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Abstract— The materials plasma exposure experiment (MPEX)1

is a linear plasma divertor simulator currently undergoing2

conceptual design. The facility will expose material samples to3

steady-state plasma fluxes to examine plasma–material inter-4

actions (PMIs) that are expected in the next generation of5

fusion devices. The plasmas will be generated by a helicon6

source, with electron and ion heating sources of up to 800 kW7

possible. The peak heat fluxes of the target are expected to8

be up to 10 MW/m2. The facility will be capable of handling9

low-activation neutron-irradiated samples in order to examine10

the multivariate effects of neutron damage and plasma fluence.11

Neutron-irradiated samples are planned to be roughly of 10-mm12

diameter; however, plasma-facing components up to 60×600 mm13

can be accommodated. The steady-state nature of the device will14

require the magnetic confinement of the plasma to be achieved15

with superconducting magnets, with a maximum on-axis field16

of 2.5 T. In addition, since MPEX will be a steady-state device, in-17

vessel components need to be water cooled. The primary in-vessel18

components will be the target, the dump plate, the limiter, the19

skimmers, and the microwave absorber. The conceptual design20

of these components is presented here, including analyses that21

confirm that the designs are adequate to meet the requirements22

of MPEX operation.23

Index Terms— High heat flux, in-vessel components, linear24

plasma facilities, materials testing, plasma–materials interaction25

(PMI).26

I. INTRODUCTION27

THE divertor region of next-step fusion facilities will expe-28

rience an extreme environment that will include high ion29

fluences, high heat fluxes, and neutron irradiation [1]. The lack30

of test facilities that are capable of simulating this integrated31

environment limits the development of fusion components32

and understanding the plasma–material interactions (PMIs).33

The need for these next-step facilities that can test these34
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Fig. 1. Conceptual design of MPEX.

multivariate effects has been identified as a necessary step in 35

the path to fusion energy [2], [3]. Linear plasma facilities have 36

been used for a variety of PMI studies [4], [5]. A new linear 37

facility, the materials plasma exposure experiment (MPEX), 38

has undergone conceptual design at the Oak Ridge National 39

Laboratory [6]–[8], and is expected to be able to apply 40

fusion-relevant plasma fluxes and fluences to a priori neutron- 41

irradiated samples. Neutron irradiation will be performed at the 42

high flux isotope reactor (HFIR), which will limit the irradia- 43

tion of sample articles to roughly 10-mm diameter [9]. Larger 44

components, up to 60 × 600 mm, could be tested as well. 45

A CAD model of the conceptual design of MPEX is shown 46

in Fig. 1. Seven cryostats hold 21 superconducting coils, which 47

will allow for steady-state operation, up to 106 s, in order 48

to reach high ion fluxes. The magnetic fields on axis are up 49

to 2.5 T for the electron cyclotron and ion cyclotron heating 50

systems [10]. The plasma is created with a 200-kW helicon 51

source with 400-kW, 70-GHz electron cyclotron heating and 52

400-kW ion cyclotron heating. Gas species can be hydrogen, 53

deuterium, helium, neon, or a gaseous mixture. 54

Various in-vessel components are required for MPEX, 55

as shown in Fig. 2. The plasma terminates on a target, which 56

sits in a PMI chamber. The target is where the primary PMI 57

samples will be located. The target will receive steady-state 58

heat fluxes of up to 10 MW/m2 over a 10-cm plasma diameter, 59

and are so much actively cooled. The magnetic field at the 60

target will be 1 T. Because the target will include a 10-mm 61

irradiated coupon, it must be capable of being assembled in a 62

glove box and handled remotely. The peak surface temperature 63

of the sample coupon will be between 800 ◦C and 1500 ◦C. 64

The analysis of the target has been presented previously [11], 65

so it is not included here. The dump plate will catch the other 66

end of the bi-direction helicon plasma, so it is located at the 67
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Fig. 2. Cross section of MPEX, with water-cooled in-vessel components shown.

Fig. 3. (a) Cross section of the dump plate within the dump tank. (b) Dump
plate, made of 25 tiles.

opposite end of the device from the target. It should exhaust68

heat without releasing impurities into the plasma. The limiter69

will shape the plasma coming from the helicon source toward70

the target and relieve the sensitive helicon window [12], [13]71

from some of the heat. The skimmers will prevent neutral72

transport in the vacuum chambers in order to control the73

neutral pressure in different regions of MPEX [14]. The74

skimmers control the particle flow, but are not highly heat flux75

components. The microwave absorber will catch stray power76

from the electron-heating system. The in-vessel components77

control the power exhaust and the particle flow in the vacuum78

chamber. All in-vessel components require active cooling. The79

component descriptions, heat load specifications, and analysis80

(using ANSYS commercial finite element software) to support81

the ability of the design to meet the specifications are presented82

in the sequel.83

II. DUMP PLATE84

A. Component Description85

The dump plate is a large component, designed86

to be 50.8 cm by 50.8 cm. A cross section of the placement87

of the dump plate within the dump tank is shown in Fig. 3(a)88

and the full dump plate is shown in Fig. 3(b). The dump plate89

will be constructed from 25 tiles, consisting of three different90

designs. The center tile is exposed to the highest heat load.91

To keep the temperatures and stresses at acceptable levels,92

the center tile is cut such that the surrounding tiles will overlap93

Fig. 4. Dump plate tile (a) with four material layers and (b) cooling channel
milled out of CuCrZr.

the edges of the center. This keeps the heated region of the 94

center tile near the cooling channels. A total of Sixteen of the 95

tiles are cut such that two sides overlap and eight tiles are cut 96

such that one side overlaps. The bottom section of the tiles 97

is 10.2 cm by 10.2 cm. The cutouts and the overhangs are 98

3.18 mm. The tiles are arranged such that a gap of 0.127 mm 99

exists between the tiles to allow for thermal expansion. 100

The dump plate tile is made of four layers of different 101

materials and explosively bonded together. The four lay- 102

ers are a 1.5-mm layer of titanium–zirconium–molybdenum 103

(TZM), a 0.5-mm layer of titanium alloy, a 12.7-mm layer of 104

copper–chromium–zirconium (CuCrZr), and a 6.35-mm layer 105

of 304 stainless steel. The titanium layer is necessary between 106

TZM and CuCrZr to allow for the difference in thermal 107

expansion between the two materials. The plate will be cut into 108

10.2-cm square tiles. The cooling channels will be milled out 109

through the stainless steel and into CuCrZr (shown in Fig. 4), 110

and then a stainless cap will be welded on to create a robust 111

water to vacuum seal. An example of this procedure used for 112

cooling is an ITER electron cyclotron heating component [15]. 113

The cooling channel width is 8 mm across with a radius at the 114

top of the channel. The depth of the channel from the bottom 115

to the top of the radius is 10.2 mm. 116

B. Heat Load Specification 117

It is assumed that the power to the dump plate will be 118

equal to the power to the target, which is required to be 119

31 kW (which is calculated from the project specifications that 120

require a 10-MW/m2 peak heat flux with a 10-cm diameter 121

plasma). This is likely a conservative assumption as some of 122
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Fig. 5. Heat flux distribution on the dump plate.

Fig. 6. Yield strength versus temperature for dump plate materials.

the heating systems are expected to heat preferentially toward123

the target. Furthermore, it is assumed that a much higher124

parallel heat flux of 40 MW/m2 at the target is achieved in125

a 10-cm diameter plasma at the target for studies involving a126

tilted target. (In reality, these higher parallel heat fluxes are127

specified to occur in a much smaller 3.5-cm diameter). This128

would produce a total power of 120 kW. If the dump plate is129

located at a position in the dump tank such that the plasma130

diameter is 31.6 cm (which will occur where the field is 10%131

of the field required for a 10-cm diameter) and the heat is132

distributed in a Gaussian profile, then the peak heat flux on133

the plate will be 3.9 MW/m2. These extremely conservative134

assumptions will ensure a good safety margin for the design.135

C. Component Analysis136

The heat load on the dump plate is a Gaussian distribution,137

with a peak heat flux of 3.9 MW/m2 and a plasma diameter138

(10% of peak) of 31.6 cm. The heat flux distribution on the139

dump plate is shown in Fig. 5. The center tile receives the140

highest heat load. The tiles adjacent to the center tile receive141

a high heat load on one edge and a significant gradient. The142

tiles are cooled with water flowing through cooling channels143

in each tile. It is assumed that the water velocity in the144

channels is 6 m/s, which produces a convection coefficient145

of 24.7 kW/m2K (using the Gnielinski correlation [16]). The146

assumptions used for the convection coefficient calculation147

are a water temperature of 25 ◦C at 0.1-MPa pressure. The148

hydraulic diameter is calculated to be 9.12 mm.149

Material properties as a function of temperature are used150

in the finite element analysis of the dump plate (with the151

Fig. 7. Temperature contours for the center tile and the adjacent tile.

TABLE I

CENTER TILE ANALYSIS RESULTS

exception of Poisson’s ratio). The yield strength of materials 152

used in the model are shown in Fig. 6. The figure shows 153

the yield strength of TZM, Ti R56260, and CuCrZr versus 154

temperature. The strength of the Ti alloy is shown at two 155

different heat treatments to show a range of values. The yield 156

strength of 304 stainless steel is for quarter hard temper. 157

Of the 25 tiles that make up the dump plate, the center 158

tile will receive the highest thermal load. The tiles directly 159

adjacent to the center tile will also receive a high heat load 160

on one side. These two tiles were modeled individually, with 161

the appropriate heat flux applied. The center tile has the 162

highest heat load and the adjacent tiles have a high heat load 163

on the edge. 164

The top TZM layer has the highest temperature. The tem- 165

perature profiles in the TZM layer for the center tile and the 166

adjacent tile are shown in Fig. 7. The maximum temperature 167

in the TZM layer is 450 ◦C. The results show that the peak 168

temperature does not occur in the center tile. It is in the edge of 169

the adjacent tile that extends over the center tile. This region of 170

tile is further away from the cooling channel in the tile, which 171

causes an increased temperature. The maximum temperature 172

in the Ti alloy layer is 413 ◦C. The maximum temperature in 173

the CuCrZr layer is 277 ◦C and the maximum temperature in 174

the stainless layer is 186 ◦C. A summary of peak temperatures 175

is shown in Tables I and II. 176

Structural analyses are also performed. The structural model 177

used the same mesh as for the thermal analyses. As was done 178

with the thermal analyses, the center tile and the adjacent 179

tile were analyzed. The temperature profiles from the thermal 180

analyses were applied to the structural models. The stresses in 181
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TABLE II

ADJACENT TILE ANALYSIS RESULTS

Fig. 8. Stress contours for the center tile and the adjacent tile.

each material level were evaluated and compared to the yield182

stress for the layer material. The von Mises stresses in the183

TZM layer for the center tile and the adjacent tile are shown184

in Fig. 8. The maximum von Mises stress in the TZM layer is185

374 MPa. The results show that the peak von Mises stress does186

not occur in the center tile. It is in the corner of the adjacent187

tile that extends over the center tile and is farthest away from188

the cooling channel. The maximum von Mises stress in the Ti189

alloy layer is 304 MPa. The maximum von Mises stress in the190

CuCrZr layer is 286 MPa and the maximum von Mises stress191

in the stainless layer is 349 MPa.192

A summary of the peak von Mises stress in each material193

layer is shown in Tables I and II. The tables also show the194

yield strength of the material at the peak temperature in the195

material layer of the tile. The properties vary depending on196

the heat treatment. Although the peak stress is close to the197

yield stress in a few cases, it is worth noting that the heat198

load applied is a factor of four higher than what is expected.199

III. LIMITER200

A. Component Description201

The limiter shapes the plasma coming from the source,202

which will interact convectively with the plasma and can be203

used to reduce the heat flux on the helicon antenna window.204

The positioning of the limiter with the helicon assembly is205

shown in Fig. 9. Since the limiter will experience high heat206

fluxes, it will have a CuCrZr core that will be water cooled.207

The plasma interacting surface will be tungsten (1-mm thick-208

ness) with a thin interlayer between tungsten and CuCrZr in209

order to mitigate the thermal expansion mismatch. The outside210

shell will be stainless steel. The limiter will be manufactured211

Fig. 9. Conceptual design CAD model of the helicon antenna and the limiter.

Fig. 10. Conceptual design CAD model of the limiter, with a transparent
outer steel jacket to make cooling passages visible.

by first explosively bonding a stainless steel and a CuCrZr 212

plate. This will then be rolled to the appropriate curvature 213

(11.4-cm diameter). The steel will be machined out down 214

to CuCrZr, and then cooling channels machined into CuCrZr. 215

A stainless-steel cover will be welded onto the remaining 216

stainless steel in order to enclose the water cooling passages. 217

The cooling water inlet and outlet will be then in the stainless 218

cover. The inner side of CuCrZr will be machined in order to 219

develop the secondary curvature along the length of the limiter. 220

Then, a plasma spray process will be used on the inside of 221

CuCrZr to deposit a thin interlayer (0.25 mm) and then a layer 222

of tungsten (1 mm). This process will make one-half of the 223

limiter (see Fig. 10). An identical piece can be fit to this to 224

make the full limiter. 225

B. Heat Load Specification 226

Based on the experimental results on Proto-MPEX [17], 227

it is anticipated that 40% of the applied power to the helicon 228

antenna will be deposited on the window and the limiter. If it 229

is assumed that this power is evenly divided between these 230

two components, then each will be loaded with 40 kW. 231

C. Component Analysis 232

If the limiter is to take 40 kW of heat, it will average 233

1.08 MW/m2 on the inner face. A finite element model was 234

created, assuming this heat flux and a 5-m/s water velocity 235

(0.178-kg/s mass flow rate) yields a 21.1-kW/m2K convection 236

coefficient on the cooling passages of the limiter (calculated 237

from the Gnielinski correlation). The thermal results are shown 238

in Fig. 11. A peak temperature of 192 ◦C is well within the 239

material limits. In the future work, computational fluid dynam- 240

ics (CFD) simulations will be performed in order to obtain 241
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Fig. 11. Temperature contours for limiter analysis.

Fig. 12. One skimmer shown upstream of the electron-heating region
(indicated in brown), with the plasma shown.

more accurate thermal results, the water temperature, and the242

hydraulic characteristics. Stress analysis will be performed to243

confirm the structural robustness. In addition, a prototype will244

be built and tested in a high heat-flux test facility.245

IV. SKIMMER246

A. Component Description247

The skimmers are intended to prevent the transport of248

neutrals through the device, so that the required low-pressure249

region can be achieved for electron and ion heating. The250

effectiveness of skimmers has been demonstrated in Proto-251

MPEX [18]. Skimmers will be placed on either side of the252

plasma heating region. The skimmers will be plasma facing,253

but are not intended to interact with the plasma, and should254

experience virtually no convective load. Thus, the expected255

heat flux is less than that of the limiter (see Fig. 12). The256

skimmers will be made of CuCrZr.257

B. Heat Load Specification258

In Proto-MPEX, the skimmer was estimated to receive259

a load of 0.22 kW for a 101.3-kW power to the helicon260

antenna [17]. A 1.33-kW total heat load on the skimmer is261

applied in order to account for the additional helicon power in262

MPEX (factor of 2) and the power from other heating sources263

(conservatively, a factor of 3). This heat is applied primarily264

to the inner face (plasma facing region) of the skimmer, with265

a 100-kW/m2 heat flux, with another 35 kW/m2 applied to the266

“flange” face of the skimmer.267

C. Component Analysis268

The cooling tubes have a 6.35-mm inner diameter with a269

thickness of 0.5 mm. It is assumed that the water velocity270

Fig. 13. Temperature contours for the skimmer.

Fig. 14. Stress contours for the skimmer.

in the tube is 2 m/s, which produces a convection coefficient 271

of 8.7 kW/m2K (using the Gnielinski correlation). The thermal 272

results are shown in Fig. 13, with a peak temperature of 78 ◦C. 273

The stress results are shown in Fig. 14. The peak stress is 274

252 MPa, but this is in a very local region (which might result 275

in local yielding). The stress is under 100 MPa over almost 276

all of the components. 277

V. MICROWAVE ABSORBER 278

A. Component Description 279

Up to 400 kW of 70-GHz microwave power is expected 280

to be launched into a copper or copper-coated vessel. The 281

absorption of copper for this frequency microwave is less than 282

0.1%, so the portion of this power that is not absorbed into 283

the plasma is expected to reflect around the vessel. In order 284

to minimize the amount of reflected power that reaches 285

other (stainless steel) portions of the vacuum vessel which 286

have higher absorption, a microwave absorber is planned, 287

which will be located on both the dump and target sides 288

of the copper-plated, stainless-steel chamber. The microwave 289

absorber will require high heat flux-handing capability and low 290

electrical conductivity. 291

The conceptual design of the microwave absorber is shown 292

in Fig. 15. The flange of the absorber is stainless steel, with a 293

CuCrZr heat sink brazed to it. A cooling channel can be milled 294

into the heat sink, and a stainless-steel cover plate welded to 295

the stainless flange. A microwave-absorbing material, such as 296

TiO2, will be plasma sprayed onto the other side of the heat 297

sink, which faces the microwave source. 298

B. Heat Load Specification 299

For specifying the heat loads, a worst case assumption is 300

made here that none of the power is absorbed in the plasma. 301

Assuming a scenario of all 400 kW absorbed equally on the 302

target or dump-side graphite microwave absorber would imply 303

an average heat flux of ∼3.6 MW/m2. 304
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Fig. 15. Microwave absorber showing the (a) absorbing side and (b) cooling
channel.

Fig. 16. Temperature contours of the microwave absorber.

C. Component Analysis305

The cooling channel milled into the heat sink has a straight306

side that is 12.7 mm deep and 6.35 mm wide, ending in307

an additional 6.35-mm diameter semicircle. The pattern is308

shown in Fig. 14(b). The hydraulic diameter for the cross309

section is 4.35 mm. For a water velocity of 5 m/s, the mass310

flow rate would be 0.481 kg/s. The convection coefficient311

(calculated using the Gneilinski correlation assuming room312

temperature water) would be 22 kW/m2-K. A thermal analysis313

result is shown in Fig. 16, with a peak temperature on the314

absorbing face of 519 ◦C. The peak temperature in the CuCrZr315

heat sink is 323 ◦C. In the future work, CFD simulations316

will be performed in order to obtain more accurate thermal317

results, water temperature, and hydraulic characteristics. Stress318

analysis will be performed to confirm the structural robustness.319
320

VI. CONCLUSION AND NEXT STEPS321

The conceptual design for the in-vessel components of the322

MPEX linear plasma facility has been completed. Analyses323

have been performed to demonstrate the essential feasibility324

of these components to meet their design requirements. The325

following steps are planned in the next design phase.326

1) CFD of the dump plate tile, limiter, and microwave 327

absorber. 328

2) Structural analysis of the limiter and the microwave 329

absorber (including transient loading/unloading). 330

3) Examination of a broader set of loading cases for the 331

limiter (to confirm robustness for varying heat fluxes). 332

4) Testing of the limiter concept in a steady-state linear 333

plasma facility. 334

5) Manufacturing prototype dump plate tile, limiter, and 335

microwave absorber, and test under prototypical heat 336

fluxes, including thermal cycling. 337
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Conceptual Design and Analysis of In-Vessel
Components for the Materials Plasma

Exposure eXperiment (MPEX)
Arnold Lumsdaine , Claire Luttrell , Dean McGinnis, Kirby Logan,

Robby Hicks, Steve Meitner , and Juergen Rapp

Abstract— The materials plasma exposure experiment (MPEX)1

is a linear plasma divertor simulator currently undergoing2

conceptual design. The facility will expose material samples to3

steady-state plasma fluxes to examine plasma–material inter-4

actions (PMIs) that are expected in the next generation of5

fusion devices. The plasmas will be generated by a helicon6

source, with electron and ion heating sources of up to 800 kW7

possible. The peak heat fluxes of the target are expected to8

be up to 10 MW/m2. The facility will be capable of handling9

low-activation neutron-irradiated samples in order to examine10

the multivariate effects of neutron damage and plasma fluence.11

Neutron-irradiated samples are planned to be roughly of 10-mm12

diameter; however, plasma-facing components up to 60×600 mm13

can be accommodated. The steady-state nature of the device will14

require the magnetic confinement of the plasma to be achieved15

with superconducting magnets, with a maximum on-axis field16

of 2.5 T. In addition, since MPEX will be a steady-state device, in-17

vessel components need to be water cooled. The primary in-vessel18

components will be the target, the dump plate, the limiter, the19

skimmers, and the microwave absorber. The conceptual design20

of these components is presented here, including analyses that21

confirm that the designs are adequate to meet the requirements22

of MPEX operation.23

Index Terms— High heat flux, in-vessel components, linear24

plasma facilities, materials testing, plasma–materials interaction25

(PMI).26

I. INTRODUCTION27

THE divertor region of next-step fusion facilities will expe-28

rience an extreme environment that will include high ion29

fluences, high heat fluxes, and neutron irradiation [1]. The lack30

of test facilities that are capable of simulating this integrated31

environment limits the development of fusion components32

and understanding the plasma–material interactions (PMIs).33

The need for these next-step facilities that can test these34
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Fig. 1. Conceptual design of MPEX.

multivariate effects has been identified as a necessary step in 35

the path to fusion energy [2], [3]. Linear plasma facilities have 36

been used for a variety of PMI studies [4], [5]. A new linear 37

facility, the materials plasma exposure experiment (MPEX), 38

has undergone conceptual design at the Oak Ridge National 39

Laboratory [6]–[8], and is expected to be able to apply 40

fusion-relevant plasma fluxes and fluences to a priori neutron- 41

irradiated samples. Neutron irradiation will be performed at the 42

high flux isotope reactor (HFIR), which will limit the irradia- 43

tion of sample articles to roughly 10-mm diameter [9]. Larger 44

components, up to 60 × 600 mm, could be tested as well. 45

A CAD model of the conceptual design of MPEX is shown 46

in Fig. 1. Seven cryostats hold 21 superconducting coils, which 47

will allow for steady-state operation, up to 106 s, in order 48

to reach high ion fluxes. The magnetic fields on axis are up 49

to 2.5 T for the electron cyclotron and ion cyclotron heating 50

systems [10]. The plasma is created with a 200-kW helicon 51

source with 400-kW, 70-GHz electron cyclotron heating and 52

400-kW ion cyclotron heating. Gas species can be hydrogen, 53

deuterium, helium, neon, or a gaseous mixture. 54

Various in-vessel components are required for MPEX, 55

as shown in Fig. 2. The plasma terminates on a target, which 56

sits in a PMI chamber. The target is where the primary PMI 57

samples will be located. The target will receive steady-state 58

heat fluxes of up to 10 MW/m2 over a 10-cm plasma diameter, 59

and are so much actively cooled. The magnetic field at the 60

target will be 1 T. Because the target will include a 10-mm 61

irradiated coupon, it must be capable of being assembled in a 62

glove box and handled remotely. The peak surface temperature 63

of the sample coupon will be between 800 ◦C and 1500 ◦C. 64

The analysis of the target has been presented previously [11], 65

so it is not included here. The dump plate will catch the other 66

end of the bi-direction helicon plasma, so it is located at the 67

0093-3813 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



IEE
E P

ro
of

2 IEEE TRANSACTIONS ON PLASMA SCIENCE

Fig. 2. Cross section of MPEX, with water-cooled in-vessel components shown.

Fig. 3. (a) Cross section of the dump plate within the dump tank. (b) Dump
plate, made of 25 tiles.

opposite end of the device from the target. It should exhaust68

heat without releasing impurities into the plasma. The limiter69

will shape the plasma coming from the helicon source toward70

the target and relieve the sensitive helicon window [12], [13]71

from some of the heat. The skimmers will prevent neutral72

transport in the vacuum chambers in order to control the73

neutral pressure in different regions of MPEX [14]. The74

skimmers control the particle flow, but are not highly heat flux75

components. The microwave absorber will catch stray power76

from the electron-heating system. The in-vessel components77

control the power exhaust and the particle flow in the vacuum78

chamber. All in-vessel components require active cooling. The79

component descriptions, heat load specifications, and analysis80

(using ANSYS commercial finite element software) to support81

the ability of the design to meet the specifications are presented82

in the sequel.83

II. DUMP PLATE84

A. Component Description85

The dump plate is a large component, designed86

to be 50.8 cm by 50.8 cm. A cross section of the placement87

of the dump plate within the dump tank is shown in Fig. 3(a)88

and the full dump plate is shown in Fig. 3(b). The dump plate89

will be constructed from 25 tiles, consisting of three different90

designs. The center tile is exposed to the highest heat load.91

To keep the temperatures and stresses at acceptable levels,92

the center tile is cut such that the surrounding tiles will overlap93

Fig. 4. Dump plate tile (a) with four material layers and (b) cooling channel
milled out of CuCrZr.

the edges of the center. This keeps the heated region of the 94

center tile near the cooling channels. A total of Sixteen of the 95

tiles are cut such that two sides overlap and eight tiles are cut 96

such that one side overlaps. The bottom section of the tiles 97

is 10.2 cm by 10.2 cm. The cutouts and the overhangs are 98

3.18 mm. The tiles are arranged such that a gap of 0.127 mm 99

exists between the tiles to allow for thermal expansion. 100

The dump plate tile is made of four layers of different 101

materials and explosively bonded together. The four lay- 102

ers are a 1.5-mm layer of titanium–zirconium–molybdenum 103

(TZM), a 0.5-mm layer of titanium alloy, a 12.7-mm layer of 104

copper–chromium–zirconium (CuCrZr), and a 6.35-mm layer 105

of 304 stainless steel. The titanium layer is necessary between 106

TZM and CuCrZr to allow for the difference in thermal 107

expansion between the two materials. The plate will be cut into 108

10.2-cm square tiles. The cooling channels will be milled out 109

through the stainless steel and into CuCrZr (shown in Fig. 4), 110

and then a stainless cap will be welded on to create a robust 111

water to vacuum seal. An example of this procedure used for 112

cooling is an ITER electron cyclotron heating component [15]. 113

The cooling channel width is 8 mm across with a radius at the 114

top of the channel. The depth of the channel from the bottom 115

to the top of the radius is 10.2 mm. 116

B. Heat Load Specification 117

It is assumed that the power to the dump plate will be 118

equal to the power to the target, which is required to be 119

31 kW (which is calculated from the project specifications that 120

require a 10-MW/m2 peak heat flux with a 10-cm diameter 121

plasma). This is likely a conservative assumption as some of 122
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Fig. 5. Heat flux distribution on the dump plate.

Fig. 6. Yield strength versus temperature for dump plate materials.

the heating systems are expected to heat preferentially toward123

the target. Furthermore, it is assumed that a much higher124

parallel heat flux of 40 MW/m2 at the target is achieved in125

a 10-cm diameter plasma at the target for studies involving a126

tilted target. (In reality, these higher parallel heat fluxes are127

specified to occur in a much smaller 3.5-cm diameter). This128

would produce a total power of 120 kW. If the dump plate is129

located at a position in the dump tank such that the plasma130

diameter is 31.6 cm (which will occur where the field is 10%131

of the field required for a 10-cm diameter) and the heat is132

distributed in a Gaussian profile, then the peak heat flux on133

the plate will be 3.9 MW/m2. These extremely conservative134

assumptions will ensure a good safety margin for the design.135

C. Component Analysis136

The heat load on the dump plate is a Gaussian distribution,137

with a peak heat flux of 3.9 MW/m2 and a plasma diameter138

(10% of peak) of 31.6 cm. The heat flux distribution on the139

dump plate is shown in Fig. 5. The center tile receives the140

highest heat load. The tiles adjacent to the center tile receive141

a high heat load on one edge and a significant gradient. The142

tiles are cooled with water flowing through cooling channels143

in each tile. It is assumed that the water velocity in the144

channels is 6 m/s, which produces a convection coefficient145

of 24.7 kW/m2K (using the Gnielinski correlation [16]). The146

assumptions used for the convection coefficient calculation147

are a water temperature of 25 ◦C at 0.1-MPa pressure. The148

hydraulic diameter is calculated to be 9.12 mm.149

Material properties as a function of temperature are used150

in the finite element analysis of the dump plate (with the151

Fig. 7. Temperature contours for the center tile and the adjacent tile.

TABLE I

CENTER TILE ANALYSIS RESULTS

exception of Poisson’s ratio). The yield strength of materials 152

used in the model are shown in Fig. 6. The figure shows 153

the yield strength of TZM, Ti R56260, and CuCrZr versus 154

temperature. The strength of the Ti alloy is shown at two 155

different heat treatments to show a range of values. The yield 156

strength of 304 stainless steel is for quarter hard temper. 157

Of the 25 tiles that make up the dump plate, the center 158

tile will receive the highest thermal load. The tiles directly 159

adjacent to the center tile will also receive a high heat load 160

on one side. These two tiles were modeled individually, with 161

the appropriate heat flux applied. The center tile has the 162

highest heat load and the adjacent tiles have a high heat load 163

on the edge. 164

The top TZM layer has the highest temperature. The tem- 165

perature profiles in the TZM layer for the center tile and the 166

adjacent tile are shown in Fig. 7. The maximum temperature 167

in the TZM layer is 450 ◦C. The results show that the peak 168

temperature does not occur in the center tile. It is in the edge of 169

the adjacent tile that extends over the center tile. This region of 170

tile is further away from the cooling channel in the tile, which 171

causes an increased temperature. The maximum temperature 172

in the Ti alloy layer is 413 ◦C. The maximum temperature in 173

the CuCrZr layer is 277 ◦C and the maximum temperature in 174

the stainless layer is 186 ◦C. A summary of peak temperatures 175

is shown in Tables I and II. 176

Structural analyses are also performed. The structural model 177

used the same mesh as for the thermal analyses. As was done 178

with the thermal analyses, the center tile and the adjacent 179

tile were analyzed. The temperature profiles from the thermal 180

analyses were applied to the structural models. The stresses in 181
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TABLE II

ADJACENT TILE ANALYSIS RESULTS

Fig. 8. Stress contours for the center tile and the adjacent tile.

each material level were evaluated and compared to the yield182

stress for the layer material. The von Mises stresses in the183

TZM layer for the center tile and the adjacent tile are shown184

in Fig. 8. The maximum von Mises stress in the TZM layer is185

374 MPa. The results show that the peak von Mises stress does186

not occur in the center tile. It is in the corner of the adjacent187

tile that extends over the center tile and is farthest away from188

the cooling channel. The maximum von Mises stress in the Ti189

alloy layer is 304 MPa. The maximum von Mises stress in the190

CuCrZr layer is 286 MPa and the maximum von Mises stress191

in the stainless layer is 349 MPa.192

A summary of the peak von Mises stress in each material193

layer is shown in Tables I and II. The tables also show the194

yield strength of the material at the peak temperature in the195

material layer of the tile. The properties vary depending on196

the heat treatment. Although the peak stress is close to the197

yield stress in a few cases, it is worth noting that the heat198

load applied is a factor of four higher than what is expected.199

III. LIMITER200

A. Component Description201

The limiter shapes the plasma coming from the source,202

which will interact convectively with the plasma and can be203

used to reduce the heat flux on the helicon antenna window.204

The positioning of the limiter with the helicon assembly is205

shown in Fig. 9. Since the limiter will experience high heat206

fluxes, it will have a CuCrZr core that will be water cooled.207

The plasma interacting surface will be tungsten (1-mm thick-208

ness) with a thin interlayer between tungsten and CuCrZr in209

order to mitigate the thermal expansion mismatch. The outside210

shell will be stainless steel. The limiter will be manufactured211

Fig. 9. Conceptual design CAD model of the helicon antenna and the limiter.

Fig. 10. Conceptual design CAD model of the limiter, with a transparent
outer steel jacket to make cooling passages visible.

by first explosively bonding a stainless steel and a CuCrZr 212

plate. This will then be rolled to the appropriate curvature 213

(11.4-cm diameter). The steel will be machined out down 214

to CuCrZr, and then cooling channels machined into CuCrZr. 215

A stainless-steel cover will be welded onto the remaining 216

stainless steel in order to enclose the water cooling passages. 217

The cooling water inlet and outlet will be then in the stainless 218

cover. The inner side of CuCrZr will be machined in order to 219

develop the secondary curvature along the length of the limiter. 220

Then, a plasma spray process will be used on the inside of 221

CuCrZr to deposit a thin interlayer (0.25 mm) and then a layer 222

of tungsten (1 mm). This process will make one-half of the 223

limiter (see Fig. 10). An identical piece can be fit to this to 224

make the full limiter. 225

B. Heat Load Specification 226

Based on the experimental results on Proto-MPEX [17], 227

it is anticipated that 40% of the applied power to the helicon 228

antenna will be deposited on the window and the limiter. If it 229

is assumed that this power is evenly divided between these 230

two components, then each will be loaded with 40 kW. 231

C. Component Analysis 232

If the limiter is to take 40 kW of heat, it will average 233

1.08 MW/m2 on the inner face. A finite element model was 234

created, assuming this heat flux and a 5-m/s water velocity 235

(0.178-kg/s mass flow rate) yields a 21.1-kW/m2K convection 236

coefficient on the cooling passages of the limiter (calculated 237

from the Gnielinski correlation). The thermal results are shown 238

in Fig. 11. A peak temperature of 192 ◦C is well within the 239

material limits. In the future work, computational fluid dynam- 240

ics (CFD) simulations will be performed in order to obtain 241
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Fig. 11. Temperature contours for limiter analysis.

Fig. 12. One skimmer shown upstream of the electron-heating region
(indicated in brown), with the plasma shown.

more accurate thermal results, the water temperature, and the242

hydraulic characteristics. Stress analysis will be performed to243

confirm the structural robustness. In addition, a prototype will244

be built and tested in a high heat-flux test facility.245

IV. SKIMMER246

A. Component Description247

The skimmers are intended to prevent the transport of248

neutrals through the device, so that the required low-pressure249

region can be achieved for electron and ion heating. The250

effectiveness of skimmers has been demonstrated in Proto-251

MPEX [18]. Skimmers will be placed on either side of the252

plasma heating region. The skimmers will be plasma facing,253

but are not intended to interact with the plasma, and should254

experience virtually no convective load. Thus, the expected255

heat flux is less than that of the limiter (see Fig. 12). The256

skimmers will be made of CuCrZr.257

B. Heat Load Specification258

In Proto-MPEX, the skimmer was estimated to receive259

a load of 0.22 kW for a 101.3-kW power to the helicon260

antenna [17]. A 1.33-kW total heat load on the skimmer is261

applied in order to account for the additional helicon power in262

MPEX (factor of 2) and the power from other heating sources263

(conservatively, a factor of 3). This heat is applied primarily264

to the inner face (plasma facing region) of the skimmer, with265

a 100-kW/m2 heat flux, with another 35 kW/m2 applied to the266

“flange” face of the skimmer.267

C. Component Analysis268

The cooling tubes have a 6.35-mm inner diameter with a269

thickness of 0.5 mm. It is assumed that the water velocity270

Fig. 13. Temperature contours for the skimmer.

Fig. 14. Stress contours for the skimmer.

in the tube is 2 m/s, which produces a convection coefficient 271

of 8.7 kW/m2K (using the Gnielinski correlation). The thermal 272

results are shown in Fig. 13, with a peak temperature of 78 ◦C. 273

The stress results are shown in Fig. 14. The peak stress is 274

252 MPa, but this is in a very local region (which might result 275

in local yielding). The stress is under 100 MPa over almost 276

all of the components. 277

V. MICROWAVE ABSORBER 278

A. Component Description 279

Up to 400 kW of 70-GHz microwave power is expected 280

to be launched into a copper or copper-coated vessel. The 281

absorption of copper for this frequency microwave is less than 282

0.1%, so the portion of this power that is not absorbed into 283

the plasma is expected to reflect around the vessel. In order 284

to minimize the amount of reflected power that reaches 285

other (stainless steel) portions of the vacuum vessel which 286

have higher absorption, a microwave absorber is planned, 287

which will be located on both the dump and target sides 288

of the copper-plated, stainless-steel chamber. The microwave 289

absorber will require high heat flux-handing capability and low 290

electrical conductivity. 291

The conceptual design of the microwave absorber is shown 292

in Fig. 15. The flange of the absorber is stainless steel, with a 293

CuCrZr heat sink brazed to it. A cooling channel can be milled 294

into the heat sink, and a stainless-steel cover plate welded to 295

the stainless flange. A microwave-absorbing material, such as 296

TiO2, will be plasma sprayed onto the other side of the heat 297

sink, which faces the microwave source. 298

B. Heat Load Specification 299

For specifying the heat loads, a worst case assumption is 300

made here that none of the power is absorbed in the plasma. 301

Assuming a scenario of all 400 kW absorbed equally on the 302

target or dump-side graphite microwave absorber would imply 303

an average heat flux of ∼3.6 MW/m2. 304
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Fig. 15. Microwave absorber showing the (a) absorbing side and (b) cooling
channel.

Fig. 16. Temperature contours of the microwave absorber.

C. Component Analysis305

The cooling channel milled into the heat sink has a straight306

side that is 12.7 mm deep and 6.35 mm wide, ending in307

an additional 6.35-mm diameter semicircle. The pattern is308

shown in Fig. 14(b). The hydraulic diameter for the cross309

section is 4.35 mm. For a water velocity of 5 m/s, the mass310

flow rate would be 0.481 kg/s. The convection coefficient311

(calculated using the Gneilinski correlation assuming room312

temperature water) would be 22 kW/m2-K. A thermal analysis313

result is shown in Fig. 16, with a peak temperature on the314

absorbing face of 519 ◦C. The peak temperature in the CuCrZr315

heat sink is 323 ◦C. In the future work, CFD simulations316

will be performed in order to obtain more accurate thermal317

results, water temperature, and hydraulic characteristics. Stress318

analysis will be performed to confirm the structural robustness.319
320

VI. CONCLUSION AND NEXT STEPS321

The conceptual design for the in-vessel components of the322

MPEX linear plasma facility has been completed. Analyses323

have been performed to demonstrate the essential feasibility324

of these components to meet their design requirements. The325

following steps are planned in the next design phase.326

1) CFD of the dump plate tile, limiter, and microwave 327

absorber. 328

2) Structural analysis of the limiter and the microwave 329

absorber (including transient loading/unloading). 330

3) Examination of a broader set of loading cases for the 331

limiter (to confirm robustness for varying heat fluxes). 332

4) Testing of the limiter concept in a steady-state linear 333

plasma facility. 334

5) Manufacturing prototype dump plate tile, limiter, and 335

microwave absorber, and test under prototypical heat 336

fluxes, including thermal cycling. 337
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