig. 1 CAD view into the upper divertor with two in-vessel 76 
coils, Do1 and Do2, close to the outer strike line, a cryo-77 
pump behind the inner divertor and the arrangement of 78 
tungsten coated target tiles with minimized gap size. Regions 79 
with tight geometrical constraints are circled in red. 80 

The preliminary design was checked for 81 

geometrical configuration compatibility  with other in-82 

vessel components of AUG. The as-is state was 83 

documented with a 3D scan of the inner vessel during 84 

one of the recent openings when the present divertor 85 



components were removed. It revealed that there are 86 

component envelops overlap in regions around the 87 

inner ports and behind the upper outer divertor as 88 

marked in Fig. 1, mainly due to components that are 89 

not included in the 3D-CAD documentation, such as 90 

cables and a few in-vessel flanges. As a consequence 91 

the upper outer divertor is moved down by additional 92 

15 mm and the cryo-pump is slightly modified without 93 

reducing the pumping speed. 94 

3. Forces due to in-vessel coils and power 95 

supply 96 

The two in-vessel coils have to be operated with up 97 

to 52 kAt to realize the required magnetic 98 

configurations. If both coils are operated with a parallel 99 

current feeding the resulting force onto the coil support 100 

structure and the vessel would be in the order of the 101 

vessel weight, i.e unacceptable high [4]. Operation 102 

with tolerable forces requires an anti-parallel coil 103 

feeding with a maximum imbalance between the two 104 

coils of ΔIcoil < 10 kAt, also in case of a failure of the 105 

power supply. This is ensured by a hardwired anti-106 

parallel feeding of the two coils combined with an 107 

imbalanced current fed by a separate power supply as 108 

shown in Fig. 2, and discussed in detail in [5].  109 

 110 

Fig. 2 Scheme of the power supply with one power supply for 111 
the asymmetric feeding of both coils (red) and an additional 112 
feeding of a single coil with up to 3 kA to realize the 113 
imbalance required for the magnetic configurations (blue). 114 

A main focus during the preliminary design phase 115 

was on disruption issues. Disruptions are unavoidable 116 

in a present day tokamak and are part of the physics 117 

program. They result in a strong change of magnetic 118 

fields due to the decay and the movement of the plasma 119 

current. Both effects induce voltages inside in-vessel 120 

components. If there is a closed loop, currents are 121 

driven and interact with the constant toroidal field. To 122 

estimate the dB/dt to be applied to the force calculation 123 

magnetic data from discharges of the last AUG 124 

campaigns were analysed and a value of dB/dt = 80 T/s 125 

was found to be the worst case in the upper part of the 126 

vessel [5]. Such a high dB/dt acting on the Div-IIo 127 

results in Uind ≈ 1kV / turn [5]. This induced voltage 128 

might result in a problem for a coil in particular with a 129 

larger number of turns if the electric strength is too 130 

low.  131 

To define the forces acting on the coils and the 132 

support structure during disruptions as well as due to 133 

failures inside the coil and the power supply a 2D 134 

electromagnetic model was set up. It uses measured 135 

magnetic data and external coil currents as input data 136 

and calculates induced voltages, the poloidal field 137 

distribution, currents and forces [5]. This model was 138 

carefully cross-checked against AUG disruptions and 139 

afterwards applied to calculate the consequences of 140 

failures due to disruptions. Two critical failures are 141 

identified. (i) The induced voltage causes an arc, i.e. a 142 

short-circuit between two turns. The resulting current 143 

through the single turn closed loop results in forces of 144 

about Fz = 225 kN. (ii) The power supply for the 145 

imbalance feeding suffers an external short circuit 146 

during disruptions and a high current flows through the 147 

coil with 4 turns resulting in a force of Fz = 308 kN. 148 

Both failures have to be avoided by design - (i) by 149 

installing a conductor with an electrical screen; (ii) by 150 

developing an ‘intelligent fuse’ opening the connection 151 

between power supply and coil in case of increasing 152 

currents. The 2D electromagnetic model is also used to 153 

estimate the influence of the new upper divertor on the 154 

plasma break down behaviour.  155 

The maximum force acting onto a single coil is 156 

Fz = 105 kN during normal operation with 52 kAt and 157 

Fz_dis = 37 kN remaining force during a disruption.  158 

The forces gained by the 2D model are transferred 159 

into a 3D mechanical FEM model to calculate stresses 160 

and displacements of divertor components including 161 

the coil support structure for normal operation and 162 

disruptions. If resulting stresses and displacements are 163 

too high, the design of components is modified to 164 

mitigate the overload. 165 

In addition, a 3D electromagnetic FEM model is 166 

used to deduce the forces on components that are not 167 

toroidally symmetric, such as modules of the cryo-168 

pump.   169 

4. Coil options 170 

Since the coil design and the forces are 171 

interconnected the design was improved in an iterative 172 

approach considering the following constraints and 173 

criteria:   174 

 Electrical strength and disruption induced voltage. 175 

 An existing power supply with up to 27 kA/500 V 176 

should be used. 177 

 The maximum temperature increase of the 178 

conductor should be kept below ΔT = 60 K for 5 s 179 

of operation. 180 

 The fill-factor of the conductor, i.e. the ratio of the 181 

usable copper cross section and the cross section of 182 

the conductor.  183 

 Handling and in-vessel installation. 184 

From force, geometric and power supply 185 

considerations two coils with 4 turns each arranged in a 186 

single layer (see Fig. 1) fed with 13 kA are found as 187 

optimum. 188 

Isolation tests performed in vacuum with a pure 189 

copper conductor embedded in an isolating casing 190 

made from PEEK reveals that discharges between 191 

adjacent isolated conductors cannot be avoided at 192 

voltages above about 150 V. These discharges might 193 

trigger a high current arc, causing a permanent short-194 

circuit that restricts operation of the coil and the 195 



experiment due to the high disruption forces as 196 

discussed in section 3. Consequently, a coil design 197 

should have an electrical screen between single turns to 198 

avoid the inter-turn short circuit. In addition, the 199 

electrical screen allows to detect a degradation of the 200 

insulation around the conductor [5]. Two types of 201 

water cooled conductors were considered in more 202 

detail. A quadratic copper conductor that has to be 203 

embedded in an insulating and electrical screening 204 

casing and a Tefzel insulated circular copper conductor 205 

embedded in a stainless steel casing (TIC). The in-206 

vessel handling of quadratic copper conductor is 207 

simpler than  the co-axial TIC conductor but needs an 208 

additional electrical screen that is already part of the 209 

design of the TIC conductor. The TIC conductor is 210 

inherent safe against winding short circuit and 211 

therefore it is the preferred solution. It is also 212 

compatible with the maximum force, Fz = (105+36) kN 213 

or 141 kN/40m/0.01m = 0.35 MPa, that has to be 214 

transferred from the copper conductor via the Tefzel 215 

insulation, tensile strength σt ≈ 17 MPa, onto the 216 

protecting tube.  217 

To qualify the electrical and mechanical properties 218 

as well as the installation procedure of the TIC 219 

conductor prototypes were ordered from an external 220 

company. They are under examination at IPP. 221 

Electrical and thermo-mechanical tests were started. 222 

The electrical strength was successfully tested up to 223 

10 kV. A method was developed for non-destructive 224 

detection of small voids by applying an AC high 225 

voltage and measuring the transferred charge. This 226 

helps to detect modifications of the insulation due to 227 

thermo-mechanical and bending tests. 228 

 229 

Fig. 3 Tefzel isolated conductor in a stainless steel protection 230 
tube. 231 

For the coil layout and the electrical feed through 232 

the thermal expansion of the conductor is a significant 233 

parameter. During the 5 s load phase, the copper 234 

conductor warms up by ΔT = 60 K and the stainless 235 

steel jacket stays cool. The first thermo-mechanical 236 

tests reveal that the thermal expansion of the copper is 237 

transferred to the stainless steel protection tube so that 238 

the difference in the length expansion between the 239 

copper and the stainless steel tube is only about 240 

Δx = 300 µm. This is explained by the radial pressure 241 

imposed by the manufacturing process being further 242 

enhanced during the load phase due to the thermal 243 

expansion of the copper. This behaviour is qualitatively 244 

understood by an analytical model and will be analysed 245 

by a more sophisticated FEM model considering the 246 

strong nonlinear behaviour of Tefzel. At present, the 247 

tests are repeated with a virgin and longer TIC 248 

conductor to verify the results and to validate the 249 

model that predicts that the difference in the expansion 250 

is independent from the total length of the conductor.  251 

An important criterion for the choice of a solution 252 

is the handling and installation of the coil. The design 253 

of AUG has not foreseen that the vacuum vessel can be 254 

separated into two parts for installation of large 255 

components, such as coils. Access to the vessel is via a 256 

40x80 cm
2
 manhole. This port is large enough to bring 257 

components extending over a sector into the vessel. It 258 

does not allow bringing a complete coil into the vessel 259 

and the in-vessel coils have to be wound inside the 260 

vessel. At present 3 options are under investigation: 261 

1. An about 60 m long conductor is placed outside the 262 

vessel. It will be inserted into the bending assembly 263 

placed inside the vessel. The whole coil including 264 

the current feeding is bent inside the vessel. This is 265 

most challenging due to the small bending radii 266 

near to the current feeding of about 200 mm. 267 

2. Only the toroidal part of the coil is bent inside the 268 

vessel. This can be done as a four turn winding or 269 

by bending four separate turns. For this solution 270 

joints are needed to connect the pieces of the coil. 271 

3. The coil pieces are bent outside the vessel and will 272 

be connected inside the vessel with joints. Here the 273 

longest possible component that can be fed through 274 

the port is 3 m. This solution needs at least 3 joints 275 

per turn. 276 

The favorable option is option 1 because it needs no 277 

joints inside the vessel. Option 2 needs at least 278 

2 joints/coil but is less challenging with respect to the 279 

bending of the conductor with about 1500 mm bending 280 

radius. Option 3 avoids the bending inside the vessel 281 

but needs a large number of joints. In addition to the 282 

uncertain reliability of joints this option needs more 283 

space for the coil because of the larger diameter of the 284 

joints compared to the conductor itself. 285 

The bending as well as the joint technology is under 286 

investigation. Bending tests are performed in 287 

collaboration with an external company. The joint 288 

qualification is done in-house. The tools for high 289 

frequency- soldering and orbital welding are identified 290 

and tested together with external companies. Results 291 

enabling a final decision on the option to be realized 292 

are expected until summer 2019. 293 

5. Cryo-pump 294 

Density control in the divertor region of the new 295 

upper divertor should be realized by a cryo-pump 296 

behind the upper divertor with 50 m
3
/s pumping speed, 297 

see Fig. 1. The 30 mm wide slit between the inner and 298 

outer divertor ensures an effective pumping speed for 299 

hydrogen isotopes of about 20 m
3
/s in the upper 300 

divertor region. 301 

The design of the cryo-pump is based on the 302 

positive experience with the cryo-pump in the lower 303 

outer divertor of AUG [6]. It consists of 7 modules 304 

arranged toroidally around the torus. The cryo-pump is 305 

located in front of the inner most ports and blocks a 306 

direct view to the plasma. For dedicated diagnostics the 307 

cryo-pump design opens this direct view. That is why 2 308 

types of modules with different toroidal extension will 309 

be installed.  310 



 311 

Fig. 4 Cryo-pump layouts left the standard, right with the 312 
option to coat the He pipes with activated charcoal for He 313 
pumping. 314 

An adjustment of the pumping speed will be 315 

realized by a 3 pass valve in the He-cooling pipes at 316 

about 2/3 of the toroidal circumference allowing a 317 

disconnection of the last 1/3 of the cryo-pump. A cross 318 

section of the cryo-pump is shown in Fig. 4. At present 319 

the possibility to coat the He-pipes with activated 320 

charcoal for He pumping is under investigation. The 321 

coating technology developed for ITER [7] requires 322 

flat areas and cannot be applied to round tubes. 323 

Consequently, the cryo-pump design for He pumping 324 

has a reduced number of He pipes, see Fig. 4. This 325 

allows using larger tubes (16x1 instead of 12x1) that 326 

are formed to a rectangle cross section (20x8) enabling 327 

the coating. This design would allow an effective 328 

pumping speed for He of about 10 m
3
/s.  329 

The cryo-supply outside the vessel is designed. A 330 

common cryo-supply for LHe/LN2 is used for the 331 

upper and lower cryo-pump. Near to the torus a 332 

connection box will be installed to separate the cryo-333 

supply for the upper from the lower cryo-pump. 334 

6. Target design and shaping 335 

AUG is a tokamak experiment with a weak cooling 336 

of components in plasma contact. The targets are 337 

clamped onto stainless steel water cooled support 338 

structures. The target thickness gives a limit for the 339 

heat absorbing capacity. It is between 15 mm for 340 

tungsten targets and about 30 mm for graphite. The 341 

tungsten coated graphite targets for the upper divertor 342 

are designed accordingly. However, there are two 343 

peculiarities for the design of the upper divertor targets. 344 

(i) There is no space to place fixing elements behind 345 

the cooling structure. (ii) The divertor cooling structure 346 

for the outer targets is part of the well aligned 347 

toroidally closed stiff coil support structure. There is no 348 

need to compensate a misalignment between divertor 349 

modules by target tilting. This offers the possibility to 350 

operate in the upper divertor with magnetic 351 

configurations in both directions of helicity. Anyhow, 352 

also if there is no need for target tilting, an ideal 353 

divertor with zero gap size cannot be realized due to 354 

manufacturing tolerances and the need for small 355 

toroidal and poloidal gaps to allow thermal expansion. 356 

The effect of a non-ideal divertor with d = 1 mm gaps 357 

in between targets and u = ± 0.1 mm alignment 358 

tolerance was taken as design criteria to define an 359 

optimal target chamfering minimizing leading edge 360 

effects.  361 

 362 

Fig. 5. Geometry and input data used for optimization of the 363 
target chamfering.  364 

The geometry is shown in Fig. 5. Here αm is the 365 

maximum tolerable pitch angle. The real pitch angle 366 

α < αm depends on the magnetic configuration and 367 

varies between 0.12 and 3.7 deg for the envisaged 368 

magnetic configurations at the strike line. h and s are 369 

free parameters for optimization. A number of 2D FEM 370 

thermal calculations were carried out to parametrize the 371 

peak heat load for a set of α values varying h and s 372 

with fixed d, u, and αm. A moderate chamfering with 373 

s = 7 mm and h = 1 mm was found to be the optimum. 374 

In comparison to this a roof-like shape with s=w/2, 375 

where w is the width of the tile, was also considered. 376 

Such a target might be uniformly loaded for α = αm but 377 

it is strongly overheated for α << αm. 378 

A new target clamping solution was designed, that 379 

allows fixing the target from the plasma side as shown 380 

in Fig. 6. The basic concept is that the clamping 381 

mechanism including the disc springs is preinstalled in 382 

the divertor cooling structure. The target is fixed with a 383 

pretension defined by the disc springs. Two types of 384 

target fixings are foreseen. In the region with a high 385 

heat load the target is fixed by placing it and turning 386 

the eccentric tappets inside the sliding blocks. The 387 

neighbor tiles placed left and right from the central 388 

highly loaded tile need access from the front side for 389 

fixing with screws. Both target fixings are 390 

manufactured and tested as prototypes.  391 

 392 

Fig. 6. 3D cut showing the clamping mechanism for the 393 
target tiles. Left, fixing applied in the high heat load region, 394 
right, with front side access applied in the low heat load 395 
region. The target thickness is 20 mm. 396 

7. Summary and outlook 397 

During the preliminary design phase the 398 

components of the Div-IIo project were detailed, 399 

checked and adjusted for geometrical compatibility 400 

with the existing components. Disruptions were 401 

identified as causing the highest forces. Avoiding an 402 

overloading of components requires an intrinsic safe 403 

design of the power supply and the conductor. The 404 

bending and joint concept will be defined on the basis 405 

of further test at the end of 2018. 406 

 407 
Acknowledgements: This work has been carried out 408 
within the framework of the EUROfusion Consortium 409 
and has received funding from the Euratom research 410 



and training programme 2014-2018 under grant 411 
agreement No 633053 in the framework of the MST 2 412 
programme. The views and opinions expressed herein 413 
do not necessarily reflect those of the European 414 
Commission. 415 

References 416 

[1] A. Herrmann, et al., Fusion Science and 417 

Technology, 44 (2003) 569-577. 418 

[2] T. Lunt, et al., Nuclear Materials and Energy, 12 419 

(2017) 1037-1042. 420 

[3] T. Lunt, et al., Nuclear Materials and Energy, PSI 421 

2018 proceedings (2019). 422 

[4] A. Herrmann, et al., Fusion Eng. Des., 123 (2017) 423 

508-512. 424 

[5] M. Teschke, et al., Fusion Energy and Design, Soft 425 

conference 2018 (2018). 426 

[6] B. Streibl, et al.,  Fusion Technology (Proc. of the 427 

19th Symposium on Fusion Technology, Lisbon, 428 

1997), 1997, pp. 427-430. 429 

[7] C. Day, Colloids and Surfaces A: Physicochemical 430 

and Engineering Aspects, 187-188 (2001) 187-206. 431 
 432 


