ABSTRACT

COBURN, JONATHAN DAVID. Erosion Characterization of Advanced Plasma Facing Materials
(PFMs) for Magnetic Fusion Reactdfdnder the directiorof Dr. Mohamed Bourham and Dr.
John Gilligar).

Plasmafacing materials in future larggcale fusion rea@ors must be designed to withstand
high heat fluxes from extreme afbrmal events such as edge localized modes and unmitigated
plasma disruptions. The erosion rates of possible tungdimative materialeeretested under
high heat flux conditionsn the DIII-D National Fusion Facilityand the electrothermal (ET)
plasma source facility at Oak Ridge National laboratdhe plasmdacing materials of interest
are hgh-p u r i-3C ¢ VDbsilicon carbideandMAX phase ceramgTisSiC, and TpAIC. A new
analsis method was developed to characterize net erosion using a combination of focused ion
beam microscopy, scanning electron microscopy, and atomic force microSeGm@ndTisSiC,
were exposetb both L- and Hmode plasma discharges in the EDldivertorusing the DIMES
probe Samples survived average heat fluxes bfl® MW/n? over 16 secondsThenew micro
trench erosion measurement technique measueSiCtiand SiC erosion rates of®nm/s and
27-73 nm/s, respectively. Additionally, average ion aopangle estimates for an incidenfi&@d
angle of ~1.5° from surface parallel were made using ntrercch impact patterns. Measurements
ranged from = 24°- 34° with respect toand. = 51.5°% 55° below the surface norm&amples
of SIC, TisSIiC; and TRAIC were exposed to the ET plasma source akidg tungsten and
monocrystalline silicon. Samples experienced heat fluxes of AWIGW/n? from single and
multiple 1 ms plasma discharges. Tungsten samples exhibited pronouncdayareibrmation
anddeformation, with measured molten pits 20 >m in diameter and melayer depths of up to
7 >m deep. Surface erosion rates TaSiC, and TRAIC ranged from 80 775>m/s and 85 470
>m/s, respectively. Both MAX phases exhibited extreme surface fracture and material ejection,
with damage depths pa4 >m for Ti2AIC and 11>m for TisSiC.. SIC displayed the best
performance, in one case surviving 15 consecutive ET plasma exposures of about 0’h&w/m
flux with an average erosion rate of about>26/s and no surface fracturing. SiC erosion rates
ranged from 23 128>m/s. Comparing material performance across both experiments) it
CVD SiC exhibits the best overall potential for use as a pldaniag material in largscale

fusion reactor.



© Copyright 208 by Jonathan David Coburn
All Rights Reserved



Erosion Characterization of Advanced Plasma Facing Materials (PFMs) for Magnetic Fusion
Reactors

by
Jonathan David Coburn

A dissertatiorsubmitted to the Graduate Faculty of
North Carolina State University
in partial fulfilment of the
requirements for the degree of
Doctor of Philosophy

Nuclear Engineering

Raleigh, North Carolina
2018

APPROVED BY.

Dr. Mohamed Bourham Dr. John Gilligan
CommitteeCo-Chair Committee CeChair
Dr. Igor Bolanov Dr. K. Linga Murty

Dr. Alexei Saveliev



DEDICATION

This dissertation is dedicated to mynazingwife, Sara Coburn, for her constant support
and encouragement over the long course of this research endeavor. | also dedicate this dissertation
to my family and friends, whodeve, reassurancend abundanfokes of graduating kept me

motivatedto succeed



BIOGRAPHY

Jonathan David Coburn is a resident of Raleigh, North Caroéind formerly from
Washington, North Carolin&le receiveda Bachelors of Science iNuclear Engineering in May
of 2013 followed by a Masters of Nuclear Engineering in December of 2013, at North Carolina
State University.Jonathan has been involved in numerous researgjects throughout his
academic careestarting as a nuclear physiandergraduate researcher at NC State. That research
opportunity led to internships at GE Hitachi, Sandia National Laboratories, and eventually US
ITER and Oak Ridge National Laboratory which inspired this dissertation work. Notable research
topics from Ils academic experience, outside of the dissertation research, indtredeold
neutron sourcespyrochemical reprocessing of spent fuel, fission chambersjetaqasma
thrusters, and disruption mitigation system modeling.

Jonathan Coburn is currentlygraduate student subcontractor in the Fusion and Materials
for Nuclear Systems Division at Oak Ridge National Laboratory. After completion of the PhD, he
will begin work as a Monaco/ITER PeBoctoral Fellow with the ITER Organization in

Cadarache, Frarc



ACKNOWLEDGMENTS

| wish to express my extreme gratitude for Dr. Mohamed A. Bourham. Dr. Bourham has
been my graduate advisor throughout my time at North Carolina State University, and was
invaluable in shapingny academic career pathle is a oneof-akind professor,inspiring
encouragingandalways willingto address ny pr obl ems hi s students ar
thankful for the encouragement he has constantly provided. Whether it was for a class research
project or a dissertation experinteii there was a desire to pursue it, Dr. Bourham would always
encourage me to do so and provide guidance to make it happem truly grateful for his
dedication, support andspirationthrough myentire experience as a Nuclear Engineering student
at NC State.

There are many other researchers and scientists | wish to acknowledge for making this
collaborative dissertation research possible. Firstly, | am thankful to Dr. Ezekiel Unterberg from
Oak Ridge National Laboratory (ORNL) for serving as a teclhimasultant on my dissertation
commi ttee. Dr . Unterbergds willingneadhist o t ak
guidance through the many experiments that were made possitsldy appreciated. It was an
invaluable experience being able tmduct plasma exposure experiments at ORNL and the DIII
D National Fusion Facility alongside leading researchers in the fusion community. | also wish to
thank Dr. Chad Parish at ORNL for his mentorship in materials science and microscopy. Dr. Parish
provided countless hours of time aiding me with and training me on the microscope resources
available at ORNL. Most of the peskperiment material analysis done for this dissertation was
only possible thanks to hiervice

| wish to acknowledge Dr. Joseph Bar for serving as the primary author for DDI
experiment proposal 522. | am grateful for his willingness to lead the experiment and for his
assistance in analyzing and interpreting the results. | also wish to acknowledge Dr. Trey Gebhart
at ORNL for hs willingness to conduct the electtieermalexposure experiments using his ET
plasma sourceDr. Gebha s veas idvaluablen planning and executinthe multiple ET
campaignsequired for the final exposure experiment. | am grateful to Dr. Ane Lagivfog me
permission to utilize hezxomputational MPR scripts, as well as for taking the time to assist me in
modifying them for my experiment needsaam thankful to Dr. Dean Beauchenaur from Sandia
National Laboratories, Dr. Michel Barsoum from Drex#iiversity, and Dr. Chad Parish for



providing the material samples used in this resediclally, | want to extend a special thanks to
Dr. David Rasmussen at US ITER for providing me my first avenue for conducting fusion research
at ORNL. His guidance aneincouragement, along with the opportunities provided to converse
with other researchers in the fusion community, laid the groundwork for what would eventually
become my dissertation.

This dissertation material is based upon work supported by the U.&tDept of Energy,
Office of Science, Office of Fusion Energy Sciences, using theDNkational Fusion Facility, a
DOE Office of Science user facility, under Awards-BE0204ER54698. It is also supported by
the DOE via UT Batelle, LLC Subcontract 4008586. Academisupport was receivetirough
the GAANN Fellowship awarded to Jonathan Cob(\200A150035)DIII-D data shown in this
paper can be obtained in digital format by following the links at
https://fusion.gat.com/global/D3D_DMRP.his work was pedrmed in part at the Analytical
Instrumentation Facility (AlIF) at North Carolina State University, as well as the Low Activation
Materials Development and Analysis (LAMDA) laboratory at Oak Ridge National Laboratory

Disclaimer: This report was preparesian account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency thereof, nor any
of their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility 6r the accuracy, completeness, or usefulness of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or serviaddogame, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not neitgstate or reflect those of the United
States Government or any agency thereof.



TABLE OF CONTENTS

LIST OF TABLES.. ..ot eeee e an e e nneneees Vil
LIST OF FIGURES........uiiiiiiiiiiiiiiictieeeiesieeee ettt ettt e e e e e e smateseaaaaaaaaaeaaeeesssssssmmneeeaaeassssannnns iX
Chapter 1T INtrOAUCTION  ....ooiiiiiieeee e e e e e e e eeeennee e 1
1.7 INETOAUCTION. ...ttt et e e e e e e e e et et e e e e e e e e e e e e e e s s mnne e e e e e 1

1.27 Background on Tokamak D@ES................uueuiiiiiiiieeceiiiiise e emee s 2

1.37 Current Fusion Reactor MaterialS.............ooooviiiiiiiccce e 7

1.47 PUrpoSe Of StUAY......cooiiiiieiiiiiieeeee e enee 9

] (=] €= o =T 11
Chapter 21 Erosion Mechanisms of Plasma Facing Materials..............ccccccccviiiieennnnnen. 12
2.17 PhysSiCal SPUIEIING......coiiieeieiiiiiee e rieme e e bbb 13
2.1.17 The Plasma Sheath............ccuuuiiiiiiieeeiiiiiiiiieeceeee e 15

2.27 Melting andBOIlING ........uuiiiiiiiee e 18

2.3 SUDIMEALION ..ottt e e enere e 20

2.47 Other EroSion MeChaNISMIS......uuuiiiiiiiiiiiiiie ettt srmmee e 22

] (=] €= o =T 24
Chapter 37 Abnormal Events: Disruptions and Edge Localized Modes...............ccc....... 26
.11 DISTUPLIONS. ...ttt eeee ettt et e e e e e e e e e e e e rmmme e e e e e e e e e e e e e ne e 26
3.1.17 Causes Of DISTUPLIONS.....cciiiiiiiiieieeee et neee e 27

3.1.21 Impact OfDISIUPLIONS..........cooieieiiiiiiiiimcme e 32

3.27T H-mode and ELMS.........cccoiiiiiiiiiiiiieeeiiiiitieee e e eeeeee e e e e e e e e e e e e e e e e e e 35

3.2.171 TYPES OFf ELIMSi.. .ot 38

3.2.21 Summary of ELM Control Methods..............ooovviiiiiiiccreieeeeeeiiiis 39

3.37 Behavior Expected on Future Tokamak ReactQrS..........ccooeeeveeeeeecinnnnnnnnnnn 40

] (=] €= o = 43
Chapter 471 Alternative Plasma Facing Materialsfor Next Gen Tokamak Reactors........ 45
4.7 SIlICON CarbideS. ...coe i e eeees e e e e e e e e e e e e s eeans 45
4.1.17 Monocrystalline and Polycrystalline SIC...........ccooooiiiiiiccciiiineeeee 46

4.1.27 SIC/SIC COMPOSIEES. ... ciiiiiiiieeeei ettt e e e e e e e e ee s mmr e e e eees 47

4.27 MAX Phase CeramiCS......ccuuuiiiiiiiiiiie ittt e e e e e e e eeeend 48

4.2.17 TizSiCoand ThAIC ... eees e eeeere s 50

] (=] €= o =T 52
Chapter 57 Methods of PFM EroSion StUIES..........uueeiiiiiiiiee e e e e e eeee s 53
5.17 Focused lon Beam Mic¥brench TeChniqUe............ccuveiiiiiiiiimmmeciiiiii e, 53

Vi



5.27 DIII-D National Fusion FacCility..............coouevriiiiiimree e 60

5.2.17 Background on DIHD ...........ccoooiiiiiiiiiiiieeme et 60

5.2.21 DIMES Experiment on DIHD.........cccooeiiiiiieiiiiiiiieeei e 61
5.2.2.17 Experimental Method..............uuviiiiiiiiiieeciiiieeeeeeeeeen 62

5.2.2.2i MATLAB Modeling for Preliminary DIMES Experiment....65

5.2.2.3i Preliminary DIMES Experiment on DHD................c...eeee 69

5.37 Electrothermal Plasma SOUICES............uuuuuuuiiiiceeeeiiiiiiiieaa e 73
5.3.171 Background on Electrothermal Plasmas............cccccoeeeeceeevviinnennn. 73

5.3.21 ET Experiment at Oak Ridge National Laboratory.............cc......... 79

5.337 ETFLOW SIimMUIIONS........ccooiiiiiiiiiiiiiinees s eneesneeee 82
RETEIENCES. ...ttt 84
Chapter 67 Results of PFM Erosion STUAIES...........cceeeeivriivmeuiiimmreeeeeeerninnsnnn e e e e s sneseaend 38
6.17 DI -D EXPEIMENL......iiiiiiiiiiiiiiei et ieeeiiie bt e e e e e e e e e e eser e e e e e e e e e e aaaeeeeeaaeaaane 88
6.1.17 EXpPeriment DetallS.........ccccuuiiiiiiiiiiieeeiiiiiiiieee et 38

6.1.21 Micro-trench Erosion Rates.........ccccvvieiiiiiiiicccieeeeeeeeeeen, 93

6.1.37 Average 1on Impact ANGIES........uuiiiiiiii e, 97

LG R YU [ 1 = Y2 OO 99

6.2 Electrothermal Plasma Source Experiment...............ccoovvveeeeeeiiieeeieeennnnnn, 100
6.2.17 EXperiment DetailS..........ccccuuiiiiiiiiiieeeiiii e 100

6.2.27 Heat FIUX ANAlYSIS.......coooiiiiiiiieeeee e 105

6.2.31 Microscopy Analysis SilICON............uuuuiiiiiiiiiiiiieeeiiiiieeeeeeee e 114

6.2.47 Microscopy AnalysiS TUNGSIEM........ccccuuviiiiiiiiiieieeeiieiveeeeee e 117

6.2.51 Microscopy ANalysiS TizSICo....uuuuimiiiiiiiiiiiiiiiiiiieeeee e 122

6.2.617 Microscopy AnalBisT TioAIC ......cccuviiiiiiiiiiiiiee e 129

6.2.77 Microscopy Analysig Silicon Carbide.............cccccceviiiiiiiceeeiiiiins 134

6.2.81 Combined Erosion Results and DiscussiQn................ccevvvieeeenneee. 138

6.3T ETFLOW SIMUIALIONS.......coiiiiiiiiiiiiiiiieeeiieeeee e s eeeesee e eeeaeeaeeeas 143
6.3.11 Ablation Simulations Without Vapor Shielding..............ccc.oooooeee 143

6.3.21 Ablation Simulations With Vapor Shielding...............cccccciiimennnnnn 145

] (=] €= o = 149
Chapter 77 Discussion and CONCIUSION...........uiiiiiiiiieeeeccceeeicie e eene e 150
7.17 DIl -D Experiment (Physical Sputtering Regime)...........ccoooeevvviviemcennnnnnnnn. 150
7.217 ET Experiment (Melting/Sublimation Regime)............cccoeeevviivemeeiiiinee e 153
7.37 Overall PEM PerformancCe...........coooiiiiiiiiiiieemee et 157
7.471 Final Remark and Future Work Suggestions.............ooooveiiiiieene e eeeeiiins 161
] (=] €= o = TR 164
Y o] 0= o ) PO PP PPPPPPPRPPPR 165

Vil



Table 5.1
Table 6.1
Table 6.2
Table 6.3
Table 6.4
Table 6.5
Table7.1
Table 7.2
Table 7.3

LIST OF TABLES

Ideal shot plan foexperiment 5202...........coiiiiiiiie i iiieeeeee e eeeeeaees 65
Averageionimpactangle eStimations..............uuurrieiiiiiiieeeiiiiieeeeeee e eeeeeeean 99
Final ET experiment ShOt plan.............ceveviiiiiiieeciiiieeeeeee e 105
Summary of measured sample EMISSIVILIES..........ccovviiiiiiiieemiiiiiieeeeeeeennn 106

Ablation constant values from ETFLOW simulation®wapor shielding....144
Efficiency ratio results for ETFLOW simulations with vapor shielding....147

Ranking of material perfsmance during DIHD experiment........................ 153
Ranking of material performance during ET experiment........................ 156
Overall ranking of material performance across all experiments............ 159

viii



Figure 1.1
Figure 1.2
Figure 1.3
Figure 14
Figure 1.5
Figure 1.6
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 25
Figure 2.6
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 4.1
Figure 4.2
Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9

Figure 5.10
Figure 5.11
Figure 5.12a
Figure 5.12b
Figure 5.13
Figure 5.14
Figure 5.15

LIST OF FIGURES

Schematic of a tokamak magnetic field igaration...................cccoevvrveeeen. 3
Plasma particle motion in toroidal field configuratians...................eeicmeeeen 4
Interior of JET tokamak and cross section of diverted tokamak plasma.....5
Performance comparison between tokamaks, accelerators, and transisto

The ITER tokamak deSign..........ccoovviiiiiiiiiiccceeee e
Sample PFM erosion rate COMPAriSON.........uuuuuiiieeeeesceeeiriiiinaseeeeeeeeaaeeeees 10
Physical sputtering yield for Be, C, and W by D and-selfittered ions......... 15
Zones of charge balance within the plasma sheath...................ccceennnnnis 16
Zones of the plasmgheath in the presence of an oblique B field............... 17
Computed ion trajectories with varying initial velocity distributions........... 18
Examples of melting and vaporization inW..............cccoviiimmmniiniciiiiinne, 19
Temperature vs energy Change..........cccuuuuruiriimmmniiiiiiiieieeeeeeeeeeeeeeeeeeeeees 21
Sequence OfiHrUPLION BVENTS..........oooiiiiiiiiitreer e eeere e 28
Plasma parameters during a theoretical disruption on ITER.................... 28
Kink and tearing mode instabilities................oiiiiiiicceeeee e, 31
Power density on JET divertor during a disruption...............coeevvvieeeeeeenne. 33
Simulation of ITER vertical instability................cccooiiiiiieecicceie e, 34
Chart of different modes of confinement..............cccceiiiiiccceeeiiiiiiiiiineeeenns 36
ELMS ON MAST ..ttt e e e et e e e e eeeane 37
Peeling/Ballooning stability limit and variation of stability boundaries......38
Crystal structure of silicon carbides..........coooveeiiiiiiiicc e, 47
Atomic structure of M\X phase ceramics...........cccccuvvriiiiiimemniiiiiiiiiieeeeeee 49
Example 10 x 10 micrtrench for DIIFD experiments.............ccccoevvvvvvvvieenn.. 55
Example 10 x 12 micrtrench for ET experiments.............ccccoovvvvvvieeeeeeene. 55
Schematic of micrdrench edge...........oooiiiiiiiiiiiiiee e 56
AFM tapping mode and probe tip...........ooeviiiiiiiiiicce e 58
Exampk AFM data for FIB tungsten sample..........cccooooiiiiiiiicen e 59
MOdified AFM TIPS....coiiiiiiiiiieeeee e 60
DIMES probe assembly...........ccccuuiiiiiiiiieeeiiiiiii e 63
DIMES surface temperature eStimations...........ccccovveeiiiieemeeieiieeeeeeeeend 64
Example micretrench geometries in MRRrench..............cccoovvviviiiieeee e, 67
lon impact angle distribudn functions..........cccccooeeviiiiiiiccciii .. 68
Sample map for preliminary DIMES experiment.............cccccceevveeeeieieeeeenns 70
Preliminary experiment maro-trench cluster, unexposed...........cccceeeeevvennnes 71
Preliminary experiment micrtyench cluster, exposed...........ccccevvvvvvvvvieeen... 71
Square micrdarench frompreliminary experiment, pogxposure...................[3
Layout of typical ET discharge system............cccccvvvvvvieemeeeeeeeeeeveeeeevvennnnnn 4
ASSEMDBIEADRNL ET SOUICE.....uuuiiiiiee e ceeeiis e eeeeernne e e 75



Figure 5.16
Figure 5.17
Figure 5.18
Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 69

Figure 6.10
Figure 6.11
Figure 6.12
Figure 6.13
Figure 6.14
Figure 6.15
Figure 6.16
Figure 6.17
Figure 6.18
Figure 6.19
Figure 6.20
Figure 6.21
Figure 6.2
Figure 6.23
Figure 6.24
Figure 6.5
Figure 6.26
Figure 6.27
Figure 6.28
Figure 6.29
Figure 6.30
Figure 6.31
Figure 6.2
Figure 6.33
Figure 6.34
Figure 6.3
Figure 6.3
Figure 6.37

Electrical system for ORNL ET SOUICE........ccceeeeiiiiiiiiiieeen e 80

ORNL ET SOUICE SEIUP....uuiiiiiiiiiiiiie ettt nmmea e eeaas 81
AssembleET plasma sorce at ORNL...........ccooeiiiiiiiiiiiieeee e 31
Schematic of DIMESiead antamples..........oooooiiiiiiiiiiimeee e 89
Example 4 x 10 micrtrench before and after plasma exposure................ Q0
Example 10 x 10 micrtrench with AFM data............coooooiiiiiiiiiccc 91
Example temperature data from DIMES IRTV..........ooooiiiiiiiced 93
SiC and TiSiC; erosion rate VS heat fluX........cccccveieiiiiiiicccs 94
SiC erosion rate vs height location...............oovvvviiieee e 95
SiC erosion rate vs heat flux, with trendlines..........ccccccoiiiiieac, 96
[ON IMPACE PAEINS .....ciiiieeeeeiiiie e eerrnr e e e e e e e e e eeeees 98
ET sample diMeNSIONS. ........uiiiiiiiiiiiiiee e 101
Example 1« 12 FIB microtrench in TAAIC ... 103
FIB bitmap image for depth markings.............cccuvvviiiiieeciiiiiiiiiieeeeeeeeeen 103
Diagram of ET sample target.........oooovoriiiiiiiiiccc e 107
Postexposure image of ET target holder.................uvveiicccreeeeeveviiinn, 110
Temperature and heat flux density from IR camera............cccceeeivimnnnnns 111
Time-lapse of IR temperature data frames.............cccceeiiiiccceeveiviiicieenn, 111
Example profiles of ET current and POWEL.............eeeeeeieiceecviiniiiieeeeennnn 112
Heat flux as a function of maximum ET SOUrce pOWel..........cccccveeeeerennne. 113
Silicon Micro-trench EXample #L.........ovviviiiiiiiiiieeeeeeeee 115
Silicon Micro-trench EXamle #2.........ueiiiii e 116
Silicon Micro-trench Overlay Image...........cccvvviiiiiiiiieeeiiieeeeeeee e 117
Tungsten Micretrench EXample #1........ooeviiiiiiiiiiiiiieeneeeeeeeeeeeee 118
Tungsten Micretrench EXample #2.......cccoooeeieiiiiiiiiieeee e 119
Tungsten Micretrench Example #3.......coooooiiiiiiiiiiiiieeee e 120
Tungsten Micretrench Example #4.......cccoooooiiiiiiiiiiieeee e 121
Tungsten Label Image.........cooooo oo 122
TisSiC2 Micro-trench EXample #l.........oooiiiiiiiiiieen, 123
TisSiC2 Micro-trench EXample #2.........cooiiiiiiiiiiiic e, 125
TisSiC2 Micro-trench Example #3........oooviiiiii e, 126
TisSiC Micro-trench Overlay Image #L..........oooooiiiiiiiiiiccee e 127
Ti3SiCo Micro-trench EXample #4........couvvviiiiiiiiiiiiieeeeee e, 128
Ti3SIC, Micro-trench Overlay Image #2..........oooooiiiiiiiiicee e, 128
Ti2AIC Micro-trench Example #L........ooooo i 129
Ti2AIC Micro-trench Example #2........coooo i 131
Ti2AlIC Micro-trench Overlay Image..........ooooiiiiiiiiieeen e 132
Ti2AIC Micro-trench EXanple #3........cccciiiiiiiiiieeeieeeiiiie e 133
Ti2AIC Label IMagE.....uuiiiiiiiiiiiiiiii e 133
Silicon Carbide Micretrench Example #1............ooooiiiiiiiimeenneniiiiee 135



Figure 6.38 Silicon Carbide Micretrench Example #2.............cooeviiviiiiieeeee e, 136

Figure 6.3  Silicon Carbide Overlay IMage.........cccoeeeeieiiiiiieeeie e 137
Figure 640 Overlaid image for material loss measment parameters...............cc........ 138
Figure 641 Max surface erosion rate vs heat flux, single eXposures............c.....c..... 140
Figure 6.42 Max surface erosion rate vs heat flux, multiple exposures..................... 141
Figure 6.43 Max surface erosion rate vs heat flux, all eXposSUres.............ccccccvieeennnns 142
Figure 6.44 ETFLOW results of total eroded mass and thickness..................cccoeeeeee. 145
Figure 6.45 Vapor shielding #iciency ratios for TESICo......uuuuriiiiiiiiiiiiiiiiiieeriiiieeeeeeenns 146
Figure 6.46 Thicknesslosses for alternative RFcandidates fob00e s d i s...u.pl48i on s
Figure 7.1  Visual comparison of overall PFM performance..............cccccceevvceeeennnnnns 160

Figure 72  Combined PFM erosion rate comparison as a function of heat flux........ 162

Xi



CHAPTER 171 INTRODUCTION

1.17 Introduction

The quality of life in various countries is often correlated with per capita energy usage [1].
As the population increaseschas the developing world evolves closer to the needs and lifestyles
of the developed world, global energy demand is expected to drastically increase. Some estimates
predict that electricity demand alone will increase by a factor of 3 by the year 205G{i¢r
than rely on fossil fuels, the world is slowly but deliberately moving towards cdrberenergy
sources in an effort to secure reliable energy while combating global climate change.- Carbon
neutral, carboifree, and renewable energy sources hiagegbtential to fill some of this need and
are rapidly being developed, particularly wind and solar power. However, in thedsest
development scenarios, even accounting for advanced energy storage technologies, these
renewable sources are hindered byhbow energy density and temporal variations. A global
energy solution depends on the operation of a clean, reliable source of baseload power. Nuclear
fission is a viable option to meet this demand, although it is still plagued by concerns of safety,
radioactive waste, and proliferation.

Fusion energy offers an attractive solution te ghowing global demand for energy. If
properly harnesseengineered, and controlled at an affordable, egsttricity generation from
nuclear fusioncan provide nation with energy security while avoiding further environmental
degradation from fossil fuels [1]. It offers the same upsides of nuclear fission without the concerns
of accident scenarios or proliferation, all with minimum, stiged radioactive waste. Harsging
nuclear fusion in a controlled, sustainable vimresearcichallengethat spans back over 50
years. Multiple methods of fusion energy production have been explored, including magnetic
confinement, inertial confinemenglectrostatic confinementand pinch configurations [1]
Tokamakbased fusion devices, which utilize magnetic confinement methods, have demonstrated
the greatedusion energyerformance thus far [2]. Global progress in tokamak fusion experiments
has even motivated the constructioihthe International Thermonuclear Experimental Reactor
(I TER) , t h e wsoale tokathak ddvicerdesigned ta aclieve net fusion energy gain.
However, many physics and engineering challenges remain for ITER and beyond. Harnessing
nuclear fusionin a controlled, sustainable way a multifaceted challengé’he goal of this
dissertation is to contribute to the ongoing fusion research addressing these challenges. Of the
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many research topics, this dissertation delves into the investigation of eylabmaacing
materials for advanced magnetionfinement fusion reactark doing so, this research will play

a small buimportant part in making fusion power a viable global energy solution.

1.27 Background on Tokamak Devices

Magnetic confinementusion devices takadvantage of the electric charges of plasma
particles and confine them in a magnetic bottle. Specially designed magnetic field configurations
restrict charged particle motion across the magnetic field lines while promoting motion along
t hem. The name Atokamako i s fidsmrstcsdH®dzy dgOWw f € @ d
BOG dzd Is dzr dzd Ctafpoksld' hagakadiefa smégnitnymikatushkami) which translates to
At oroi dal c hamber .wthetbkanml thepdasniads foomzd ith thedsshape2oi
a torus through specifically designed tordidad poloidal magnetic field configurations. A
toroidal magnetic field Bis not sufficient to confine the plasma alone, as the curvature of the field
lines produces opposing particle drifts for the charged ions and electrons [2]. This effect leads to
a charge separation, electric field formation, and eventual loss of plasma. For a tokamak, a poloidal
magnetic field B is added by imposing a toroidal current within the plasma, often at a much
smaller magnitude than BThe combined toroidal and poloidal gmetic field lines spiral around
the torus structure in nested toroidal surfaces, forming what are referred to as closed magnetic flux
surfaces [2]. Lastly, to counteract radial expansion forces, vertical magnetic fields are induced via
vertical field coik to achieve radial equilibrium. Figudel highlights how the toroidal and
poloidal field lines are developed in a tokamak device using magnetic field coils. Eigure
demonstrates the physics behind particle motion in a toroidal magnetic field a¢osaglal plus
poloidal field configuration.
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Figure 1.17 Schematic of a tokamak magnetic field configuration [3]
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Figure 1.271 (a) A simple toroidal magnetic field configuration, demonstrating the particle drifts,
charge separation, and E x B dtihat arises. (b) A helical magnetic field from toroidal and
poloidal field components, which removes charge separation. (c) Tokamak configuration. (d)

Stellerator configuration. (e) Reversed field pinch configuration. [2]



Modern tokamaks operate ia diwverted shape which deviates slightly from the
configuration in Figure 1.2 (chn this configuration, the last closed flux surface is opened up such
that a cross point, or-goint, is formedas in Figure 1.gRight). The now open magnetic flux
surfaces arehen directed to target plates in a component called the divertor. The divertor is
designed to manage the thermal loads from plasma particles that escape the semaratrix
transported through the scrap layer, and eventually impact the divertor @atatthe strike
point location[1,2]. Divertors allow for efficient exhaust of escaped plasma parteidselium
ash reducing the impact of builtp impurities on the plasma cofiéhe tokamak plasma isually
initiatedin a limited configurationthenthe plasma shape is modified iraliverter configuration
using the poloidal field coil currents [1Ppepending on the design, tokamaks can operate with a
single diverted configuration at the top or bottom of the taagsn Figure 1.3pr with a doubly

diverted configuration.

por I

/74% sins L O Closed magnetic
X / : |« }] G surfaces
| !
¥ - ! Open'
3 A magnetic
surfaces

Scrape-off layer

XA Strike points X-point

Divertor plates Private plasma

Figure 1.371 (Left) A composite image of the interior of the JET tokamak before and during plasma
operations, highlighting the plasma impact within the lower divertor region. (Right) A-cross

section outlining the regions of asdrted tokamak plasmd]

The basic tokamak design has significantly advanced through the past few decades. There
have been extensive improvemenh confinement, transport properties, operating density, and
plasma stabilityallowing for the discoveryral exploration of new, efficient confinement regimes.

The fusion triple product (nTU), a combination of theplasma density, temperature, and

confinement time, designates the minimum requ

5



where plasma heatifgy products of the fusion reaction is sufficient to balance out thermal losses

and maintain the desired plasma temperatichievements in the triple product hakept pace

with other hight ech i ndustri es, i ncreasi nbawatleastups | i ght
t o t h d5].FiQuee Qddighlights this growth rate in fusion capabilities compared to processor

chips and particle acceleratoi®oday, tokamaks are the most advanced toroidal confinement
system and are the most promising candiftatéhe first generation of fusion reactors. By further
increasing the reactor size and magnetic field strengths, energy storage and confinement are
expected to finally improve to the point of generating a burning fusion plasma and surpassing

energy breaven.

1000 —
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01

relative performance
=

0.01

0.001

= | | |
1965 1975 1985 1995 2005

Figure 1471 Performance comparison between tokamak plasma achievements (blue), the energy
of particle accelerators (green), and the number of transistors on processor chips (red). The relative
performance of fusion plasmas is defined by theofusiiple product. The dashed line indicates

the performance expected on ITER [

International fusion research effort has culminated in the design and construction of the
ITER device. Scientists and engineers from over 35 nations have banded togetinstrtect the
worl déos first tokamak de venergy|[l@h JEBERIdsealedtdbepr odu
10 times greater than todayds | argest tokamak

stored energy and potential of fusion energypotion B]. A crosssection of the ITER device is



displayed in Figurel.5 which highlights important design features and components and their
material composition. ITER is introducing plasfaging materials (PFMs) and components
(PFCs)to a largely unexpred territory. The combination of high particle fluxes, over long pulse
lengths, at high power flux densities raises serious material integrity questions that must be
addressed. The mat er i al dsfaciegrcampahents hayenadreadsaeimr | T EF
solidified and are currently under construction. Although ITER is planned to be the first fusion
device to generate net fusion energy, it will not capture the power it produces as electricity. Next
generation fusion devices will be required that aralsced and designed bas
performance. These fusion reactors will demand even greater fusion performance and will likely
require advanced material solutions to counter any problems uncovered during ITER operation.
Thus, any nexgeneration material studies should begin by evaluating material performance

under ITERIike conditions.
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Nb,Sn-SC J
B{=53T i
Cryostat =
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Torus Cryopum
Vacuum Vessel Divertor ryopump

SiSteel W - S/Steel

Figure 1.57 The ITER tokamak desigi]
1.37 Current Fusion Reactor Materials

The main functions of the tokamak first wall and diverto€C®RBre tacapturehigh-erergy
neutronsand protect irvessel components fromadiative and conductive heat loadd, while

minimizing plasma impurity concentrationd.n | i ke t odaydés operating ma
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first to experience significant net erosion due to its higlvgrplong pulse operations. Normal
operations will see large but manageable heat loads©s &Fthe order of 0.250 MW/m?[8,9].

The main hazard in regatd heat flux driven erosion comes from-offrmal, transient events

which grow in severity with ioreased plasma stored energdy. particular, materials must

withstand high heat fluxes from edge localized modes (ELMsitical displacement events

(VDEs), andthermal quench phases plasma disruptions€Erosion from these extreme events
degrades PFMfiet i me and di sperses particul ates/ aer os
guenching the plasma and coating the interior components. For UiEBntrolled type | ELMs

and disruptionsire capable of producing GW/racale heat fluxes durings®@ = 10 operations

[2,10].

To meet these requirements and others, ITER has chosen a combination of barydlium
tungstenas plasmdacing materials, which are then supported by other strucuadshielding
materials like copper and steel. The entire firatlwvill be comprised of berylliumBeryllium is
mainly chosen for its lowZ properties that minimize the impact of impurities in the plasma core
[11]. It is also noAreactive with hydrogen isotopes and a natural oxygen getter. Solid beryllium
has beemseal in the JET tokamak for both limiter and divertor tiles and has demonstrated good
plasma compatibility through multiple operatigidg]. The tradeoff is a high rate of physical
sputtering and bow melting point if any undesired plasma impact occursttdivertor, ITER s
original strategy was to talemultistage approach, starting with a caritser-composite (CFC)
andW divertor for the nomuclear phase of operati@amd then moving to a full W divertor for
deuteriumtritium (DT) operations 10]. The major downsides to using C&restrong tritium
retention and chemical sputtering, rendering the material unusable dufirogp&rations. For that,
tungsten is the material of choice due to its high melting point aneihiginich strongly reduces
ercsionduetophysi cal sputter i ngZalsblroearsany W mpuriteswllst en 6
have an extreme impact on plasma performaluecto radiation losses. A CFC divertor, which is
low-Z and sublimates rather than melting, offered a more forgiviagenal that would reduce
risks of material damagas ITERcame online. ITER has now elected to forego CFC and start
operations with a full W divertor, which is expected to survive well into the nuclear pBjase [
R&D efforts by ITER scientists have beetcalerated to determine how to safely operate a W
divertor in the high power, high stored energy device. The two main issues are core impurity

concentration and material integrity. The most outstanding and complex issue associated with W



is the possibilityof material melting under transient heat flux8k JTER is expecting to meet

these demanding material challenges; the divertor and first wall designs are complete and are
currently in the procurement phase. These concerns set the precedent-gamaeatton fusion
material studies, in which materials must be designed to be superior to Be and W in reactor

relevant environments.

1.47 Purpose of Study

The goal of this dissertation is to characterize the relative erosion properties of advanced
plasmafacing material candidates and compare them to current fusion material choices. Studies
were undertaken to analyze the erosion of selected PFMs under the high heat flux conditions
expected in future tokamak reactors, for 30 MW/n? steady state conditisnand ~GW/rh
transient conditions due to ELMs and disruptions. A dataset of the erosion rate of these materials
was developed so that materials can be easily compared to one dartutheéatasetvascomprised
of both simulated and experimental data spagra wide range of heat flux regimes: physical
sputtering, melting, and sublimation dominated erosion regirfiége. plan leverages the
relationship between NC State University, Oak Ridge National Laboratory, and th® DIl
National Fusion Facility to carrgut collaborative research using stafehe-art fusion facilities
and simulation tools. In doing so, the desire is to collect enough data to create a chart similar to
the one in Figuré.6, comparing the erosion rates of the candidate PFMs to current foaterials

across reacterelevant heat flux regimes.
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Figure 1.6 1 A sample PFM erosion rate comparison as a function of impinging heat flux,
representing the final results goals of this research work.

A secondary goal of the dissertation is tilize¢ advanced microscopy capabilities for any
experimental PFM sample analysis. It is important to physically measure any erosion thickness
using a nordestructive, posinortem technique. In collaboration with Oak Ridge National
Laboratory, a new analysimethod was developed for larger material samples that are more
representative of plasnfacing components. Material samples were successfully characterized

before and after all plasma exposure experiments using this method.
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CHAPTER 217 EROSION MECHAN ISMS OF PLASMA FACING MATERIALS

Plasmasurface interactions within the tokamak lead to erosion of the first wall
components, especially during abnormal events high heat flux exposures and high energy
particle impacts. This material loss from the wall then causes an influx of impurities into the
plasma, where impurities can either enter the core plasma or be redistributed along the walls due
to material transpoi{1]. The combination of erosion, material transport, andegosition will
result in some components undergoing net material erosion while others experience net material
deposition. It is the areas where net erosion is prevalent that limit the gl@ngacomponent
(PFC) lifetime []. In preseniday tokamak devices, the net erosion of divertor plates has a minimal
impact on PFC lifetimeTypical discharge timeare on the order of seconds, with records as high
as 100 s2,34]. The bigger concerfor these short dischargesthe release of impurities into the
core plasma, which dilutes the plasma composition and leads to unwanted power loss from thermal
radiation [3]. However, for ITER and the largeale reactors that will follow, higher heat and
paricle fluxesoverhundreds of seconas exposure timenake net erosion a serious concdin [
Plasmafacing materials must be chosen to offer low erosion losses while balancing other concerns
for plasma contamination, trittum retention, neutron activati@md effects on the
thermal/mechanical properties.

When discussing material erosion, it is important to distinguish between gross and net
erosion. Gross erosion refers to all loss of material that occurs from the surface, ignoring where
that material isransported. It is often measuredsitu in tokamaks using spectroscopic methods.

Net erosion refers to the total amount of material that leaves and is deposited onto the surface,
accounting for any redeposition of material that occurs at the measureseenitze redeposition
process is complex in a tokamak environment. For sputtdongnated erosion, atoms with large
Larmor radii can exhibit prompt redeposition in a strong magnetic field. There can be local
redepositio where sputtered ions barely irger with the plasma edge, or there can be global
migration and redeposition as ions are transported through the plasma edge addlessean
experiment is specifically designed to prevent redeposition, what is usually measured in post

mortem analysis iherently the net erosion fromgivenplasma exposure.
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2.17 Physical Sputtering

A materi al surface can begin the erosion
temperature when the surface experiences impact from-emgigy particle fluxesThis
phenomenon occurs when plasma particles, either ions or neutrals, strike the surface with high
enough energy to remove surface atoms via collisions. This is classically referred to as physical
Asputteringo, t Heegel latteenadomsvi panidie bembardmant which can
drastically change the surface morpholofly Erosive sputtering was first observed almost 150
years ago on cathodes in electric gas discha
Ssputt[glri ngo

Mass loss due teputtering is one of the many physics mechanisms that take place when
high-energy particles impact a material. Today the physics of sputtering is relatively well
under stood. I f the binding energy of l rttice
compared to the energy of the impacting particle, a scattering event between the two will result in
the lattice atom being knocked out of its position via momentum transfer. The atom knocked away
i s known as t-be apomma ( P KWkijhe angecopirapaal and gjection,
the PKA can either be itself sputtered or go on to collide with other lattice atoms and form
Asecondaorny aktnoontskdo ( SKAs). These SKAs can t hems
atoms. Several physical sputteriregimes can be identified depending on the energy of the
incident particles, the impact angle, and collision cross sections for the projectile/targéi]pairs [

The single knoclon regime refers to when PKAs receive enough energy to sputter away from the
surface, without having enough energy to generate sputtering SKAs. This regime is typical for
light ions and lower energy heavy ions. The linear cascade regime represents what happens when
PKAs do possess enough energy to generate a cascade of SKAsrdegdrthe sputtering yield.

The spike regime applies to heavy ion impacts, where the collision density within the target lattice
is so high that the majority of atoms in an entire volume are displaced.

Physical sputtering only occurs if the surface ategeives enough energy to exceed its
surface binding energy [3]. The threshold energy,rEpresents the incident ion energy below
which sputtering cannot occur. For the most extreme case ofmezallisions, E is given by:

Oop8 0 ——
w fp T
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Where Eis the surface binding energy, which is often taken as the energy of sublimation,
and 9 is in this case the maxi mumbodycelisigny f r ac
[ 14 a Ta a [2,3]. The mostommon sputtering evefor light incident ions, i.e. D
and T, involves two collisions: a projectile ion penetrates the material and collides within the
lattice, reflecting the projectile back towards the surface layer. The second collision then occurs
on a firstlayer atom from below, ejecting that lattice atom [2]. The additional term-of)1 i n
Equation laccounts fothis reflection process [3].

Physical sputtering is often characterized in the literature by the sputtering yield, Y, which
representshe number of sputtered atoms per incident particle. Y is dependent on the projectile
and target masses, the projectile energy and
energy and energy of sublimation. Experimental results are usually sim@dhby plotting the
sputter yield against the incident ion energy E. If Y is plotted against théte is a general, semi
empirical curve that describes the sputter yield of a given projectile/target pair across a wide energy
range [3]. For ions of norah incidence ‘( = 0), this sputter yield curve takes the form of the
Bohdansky formula [2,3]:

o GO B 2 Q2
O O
where Q is the yield factor, which depends only on the surface binding energy and the ion/target
masses. «BE/Err) is the nuclear stopping cross section, whereig€a characteristic Thomas
Fermi energy, and g(Efletakes into account threshold effects, both of which have analytical

forms [2,3]:
oM Y - 08\T_I4I>| l- cfi(_PllJ o £
P OB U - G YK P TTY O
. O
o Q P17 P 1T M1 5

With known values for Q, £ and Er, Equation 3 can be used to predict sputter yields of

normal incidence for any ion/targebmbination. Example sputter yield curves for different
ion/target pairs are shown in Figl2d.. The sputter yield decreases with increasing sublimation
energy, increases with increasing incident particle energies, increases with increased projectile
mass and decreases with increased target mass. As for angular dependence, the sputter yield
increases as the angle of incidehdecreases with respect to the surface normal.[3o the first

order, Y increases by a factor of cogs(Angular distribution calculations of incident ions when
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they impact a divertor or first wall are difficult. There are effects of the ion Larmarsiattie
acceleration in the plasma sheath, E x B drift effects, and the surface roughBe3hBeffective
sputtering yield for tokamak experiments is typically about twice that of code predictions for
normal incidence, which is often deemed goodughdoy experimenters [2,3]. As for theusiered

at oms, their angular distribution is approxi:t

crystalline effects have been observed in shogystal targets.
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Figure 2.17 Energy dependence of the physical sputtering yield for Be, C, and DVabg sel

sputtered ions, calculated from the TRIM Monte Carlo Code [3]

2.1.17 The Plasma Sheath

An overview of the plasma sheath anslithpact on ion parameters is essential when
considering erosion due to physical sputtering. dlbetrostatiplasma sheatralso known as the
Debye sheathigpresenta relatively thin layer of plasma attached to the divertor (or limiter) target
surface [3]. Since the electron thermal velocity is higher than that of le@snore mobile
electrons reach the walb#dier, building up a negative charge. This capture leads to a depletion
zone for the electrons, causiag electric fieldto establismear the target surface which repels
electrons andattractsions [3,7]. The acceleratioreffect within the electric fiedl causes both

electrons and ions to reach the ion sound speatdtice sheath edge, given by Equation 5 [3].
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The floating electric potential that forms between the target surface and the sheath edge

Vs, is determined by the requirement of zero net current at the surface

Oy » p"Yi ) < i J
L co o1 a P w
Where U is the total secondary electron emi

For a deuterium plasma, for example, wih=TTia n d 0 ¢ F=3Tdk [3]. Bkanple variations
in electric potential, ion velocity, and electron and ion densitjend n, along with distinctions

between the plasma, psheath, and Debye sheatine portrayed in Figure 2.2.

Plasma Presheath Sheath

Figure 2.27 (Left) Various zones of charge balangihin the plasma sheath that forms outside
of a plasméfacing wall component7]. (Right) Example spatial variation of the electric potential,
ion velocity v, and ion and electron densitigand r: within theelectrostatiplasma sheatf3]

The typial thickness of th®ebyesheath is on the order of a few Debye lengths, which is
typically 10°7 10® m[2,3,7]. The presence of an electric potential within this thin sheath directly
affects ion motion, accelerating them towards the plasiwiag surfae. This trajectory isurther
complicated in the presence of a strong magnetic fi@&hérged electrons and ions gyrate along

magnetic field lines due to the Lorentz force as they travel through the bulk pkdmoagh the
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core plasma is nested withinoskd flux surfaces, modern tokamaks operate in a diverted
configuration as described in Section 1.2. These divertors are designed such that the open magnetic
field lines within the scrapeff layer impact the divertor surface at shallow, oblique anglésn of

a few degrees from the surface parde3]. The presence of the angled magnetic field lines causes

a magnetic prsheath to form. This sheath, also known as the Chondura sheath, isaptesi

and is typically a few Larmor radii in thickness, dw torder ofmm tocm [2,7]. Figure 2.3
highlights the different zones of the combined Chondura and Debye sheaths and their impact on

electron and ion motion.

~lon Lafgmor radius ~A Debye

T’B .-"Electron ™’
'.IJ

Pre-Sheath Magnetic Sheath Surface
Pre-Sheath

Figure 2.37 Zones of the plasma sheath in the presence of an oblique magnefig]field

Thegyromotion of highenergy ions causes variance in the initial trajectory when entering
the magnetic prsheath and Debye sheath, further altering the ion motion as it accelerates towards
the plasmdacing surface. One further complication arises fromatmbined presence of the
magnetic and electric fields within the total plasma sheath. An E x B drift force manifests,
defl ecting the &égui di ng dreandireetion perpendicalar éo the f t h «
magnetic field linesq,§. This drift force combined with the gyromotion drastically changes the
ion impact angle in the 3D spadégure 2.4 depicts a computational model of ion motion as they
approach the divertor surface, accounting for gyromotion, acceleration in the Debye sheath, and
the effects ok x B dift, highlighting their combined effect on the final ion impact angle onto the

plasmafacing material surface.
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Figure 2.47 Computed ion trajectories for*Dons with varying initial velocity distributions

where the RZ plane represents theaterial surface at Y = [38].

As discussed in Section 1iRg sputtering yield for a given ion/target pair is dependent on
the incident energy and impact angle. Thus, it is important to understand that changes in the total
plasma sheath, either by tlekédmak operating conditions or by the surface geometry itself, will

change the ion impact parameters and thereby alter the amount of erosion by physical sputtering.
2.21 Melting and Boiling

The surface temperature of plasfaaing components will risender prolonged exposure
to high energy plasma fluxes. For metallic materials, the surface can begin to melt and/or boil,
paving the way for macroscopic erosion mechanisms much more severe than physical sputtering.
Under steadystate operationinITERcd e devi ces, key PFCs | i ke I TE
wall will be designed with adequate cooling such that normal operating temperatures will be well
below material melt limits. However, during high energy transients from ELMs and disruptions, a
complex combination of melting, boiling, and vaporization are predicted. For a singh®offal
event, surface vaporization losses may be on the order of microns, while melt layer thicknesses
could range from tens to hundreds of micrdh4(]. Such deep melayers are what set the stage

for massive material loss. Figur25 provides illustration of this problem with example
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calculations of temperature, melt layer thickness, and vaporization thickness in tungsten for a 10
MJ/n?, 1 ms disruption [11]; Figure.2also shows results from QPSA plasma gun experiments

which demonstrate the melting of ITER W melolocks under ITERelevant conditions [4].
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Figure 257 (Left) An example calculation of temperature, melt layer thickness, and vaporization
thicknessm tungsten for a 10 MJAn1 ms disruption using HEIGHTS [11]. (Right) Experiment
results from QPSA plasma gun demonstrating the melting of ITER W 4locks under ITER

relevant conditions [].

The formation of a surface melt layer does not directlylynaploss of material, just a
change of state from solid to liquid. It is the interaction of that melt layer with phenomena within
the tokamak environment (plasma fluxes, Lorentz forces, pressure gradients, gravitational forces,
etc.) that can lead to seeeerosion through melayer motion and splashingd,fL0,13.
Macroscopic splashing of the developed melt layer can lead to a continuous ejection of molten
metals into the plasma core, risking plasma contamination and termination if the molten droplets
aretoo large and/or frequen® [1J. If the melt layer surface temperature exceeds the boiling
threshold, the formation and bursting of surface bubbles can cause additional material loss as liquid
droplets are ejected into the plasma with each bkt [

Estimating an average erosion rate for material surfaces in the melting/boiling regime is
naturally complicated. The dynamics of melt layer formation are governed by: 1) the temperature
dependent thermal conductivity and specific heat of the materiak )dgnitude, angle, and time

duration of the impinging heat flux, and 3) cooling systems, if applicable. Separately, once melt
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layer dynamics araccounted fqrthe various causes of melt layer loss are largely dependent on
the tokamak/device exposure carmahs. Plasma pressure gradients and Lorentz forces have both
been experimentally observed to play a major role in melt layer mot&jnQh the TEXTOR
tokamak, for example, melt layers were observed to flow perpendicular tefidgle Birection on

W limiter samples9,19. This motion was attributed to the Lorentz force. In experiments on
QPSA, a linear plasma accelerator, macroscopic motion of molten material at the edge of erosion
craters was concluded to be caused by plasma pressure gradlielts/frious electrothermal
plasma experiments, melt layer motion on liner surfaces was observed to follow the plasma flow
direction [L3,14. In addition, gravitational forces must lwensideredfor any angled PFCs.
Finally, ELMs and disruptions can lead tastic changes in pressure gradients, magnetic and
electric fields, and plasma fluxes, all of which will alter melt layer motion.

Multiple theoretical models for the melt layer have been explored in the literature, focusing
on complex variables such asaasis stability, splashing wave velocity, droplet ejection rates,
bubble growth etc.[9,10,14. Since the erosion phenomena in this region cannot be directly
correlated to just the impinging heat flux, the specific mechanisms for modeling melting/boiling
mass loss fall outside the scope of this dissertation and will not be studied in detail.

2.37 Sublimation

Not all materials exhibit melting when exposed to high heat fluxes. Under high temperature
vacuum conditions, some nonetallic materials insteadndergo direct sublimatiorExample
materials include graphite and silicon carbide, both of which are important to this dissertation
work. Sublimation directly leads to macroscopic erosion as vaporized material leaves the PFM
surface and enters the coragha. In general, the energy needed to sublime a substance depends

on the material and its temperature, and must be enougf|to [

1) Excite the solid substance to its maximum heat (energy) capacity
2) Sever all intermolecular interactions holding the sagkether
3) Excite the unbonded atoms of the substance so it reaches a minimum heat (energy) capacity

in the gaseous state
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This amount of energy is commonly referred to as the heat of sublimation or energy of
sublimation. For normal substances that transittoough all 3 phases, the magnitude of the
energy of sublimation can be thought of as a combination of the energies required to transition
from solid to gas, as seenkigure2.6.
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Figure 2.6 i Sample graph of Temperature vs Energy Change for a sabstsimowing the

relationship between the heat of sublimation, heat of fusion, and heat of vaporiBased. on

[15].

If a plasmafacing material exceeds its temperature threshold and enters a sublimation
dominated regime, the erosion rate of the matsudiace becomes directly proportional to the
heat of sublimation:

oy ¢ o~
(@]

Whereei s t he number density of the ablated m
material surface, andskbis the heat of sublimatiori4,14. In this regime, the erosion rate should
linearly increase as the impinging heat flux increases. The delivery mechanism for the heat flux
becomes irrelevant (changes in ion species/density/temperature, increased radiant heat flux, etc.),
as any deposited energy above the threshold will go ond continuously sublimate the material

surface.
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It is important to note that this simple relationship only applies to the heat flux that directly
impacts the material surface. Phenomena such as vapor shielding modifies the equation by
introducing a vapor sélding factor to account for energy absorption through the vapor shield. For
high intensity, short timespan plasma exposures, the continuous evaporation of material can form
a vapor cloud above the PFM surface. This vapor cloud then inadvertently abd$abson of
the energy from the incoming heat flux, shielding the surface and reducing its erosion rate by
reducing the heat flux magnitude at the material surfadp Shielding effects such as vapor
shielding depend on both the vapor species anditixgiqs of the heat flux delivery mechanism.
Thus, any changes in plasma flux parameters can turn PFM erosion rates intdirgearon

relationship in the sublimation regime and should be accounted for.

2.47 Other Erosion Mechanisms

There are a few spedicases of material erosion mechanisms that are not related to the
goals of this dissertation, bateworth covering for consistency. The first is often referred to as
chemical sputtering. Chemical reactions between incident ions and/or neutrals wWiRkNhe
surface can lead to measurable erosion as gaseous product molecules form and leave the material
surface [3]. In fusion devices, the most commonly observed example occurs between hydrogen
isotopes and carbon, such as the below reaction for methane.

M8y TO 0° 0@

Carbon in particular has been extensively used as a limiter or divertor material due to its
low Z, low sputtering yields, and lack of melting. However, its chemical sputtering yields can be
comparable or even higher than the physpaittering yields, depending on the plasma conditions
[2,3]. The hydrocarbons that chemically form have a low binding energy with the surface, and thus
can be released at relatively low temperatures. Additionally, unlike physical sputtering, there is no
well-defined threshold energy below which chemical sputtering stops [2,3]. Thus, for carbon,
chemical sputtering can dominate during low temperature plasma dischatgesder detached
divertor conditions.

Another common erosion mechanism comes from aremghe plasmdacing material
surface. In general, arcing occurs when material evaporates from a cathode surface, ionizing and

allowing for the flow of current in the presence of a high electric potential. Current flows within
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the cathode or anode to acédized point on the surface, where joule heating leads to electron
emission via either thermionic or field emission [3]. In a plasma environment, the presence of the
pl asma sheath over a PFM surface can famoduce
the arcing point on the PFM (acting as a cathode) are accelerated through the plasma sheath away
from the surface [3]. These arcs then lead to erosion at the origin points on the cathode due to
extreme heatingSurface naterial is released in the forof ions, neutrals, and solid or molten
droplets. Although electron temperatures of only0=V are needed to initiate an arc, ion ejections

at energies of 50 100 eV have been observed [3]. The magnitude of macroscopic erosion from
vapor and droplet eption is dependent on the arc current, the material composition, and starting
material temperature. One interesting feature of arcing is the well documented arc direction in
tokamak devices. In the presence of strong magnetic fields, arcing is obsenamliton the
direction opposite the J x B force on both limiters and walls. Although arcing is commonly seen

in tokamaks, it is usually only observed during the current rise, before the plasma reaches MHD
stability. As devices improve and steady statemaslischarges are elongated, the relevance of

erosion rates from arcing will conceivably be minimized.
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CHAPTER 317 ABNORMAL EVENTS: DISRUPTIONS AND EDGE LOCALIZED
MODES

3.17 Disruptions

Disruptions in a tokamak are defined as a rapid lbdsecconfined plasma and its intrinsic
plasma current. Such disruptions result in major heat loads to plasma facing components (PFCs)
and materials (PFMs) within the tokamak, as well as large electromagnetic forces on the tokamak
structural components [1The energy stored within the tokamak plasma increases with larger
device dimensions; if L = the linear dimension of the device, then the stored energy rises as L
and the energy dissipated during a disruption rises f.Lif the reactor doubles irize, energy
loads imparted to the tokamak wall, even if uniformly distributed, increase by an entire order of
magnitude. Thudisruptions become a major constraint when designing large tokamaks such as
ITER, which is about double the size of JET. The migsues that arise from a disruption in a

tokamak device are as follows:

1) Rapid heat loss from the plasma will impact the inner wall and the divertor. For a high
performance ITER plasma, ~350 MJ of thermal energy will be dissipated in ~1ms, with an
impact duration of 183 ms [12].

2) Large electromagnetic forces will act upon the conducting structure that contains the
plasma. These forces are due to induced eddy and halo currents, which in ITER could be
upwards of 8000 tons [1].

3) High energy ruaway electrons due to rapid decay of the plasma current, which have the
potential to damage the inner wall. For ITER, it is estimated that 10 MA of current can be

generated by 220 MeV runaway electrons [1].

These key issues highlight the need for adégudisruption detection, avoidance, and
mitigation when designing large tokamaks such as ITER. Without avoiding and mitigating
disruptions, severe damage can occur to the device, limiting its capabilities to achiewnég

fusion plasma.
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3.1.1 Causesf Disruptions

Plasma disruptions are bound to occur when performance stability limits are exceeded. The
main controlled parameters in a tokamak are the plasma cugkernhél toroidal magnetic field
(B.), the plasma density often determined by theteda density (g, the additional plasma
heating, and finally the shape of the plasma [1]. Additional heating may be due to high energy
neutral particles injected into the plasma or due to radio frequency (RF) waves that resonate with
ion and/or electrorgyro-frequencies (ICRH or ECRH). This heating controls the plasma
temperature and kinetic pressure, influencing the pressure profile.

The first publication on disruptions in tokamaks was by E. P. Gorbunov and K. A.
Razumova in 196 3 ofastromngimagnetidfielé dnhhe magriefoleydradynamic
stability of plasma and the containment of c¢h;
on how plasma becomes unstable in tokamaks and stellerators for currents much less than the
critical curent outlined by the Krusk&hafranov criterion [3]. This stability criterion is for a
simple model, an ideally conducting plasma column (with a circular-sexggn) in a strong
magnetic field surrounded by a vacuum.

YO

Where a, R are the minor and major radii of the plasmaparahd® are the toroidal

o8 N P

and poloidal magnetic fields, respectivel.[The ratio q represents the helicity of magnetic field
lines atthe plasma edge, and is often referred to as the safety factor due to its close connection to
disruptions ). Disruptions observed in the 1963 publication showed thathskalShafranov
criterion was only approximate and led to a change in theoretigairements for stability to g(a)
> 2.This change in safety limitatiotiegan a more thorough scientific investigation of disruptions
in tokamak devices.

Disruptions themselves are usually caused by macroscopic changes in plasma stability. The

typical sequence of events for a disruption is highlighted below inrég$.1 and3.2.
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Figure 3.17 Sequence of events for a typical tokamak plasma disruption [1]
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Figure 3.271 Plasma parameters during a theoretical disruption on IRERliere is a rapidoss

of plasma stored energy (red), usually seen in the electron temperanagrdsenting the thermal
guench. What follows is a gradual decay of plasma current (blue), which is the current quench
phase. Finally, the growing helical distortion in thespta during the disruption, before the

thermal quench, can result in a vertical displacement of the plasma current centroid (black).

Hard limits on tokamak operating space are imposed by various modes of instability that
can arise. In diverter tokamaksetlimit at 95% of the edge poloidal fluxgsgis a good estimate
for the edgey, such that the operating limit becomes > 2. For example, modes of instability

referred to as ideal external kink modes, shown visually in Fig3;ebecome unstable fan
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edgeq < 2. Additionally, there is an empirical limit to the plasma density known as the Greenwald
limit, which is directly proportional to the average current density. This limit is due to the increased
edge radiation that occurs at higher density,ctvhcan lead to radiative collapse, MHD
destabilization, and a disruption 31,

(@ NVIN]
Onk80i QQ¢ b MIJWO ¢ pma E pTma =
Atthe hardlimitofgs~ 2, i nstabilities grow exdviemely

(~1>s). Throughout the disrupn itself, the plasma evolves through folmaance equilibria over
a range of timescales. The shortest time scale is approximately 1 millisecond, 1000x the Alfven
timescale, while the longest timescale can be on the order of a second [6]. The widenJariat

causes, time scales, and expressions of plasma disruptions are what make them difficult to predict,

let alone avoid and mitigate.

Although this dissertation work is more focused on the impact of disruptions on plasma
facing materials, a brief oveeav of disruption causes and classifications will be covered here.
Some sources focus solely on the MHD instabilities responsible for a disruption [1], while others

focus more on the root cause of the instability rather than its charactef$ticedking at the

modes of MHD instabilities t hemsel ves, it 6s

guestions [1]:

1) What drives the instability? Common drivers include plasma current, pressure, and
particle/density.
2) s it a Ar esi stlity?vided ingabilitied retereta tages whansfluxa b i

surfaces within the plasma are preserved, such that the instability only changes their

shape. These instabilities are often cal

the plasmaZero resistivityis also implied for deal MHD instabilities Resistive
instabilities, on the other hand, require changes in the magnetic field line topology,
usually in small regions such as thepXints. Although small, these regions strongly

impact the global plasma @djbrium. Resistive instability modes typically manifest as
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tearing modes and neoclassical tearing modes, the names of which imply the tearing
and reconnection of the magnetic field lines.

3) What is the location of the instability? Internal modes refengtabilities inside the
plasma, while external/free boundary modes refer to events at the plasma boundary.

The original disruption experiments testing the KrusKahfranov criterion were
concerned with external kink modes. As previously stated, thetbility modes tilt and kink the
plasma away from an ideal toroidal shape; for external kinks, it is the plasma boundary that is
distorted rather than the core magnetic field lines. These pretisuea external kink modes limit
t he o per atmatelygimibthe@resdureuhattcan be achieved in ideal plasmas [7]. Internal
kink modes are also possible, as seen in Figixe 3

Tearing modes manifest by breaking or tearing magnetic flux surfaces, forming magnetic
islands within which particle motiors iconfined. With a finite plasma resistivity, ideal MHD
breaks down around rational surfaces when the safety factor g happens to match up with the
poloidal and toroidal mode numben$: €74 . The safety factor q inherently represents the
number of toroidetransits per poloidal transit a particle takes while traversing the tokamak, where
m is denoted the poloidal mode number and n the toroidal mode num8kfrfiiere are classical
tearing modes which are linearly unstable wheis Linstable and the téag mode island has a
lower magnetic energy than the original plasma. There are also neoclassical tearing modes
( NTMs) , whi ch occur at high b even in a <cl as
electron fluid component of the plasma, but in laigemaks they tend to stop rotating as they
grow towards disruption. This is referred to as mode locking, and occurs primarily due to eddy
currents driven in the conducting structures around the plasma. This locking causes loss of the
high confinement H mde and the continued mode/island growth can lead to a disruption [7]. The
gos limit and the density limits often manifest themselves as m=2, n=1 NTMs. As NTMs are a high
b event, they | imit what b can be effectively
for ITER.
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Figure 3.3 1 a) an ideal MHD internal kink instaliiy, and b) a resistive tearing mode MHD
instability [1]

Along with wellstudied MHD instabilities, there are other manifestations of plasma
instability. One mechanism is through radiative cooling of the edge. Plasma radiation comes from
bremsstrahlung;yclotron radiation, and line radiation from impurity ions, recombination, and/or
partially ionized plasma ion®]. Of particular importance is line radiation from impurity ions,
both lowZ and highZ. Radiation from lowZ ions, for example, are shownit@rease with lower
edge temperature$][ Any increase in radiative loss could create a positive feedback loop of
lowering temperatures, resulting in an inward contraction of the temperature profile and a radiative
collapse of the core plasma. These syperadiation limit disruptions are sometimes referred to
as edge cooling disruptions [1]. In terms of
which cause strong pressure profile peaks that lead to rapid disruptions. At high plasnma,pressu
resistive wall modes can also occur. Even rapid transitions of the plasma, su¢th @sH:L
transitions, may trigger a disruption.

Finally, present day devices now have-aliaped crossection in order to improve plasma
confinement and stabilityas seen in Figure 1.3 of Chapter This shape choice allowed for
increased plasma current operations for a given aspect ratiq and Bads to a natural formation
of the separatrix, which then allows for easymdde operation [1]. However, the traotk for
vertically stretching the plasma is an inherent instability to vertical perturbations. The plasma must
be held in place by a control system, and if the control system fails (due to hardware failure, rapid

plasma parameter changes, programming egtor) the plasma will shift upwards or downwards
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[1]. This unwanted motion is called a Vertical Displacement Event (VDE), and can lead to the
plasma impacting the wall, triggering a disruption. The reverse can also happen: a minor

disruption may occur ahthen rapid changes of plasma parameters can cause a vertical instability.

3.1.2 Impact of Disruptions

When it comes to inner wall components of the tokamak, excessive heat loads are the most
significant consequence of disruptions. Heat loads m&tnifieboth the thermal quench phase,
when thermal energy is lost from the plasma, and the current quench phasmagnetic energy
is also converted to heat. The rough governing parameter for surface heating via conduction is
U/ (® U where U is the incident energy, A is
deposition [1]. The ideal heat load is thereforee which spreads the energy uniformly over a
large surface area, over a long length of time. That is why radiative losses in tokamaks are more
desirable than concentrated heat deposition. During the current quench, most of the magnetic
energy is conveed into heat energy via Ohmic heating once the plasma becomes highly resistive.
That heat energy is then radiated to the walls fairly uniformly. The rest of the magnetic energy is
inductively coupled into various structural components. In JET, aroundod@Pe magnetic
energy is consumed through Ohmic heating [1].e&ampleillustration of the power density on

the JET divertor during ELMs and disruptions is shown in &4.
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The bigger concern is concentrated heat loads from the thermal quench. In the case of a
high performance ITER plasma, where ~350 MJ of energy is released over ~ 1ms during a
disruption, a severe heat load placed directly on thertdivevould cause significant melting,
splashing and erosion, with estimated energy depositions anywhere 300 NMJ/m”2 [110].
Luckily, there are a couple of intrinsic factors that somewhat mitigate the heat load in diverted
tokamaks [1]. 1) For mosbkamak disruptions, the thermal energy of the plasma at the time of
the thermal quench is lower than its peak value (however there are exceptionsbathvgh e r e | i t t
confinement is lost before a disruption). 2) Some thermal quench energy is losliatmathe
amount depends on the wall materials that lead to impurities in the plasma. JET, for example, lost
around 75% of its thermal energy via radiation when equipped with carbon walls, but only lost
50% with its new tungsten/beryllium wall. 3) Tivdth of the scrapeff layer, through which the
heat is transported to the divertor, is broadened during the thermal quench. The broadening,
ranging from 5i 20, significantly reduces the corresponding heat flux incident on the divertor
surface. These innsic mitigation factors do lessen the disruption heat loads to the divertor, but
further mitigation is essential to prevent significant erosion, melting, and other damage to the
divertor as well as other plasAgcing components.

Although this diss¢ation work focuses on material erosion due to heat fluxes, it is

important to understand the additional consequences of plasma disruptions. During the current
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guench phase of a disruption, large electromagnetic forces act on the vessel structureaylhe dec
of toroidal plasma current induces eddy currents in the surrounding conductors, and since those
conductors are immersed in a magnetic field, they are subject to a IxBlfjrCEnjs often takes

the form of a compressive force. In addition, due tdicadrinstability within elongated plasmas,

the plasma can experience unwanted vertical motion after large perturbations in plasma
equilibrium. Vertical motion of the plasma induces a toroidal current in the vessel components and
therefore a net verticabfce on the vessel, on the order of the vessel weldhtThe plasma will
continue its vertical motion until it intersects with either the top or bottom divertor (in the case of
tokamaks with two divertors), which begins acting as a limiter. The lirpigeina continues to
shrink and shift vertically until it disappears. Then what were once contained, closed flux surfaces
within the plasma are now open magnetic flux surfaces flowing within the vessel structure. This
plasma region is called the halodathe halo current is defined as the poloidal component of the
current flowing from the halo onto the vessel structures and back during the current quench of a
disruption [L1]. Figure 3.5 is an illustration of a simulation of an ITER plasma undergoing a

vertical instability.

ey

Figure 357 Simulation of an ITER plasma undergoing a vertical instabilify [

Eddy currents and halo currents can result in large vertical forcesvessel components.
Halo current in particular contributes strongly to thdigal forces on plasma during a disruption,
acting to slow down its displacement. If there are any toroidal asymmetries in the halo current,

strong tilting moments and sideways forces act on the vessel, estimated at up to 0.8 MN for ITER
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operations 2]. The maximum halo current can be up to 50% of the previously intact plasma
current, and must be monitored in all tokamaks due to its strong potential to damagesgsein
components it flows through.

During a disruption, plasma material interactions wité first wall lead to an influx of

impurities into the plasma and an increase in its effective chagge Coupled with a relatively

low electron temperaturee, T t hi s effect drastically raises t
O o8 e ¥
™
o8 © Q¢ 1 1Q
T“-"Y
From Ohmés | aw, a | arge electric field is ¢

current density. If this electric field becomes larger than the quantityrkias the Drieicer field

(Eq 4), the electrons traveling through said field can overcome the drag forces from plasma
collisions, accel erat i ng20 MéVvdld). Up o twothidsnoatheay en e
original plasma current can be carried bgpaway electrons during a disruption [1]. Even more
worrisome, the formation of secondary runaway electrons via close angle scattering is likely in
large tokamaks such as JET and ITER. These collisions lead to an exponential growth or avalanche

of runawayelectrons that then go on to damage the vessel. Significant damage from runaway
electrons has been observed in large tokamaks such as Tore Supra and JET [1], where thermal
energy is deposited upon striking the material surface (along with some magnegyccemeerted

and deposited as thermal energy). To prevent significant damage to the first wall, runaway

electrons must be controlled or prevented in large tokamaks.

3.2 H-mode & ELMs

The High Confinement mode for tokamak plasma operation was firstvachiat the
ASDEX tokamak on February'41982 [P]. As neutral beam heating was supplied to the ASDEX
plasma, its confinement suddenly improved and the turbulences at the plasma edge disappeared,
forming a steep plasma pressure gradient along the pledgea In the following years,-khode
was observed in several other tokamaks, including PDX anelDHIthe US, the Joint European
Torus (JET) ,-60.dnmle93, Haodewadashieved in the German-W3 stellarator
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as well, demonstrating it waggeneric feature of toroidal plasma configuratiory.[In H-mode,

strong transport barriers form at the plasma edge which creates the observed steep pressure
gradient referred to as the edge pedestal, as seen in Bgueasl3.7. Hmode increases plas

energy confinementtime @ 70 , wherew is the plasma stored energy and P

is the power, by about a factor of 2 compared to what is now known as low confinement mode, L
mode [B]. Without Hmode, ITER wald need to be almost twice as large to achieve its designed

energy gainob 0 70 p o is proportional taw VM |RE o,
and for Hmode the pedestal enerdy = makes up adrge portion ofw . With w
o0 , whered  is now pedestal pressure and V is volume, the maximum achievable Q

in ITER becomes directly determined by pedestal pressure This relationshighighlights the

importance of operation in-Fhode with the highest possible plasma pressure gradidnt [1

Advanced Mode
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3 -
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Xy !\\‘_ SR
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Figure 3.6 17 Chart of different modes @bnfinement [B]
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Figure 3.7 1 High-speed video image of the start of ELMs in a plasma in MAST [1

Opeating in Hmode does come with its own set of drawbacks. If the pressure gradient
and/or the current density at the edge pedestal exceed a certain threshold value,- magneto
hydrodynamic (MHD) instabilities known as Edge Localized Modes (ELMs) are bowuttto.

ELMs manifest when plasma conditions at the edge become unstable, offeringtarsmastenue

for the plasma to release excess energy and particles and return to stable conditions. The edge
stability is often short lived, leading to repetitive ELkIs the edge pedestal collapses towards a
shallower pressure gradient, rebuilds, and collapses again. ELM energy loss from the edge collapse
takes place within a few hundred microseconds depending on the machine and the plasma
conditions, ejecting large aants of heat and particles into the scraffdayer (SOL) and onto

the plasma facing componen8.[ELMs physically manifest as helical ribbons of plasma arcing

off from the main torus, as previously shown in Fig@ré. Based on experimental data and
supported by modeling, three types of ideal MHD instabilities are expected at the transport barrier
which can lead to ELMsg]: 1) Kink/peeling modes, which are driven by edge plasma current
density and show no toroidal dependence, 2) Ballooning moded) ei@ariven by edge plasma
pressure gradient and exhibit the | argest amp
peelingballooning modes, which are driven by both edge pressure gradient and edge bootstrap
current. Figure3.8 shows the peelingatlooning stability limit and the variation of stability

boundaries with plasma triangularity.
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3.2.1 Types of ELMs

Three types of ELMs are commonly accepted in the literature. They are classified
according to their size, frequency dependence on heating power, and driving mechanisms for
approaching the theoretical peelibgllooning stability limit. The three types BL.Ms were first
classified on the DD tokamak, with the numerical sequences of the names signifying the history
in which each was found §1 . The first and most ubiquitous
Agi ant o ELMs. They alittelimitdwai bote plasna ressuredasid eddee s t
current density. As heating power increases, the ELM frequency increases. They exhibit low edge
transport and no toroidal dependence. Energy losses for Type | ELMs are much larger than the
other types, up to @6 of®w . This amount of energy loss per ELM is unacceptably high when
scaleduptoITEB i ze machi nes. Next are Type |1 ELMs,
towards the ballooning limit via increases in pressure gradient, and are only seendensigy
strongly shaped plasmas with high triangularity. Compared to Type |, Type Il ELMs exhibit higher
frequencies and lower magnitudes with almost as good plasma confinement, resulting in transient
heat loads tolerable for ITERcale machines. They anbserved in a narrow operating window,
so Type Il ELMs might not be possible in burning plasma; on JET, they are often seen within a
mi xed Type |/ 11 regi me. Finally, there are Ty|

current density towards ¢hpeeling stability limit, and appear when plasma resistivity is high
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(which leads to low edge temperatures). Type Ill ELM frequency decreases with increasing
heating power, the opposite of Type I. Being small in magnitude, they exhibit sufficient lisat loa
However, due to their high frequency Type Ill ELMs also cause strong degradation of energy
confinement compared to Type I/ll, due to energy transport during ELM ejection. The stable
region for plasma operation in terms of plasma pressure and cumsitiyde displayed in Figure

3.8, along with unstable regions for Type I, I, and Ill ELMs based on their driving mechanisms.
Other ELM types have been observed and classified across the literature, such as compound ELMs

and Type V ELMs, but they are lessmmon and usually reported without much detail.
3.2.2 Summary of ELM Control Methods

Every tokamak is unique in its design, so ELM control methods naturally vary between
suppressing ELMs. Mitigation refers to controlling ELM energy magnit¥les to remain
manageable. Pacing methods, for example, achieve this control by manipulating ELM frequency
"Q , relying on the observed inverse tedaship as described ingL

() ()

Y0 0 Yo Q
O ————21 ———— ™ s

Suppression simply refers to the complete avoidance of ELMs in an otherwiséngLM
regime, usually due to reduction in the pressurélproist below the stability limits. What follows
is a brief description of current ELM control methods for 4sik tokamak devices which hold
potential for use on ITER and ITESale devices.

The first method focuses on the use of radiative divertdrs. doncept is considered one
of the primary techniques to decrease HiieM heat loads on the divertor. Also referred to as
impurity gas seeding or gas puffing, the general concept is to puff an impurity gas such as argon,
nitrogen, or another noble gasato the divertor just before ELM impact. The neutral gas atoms
interact with the heat and patrticles from the ELMs via collision, molecular dissociation, ionization,
and excitation, absorbing and uniformly radiating away the excessive hea8jlodd}t there is

the vertical kick method, where purposefully inducing a vertical displacement of the bulk plasma
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(by a few ~cm) can trigger Type | EL Ms. By ap

frequency, usually via vertical stability coils, the Elfrequency can also be controlled in order
to reduc&/®  [8]. Similarly, there is the pellet pacing control method, where frozen fuel pellets
are shot into the plasma edge at a high frequency. The impact of the pellets at the plasma edge
during Hmode operation triggers an ELM due to ablation of the pellet by the hot plasma. The goal
is to synchronize the ELM frequency to the pellet pacing frequency, allowing for ELM mitigation
andYow  control.

One method developed to suppress ELMs,erathan just mitigate their effects, uses
additional edge magnetic fieldEdge resonant magnetic perturbation fields (RMP fields) are
small, externally induced perturbations of the equilibrium magnetic field in the plasma edge. The

perturbations are comstted to resonate at certain magnetic flux surfaces within the plasma edge

which have the same helicity, which is related to the safety facto— —. RMPs are

designed to produce a static perturbation field with the proper resonant q value, with the goal of
affecting ELM formation at the plasma edge. Various configurations on different tokamaks are
found to have drastly different effects of ELM triggering, mitigation, and suppression. One
relatively new ELM control method uses a supersonic molecular beam injection (SMBI) technique
on the plasma edge. The molecular injections are shallow compared to pellets, At8IthelSes

are not directly correlated with individual ELMs, but mitigation has been successfully
demonstrated [2012. Finally, relatively new and successful techniques using lithium injections
have been developed on a handful of machiMost notable isa Li aerosol injection system,
where >m-scale Li droplets are injected into the plasma SOL to evaporate. Exceptional ELM
suppression has been demonstrated using this system, boasting a record 18dreEEtMode
[21,22].

3.3 Behavior expected on Futte Tokamak Reactors
The baseline scenario for ITER is to operate in inductiveddie and achieve a positive
fusion energy gain. To do so, the ITER plasma must possess a high triangularity, low electron

collisionality 0 >K0.2, and operate near thee@nwald density limit. More importantly, the

baseline regime is expected to be a Type | ELivhbde regime; examining current research, the
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ITER Organization (I0) has found no sufficient evidence to change to another regime with
small/no ELMs [7].

Of the tiree classified types of ELMs, Type | ELMs are unfortunately the largest in
magnitude, releasing a considerable fraction of the plasma stored energy content onto PFCs. Based
on the scaling from present tokamaks, a ~20% release of pedestal energy fromill TERIIt in
a worstcase scenario of 1% MJ energy release. Across a 0.8inmer divertor, Type | ELMs
could produce heat loads ~20 MJ/nf, magnitudes unacceptable for ITER PFCs in terms of
lifetime and material integrity. Per IO standards, theyshbe mitigated to < 1 MJ per ELM to
sustain acceptable energy losses and avoid major PFC erosion, or simply suppressed entirely.

Two methods designed for ELM control are being directly implemented in ITER: pellet
injection and RMP field coils. The spécs for the pellet injection designs are currently under
development through US ITER and ORNL. What is known is that there will be two HFS and one
LFS injection points. Expected pellet conditions are betwee3B1Tnt, with maximum speeds
of 300 m/s, injetion frequencies ranging from 4® Hz, and expected species of D, DT, or H
[14]. With testing results from DHD and JET, there is stronger confidence in using pellet pacing
on ITER, although more tests for scalability are recommended. The RMP desgnwe
solidified: 27 invessel coils arranged in a 3x9 array, 3 coils (one upper, mid and lower plane) per
vessel sector. These coils will allow for n = 3 and 4 RMP fields with the capability of phase shifts
as in KSTAR, and are undergoing engineeringjgtefinalization [4]. ELM control using vertical
kicks would be possible in ITER, but the required plasma displacement is high-at@éé6and
could lead to severe VDEs [7]. The practicality of radiative divertors on ITER are uncertain, as
their use dpends strongly on other ELM control methods reducing divertor heat loads to levels
already expected of ELM mitigation, now considered < 0.5 MJ/As for more recent ELM
control/suppression techniques, namely the SMBI and Li aerosol techniques demomstrated
KSTAR and EAST, no direct plans have been made for ITER.

In terms of disruptions, ITER has set an engineering limit for the number of disruptions
that can be tolerated. For plasmas operated at high current, and hence containing more stored
energy, a diruption fraction of 10% has been set, only 1% of which may be VB)E€DEs lead
to the highest forces on the tokamak structural components, presenting large operational
consequences completely separate from first wall material integrity. There areitigetiom

techniques that are being implemented on ITER. The first is a Massive Gas Injection (MGI)
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system, which puffs a relatively large volume of inert gas into the tokamak vacuum chamber. The
second is a Shattered Pellet Injection (SPI) system, whigiches large frozen pellets down a
delivery tube, then purposefully shatters the speeding pellets just before entry into the vacuum
chamber. Both techniques operate on the same principle: introduce a large volume of atoms into
the plasma (1491 10° paricles) to absorb energy and terminate the plasma before it can impact
plasma facing componentg]] The key differences are how those introduced particles penetrate
the plasma. MGI gases largely interact with the plasma edge, never penetrating intsrttee pla
core. SPI is the opposite, with the shattered pellet pieces penetrating through the edge and ablating

once they hit the plasma core. In both cases, plasma operation is completely terminated.
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CHAPTER 417 ALTERNATIVE PLASMA FACING MATERIALS FOR NEXT
GENERATION TOKAMAK REACTORS

Plasmafacing materials past ITER will require many, if not all, of the properties mentioned
previously: erosion resistance, high melting/sublimation points, adequate moathoperties,
high thermal conductivity, plasma compatibility, low tritium retention, irradiation tolerance, and
adequate cost and availability. They must be able to handle steddyplasma conditions at
elevated temperatures under constant neptpioton, and ion bombardment, along with
unexpected disruptions stronger than any tokamak can currently produce. Thus, any advanced
material should be evaluated under conditions that are as relevant as possible to future reactor

conditions.

4.17 Silicon Carbides

The first material of interest is silicon carbide. Pure, single crystal SiC is a ceramic material
with a great combination of desired properties: high sublimation point (~2700 °C), low density
(3.21 g/cm”3), high mechanical strength (>600 MP#gh elastic modulus (>400 GPa), high
thermal conductivity (>360 W/mK), and good material integrity under neutron irradiatio8][1,2,
Its average lowZ is appealing in terms of plasma compatibility, so long as physical sputtering
rates are not too higlo toffset this advantage. SiC sublimates instead of melting, and it is non
magnetic, both properties ideal for handling unexpected disruptions, ELMs, and eddy/halo current
forces. The mechanical properties and conductivities depend on the specific SaCtgpgstor
pol ymorph. Of the 20@4H p@Hisyrudtyresehsatoffethigrertrermalr et F
conductivities and mechanical strengths, which are used extensively in fabrication,
semiconductors, and even jewelry industries under the mineralme Amoidsanite
Unf or t un at-ghhsg polytyphsehsmwe a Bbexagonal crystal structure which thermally
expands asymmetricall y. 736 dasmlovwgetthemnal comductivity us e
t h a n -phabkes, bulit does offer a zibendcubic crystal structure which thermally expands
symmetrically. The only major drawback of monolithic SiC is its inherent brittleness as a ceramic,
leading to a high probability of failure under excess forces if used as a structural nigjtérrals,
maer i als science researchers have been workin

carbide matrix composites with wadhgineered mechanical properties for structural applications
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in fusion, fission, aerospace, and other industries. Much prolgassseen made in the past two
decades on SHSIC composites to this end [158, In this dissertation, the desire is to study the
erosion rates of mororystalline, polycrystalline, and matrix SiC composites, as any could be used
as direct plasméacing nmaterials.

4.1.171 Monocrystalline and Polycrystalline SiC

The fundamental structure of SiC is a covalently bonded tetrahedron, either &Sk.
As for the larger crystal structure, over 200 polytypes have been reported, which stem from a wide
variety of stacking sequences of theGplanes [2]. Of these, the most common polytypes are
3C, 4H, 6H, and 15R. The number shows the repetition of {8es&cking sequence and the letter
represents the crystal structure: C for cubic, H for hexagamaRdor rhombohedral. The various
polytypes are illustrated in F§gl [2]. The 3C SiC is the only polytype to exhibit the cubic crystal
structure, an8i Cs Eeéeyretdhéno psl PtSiCpdelands t her
6 H -SIT are curently the only crystal structures that can bedatwn in bulk, leading to their
popularity in the jewelry industry, semiconductor industry, and laboratory material dge8icC]
polytype stability is largely temperature dependent. For lower tempesatug® is the most
stable; as temperature increases to around 2100 °C, the crystal structure transforms to a hexagonal
structure. Of course, the formation process of the SiC and its associated impurities/deviation from
Si:C stoichiometry also affects tpelytype stability [2].
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In terms of material properties relevant to a fusion environment, the 4H and 6H SiC exhibit
the highest values of thermal conductivity (490 W/mK and 370 W/mK atr&pectively)
compared to the 3C (360 W/mK at RB}.[Of course, fabricating singlerystal plasmdacing
components of adequate size is both mechanically and economically unfeasible, so polycrystalline
material properties should be taken into consid@raCrystal structure combines with fabrication
properties, such as grain size, density/porosity, and purity, to produce a polycrystalline product
with a unique set of thermramechanical properties. In terms of thermal concerns, anisotropic
thermal expansin o f -Si€ muteridl is the biggest concern for higimperature fusion
environments. Large thermal shocks within a polycrystalline material would more easily lead to
fracture and failure. Thus, the isotropic 3C structure is the best basis for aygialyicre SiC
plasmafacing component (PFCFrom there, choosing a product with increased grain size and a

near ideal density (no voids or mieccacks) allows for maximized thermal properties.

4.1.21 SiC/SIC Composites

Continuous Siebased fibers werfirst created inthe mitl 9 706 s at Tohoku
JapanT]. From there, a race began to develop ceramic-fiaaforced ceramic matrix composites
(CMCs) for the nuclear industry. The importance of these-fibiaforced materials is the ability
of the fibers to minimize the probability of disastrous fracture through the bulk structure. By
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controlling how the fibers are made and how they are interwoven into the matrix, engineers can
tailor the material 6s physi cianeedsathay camereateani c a |
material with increased pseudactility and with more predictable fracture mechan&s]|[ The
ability to use SiC as both the fiber and matrix materials then allows engineers to take advantage of
Si Cbébs attr ac tperties (radidtiennpeopetties] plagma @ompatibility, etc.) while
substantially improving its toughness/brittleness. The application of these SiC/SiC composites as
a fusion reactor bl anket ma t e r§]. &hce thensmardyi r st
iterations of these composites were developed through various processes, with the first-radiation
tolerant SiC/SiC composite being fabricated in 199p A key factor in its success was
maintaining material purity through éemical vapour infiltratioCVI) production process.
Studies on this'$generation SiC/SiC composited demonstrated radiation tolerances over a wide
range of irradiation temperatures and neutron fluences.

Radiation stability of the fiber/matrix structure was the initial concermh®rcomposites
while advancing theifit ec hn ol o gi c a INow, with thé mostgezentl develament.
progress reported 9], SiIC/SiC composites are now being developed as an engineering material
for both fusion and fission applicatiar&iC basedCMCs are being actively considered for use as
a firstwall structural material, for helium cooled ceramic breeding blanketsd-metal blanket
conceptsand most notably W divertor flow channel ins¢B®)]. Although SiC/SiC composites
could prove a roustPFC/PFMby themselves, no mature concepts are currently being pursued.
Hence the emphasis on radiation stability studies rather than erosion properties. If SIC CMCs are
adopted in a future tokamak, their erosion properties should indeed be evahgatedpared to
monolithic/polycrystalline SiC, in case the structural material is accidentally exposed to plasma

impact during a severe disruption event.

4.27 MAX Phase Ceramics

The other leading PFM candidate to be studied is a class of materials 8BadhAX phase
ceramics, unique materials that bridge the gap between metal and ceramic properties. They are a
family of layered compounds with a chemical formula.dXn,, where M is an early transition
metal, A is an A group element, and X is carbon tmogen [LO]. Near closepacked MX layers

are interwoven with purely Aroup layers, resulting in layered hexagonal crystal structures. N =
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1, 2, or 3 for the molecular composition, and is used to designate the various phases. Most MAX
phase ceramics ar& 2 (n = 1), while the rest are either 312 (n = 2) or 413 (n = 3), as illustrated in
Figured2 . They were first discovered back in the
until 1996, when Drs. Barsoum and Houng at Drexel University developedessful
manufacturing techniques forsBiC; [10]. Since then, increased interest in MAX phase research

has led to the discovery of over 60 different MAX phases.

Figure 4.2 1 Atomic structures of a) 211, b) 312, and c) 413 MAX cerami€}. Red spheres

represent M atoms, gray spheres X atoms, and blue spheres A atoms.

MAX phases exhibit high thermal and electrical conductivities for ceramics due to their
respective MX layers. In terms of mechanical properties, they exhibit the exact opposite of their
MX property expectations: they are easily machinable, fatigue resistant, thermal shock resistant,
and relatively damage tolerant. This unexpected set of mechanical properties is largely due to the
layered structure. The MX bonds exhibit metallic propertigls strong bonds (covalent + ionic),
while the MA interlayer bonds are relatively weak, allowing for controlled shear slip systems
[10]. MAX phases are the only polycrystalline solids that deform via both kink and shear band
formation, with dislocation glles occurring exclusively in the basal planes. Additionally, MAX
phases exhibit exceptional thermal stability and retention of mechanical properties at elevated
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temperatures (1000+ °C), making them appealing for use in a nuclear environment under high

temperatures with high thermal/mechanical shocks.

4.2.11 TisSiC and TRAIC

Despite the large amount of MAX phases discovered and researched, most studies in the
literature have focused onsBIC,, TisAIC2 and TrAIC. MAX Phases are relatively new to
research for nuclear applications, with a handful of radiation effects studies for fission applications,
and with no published exposures to plasma sources. Recent works,I81dalyzing the
irradiation properties of a few commercially available MAX Plgseint to TiSIiC, and TprAIC
as the more promising candidates. It is reported that under 5.8 MeV Ni irradiatior8Ql@pa,

400 & 700 °C), the BSIC; appeared more damage tolerant than botAlTk and TRAIC [12].

Evidence of less retained radiatioangage at higher temperatures was observed for all materials,
suggesting radiation defect annealing. Loss of damage tolerance properties due to grain boundary
cracking was observed in the Al MAX phases, and it was suggested that these MAX phases not be
usal for near400 °C operations. It was also reported that multiple MAX phases were irradiated in

a 6 MW research reactor at MIT (up to ~0.1 dpa, 360 & 695 °(@) Jiradiationenhanced
dissociation of some MAX phases was observed, b8iTi and ThAIC remained relatively

stable. That study concluded thatSiC; and TpAIC were the most promising materials for high
temperature reactor operations. Although this research focuses on high heat flux erosion
characteristics, strong radiation resistance is amllygimportant property of nexgeneration
plasmafacing materials. Thus, the irradiation properties @B, and TpAIC, combined with
their relative industry availability, make th
heat flux plasma&xposure studies.

Comparing thermal properties 2AIC possesses a slightly higher thermal conductivity (46
W/mK at RT) than T3SiC; (34 W/mK at RT), as well as a slightly higher specific heat (556 J/kg*K
vs 520 J/kg*K) LOl. One important property of dse MAX phases in relation to fusion
environments is their temperature limitation. Rather than melting or sublimating, MAX phases
tend to dissociate at high temperatures under high vacuum conditions. They decomposed to their
respective binary carbide ortmtle substance through sublimation of theigup elements M.

The decomposition process is relatively slow, but it limits their stetatg operating temperature
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to a range between 13001800 °C. Multiple factors affect the effective temperatuneitii
porosity, purity, the specific yroup element, and vacuum conditions. The Al ipAIC, for
example, has a lower vapor pressure than the SisBi(i [10,14. With all of these factors
affecting the MAX phase characteristics, there is an underdilendscrepancy in the literature.
Going by Barsoum et al, it is reported that the stestdie temperature limitations fors$iC; and
Ti2AIC are about 1700 °C and 1600 °C, respectivedy}.[
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CHAPTER 51 METHODS OF PFM EROSION STUDIES

A comprehensive erosion study on the selected PFMs requires an ambitious set of
experiments on statef-the-art plasma devices. Devices must be selected that can provide fusion
reactofrelevant high heat fluxes from plasmas with equally relevant properties. ITER is being
designed to handle 0.2510 MW/n¥ heat fluxes to the divertor during normal operation, while
ELMs and disruptions have the capability of producing several G\gfrheat flux. In order to
cover this wide range of energy conditions, two experiments were conducted using two different
devices: the DIHD tokamak operated by General Atomics and an eldé&rotal (ET) plasma
source operated by Oak Ridge National Laboratory (ORNL)-Dproduces heat fluxes relevant
to normal ITER operating conditions, providing data in a physical sputtddngnated erosion
regime. The ET source covers the higher regintk heat fluxes and time spans close to those
expected of ITERscale ELMs and hard disruptions, capable of producing melting and sublimation
across PFM samples. Additionally, computational simulation tools were developed to plan,
support, and interpret tlexperiments for these devices. This section will cover the capabilities of
and experiment plans at DID and ORNL, along with details on the unique method that was used

to measure erosion rates on the PFM sample surfaces.

5.17 Focused lon Beam MicreTr ench Technique

It is important to physically measure the net erosion thickness loss on each sample using a
nortdestructive, posiortem technique. Most established techniques to do this require thin films
or coatings of the desired material. A new analysethod was developed specifically for larger
samples that are more representative of plaswmiag components. The method utilizes a
combination of focused ion beam (FIB) microscopy, scanning electron microscopy (SEM), and
atomic force microscopy (AFMp both alter and characterize the modified samples before and
after plasma exposure.

A focused ion beam is used to carve micromstale trenches into polished sample
surfaces for erosion loss measurements. The depth of eachtraimch is characterizedgsing
SEM imaging and AFM mapping data. Each mittnench also has fiducial depth markings etched
into the trench walls. In the divertor region, an angled plasma flux will impact the sample surface.

As the top surface of the samples erodes during pl&pasure, certain walls of the miero
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trenches will be shadowed from any particle flux depending on their orientation. The integrated,
postexposure changes in trench geometry combined wisitundiagnostics provide a measure of

the net erosion rate fomeh material. The postxposure thickness loss can be measured either by

1) Measuring the shadowed fiducial depth markings with SEM imaging, or
2) Measuring the height difference between the sample surface and trench floor with a

SEM or AFM.

An exampé micretrench is shown in Figurgl. It is 10>m x 10>m in length and width,
and about 4>m in depth, designed specifically for the erosion experiments onrCDIMhe
dimensions of each trench, along with the specific fiducial markings used to mark the shadowed
trench walls, are chosen and optimiZed the specific plasma exposure experiment. The ET
sample micretrenches, for example, needed to be much deeper and required more complex erosion
fiducial markings, as demonstrated in Figbr2 Specific details and explanations for the fII

and ET expriment are demonstrated in Chapter 6.
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Figure 517 A square 10>m x 10>m microtrench in a sample of SiC, viewed from above and

from a rotated, 45° angled view.

SEM HV: 5.0 kV WD: 30.76 mm

View field: 23.1 ym Det: SE 5pum
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Figure 5217 A 10>m x 12>m microtrench, more than 18m deep, in a sample of3HiC,. The

ET source samples required fiducial markings for greatehdepthin the micretrench.

Measurement method #l SEM imaging

Pre and postexperiment measurements of the mitnench depths are complex. Initially

it was thought that only one angled SEM image was necessary to calculate eaetrematro

depth. Bymilling the microtrenches perpendicular to the surface normal, and then etching the

fiducial markings at a known angle and specified scale, SEM images taken at that same angle
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before and after exposure would directly give the thickness change via campBiesvever, that

method only holds true if the programmed rectangular trenches are milled {oeniest shape,

especially in regards to the trench walls. It was impossible to mill perfect geometries in an

acceptable timeframe for these experimentsidpe of the micrdgrench walls were often sloped

and rounded, with the degree of rounding varying between materials and FIB conditions such as

beam current. Due to this rounding, one angled SEM image gave inconsistent erosion depth results.
An appropriataneasurement technique was therefore developed that utilized height/length

measurements taken at two different angles. By measuring the same features at different views,

the two unknown variables of height (depth) and slope (from edge rounding) couloabatee

and quantified. A crossectional schematic describing the sloped edges and measured variables,

along with a corresponding SEM image, are shown in Fig3re

Cross-Section of A
Micro-trench
sloped edge |

r each trench
FIB efficiency,

Slope of triangle edges vary fo
due to edge rounding, material
drift, etc.

A - 0° SEM image length
measurements

B&C - Y (~38° - 45°)

o ) SEM image height
‘ v measurements

Figure 53 1 (Left) Schematic of sloped micitoench edge with FIB markings, and (Ri}
corresponding angled SEM image depicting the FIB marking geometry on the sloped edges.

As illustrated in Fig5.3, the shaded blue represents a ceesgtion of the material, the
black lines along the rounded edge represent the approximate shiapé-t8 fiducial markings,
and the purple lines mark the height H and sloping andgthet are measured for each marking.
The value for H is the overall goal, showing how much the top surface erodes due to plasma
exposure relative to the shadowed, bottom portion of the fiducial markings. The image views
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chosen were 1) a tegiown image ofhe sample surface and 2) an angled image -dogguaito

the FIB angle. Each fiducial marking was carved at a 38° angled to the surface parallel, the physical
angle of the mounted Focused lon Beam. Measurement A represents the marking length projected
into the topdown image, and measurement B represents the length of the same marking but
projected into the angled image, taken at JdA

from A and B via the following equations:

N A,A% A|l@
Omp8 — OAI OEd]
Orng8 O = luOELu

Through trial and error of various marking geometries, the triangular fiducial markings
across the sloped trench edges worked best for this measurement technique. Theglepipsa
could be placed at the approximate location where sloping ends, effectively pointing to where the
micro-trench geometry ends and the flat sample surface begins. The triangular markings were also
ideal for plasma fluxes not properly aligned wikie tmicretrench walls, as seen in the DDI

preliminary experiment with silicon iSection 5.2.2.3.

Measurement method #2 AFM mapping

The other measurement method is to construct a topographic map of eactrenicino By
gathering 3D height data tiie micretrench structure, erosion depth could be easily calculated
through pre and postexposure comparisons. In the AIF facility at NC State University, a new
atomic force microscope was recently purchased that boasts the necessary capabilities: The
Asylum MFP 3D Origin+ AFM. An AFM operates by using a cantilever with nanorsetde tips
to scan and map a sample surface. The cantilever can be used in a variety of modes to perform
nanomechanical, nanoelectrical, and electromechanical material chaedictes. For this
dissertation work only the simplest of AFM capabilities is of interest: the ability to generate 3D
topographic maps via a tapping mode (AC mode). In this mode, the cantilever oscillates at a set
frequency and fit apssacross tiheesample, depiatedevisuallg in Figide s ¢ a
Feedback from the cantilever motion then gives surface height data at each tapped point, which is

used to render a 3D map. The Asylum AFM has the capability to scan areas»@0>m or

greater, wi th a maxi mmmat agqedolutior af < 0.06enmdlp These f 15
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dimensional capabilities are perfect for the FIB mitemch geometries, provided a suitable, high

aspecr ati o AFM tip i s us e dapabiitiesiseskowmipHigege50f Al FOs

/

Detector

Cantilever

i I -
_ AccV Magn Det WD Exp }———— 10um

SEII"I"I I'J'|3 15.0kV 3500x TLD 46 1

Figure 541 (Left) Depiction of the AFM tapping mode [2]. (Right) SEM image of typical AFM
probe tip at the end of the cantilever [3].
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Figure 5571 Example of AFM data taken on an ITERade W sample witkIB micro-trenches
and labels. The figure shows the original SEM image (center) alongside 3D height maps, 2D height
maps, and 2D line traces of height profiles from the 3D AFM data.

Al t hough the ®@Z capabil it ym ofracticethe AWM Or i g
much more | imited. The Z resolution decrease:c
oscillatory motion of the AFM tip limits which geometries can be propsidyped. In order to
map micretrenches on the order ofi4 >m deep, high aspect ratio tips are needed; the tips need
to be long enough to reach the mitrench floor, while at the same time being thin enough to fit
inside the trench and map most of tluer area. The wider the AFM tip, the less area that can be
mapped due to the tip sides impacting the mioeach walls and effectively missing the edges of
the floor. Working together with AlF researchers, a FIB was used to manufacture the desired high
aspectratio tips from spare, normal aspeatio tips. Most of the tips were made to be about 10
>m tall and about -2 >m wide, perfect for fitting into the optimized miet@nch geometries for
DIII-D, described later in Section 5.2.2.2. An example of a typical AFM tip alongside the self
manufactured high aspegtio tips is shown in Figure.6.
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AFM tip, as-purchased AFM tip, modified with FIB

ar | tilt | HFW —— 10 pm —— mag curr FW
) pA |52 °|50.8 ym 20.( 6500 x |10.0 mm| 120 pA| 52 °|19.5 um

Figure 5.67 (Left) An example AFM tip donated by AIF with no FIB modifications. (Right) The
same AFM tip after being modified with a FIB. The new tip geometry has a much higher aspect

ratio, ~10.2/1.4 7.3, in order to profile the planned mierench gometries.
5.27 DIII -D National Fusion Facility
5.2.171 Background on DIHD

The DIII-D National Fusion Facility is a tokamak device operated by General Atomics in
San Diego, California. Although considered a +sizke tokamak, DIHD is the largest mamgtic
fusion experiment and the only operating tokamak in the US, with a major radius R = 1.67m and
a minor radius a = 0.67m. DID is a DOE Fusion Energy Sciences (FES) user facility, allowing
researchers to propose and conduct experiments orDDillat complement FES research
priorities. The main research goals of BElllinclude [45]: Resolving disruption problems in
tokamaks, providing the basis for divertor solutions for future tokamaks, including a Fusion
Nuclear Science Facility (FNSF) and a dent@isn power plant (DEMO), exploring the physics
of burning plasma, investigating steady state tokamak operation, and developing 3D optimization
of the tokamak concept. The DI facility is founded on a strong level of operational flexibility
in order b explore physics and conditions relevant to future devices:DHbasts an adaptive
field-shaping coil system for multiple plasma shapes, diversified heating and current drive

systems, internal and external effield coils, upper and lower divertorg, comprehensive
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diagnostic suite for plasma parameters, and an advanced digital control system for plasma
feedback control [4].

5.2.21 DIMES Experiment on DIHD

A material exposure experiment on DDIwas proposed through the Advanced Materials
Validation (AMV) group of the DIID Boundary/PMI Center, which is responsible for studying
divertor optimization and plasmaaterial interactions for DHD. Materials of interest for this
dissertation are SiC and MAX phase ceramics, testing them possigite¢nalternative PFMs.

The experimentwas marked #8822 , A Sputteri ng and Damage Prope
ReactorL i k e Pl as ma Conditions, 0 and examined %
performance in a realistic tokamak environmente Tihal experiment minproposal (MP) was

comprised of multiple proposals put forth to the AMV group. What follows is a description of this
consolidated proposal with an emphasis on the experimental details pertaining to the dissertation.

Experiment #5202 is comprised of two main studies. The first is designed to test the
damage resistance of a new tungsten (W) alloy, Hitne Grain W (UFG W]7], and compare
its performance witfITER-grade W under reacterelevant divertor conditions. UFG W has
alrealy demonstrated resistance to surface damage in electron beam experiments, warranting
further testing in a tokamak environment. The second study examined the erosion properties of
SIiC, SiC foam, and two different MAX phase ceramic materials. The tegtedtithe Divertor
Material Evaluation System (DIMES) which holds samples flush to the lower divertor eDDIII
[8]. In this way, samples were exposed to reamt@vant, tokamak plasma fluxes in order to
compare their sputtering erosion properties. Forwtheamples, the experiment exploited high
transient heat fluxes from-khode ELMs in DIID to create surface roughening and cracking.
These plasma conditions allow a direct comparison of the performance of UFG W against ITER
grade W under reactor relevativertor conditions. Before and after plasma exposure, samples
were surface characterized via microscopy at Sandia Livermore. For the ceramics, the materials
include: polycrystalline 3C silicon carbide, MAX phase ceramigSiT» and ThAIC, and silicon
cabide coated graphite foam. Carefulmode exposures of these materials determines their

viability in direct comparison with ITERrade tungsten, highlighting the importance of improved
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material properties such as thermal shock resistance, thermal cueitguatid decreased sputter
yields for lowZ material.

The more specific goals of these experiments include obtaining integrated and time
dependent sputtering erosion data for each material as a function of-reéstant heat fluxes,
exposing new prorsing materials to DD for the first time, directly comparing material erosion
rates to one another, and implementing novel methods of erosion thickness loss measurements fit
for bulk materials. The measurement method using focused FIB-tnéerch strutures has the
added benefit of obtaining incident ion trajectory information. Additionally, results for two of the
materials, the higipurity 3C SiC and the SiC coated graphite foam, have direotiyributed to
the AMV groupds FY18&othenSiGfocused exgenimedta nce and it

5.2.2.1i Experimental Method

The MP was designed to introduce surface damage and enhanced erosion to samples across
two halves of the shot plan. The first part of the experiment exposed one DIMES prebmteH
plasmas focusing more on W samples (see Fdtl). These discharges have an attached outer
strike point (OSP) using a lower single null (LSN) shape in ELiWhétle and moderate line
averaged density. The nominal shape and physics settings are the same asg dfeteanonber
172368 in the DIHD database. This discharge has a total injected power of approximately 4 MW
and an ELM frequency of 10 Hz. Based on the change in temperature of the samplssctirel2
OSP dwell time given by the reference shot mainbeeased, with the goal of inducing as much

heat flux as possible without melting the W samples.
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Figure 5.7 - New DIMES probe assembly. The left image shows a conceptual layout of the 7
button holder. Samples in positiondhave a 15° angle relaéivto the horizontal, while-8 are

flush to the DIMES probe surface. The middle and right images show how each DIMES sample
fits within the rest of the probe assembly. The samples themselves are thermally insulated with
ceramic cups and springs, and thsreoom for thermocouples for the W sample experiments.

The second portion of the shot plan exposed another DIMES probmtalé plasmas and
focused more on the SiC and MAX phase samples. These discharges have an attached outer strike
point (OSP) using lower single null (LSN) shape inrthode and moderate line averaged density.

The nominal shape and physics settings are the same as refererbesbdti number 171437,
which had an average NBI heating power of 1 MW. Based on a simple thermal arnadysisrs
Figure5.8, these settings would ensure survivability of the ceramic samples, with no melted or
chipped material contaminating the vacuum vessel.

Heat flux values were determined infrared (R) imagingdata. DIIFD is equipped with a
60° IR camea viewing graphite divertor tiles, as well as an IRTV that looks directly at the DIMES
head. Along with careful monitoring via the IRTV, the changes in temperature can be monitored
via thermocouples (TC) spot welded to the 1ptesma exposed side of sel®¢tsamples. The
TCs provide the change in temperature at the bottom of the samples during the discharge, and this
data is used to calculate the change in temperature at the surface. Additionally, between each
discharge, a visible light camera ensures i@ samples are not melting or shattering. Samples in
the Di MES probe are three times thicker than

approach the melting temperature. The samples are pushed up from the bottom with a spring inside
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aceramic up, and the diameter of the sample is ab
in the Di MES cap. Therefore, the sample is o
the sample just under the cap surface. The MAX phase ceramice éimiting material in terms
of maximum operating temperature. Reported melting/dissociation points are about 1700 °C and
1600 °C for TiSiC; and TpAIC, respectively. Therefore, during exposure it is strongly advised to
keep the surface temperature of sthesamples well below those points, Thus, an artificial
temperature threshold of 1500 °C is designated in the experiment.

To create an ITERelevant plasma heat flux, samples are angled 15° from the horizontal
that protrude up about 1.2 mm from the praobéaxe (see middle section of Figur&). Samples
in positions 15 (Figure5.7) have this angle and sampleg @re flush with the DIMES surface.
Due to the layout of the sample positions, samples at position 1 and 2 are slightly shadowed on the
edges de to the raised buttons in positionsb.3 Figure 5.8 shows the predicted surface
temperatures from a simpleld model for2s ofheat fluxes expected on the angled samples. The
~12MW/n¥ condition is sufficient to reach surface damage goals for the Wimeugers. The
surface temperatures for the MAX phase ceramics are predicted to exceed the designated 1500 °C
threshold. Therefore, SiC and MAX phase samples were exposed tmadd_plasma, based on
reference shot 171437, where the heat flux is ~6 M¥dfmthe angled samples.

3500 Surface AT for ¢, =12 MW/m?

Surface AT for ¢, =7 MW/m?

3500

— pure W P

— B-3CSIC
3000 3000
— Ti,SiC, /
Ti,AIC
2500 2500

2000 2000

& &
< / <
1500 1500

1000+ / ---------------------------------- 1000
500 500

80 65 1o 15 20 25 30 35 40 45 B0 05 10 15 20 25 30 35 40 45
Dwell time [s] Dwell time [s]

Figure 5.8 1 Surface temperature estimationsl®® anglesamples calculated with a-D heat
equation with a heat flux of 12 MW/nfLeft) and 7 MW/n3 (Right). For a 2second strike point
dwell time, tre MAX phase samples exceed their designated surface temperature limits under 12

MW/m?, while under 7 MW/rhall materials stay well below the designated temperature limits.
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Table5.1 lists the ideal shot plan along with the detailed diagnostic requitsmera

shotby-shot basis. Shot plan section8 pertain to the \WWocused experiment, while shot plan

sections4% ar e

t he focus

of

t his

di

ssertati

onos

methods are a filtered DIMES TV, the MDS spectrometad, faterscopes pointed at DIMES,

have a cyclic plan for capturing sputter rate data for the various materials indicated. This cycling

method heavily depends on being able to reliably reproduce the desmedélor -mode

discharges, so that the spectasgsignals can be directly compared with one another.

Shot plan section

Table5.17 Ideal shot plan for Experiment &2

Objective

Shot #

IRTV

1

2

3

Establish H-mode reference sh
w/ sweep, 1st DIMES head
Repeat discharge w/ fixed OSP
test exposure time on DIMES of
Repeat desired H-mode
discharges

Establish L-mode reference sh
w/ sweep, no DIMES head
present
Repeat reference shot, 2nd
DIiMES head, test 1s dwell tim¢
test 2s dwell time
Repeat desired L-mode dischar

Yes
Yes

Yes
Yes
Yes
Yes
Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes

DIMES TV MDS

Filterscopes
on DIMES

5.2.2.2i MATLAB Modeling for Preliminary DIMES Experiment

In terms of numerical results, the main experiment objective is to obtain the enaisi®n

for all materials as a function of the impinging heat flux. Erosion data is obtahséd irough

spectroscopic methods and then pmgteriment utilizing a combination of atomic force

microscopy and scanning electron microscopy as describ8dction 5.1. FIB micrdrenches

give an integrated erosion thickness loss of the bulk material, which is translated into an average
erosion rate based on IR heat flux data. Any preferential sputtering rates would be solely

determined by the relative specopy signals during repeated discharges.
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To ensure the success of the DIMES experiment, it was highly encouraged to develop a
basic computational model to test and optimize the nrtremoch geometry, as well as plan a
preliminary experiment to test theigro-trench measurement technique. For the computational
modeling, a set of Mont€arlo scripts being developed at ORNL was recommended. The original
script, named AMPRO, was <created i n order
calculations on sdpted material surfaces due to ion bombardm@htThe script is capable of
deriving local impact angle and density distributions on a specified rough surface, which is needed
to derive spatially resolved erosion anebdeposition values9]. The end goeof using the MPR
script was to test whether material surfaces could be roughened/manufactured in such a way that
the material 6s total, gl obal Ssputtering rate
was modified to investigate erosion anddeposition in the FIBnanufactured micrérench
geometries. The modified script predicts particle impact, erosion, and redeposition patterns within
the microtrenches, which could be used to optimize the rriiench geometryl[0]. The new set
ofscriptss i nf or mal | y rTerfeenrcrhe.do t o as AMPR

There were three key steps to modifying MPR to suit the D kixperiment needs:

1) Implement realistic FIB micrtrench geometries into modeled surface

2) Introduce ion angle distribution functions relevant to tokadia&rtors

3) Utilize energy and angle dependent sputter yield models for relevant materials

The material target surface in MPR is modeled by a continuous, multivariable equation in
a 3D cartesian coordinate system. This continuity limitation made modeéngdlts and edges
of the micretrenches somewhat challenging. Through trial and error, it was decided that a
hyperbolic tangent function worked best to construct the trenches in 3D space, as described in

Equation 3:
0 - -
o «a < 0 RYw Www 0WRYD ww
where z = the surface height, A = the trench depth, bx = half of the trench length (along x),
by = half of the trench width (along y), and S represents a slope shaping coefficartioe,
Z, bx, and O0bydéd would be controlled during

coefficient S depends on how precisely the FIB work is done. For example, if working with higher

beam currents, the ion beam will exhibit more spreadhénion trajectory and the rectangular
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trench walls would end up more sloped, corresponding to a lower value for S in the modeling. An

example of the micrrench modeling in using the hyperbolic tangent function is shown below in
Figure5.9.

1a: surface morphology

I
L

w

1l

N
surface height

surface height

w

1}

w
surface height

Figure 597 Example micretrench geometries in MRRrench. Left, side views of a 10 x 4 x 5
>m are shown, with two different values for the sloping parameter S. Right, an angled view of a
10 x 10 x 4>m trench with S =3

The next step is to use realistic ion Englistributions that occur within a divertor
environment. Two literature sources were found which gave probability distribution functions for
ion impact as a function of the impact andlé,[l3. These distributions were implemented into
MPR-Trench and a shown in Figur®.10. Datasets taken from these two studies were for highly
inclined magnetic field angles, -5F with respect to the surface parallel, which are typical on the
divertor surface. Both sources defined theifiddd angle with respect to ¢hsurface normal, so
~85-89° distribution data was used.
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Particle Distribution Functions from Curreli & Borodkina
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Figure 5101 lon impact angle distribution functions from Refl]lnd [12], implemented in
MPR-Trench MATLAB code.

Finally, sputter yield calculations used expressions and coefficientsedetaiEckstein
and BerischSputtering and Particle Bombardmeimicluding the corrected fit equations from Ref.
[13]. Corresponding reflection data published in the 17/12 IPP report was also dkethg
energydependent and angbtependent sputter yaklequations were not modified for MPR
Trench, just the materi@aependent coefficients used in those equations.

With the modified MPRirench scripts developed, an optimization study was carried out to
determine the FIB micrrench sizes and orientatiofisr the DIII-D experiment. Two trench
geometries needed to be designed: 1) trench geometries which had their floors completely
shadowed from initial particle impact, and 2) trench geometries that exhibited partial shadowing
and partial erosion of theirdbr. The micretrenches with a completely shadowed floor would
allow for both methods of thickness loss describeertion 5.1 since the unmodified floor could
then serve as a depth reference point alongside any FIB fiducial markings. Thdremches
designed for intentional, partial erosion on the trench floor were desgpesifically for ion
impact angle studies. Thaptimizationstudiesaccounted fophysical experiment limitations of
making and analyzing the micteenches, with total dimensiohsiited to a square of 10 x Tn
with 4>m depth.

The final, optimized micrdrench geometries were as followkd x 4 >m rectangular
trenches and 10 x 10 square trenches, eacim~-deep. The rectangular trenches were designed

such that their floor shodlbe completely shadowed from plasma. Sputtering and redeposition
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patterns indicated that wider trenches | ed
which would incorporate FIB fiducial markings as described in Section 5.1. Additionally, the
trench depth directly determined the maximum possible length of the shadowed region. Both of
these variables, width and depth, were maximized. There were competing factors in the trench
length; consideringthe practical needs of both AFM data collectiondaangled SEM image
requirements, a 1:1 ratio between depth and length was decided, resulting ir-fiDtresiches

of 4 >m depth. The elongated square trenches were simply designed with all maximum possible
dimensions in order to exhibit a partially shagohand partially eroded floor. From simulation
results, ~4860% of the square micttoench floor was shadowed from particle impact, varying
depending on the chosen distribution function. As a secondary experiment goal, erosion patterns
on the square micrtvench floors would hopefully allow for some measurement of the true average
ion impact angleSuccessful angle measurements would sheddighbhecomplex modification

of ion trajectory through the plasma sheath and would verifgdberacy of distribubn functions

used in the modeling.

5.2.2.3i Preliminary DIMES Experiment on DHD

A test exposure of the micitoench technique was successfully conducted atDIdin
7/07/2017. Polished, monocrystalline silicon samples provided by Sandia Natidoahlcsies
were prepared at Oak Ridge National Laboratory using their FEI Quanta FIB. The exposures were
performed in the lower divertor of DD, where DIMES is located, in ELM 4mhode discharges
during the plasma startup. Samples were located outbod#nd ofiter strike point betweén, =

1.02 and 1.04, far from the separatrix. This was aideal configuration, but since the exposure

took place as a oO6piggybackd experiment during

granted. Each DIMES sate was exposed to 13 total discharges, wilafid n at the target
surface ranging from 1. 60 eV and 0.1 2.4 *10'°* m™3, respectively. The two micrsenched Si
samples were ctocated ona-but t on Di MES hol der with other

their locations and orientations displayed in Figod below.

69

t

C

(



Si-4 DIMES button
(Top-down view)

C3
(T1,1T2,T3)

Scratched surface in direction "

of B field /

< 7

N

Si-1 DIMES button
(Top-down view)

A\

Cc1

T1,72,73,T4)

Cc2

Cc1,Cc4
(T1,T2,T3)

Generic micro-trench cluster
(Top-down view)

T2

} (T1,7T2,T3)

T1-T3 are 4x10x4 um

T4 is 10x10x4 um

1: Tisample-1 0.92 um Tion W
2: W fuzz N1

3: Si-1J. Coburn Si sample

4: Si-4 J. Coburn Si sample

5: UFG W - solid button

#3 (0.0580-0.0295 inch thickness)
6: W standard button 1.6 mm thick

7: C standard button

Figure 5.117 Map of silicon samples and clusters for the preliminary DIMES experiment on DIII

D. (Left) Micro-trench locations and orientations for the two Si samples, namgdusd Si4.
(Right) 7button DIMES head, prexposure, with SL and Si4 located in the lefinost button

holders, upstream of plasma direction.

The test used the optimized midrench geometries based on the aforementidhieg-

Trenchs i mul ati onsang0l ard4dtemnches 4

with one 10

X

10 x 10

eEm

squar e

em deep wi

trench. One

the combination of ion gyro motion, sheath acceleration, and the corresponding ExB drift effects

change the ion impact direction in theYXplane, i.e. the parallel sample surfacg][JAlthough

the gyrecenter ion motion generally follows thefld, the individual ions are predicted to impact

the material surface at a phase angle away from the t#aid®dfield (projected in the XY plane).

For the 85° BField distribution, reference 1] predicted phase angles between B&E0°. Not

knowing what the actual drift effects wid be inthe DIBD di ver t or ,

clusters

were oriented at 0°, 45°, and 90° with respect to the magnetic field in order to see which orientation

worked best for the FIB measurements.

This preliminary exposure experiment provided a gpombfof-concept, with samples

demonstrating shadowing of the trench floor and edges as predicted by simulations, along with

clear preferential sputtering on trench surfaces with respect to the trench orientation relative to the

magnetic field. Figures.12a shows an example micteench cluster that was prepared but
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unexposed, to give an idea of what the micemches looked like prexposure. Figurg.12b then

showsmicree r ench cl ust er -4pcGtexpostire.om sampl e Si

Cluster 3, viewed at 52°

Cluster 3, T3 viewed at 0°

5pm

NCSU AIF Verios 460L L D d mode | ti — L | LL

nY r bias wD et | moc
x | 200kv | 13pA OV | 41mm TLD SE 52 © NCSU AIF Veri

Figure 5.12ai An example miro-trench cluster in silicon sample-3j prepared but unexposed

during the DIIFD preliminary experiment

SiC-4 Cluster 1, T1 viewed at 0°

SiC-4 Cluster 1, viewed at 0°

mag @ HV ¢ s WD e
10000x | 5S.00kV | 13pA | OV  4.2mm | TLD SE 0° NCSU AIF Verios 460L

Figure 5.12b i Micro-trench cluster C1 from exposed silicon sampid.§Left) Zoomed in image
of micro-trench T1, which is oriented with DiD parameters R and.RRight) All three 10 x 4 x

4 >m trenches of cluster C1. Erosion is seen to occur on the FIB triangle edges as well as the un

shadowed, downstream mietr@nch walls.

The tips and certain sides of the triangular FIB markings have been eroded irbHigore
Additionally, the micretrench wallsdownstream of B(the plasma flow directionwhich would
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be unshadowed from the divertor ion fluxes, show a clear erosion/deposition pattern. There is a
directionality to these patterns, supporting the findings of refereri¢eaitl indicatiig that the

orientation of the 45° angled mieteench was the most wedligned with the ion flux. Simple
measurements of the triangular fiduci al mar Ki
were achieved. Shadowed erosion patternsintheon@®Wxx 10 em square trenoct
this conclusion, as shown in Figusd3. The weltdefined pattern of erosion on the trench floor
matched general predictions from the MPRRnch MATLAB modeling and gave preliminary

results for the average ion impamngle, estimated to be 53° with respect to the magnetic field and

-55° with respect to the surface normal. These results highlight the importarsteeaih
acceleration,ExB drift, and gyromotion effects on the ion impact angle, and therefore the
orientdion used for the micrtrenches. SEM images confirmed that the floors and desired walls

for the optimized trench geometries are being properly shadowed from particle flux. Finally, they

also confirmed which SEM microscopes at NC State and ORNL will hao@ gnough resolution

to properly photograph and analyze the FIB wall markings. Thexpwesure images for this
experiment, for example, were of poor resolution and severely hindered any accurate erosion

measurements.
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Figure 5.137 Square micrdrenchon silicon sample $4 post DIIFD exposure. The micrrench
floor was partially shadowed from plasma exposure, and exhibited a clear erosion pattern which
allowed for calculation of an average ion impact ange green arrow indicates the approximate

ion impact angle wrt R and.B

5.371 Electrothermal Plasma Sources

5.3.17 Background on Electrothermal Plasmas

An electrothermal (ET) plasma source is a pulsed plasma discharge that operates in the
confined ablative arc regime. The source consiséadlectrode, an ablating liner, and a ground
housing with source insulation. Charge is stored on a capacitor and then discharged through a spark
gap switch, after which the arcing current through the source induces Joule heating and ablation
of the linermaterial due to high radiant heat flibhis ablated material is then ionized, forming a
low temperature, high density plasma which is discharged through the open ET Taerel.
resulting plasma jet typically has temperatures on the ordeba\1 and arelectron density on
the order of 1€ i 10°® /m% depending on the magnitude of the discharge current. Most
importantly, ET sources are capable of producing ~G¥teat fluxes, both on the liner material

via radiation heat flux and at the barrel exit tha resulting plasma je1$-17]. Such a capability

73



makes ET sources suitable for simulating ELM and disruption impacts for reeletoant PMI

studies. A general ET plasma source schematic is shown in Bigdre

Insulator
Electrode

Trigger Pulse \

..,l"r' o]
o] '<£:0 ®
""" Ty
H J Plasma Jet
Spark Gap Switch Source Liner
HV Power Supply
HV Capacitor
*
_;_

Figure 5.14 71 Layout of a typical ectrothermal capillary discharge systerf][1

The ablating capillary liner is on the order of centimeters in length and millimeters in
diameter. It can be made of any material that will ablate due to radiant heat flux from joule heating
via a direct drivercurrent in the discharge volum&he chosen liner material determines the
majority of the plasma composition, alongside backfill gas and impurities from the eledinede.
base of the electrode is the same diameter as the capillary at the base, souglitsn the bore
of the capillary. The electrode is made of a highly conductive material and screws into a copper
feedthrough, which is directly connected to the discharge end of the spark gap. An insulating liner
isolates the capillary sleeve so thatrent only passes through the hollow capillary center. The
ground housing is made out of an electrical conductor such as brass, copper, or tungsten, and acts
as the currentdéds path to ground. 't hoteses th
source to the chambdfor example, igure 5.15 below shows an assembled and an expanded
image of the source operated at Oak Ridge National Laboratory. The expanded image includes

labels for each visual component.
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Figure 51571 (Top) Assembled ETaarce. (Bottom) The same ET source expanded so that the

individual components are seen and label&dl [1

Electrothermal plasmas have been a useful tool for numerous research projects, including
nuclear fusion, small spacecraft thrusters, material depospi@pulsion, and hyper velocity
launch devices. This section will provide a brief history of ET plasma source research within the
context of fusion applications.

Electrothermal plasma technology originated from work studying arcs traveling through
nozzks and capillary tubes. Initially, these experiments utilized two electrodes on either side of
the capillary. | n t he8 adRotagov 3 vetelhie frstto @cpgnizé s o v a
that these types of electrical arcs are controlled bgotla flow of ablated material in the direction
of the discharge. Niemeye2(] next showed that the arc is separated from the ablating liner by a
layer of nonconducting vapor. They concluded that the black body properties of the plasma allow
the inputpower to increase drastically while temperature increases only slightly. They also
concluded that the increasing current density increases the ablation rate which leads to a positive
currentvoltage relationship, i.e. electric field increases as currergityeincreases. W. Herman
et al. conducted experiments and provided theory on stationary arcs with rectangular pulses
through a supersonic nozz®1]. In the experimental part of this work, various diagnostics were
installed throughout the nozzle. Thebdof the nozzle was fitted with pressure sensors and quarts
windows to allow for axial pressure and optical/spectroscopic measurements. Herman et al. found
that the pressures and temperatures were higher where the diameter of the nozzle is at a minimum.

In 1980, E.Z. Ibrahim developed aDlmodel to predict ablation, pressures, and temperatures
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throughout the bore of a uniform diameter capillary tube of polymethylmethacrylate with various
lengths R2]. In the same paper, Ibrahim also conducted experimehtye axial pressure
measurements were taken in the capillary. It was found that the pressure was highest in middle of
the capillary over the course of the discharge. A paper by Ruchti and Niemeyer in 1986 further
solidified the mechanics of the ablativedpess and the theory of vapor shielding][Z he study
compared their model of the ablative liner to experimental results. The conclusions made in this
work were that the arc itself was cylindrical and isothermal; that the pressure and electric field
eshblished by the arc are directly scalable in terms of current, tube geometry and material, and
pressure at the exit of the capillary; and that platiiation is the dominant erosion mechanism
which creates the vapor shielding effect. Other attempts haverbade at modeling the ablation
in an ET source. Keidar et al. attempted to implement a jump boundary condition at the Knudsen
layer but it failed to account for any energy return to the system from the ablated madérial [2
Sources of inaccuracies prded by this method of modeling were outlined and discussed in a
paper by Zaghloul 2.

Starting in the early 19800s, the ET pl as
technological applications. The tvatectrode system previously described was ghdrso that
the grounded electrode became the end of the capillary itself, leaving the hollow capillary open on
one end and shown in Figusel4. NASA conducted studies on ET technology for spacecraft and
satellite thruster applications. One example stomiypared ET technology to multiple thruster
types for primary positioning devices for orbit transfer missions. The study compasgd arc
plasmas, pulsed ET plasmas, ion acceleration, and conventional chemical systems as primary
propulsion devices for smalpacecraft [8]. They loosely concluded that an ET or-gatthruster
system would allow for a much larger payloads than the conventional chemical propulsion system
with a much longer transit time. Burton et al. with GT Devices wrote a full comprebaegiort
on the theory, experiment, and feasibility of using an ET source as a thruster-fanigpedthrust
[27,28. The main conclusion made ingRis that high recombination rates at the source exit
permits recovery of ionization energies. This produbeust efficiencies higher than other existing
systems in the 1568000 second specific impulse ranges.

Interest also arose in using ET plasma sources in futuristic weapons. Specifically,
electromagnetic rail launchers (railguns) and electrothermalichke(BTC) weapons. Most of the

ET work conducted in the 19906s centered on E
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used as an ignition device for a solid energetic chemical propellant. The idea was that the plasma
would induce a more efficient buthan in a conventional ammunition round, and that the muzzle
energy of the projectile could be adaptively controlled by changing the amount of electrical energy
supplied to the ET source. The Army Ballistics Research Laboratory (BRL) was interested in
understanding what went on inside of the actual ET source. They contracted GT Devices and North
Carolina State University (NCSU) researchers to conduct experimental and theoretical research on
the details of the ET sources, along with conducting work af then at Aberdeen Proving
Ground in Maryland. The army published two lengthy reports on their v2&RB1]. The first of
the two were published by Powell and Zielinsk®[3J. These papers walk through stepstep
derivations of the governing equatiolis an ablation driven ET source for a edienensional,
time dependent model. The other paper was published by Bunte et al. and discussed measurements
of an ET plasma using atomic emission spectrosc8ily [

North Carolina State University (NCSU) condutt®any ET system experiments using
the two ET systems available there: the plagmogellant interaction experiment (PIPE) and
SIRENS. Bourham et al. used the SIRENS device to develop the energy transmission factor
associated with the vapor shielding effglf]. A Lexan sleeve was used in a series of ET pulses
at various shot energies. They found that an energy transmission through the vapor layer was best
modeled at approximately 10%. This value was simulated in a code called ZEUS. This paper also
presend measurements on liner erosion for various shot energies. It was shown that for increased
shot energy, more material is ablated, resulting in larger erosion depths. Another experimental
study on SIRENS measured the effects of an external magnetic feéelibanit impacts ablation
[32]. The findings show that the when a magnetic field is applied around an ET source, the amount
of surface ablation is decreased by3346 at lower energy inputs with Lexan source material.
Adding a magnetic field also increaghs plasma velocity, about 30% for a 3 T field. Hankins et
al. at NCSU preformed spectroscopic measurements of pulses ranging ki) through a
Lexan liner [3]. The resulting temperature was found to be 1.2 to 1.9 eV over the range of input
energiesTo further fully understand the ET plasma source and its applications, Edwards et al. at
NCSU conducted an experiment using PIPE that compared pressures between a pure ET source
and an E¥chemical reaction.

There were many computational codes writteméalel the ET capillary discharge. A ene

dimensional, timalependent fluid dynamics code (ODIN) was published by Hurley et al. ODIN

77



computed plasma parameters and compared them to previous experimental results. It was found
that the calculated parametersre in agreement of the experimentally measured values of source
mass loss, pressure at source exit, and plasma resistéjtyAi@other code was developed and
published in a study by Winfrey et al. The code is called ETFLOW and it is aldd anmie-
dependent model. Winfrey implemented ideal and #id&al conductivity models into ETFLOW

and compared them to experimental measurements of conductivity. It was found that at low
discharge currents, the conductivities strongly agree with ideal conductivitylsrent as the

current increases, trends tend toward the-ideal model 17]. ETFLOW has since evolved to
incorporate 2D models, melt layer dynamics, muftiaterial liner materials, and other interesting
capabilities 85,34.

NCSU was the first institutioto apply the characteristics of an ET plasma to events that
occur in tokamak fusion plasmas. Gilligan and Bourham conducted experiments using an ET
source to simulate edge localized modes (ELMs) and plasma disruptions. As discussed in Chapter
4, both evats result in a very high heat and particle flux impinging on the first wall materials.
Gilligan and Bourham presented results from a series of shots which measured erosion thicknesses
of various materials at similar energies with and without a magnelec[87]. It was found that
polycarbonates tend to ablate much more than typical fusion materials. Another researcher at
NCSU, Sharpe, measured the size and number of particulates resulting from the ET discharge.
Utilizing segmented source liners, they weaable to expose both metals and polycarbonate
materials to generate a mixed plasma species. They found that the liner with arlegahmix
produced larger particulate sizes than the shots with only cédmed materials. One intent of
this work was teimulate the material produced in a tokamak disruption event. Echols et al. later
published papers similar to the works of Sharpe et al, except without using polycarbonate materials
[38-39] . Echols used Winfreyods ETFL Winaoathlativet o s i r
liner. Tungsten, beryllium, molybdenum, and lithium were all run in the simulation under various
heat fluxes, which is derived from the discharge energy. It was found that in the source of an ET
capillary, pure, lowZ materials tend tablate much less than pure, highmaterials. Outside of
PMI studies, other interesting fusion ET applications include pellet injection stigfe¥]|

material deposition experimentd,41, and accelerators for magnateertial fusion devices42).
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5.3.21 ET Experiment at Oak Ridge National Laboratory

Electrothermal plasma experiments represent the other significant portion of this
dissertation, studying select PFM candidates under-Erid disruptiorrelevant heat and particle
fluxes. A mateial exposure experiment was proposed using the ET plasma source operated at Oak
Ridge National Laboratory. The proposal was coordinated and conducted through the Fusion and
Materials for Nuclear Systems Division (FMNSD) at ORNL, specifically the ExperahBfgsma
Physics group of FMNSD. Being a relatively small and available device, the proposal to work on
the ET source was more informal than the fleéxperiment. This setup allowed for coordination
of multiple preliminary experiments leading up to thef exposure experiment with the desired
PFMs. What follows is a brief description of the ORNL ET source and the experiment setup.

The ET plasma source at ORNL, referenced f
the general description of Figubel4. The ET capillary is capped at one end by a cathode, and
open at the other end so that the generated capillary plasma launches out as a plasma jet. Figure
5.15is this specific ET source. The ground housing and feedthrough are solid copper, theeelectrod
tipisaWCu tip, and the insul ator i seHndeod f.Toeef a Le
source liner is variable for the ET source; Figuld® displays a liner made of boron nitride. These
experiments chose to use Lexan source liners sinceatieeyell tested in ET discharges. RPost
experiment surface depositions from the Lexan were also relatively easy to clean without
damaging the exposed samples. The ET source uses a DC capacitive discharge to drive a current
axially down the hollow centerfdhe Lexan liner, which then ablates, dissociates, ionizes, and
forms the plasma. The liner is 205mm long and 4mm in diameter, with the inner diameter growing
as the liner ablates with each current pul&g. [A trigger module synchronizes all other diagtic
triggers to match the capacitor discharge. The ET source operates under vacuum, with the interior
pumped to below 1mTorr before each discharge. The source is backfilled with helium gas to 40
60 Torr right before each trigger. This backfill allows quiste electrical breakdown for current
arc to form within the source. The current pulse itself can be controlled by installing a pulse
forming network in the ET electrical system. Without the péitsening network, the natural
current discharge lasts < 288 and is somewhat inconsistent in its discharge characteristics. Two

pulseforming networks are available for the ET source, designed to produce current pulse lengths
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of 1Ims and 2ms H]. The 1ms network is comprised of a 0.1 mH inductor angh eekisor, which

is highlighted in the electrical system schematic in Figuté.

Discharge Resistor Pulse Forming
AN Network
Diagnostics Pulse Shaping
Pulse Inductor
Generator
] L | Plasma
30 kV Trigger Electrothermal 2] Resistance
Plasma Source | 9
Spark Ga
P P o HV Capacitor
Direct Ground Relay 335 pF
lL
1A
Relay
Controller
2 Charging Resistor
> 100 kQ
E—
Power Supply Relay L
Bleed to Ground Relay
10 kV, 1200 W,
DC Power Supply T

Figure 5161 Schematic of the electrical system for the ORNL ET sourSk [1

Just as in the DHD experiment proposal, the main objective of the ET experiment is to
measue each PFMO6s erosion rate as a function
experiment microscopy method describe®éction 5.1 gives the total net erosion thickness loss.
This value can then be converted into an average erosion rate over tartnen of the plasma
discharge. Although the impinging heat fluxes will be three orders of magnitude larger than that
of the DIII-D experiment, the same microscopy method should work so long as melting and
sublimation occurs uniformly across the sampidage. To measure the corresponding heat flux,
the ET source housing can accommodate an infrared (IR) camera viewing port. The plasma
generated by the current pulse impacts a target plate that is angled 45° with respect to the plasma
jet. The target plateolds the prepared PFM samples at the center of the jet impact area. The target
plate is angled in this way to accommodate the IR camera viewing angle. Coincidentally, a ~45°
ion impact angle is more realistic than a normal incidence for a divertor emerd, as
highlighted in Section 5.2.2.2. A diagram of the ET source orientation with the target plate and IR

camera is displayed in FiguBel7. Additionally, an image of the entire ET source setup, within
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the safety shielding box housing, is shown iruiredp.18. It should be noted that many ET material
erosion studies in the literature, such as referericé87,43], analyze the heat flux on and mass
loss of the liner material. The radiant heat flux in this case is comprised of photons from the Joule
heding effect. Again, this dissertation experiment focuses on material samples placed at the end
of the ET source barrel, such that the heat flux and erosion is due to impact of the ions, electrons,

and hot neutrals from the plasma jet.

Vacuum Chamber Target Plate

*» Source

g Sapphire Window

Infrared Camera
./
Figure 5.17 1 A top-down diagram of the ORNL ET source setup, including the source, target
plate, and IR camera.

Figure 5.181 The Electrothermal plasma source at ORNL
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5.3.31 ETFLOW Simulations

The study of alternative PFMs for this dissertation work first begém &ectrothermal
plasma simulation studies, and then evolved to focus on the experimental component®at DIl
and ORNL. ET plasma simulations set the groundwork for this research narrative and play an
important role in evaluating PFM erosion charactessin the sublimatiordominated erosion
regime. Thus, a brief description of the specific ET simulation tool used, ETFLOW, is included.
The 1D, time dependent code ETFLOW models plasma formation and flow in a capillary and
self-consistently solves thesof governing plasma equatididg]. It calculates numerous plasma
parameters such as plasma temperature and density (electrons, first and second ionization, and
neutral particles), kinetic pressure, plasma velocity, heat flux, total ablated massasmd pl
conductivity. The code is written in FORTRAN and runs in a VBA environment, with several
modules and a library for various materials of interest. The basic equations are conservation of
mass, momentum, and energy with the appropriate plasma modelssamdial plasma equations
such as equation of state, ionization, Saha equation, viscosity and electrical cond@jvity [
Details of the governing equations for ETFLOW as well as its history can be found in the literature
[25, 30, 40, 44]. While the ode has both the ideal Spitzer mddé] and a norideal model, only
the ideal model was used.

Important to this study are the particular equations for material ablation and the models
used to evaluate the vapor shielding effect within the capillaryc®hegnuity equation is written
as in Equation 4, wheike is the time rate of change of material density due to ablation of
the inner liner material. The ablation rate is calculated via Equation 5, wheres the radiant
heat flux, R is the surface inner radius, angdolt thetotal sublimation/vaporization energy
required to dissociate the wall molecules into plasma atoms of average gnabke fadiant heat
flux follows the StefarBoltzmann equation for radiation heat transfer, Equation 6, whesefie
plasma core temperagy Ty is the wall surface temperature, didlls a factor that accounts for

vapor shielding mechanism.

oms % ¢ 1 ev
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Previous work analyzing vapor shielding effect with ETFLOW employed two models, both
of which are used in this stu@43]. In the first model, the transmission fact@equates to the
plasma emissivity coefficient for a plasma emitting radiationgaayabody rather than a full black
body. The emissivity coefficiettlis related to the plasma optical thickn&ssy Equation 7. The
optical thickness determines how radiation intensity is attenuated as it travels through the vapor
shield towardshe intact PFC surface, and has been found to vary with the radiant heat flux and
vapor c¢cloud density. Rosselanddéds averaging ap
plasma opacity. The second model defiifes the ratio of the energy reachithe capillary wall
to the total energy emitted by the plasma core. Along with the sublimation eftedgyends on
the total energy of the plasma species, the dehsitiythe evaporated material, and the kinetic
pressurd® of the plasma, as describked Equation 8.

o8 - p A@bt
"0
0 "0 oy By

C
This 1-D version of ETFLOW is only capable of evaluating total material erosion for the

Ons "Q

liner material. Although this does not directlyri@spond to the total erosion of a material target

at the end of the ET plasma jet, the erosion rate calculations are still useful for evaluating PFMs in
a sublimatiordominated erosion regime. As described in Section 2.3, once the material surface
reacheamelting/sublimation temperatures, the avenue for heat flux deposition (photons versus
ions) should become irrelevant. Of course, vapor shielding effects will be different for photon
transport and ion transport through a vapor cloud, changing the finaflineahat ultimately
impacts the sample surface. This assumption of heat flux medium also does not accoiint for 3
melt layer splashing effects, which could differ between photon and ion fluxes. Either way, it
should be noted that ETFLOW calculates mat@rosion and vapor shielding effects for the liner

material, not any target materials.
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CHAPTER 61 RESULTS OF PFM EROSION STUDIES

6.1- DIl -D Experiment

6.1.1- Experiment Details

The maerial exposure experiment took place over the course of onddyalbn DIIFD.
Seven material samples were prepared and loaded on a single DIMES head depigtee Bl
(Left), which holds samples flush to the lower divertor of fDI[1]. Exposuresvere performed
with the outer strike point placed at R = 1.47 m. Sample locations varied between R = 1.475 and
R =1.495, just outboard of the programmed strike point location. In order to increase the effective
heat flux experienced by each material, adgdamples were prepared with a 15° incline into the
flux direction, as seen iRigure 61 (Right). For a typical DIHD discharge with grazing magnetic
field incidence angles of ~1.5° (from the surface parallel), it was predicted that the 15° angled
facesshould experience a ~10x increased heat flux magnitude. This increase would allow for heat
flux exposures in the desired reaetelevant range of-40 MW/n?. The angled DIMES sample
illustration inFigure 61 also includes the approximate locations far micretrench clusters. At
the top of the angled samples is a flat portion meant to avoid any extreme-ledgeqelting or
fracture at the sample tip. This area was also utilized to obtain erosion data for a perpendicular
heat flux angle. Accurate m@trench location information can then give erosion rate information
as a function of height and radial location within the divertor. Of the seven samples, two angled
sampes wer e p o 3@ SiC andtwoamgled sangplebwersSIC,. Two 6f |l us hod
were the same SiC ands%iC,. Due to time limitations, the flush sBiC; sample did not have

prepared micrdrenches.
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Figure 6.1 7 (Left) DIMES head containin@i3SiC2 and SiC samples, pastperiment. (Right)
Schematic of typical angled DIMES sample, where each red cross represents a FiBemotro

location. The general plasma flow follows the toroidal magnetic field B

Based on the MPR simulation resufistailed in Section 5.2.2.2 of Chapterld,x 4>m
rectangular trenches and 10 x 3 square trenches were used in this experiment, eacin~4
deep. The rectangular trenches were designed such that their floor should be completely shadowed
from plasma. Clusters of 10 x>n trenches were oriented@ft 50°, and 90° with respect to the
toroidal magnetic field vector, along with clusters of one square and one rectangular trench. The
micro-trenches angled at 50° were meant to be more closely aligned with the average ion impact
angle based on the previoeigposure experimerfigure 62 shows an example 4 x 2 trench,
approximately 4m deep, before and after plasma exposure. The combination of measurements
from the topdown images (Left) and angled images (Middle) allow for more accurate erosion

depth calculationsas described in Section 5.1.
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Example SiC Trench, 0° Tilt Example SiC Trench, 45° Tilt

oo [

. " d,
Post-Exposure {

Figure 6.27 Example of a 4 x 16m trench, approximately #m deep, before and after plasma
exposures on DHD. Dimensions of the triangle fiducial markings from these SEM images are
measured in order to calculate total erosion thickness loss. The green arrosentptae
approximate direction of the ion impact.

The 10 x 10>m square trenches were designed to exhibit a partially shadowed and partially
eroded floorA secondary experiment goal was to attempt to measure the true average ion impact
angle, based oerosion patterns on the square mitnench floorsFigure 63 shows an example
of SEM micratrench images before and after exposure, along with the corresponding AFM height
retrace data used to interpret the SEM imaging. It was expected that two ofitbéremch walls
would provide partial shadowing of the mierench floor. Past those areas would be a band of
erosion, where some but not all of the ions manage to impact the trench floor since ions have a
range of impact trajectories affected by thejragnotion, sheath acceleration, ExB drift effects,
etc. Finally, past that band would be a region where ions of all trajectories within the distribution
impact the trench floor, leading to uniform erosion that matches the normal surface erosion. It was
allo suggested by model i ng t hattencle watlsscouwreadad t he
deposition of material within the trench, but it was unknown whether this would significantly

manifest during the experiment.
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Pre-Exposure Post-Exposure

Figure 6.3 - Example of a 10 x 18m square trench in SiC, approximately deep, before and
after plasma exposures on DDL The floors of these square trenches are only partially shadowed
from ion impacts, resulting in a distinct impact pattern. SEM images (Left) combined with 3D

AFM data (Right) were used to estimate average ion impact angle based on this pattern.

Two methods were used to determine the heat flux on these sample surfaces during the
experiment. The first used the 60° IRTV on BMlIto measure temperature on graphlest This
time-dependent IR data was then used in the 2D code THEODOR [2] to estimate the heat flux on
DIMES, assuming toroidal symmetry. The second method used the DIMES IRTV, which directly
viewed the angled buttons to determine their surface temperdiming plasma exposure. The
corresponding heat flux on each individual button was then calculated based on the sample surface
temperature rise. DIMES IRTV was calibrated for each material prior to the experiment by
manually heating DIMES and fitting a rfation to the corresponding IR intensity, up to a
temperature of 500 °C. Those fits are available in Appendix A.

To calculate the heat flux from the DIMES IRTV temperatures, tbehkat equation Eq
1 is solved for a-D slab geometry. The initial condita of a cold sample is specified in Egand
the two boundary conditions for a finite slab of thickness x = d, where x = 0 represents the heated
sample surface, are specified by Equatidasd4. As depicted irFigure5.7 of Chapter 5, each
DIMES samplerests on a ceramic insulator cap. There is lateral heat flow where the samples are
pressed against the graphite DIMES cap, but for tie dpproximation, insulated boundary

conditions at x = d are acceptable.
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The solution for surface temperatdréx,t) is given in Equation 5.
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Evaluating the surface temperature at x = 0 using this model results in Eq 6.
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By rearranging Eq. 6tosole f or heat flux QO006, the const
DIMES sample surfaces can now be estimated using the IRTV temperature data. Average values
of the temperaturdependent thermal properti&andd were used, based on material data and
fits specified in Appendix A.
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The plasma exposures were a combination-ofdde and Hnode plasma discharges due
to difficulties mantaining L-mode during forward Bconditions. Samples were exposed to 7
discharges, summing to ~16 seconds of total plasma exposure. Average values of electron density
ne and electron temperature. Were 12¢e*® m® and 207 40 eV, respectively, measurey b
Langmuir probes toroidally downstream at the same radial location as DIMES. ELMs were present
during the Hmode discharges, which did affect the accuracy/error bars of the calculated average
heat flux values for each shot. All DIMES samples were theyma#iulated during plasma
exposure but equilibrated with the DIMES holder in between plasma shots. The 60° IRTV gave an
average heat flux measurement of ~0.5 MAftmflush sample surfaces, which would correspond
to ~5.5 MW/m2 on the angled DIMES sampleat flux values measured on each individual
sample by the DIMES IRTV are the heat fluxes reported in Section 3. These are localized

measurements taken on 1fmsections where each mieteench is located. Example temperature
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data from the DIMES IRTV, whitis used to calculate the corresponding heat flux, is shown in
Figure 64 for SiC. It highlights the differences in temperature rise betweenthede exposures

without ELMs and the Hnode exposures with ELMs.

Sample DIMES IRTV Temperature Data for SiC:
L-mode versus H-mode

—~ 1600 | ¥ =200.75x%-469.87x%+298.57x%+ 325.35x+ 64
R?=0.9472

Z 1000

y = 18.065x*- 54.314x3 +
123.73x2+182.28x+ 71.711
R#=0.9959

Temperature

0 0.5 1 1.5 2 2.5

Plasma flow direction

Time (s)
@ Shot 174510 - H_mode Shot 174514 - L_mode
110 120 130
Pixel Number

Figure 641 (Left) Example temperatureath from the DIMES IRTV for sample SiC The plot
includes two shots, one-mhode and one #hode, and corresponding polynomial fits used to
calculate the heat flux. The data for both shots is taken at the sametnanaio location on SiC

1. (Right) Examp# intensity plot from the DIMES IRTV, zoomed in on one DIMES sample. The

red squares indicate ~1mMsampling areas that correspond to some of the arienzh locations.
6.1.21 Micro-trench Erosion Rates

Erosi on r at e-3CrS&€sand TEIG; aré summarizZeceifigore 65. The FIB
micro-trench technique worked well for the SiC samples, which survived average heat fluxes of 5
i 10 MW/n? over 16 seconds of plasma discharges. Maximum surface temperatures approached
~1600 °C. Total, net erosiohitkness losses for the various mitrench locations ranged from
0.427 1.16>m, translating to average erosion rates of Z3 nm/s. A increasing, possiblnear
trend was expected for the relationship between net erosion rate and heaFfuéne5, since
a higher heat flux inherently represents an increase in partiglédit the same average particle
energy. Al increasing, busplit dataset is observed that is difficult to interpaetd requires

thorough discussion
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100 - SiC & Ti3SiC2 - Erosion Rate vs Average Heat Flux

¢ SiC Data
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Figure 657 Average erosion rate versus average heat flux for angled SiC samples and angled
TisSiC, samples, from FIB micrdrench measurements and IR camera data. The SiC data exhibits
a distinct increasing but split tremdhile the TiSiC, data shows no statistically significant trend

for the heat flux range measured.

TisSiC, samples survived averapeat fluxes of 2 3.5 MW/n¥ over 16 seconds of plasma
discharges. Maximum surface temperatures approached ~800 °C. Due to their location on DIMES,
such a reduced heat flux could be attributed to shadowing of these samples by the angled SiC
samples, whichwas observed in the IR data. Consequently, total net erosion thickness loss
measurements ranged froni D40 nm, most of which were the same order of magnitude of the
standard deviation of the dataset, -580nm. Corresponding erosion rates weieOnm/s Due
to the low magnitudes of erosion thickness loss, the FIB rtiereh technique was not as
successful; a statistically significant linear trend or split of linear trends cannot be discerned from
the datasetin Figure 65, the MAX phase erosion ratds somewhat follow the SiC data when
linearly extrapolated to a lower heat flux. Thus, it could be implied thg8iT: would erode at
roughly the same rate as the SiC, but it is difficult to conclude given the spread igBti@2 data.

For the SiC saples, it was expected that the multiple mitrenches along the angled
sample surfaces would experience roughly the same heat flux. What is instead observed in the IR
data is a gradual increase in heat flux as the ntrercches increase in height (asidegd in the

upper right image dfigure 61). This trend is highlighted in Figure 6.6.was also expected that
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the heat fluxes along the raised but flat portion of the angled samples would match the heat fluxes
of other, completely flush sample surfacésstead, these locations also experienced a ~10x
increased heat flux, although the magnitudes were lower than the angled sample results. It is
possible that this phenomenon is due to a changing plasma sheath along the sample surface. The
micro-trenches g only ~4>m deep, smaller than typical Debye sheaths and orders of magnitude
smaller than ~mm magnetic psbeaths. However, the entire sample surface does protrude 1.2
mm up into the plasma. The heat flux values reportdéigare 65 are the average value across

the 7 mixed kmode and Hnode exposures, with variations due to the mixed modes and ELMs
accounted foby the horizontal error bars. Taking the precision of the heat flux calculations into
account, the increase in heat flux along the angled sample sudaessappear statistically
significant. Although unexpected, this observation was beneficial in that it allowed for more data

points at varying heat fluxes than originally expected for the experiment.

100 - SiC - Erosion Rate vs Z Height
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Figure 6.67 Average erosion ratef a SiC micretrenchversusthe average heighibcation in

mm, of each micrdrench

Secondly, the apparent split in the SiC data is unexpected. The dataset is comprised of
micro-trench results from two separate SiC DIMES samples, as highlighkeglure 65 and 6.6
SiC sample 1 (Si€l) was closer to the average strike point location,-Bsdp= 0.5 cm, while

sample 2 (Si€2) was farther away at-Rsep= 1.5 cm. With the samples being the same material,
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the cause may lie in the heat flux variable. There are erresemr in the heat flux analysis,
specifically due to the averaging of mixed exposure types and calibration limitations. Accounting
for these errors, along with error bars for the FIB micemch technique, the measurements are
still precise enough to ass¢hat the split trend is reahs for how to quantify the split, increasing
trends, it is not clear what model is most appropriate. Figure 6.7 displays the SiC data from Figure
6.5, distinguishing which samples each mitrench was located on, and ind&s two methods of
interpretation. The left image shows plausible linear trends that can be calau&dpdctive of

the sample locations, with the following fits: y8=4x i 14.3(R>=0.977) and y = 118x i 73.2

(R? = 0.9%3). The right image shows plaible increasing trends if fits are based solely on the
sample location, i.e. SKT vs SiG2:y = 5.91x (R = 0.70) for SiG2 and y = 0.961*exp(0.4*x)
(R?=0.986) for SiCL.

SiCl SiCZ
|
Strike I
Point I
Location |
|
100 SiC - Erosion Rate vs Average Heat Flux SiC - Erosion Rate vs Average Heat Flux
4 SiC - Sample 1 ¢ SiC - Sample 1
90T | ¢ sic-sample2 %0 | # sic-sample2
80 80 r

60 60

Erosion Rate [nm/s]
Erosion Rate [nm/s]

50 | 50 - -
aF }% A 0k # -
k
30t 30t
20 / 20 ~
10 10
0 ' ‘ , 0 . : ;
0 5 10 15 0 5 10 15
Heat Flux [MW/m?] Heat Flux [MW/m?]

Figure 6.7- Average erosion rate versus average heat flux for angled Siglesafrom FIB micre
trench measurements and IR camera,dfitsinguished by DIMES sampl@_eft) SiC data with
split linear trendlines irrespective of sample. (Right) The same SiC data, but with a combination
of linear and exponential trendlines for egqahrticular SiC sampldTop) Designation of micro

trench and sample locations wrt the plasma strike point.
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The effective plasma heat flux takes into account the energy and density of the plasma,
which is comprised of varying masses and charge stategidunal ion properties such as energy
and density are arguably more important to consider in a sputtiwsm@ated erosion regime. A
difference in these ion parameters in the strike point/sasigayer could cause the observed
split in erosion rates dbcalized locations across the two SiC samples. For example, there could
be a substantially higher percentage of impurities in the saffigayer farther away from the
strike point, which would increase sputter yields due to impact from more massvdRexhal
variations in impurity concentration have been observed on[Dlboth experimentally and
computationally [3]. That explanation could account for lower erosion rates for sample 1, which
was closer to the strike point, despite a higher overatifhea It could also explain the different
heat flux thresholds implied by the two linear trends. Either way, results imply that there are radial
and axial variations in erosion physics that have been captured by the angledrenained SiC

samples.

6.1.37 Average lon Impact Angles

Clear ion impact patterns were visible within the four square rtierehes of the SiC
samples. Micrdrenches in the T8iC; samples exhibited uneven milling during the FIB
manufacturing process, resulting in roudiofs unsuitable for viewing impact patterns. SEM
images of the impact patterns combined with AFM analysis, both before and after plasma
exposure, allowed for calculations of the average ion impact angle as a function of radial and

vertical location.
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Figure 6.8 171 lon impact patterns. (Left) Tegown view of a 10 x 1&m square trench, aligned
with 2D AFM height data. (Middle) Example results of Mo@arlo simulations used to predict
impact pattern within a 10 x m square trench. Represents the nunalb@npacts per unit cell.

(Right) Coordinate system for particle impact angle. Green arrow indicates ion impact vector.

3D AFM maps Figure 63) and 2D AFM line traced=(gure 68) confirmed the
interpretation of SEM imaging and allowed for calculasioh the average ion impact patterns.
The impact patterns matched the simulation predictionsatt@iunted fodivertor ion impact
angle distribution data. The results are summarized in TableMeasurements indicated ion
impact angles from = 24°- 34° with respect to #nd. = 51.5° 55° below the surface normal.
The measurements are for the global coordinate system and are corrected for both the flat and
angled trench surfaces. Each migrench exhibited a white band around a flatdedbarea on the
trench floor. The middle of this white band is used to calculate the valuesfat. . The band
width is designated as the-valuesin Table6.1, representing a spread in the ion trajectories that
just make it over the shadowed trencéillvand impact the floor at slightly different locations. It
was also observed that significant deposition of eroded material did accumulate in the shadowed
fl oor areas O0upst asseemdtheD ARMMeight retrdce ih Fgurb @& d
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Talbe 6.17 Average lon Impact Angle Estimations

Sample | R-R,, | Height
Name (mm) (mm)

SiC1 C2 5 34°+2° 55°+3°
SiC1 C4 5 1.2 32.5°+£2.5° 54° £ 3°
SiC2 C5 14 0.6 24° £ 2° 51.5°+4°
SiC2 C4 15 1.2 27.5°+£2.5° 52.5°£2.5°

The results in Tablé.1 imply that' and. are dependent on the height and distance from
the plasma strike point, supporting the observatior&ation 3.1. For example, trenches closer
to the strike point (on sample S showed higher values forand higher values for. These
variations in impact angles could explain the differences in heat flux observed on the angled faces.
If the sheath is in fact altered by the ~1mm height increase along the angled surfaces, it would
affect the density and energy of particles impacting the surfacerresponding difference in
average impact angle as a function of location would be expectedexpasiment MonteCarlo
simulations were performed to find the best match to experimentally observeéidata ©8).
It was determined that ion anglestitibution functions for an 88°-Beld angle from Borodkina
[ 4] (using the sourceds terminology for B) be:
most closely matched in Khaziev [5] by their 85%fi@d distribution. The 88° Borodkina
distribution match agrees well with the average measutgeldBat the samples during the 7 DIII
D exposures, which was 88.488.7° from perpendicular (1.3°1.6° from parallel).

6.1.47 Summary

MAX Phase ceramic $5iC; was exposed for the first time aaokamak plasma alongside
high-p u r i-3C $iC.Bamples survived average heat fluxesiof@ MW/n¥ over 16 seconds of
plasma discharges with no visible macroscopic damage. SiC samples experiedcedld//n?,
resulting in average erosion rates ofi273 nm/s. A linear, but split, trend was observed for the
erosion rate of SiC versus heat flux. The FIB micemch technigque was successful in measuring
the magnitudes of total erosion thickness lossSiC: samples saw lower than expected heat

fluxes of 2 1 3.5 MWI/n?, potentially due to shadowing by upstream SiC angled samples.
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Consequently, erosion rates ranged froiin @ nm/s, with magnitudes on the same order of the
datasetds standard deviations. A sgstemeédifrent i cal |
the data. Due to the low magnitudes of total erosion thickness loss, the FIBnmanio technique

was not as successful for the MAX phase samples. Measuring the average ion impact angle was
achieved using both SEM imaging and AFM heightaeg data. Erosion patterns matched those
expected from simulations and are consistent with angle distributions reported in the literature, in
particular reference [4]. Measurements ranged frorR4°- 34° with respect toand. = 51.5°

- 55° below the surface normal. These results imply‘ttzatd. are dependent on the height and
distance from the plasma strike point, correlating with the explanations for observed local changes

in heat fluxacross individual angled samples.

The FIB micreat r ench techniqueds effectiveness wa
technique offers researchers another tool to utilize in future plasaterial interaction
experiments, with room to refine and custonfaeother specialized studies. For example, more
complex micretrench geometries could be beneficial in dedicated ion impact angle studies on
divertor or midplane targets. Both SiC ands$iC; survived the multiple DIHD exposures with
no discernable n@@oscopic damage, i.e. cracks or fracture, demonstrating their robustness as
possible PFMs with manageable erosion from physical sputtering. Promising results from the
complimentary electrothermal plasma experiment will further highlight the importance of
exploring alternative PFM candidates such as SiC and MAX phase ceramics for use in future large

scale fusion reactors.
6.2 Electrothermal Plasma Source Experiment
6.2.1 Experiment Details
The final material exposure experiment on the ET source wasici@udover the course
of two days, with the source prepared and fired as described in Section 5.3.2. A helium backfill
gas was used at 4D Torr before each discharge and a Lexan liner was used for all shots. The 1.0

ms pulseforming network was implemeed for every shot in order to produce consistent, ELM

relevant pulse lengths and energy magnitudes.
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The objective was to expose various PFM samples to the ET source plasma jet in order to
measure each PFMO6s erosion r afflx. Thesindegendentnct i o
variables controlled in the experiment were: 1) theplamac i ng mat er i al sampl ¢
across the capacitor, which determined the current magnitude of each plasma discharge and by
consequence the impacting heat flux. Thesoeed dependent variables were: 1) The current and
voltage data from each ET discharge, 2) IR temperature data on the sample and sample holder, and
3) the total erosion of each FIB mien@nch, measured pestortem.

All three PFMs of interest, 3$iC, Ti2AIC, and SiC, were exposed along with samples of silicon
and W that were also available. Samples were manufactured at the same time as those for the DIII
D experiment, from the exact same material sources. They all have a cylindrical geometry with a
flat, 6 mm diameter surface exposed to the ET plasma. Some were thin, 1.6 mm thick samples
while others were of the larger 6 mm thick geometry. This dimensional difference was solely the
consequence of using remaining samples not exposed in thB BXperinent. A custom carbon

steel holder was manufactured to hold the samples within the ET source vacuum chamber,
exposing only the circular 6mm diameter surface to incoming plasma flux. A schematic of the

sample dimensions is shownHkigure 69 alongside phot® of the actual samples.

Plasma Flow

— 6 mm
1.6 mm =

Figure 691 (Left) ET sample dimensions. The red crosshairs indicate the locations of specific
micro-trench clusters, labeled G1C4. (Right) Photograph of material samples, resting on top of

microscope stubs within a ptasscontainer box.
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The T&SIC,, Ti2AIC, and SiC samples were polished at ORNL using colloidal sili€a (1
nm particle size) to a mirror finish. The silicon and W samples were sent to Sandia Livermore to
be prepared and pol i ghednt a n&k nroiwrnr @ro | fi isrhii snhg  fir
manufactured and polished, each sample was cleaned via an ultrasonic cleaner with acetone,
ethanol, and methanol (~2 minutes per solution), after which they were plasma cleaned via an Ar
O plasma for 8.0 minutes. Only after this cleaning process were the samples loaded into a FIB
for micro-trench manufacturing and characterization.

The FIB micretrench design for the ET samples is slightly different than that used in
Section 6.1. Multiple preliminary exposungsre performed to help discern the appropriate micro
trench geometries and cleaning methods. The final geometry iteration is depleigat@610, a
10>m wide x 12>m long trench, at least 20n deep. Under ~GW/fheat fluxes, it was expected
that microns of material may be eroded from some sample surfaces, especially feghotulti
exposures. Test exposures on aluminum and staisiiess samples at l@av heat flux values
confirmed this expectation, with erosion and melt layers on the order of microns. Therefore, a
micro-trench geometry was chosen to view at leastrhOdeep into the sample surfaces. The
micro-trench length required to take suitable 32Yyled images was then set to>4f. For the
width of the micretrench wall with fiducial depth markings, a longer wall allows more area for
multiple erosion/depth measurements. The limiting factor is then the increased time to manufacture
larger trenched-or the purposes of manufacturing time, the width was then set-im1Blicro-
trenches were placed in three distinct locations 2mm apart from one another, as seen in the left
side of Figure 69. It was thought that the micttoeenches located radially oward would
experience a lower heat flux than those directly at the center, where the plasma jet would
presumably have the hardest impact. If so, this choice would provide another method of gaining
erosion values at varying heat flux magnitudes, betterligiging the relationship between

erosion rate and heat flux.
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SEM HV: 5.0 kV WD: 16.55 mm | MIRA3 TESCAN SEM HV: 6.0 kV WD: 16.55 mm MIRA3 TESCAN

Stage Tilt: 0.0° Det: SE 20 pm Stage Tilt: 0.0° Det: SE 5 pm
SEM MAG: 5.00 kx Date(m/dly): 05/21/18 LAMDA SEM MAG: 15.0 kx  Date(m/dly): 05/21/18 LAMDA

Figure 61017 An example 10>m x 12>m FIB micratrench, approximately 18m deep, in a
sample of TiAIC. Both images are 0°, tegpown SEM images of the same mid¢rench, TAC5
C4.

—

SEM HV: 5.0 kV WD: 30.97 mm MIRA3 TESCAN
Stage Tilt: 52.0° Det: SE 2pm
SEM MAG: 22.5 kx Date(m/dly): 06/21/18 LAMDA

Figure 6.1171 (Left) The FIB bitmap image used to mark the depth within the mtrerach, up to
10>m. The triangles are:2m long, and each line is spacethth apart. (Right) A 52° angle SEM
image of the same micitoench inFigure 68, displaying the bitmap depth markings etched into

the shadowed micrtrench wall.

To increase the accuracy of thepttemeasurement technique described in Section 5.1, a
bitmap image was created to FIB into the shadowed atiereh wall. The finalized bitmap image

is displayed irFigure 611 along with an example of its implementation into a micemch wall.
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Triangulr shapes were again utilized to account for rounding effects on the trench edges. Lines
were then added to extend the measurement capabilities up-to dep. Based on preliminary
experiments where severe erosion took place, Roman numeral markings were included as well, for
cases where some markings at the top and/ or
locally identify each line. During Bl manufacturing, the bitmap is scaled such that each triangle

is a programmed 2m in depth, while each line is spacedrh apart, totaling to a marked depth

of 10>m. The scaling accounts for the 38° FIB milling angle and representsra @i@ep image

milled onto a perfectly vertical wall. As discussed in Section 5.1, the 4tnemoh walls are
imperfectly milled, with noticeable rounding of the top edges and slight sloping of the walls. This
characteristic causes the depth markings to be milled at gligbtie shallow depths than desired.
Thus, the twamage measurement technique described in 5.1 must be utilized for accurate depth
calculations, rather than relying solely on the fiducial markings.

Preliminary experiment also provided insight into prappeaning methods for experiments
postexposure. Using a Lexan liner for the ET shots results in a large amount of hydrocarbon ash
being deposited throughout the ET vacuum chamber, especially on the sample surfaces. After the
current pulse ends, a wave dafld hydrocarbons impacts and deposits on the eroded material
surface, filling the micrdarenches and covering any viewable erosion patterns. However, despite
the nature of these exposures, the hydrocarbon ash is relatively easy to clean without damaging
the sample surface. Pestposure, each sample was again placed in an ultrasonic cleaner filled
with acetone, then ethanol, then methanol for ~2 minutes each, ending with ~5 minutes-in an Ar
O plasma cleaner. Deep miemenches allowed for more efficienteaning of the hydrocarbon
backfill, also motivating the final, deep geometry.

A total of 15 material samples were prepared for the ET experiment. A shot plan was
developed to expose each material-®dfferent heat flux values. In order to generateilgbest
possible heat fluxes for the given ET setup (usingthe 1 msputse mi ng net wor k) , t
was varied between 6 and 7 kV. For the 3 PFMs of interest, at least one sample was also exposed
to multiple shots. From preliminary experiments itswseen that multiple shots generated more
uniform erosion on sample surfaces. The implemented shot plan is displayed 6. ZaMest
shots were acquired successfully, with only one sample experiencing too many misfires to be

usable.
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Table6.21 Final ET Experiment Shot Plan

Sample Name Stored AV # of Shots

SiC10 6 kV 5 1 shot @ 5 kV

SiCl1 7kV 1 Misfire, then 7 kV

TAC7 7kV 1 Misfire @, 5.5 kV, then 7 kV
w L
W s

6.2.2 Heat Flux Analysis

A FLIR IR camera was used to collect temperature data of the sample surface during
exposures. As depicted kigure5.17 of Section 5.3.2, the IR camera viewed the sample holder
through a smasapphire window, with the sample oriented at about a 45° angle. The camera was
operated at the highest possible frame rate of 1337 Hz, allowing for the captuBefafnes
where the plasma jet visibly strikes the target. One important limitationediRtbamera was the
available filter for the lens, which limits the temperature range the camera can calculate based on
the viewed intensity. The highestted filter available at ORNL allowed for a 6501500 °C
temperature range. This limitation was mimier than desired, as surface temperatures over 3000
°C wereneededor materials such as SiC and W. The FLIR analysis software accounts for the
filter limitations, and for a given surface emissivity will consider the calculated temperature data
isaedoatif it exceeds 1500 AC. However, by
emissivity used by the software, neaturated temperature data could be obtained by the IR
camera. Then, the temperature data could {saleilated using the correct emisgpralue. This

unsaturated data is then used to directly calculate the heat flux values in aDittegréhal image.
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The IR camera directly produces @2matrix of temperature data as one thermal image
frame, where multiple frames are used to then cocisa video of the plasma exposure at 1337
Hz. The procedure used for converting thB thermal data for each image into a heat flux map
is as follows. Firstly, the FLIR software uses the Std&atizmann Law to calculate the surface
temperature, T, foa programmed emissivity valugh, and recorded IR light intensity, I, as in
Equation 8.

op O -.,7Y

where’ is the StefarBoltzmann constant@® ¥ p m wé& 0 . The acquired thermal

data often had to be taken at an irgthemissivity value to avoid saturation by the FLIR software.

Correcting this temperature data required

t

which was performed using the IR camera (with no filter), a hot plate, and a thermocouple directly

atached to the hot plate surface. Samples were simultaneously heated on the hot plate to ~280 °C,
during which the emissivity programmed into the IR data was actively manipulated until the

calcul ated temperature mat c h erdsults éwesusnamzedine 6 s

Table6.3.

Table6.37 Summary of Measured Sample Emissivities

MATERIAL EMISSIVITY (FRACT)ON
SIC 0.34
TBSIGC 0.17
TRALC 0.19
Sl 0.27
w 0.15

These emissivity values are lower than those typically reported in theurterfar the

given materials [6]. This discrepancy is due to the fine polish of each sample surface, which

drastically increases the surface reflectivity and hence decreases the emissivity. Two important

assumptions should be noted regarding the use @& émessivity values. 1) Emissivity is assumed

to not vary significantly with temperature, and 2) emissivity is assumed to not vary during the

pl asma exposur e. I n general, a material 0s

specific infrared weelength being measured, and the surface geometry (roughness, curvature,
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etc.). The dynamic erosion, surface roughening, and hydrocarbon deposition during the actual
plasma exposure, not to mention the sharp temperature increases, affect the surfadty émissi

a complex fashion that was impossible to quantify during the experiment. Time and equipment
were not available to generate the required matspetific emissivity vs. temperature curves, so

a static emissivity value during the firsRlframes ofR data was assumethe diagram irFigure

6.12 highlights the optical physics that are considered for the emissivity/temperature correction.

Plasma Flow ET Vacuum Sapphire

l / Chamber Window &s
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/-\_/\_/\_/-—
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\ Ip Is

Target Holder
ep,Tq

ep,Tp

Figure 6.127 Diagram of ET sample target depicting the transport of emitted IR radiation to the

IR camera

The IR camerasees an IR intensgylhat i s affected bygrabdot h t h
t he tr ansmi ssslitemcaleukatesi asurface ergperdtusdased off of § and the
progr ammed p.dmireslsurface tenyperdiure i$ calcdated by defining the Stefan
Boltzmann law for the target (Eq 9) and for the calculated IR data (Eq 10), and by reladiig |
via the window transmission efficiency (Eq 11).

OB 0 - ,°Y
O 8 0 -,°Y
Ofp @ 0 O

Solving this system of equations for Vields Equation 12, which is applied to the IR
temperature data to give the corredd 3urface temperature map.
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After the emissivity correction, one more correction is applied to the temperature data
before calculating the heat flux. Although the IR temperature data became saturated during peak
heat flux wusing tehék), laterrdateframes takais ghe isample gools( U
sometimes yielded unsaturated data. Equation 5 was tested in these cases by comparing T
calcul ations wusing bot hrequimed forctie peale et flug fnamess i v i t
What is observed is aZ% difference betweendttalculated & values. Upon further analysis,
it was clear that masdktinbreased, ithe érerrbetweerecaldulatgdWe e n |
values linearly increased according to Equation 13.

Omp 8 O ™ ¢ Yoo p8LO O G

Wh e r e petklandFistheratioof kc a |l c u |l a b =lto thefkealculdded with
t he i mfThisa5208ddiffddence in values is inherent to the FLIR IR software calculations
and may represent some unknown physics calculations not considered in Equationde?. tm o
account for this error for t hpésndcessplytolus)athis f | ux
emissivity correction factor F is calculated from Equation 13 and applied to Equation 12, resulting

in Equation 14. The-B heat flux data can mobe generated using the @ata from Equation 14.

OB Y 0O— oy
To calculate the heat flux, thell heat equation Eq 1 is again solved for-B lab
geometry. The initial condition of a cold sample i®dfied in Eq 2, and the two boundary
conditions for a semnfinite slab, where x = 0 represents the heated sample surface, are specified
by Egs 15 and 16. Due to the short time span of the ET pulse, the penetration depth of the heat
load into the samplsurface should be smaller than the sample thickness, so thenfiaite
boundary condition approximation is appropriate and leads to a simpler solution for the ET

experiment.

T "Y ’?’Q T "Y
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np o
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The solution for surface temperaturg) is given in Equation 17.
O B YO =W 0 QQI Q&
Q Ut o
WhereDd "OQ @ 0D FMi G @& E QO O QU "DOWs WHAD N 00O O

the time durationfathe ET heat load on the x = 0 surfate, Q' Q¢ i,/"Q0 -, and the integral

error function is defined a$QQi dQwazA OEA —, where AOEA . Q QW

o

Evaluating the surface temperatatex = O using this model results in Eq 18.

e ., U T O

Rearranging Eq 18 to solve for heat flux Q
samples can be estimated using the IR temperature data as sHogvh9.

o~ 2 w .,'r.['(‘)_

Figure 613 shows an example photo of a material sample housed in the target holder after
plasma exposure. The polished, circular PFM sample surface is flush with thesarbere |  h ol der
surface. The four holes surrounding the sample are screw holes for a back plate which holds the
PFM sample in place. The impact and flow of the plasma jet onto the holder can be inferred from
the deposition pattern of hydrocarbon ash. Multiple test shotspgeiemed to ensure the impact

center aligned as close as possible with the center of the PFM samples.
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Figure 6.131 Postexposure image of the ET target holder with a SiC sample, uncleaned. The ET
plasma jet impacted this holder at about 45° fromtrigheft, which generated the deposition

pattern around the sample and the surrounding empty holes.

Since the PFM sample possesses different emissivity values and thermal properties than
the carbon steel holder, the sample was usually discernable IR thermal data. The 4 screw
holes were also usually visible, allowing for further certainty in determining the PFM sample
location in the 2D thermal mapsrigure 614 shows an example frame of IR thermal datg) or
a SiC sample exposure and the cggresn d i ng h e at Fidule 615 shows p selfjeQaf 6 ) .
raw frames from the IR camera that depict the evolution of the plasma jet impact. As the plasma
jet exits the ET source barrel on the right and travels left, it hits the target and sample at a 45°

angle, heating the sample surface as the plasma jet spreads outwards due to the impact.
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Corrected, Combined IR Temperature Data
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Figure 6.14 7 (Left). Temperature map from IR camera data for shot 58 on a SiC sadrhde.

temperature map displays the emissidtyrected temperatures)T calalated separately for

both the PFM sample and the carbon steel holder. (Right) Heat flux density calculated fram the T
temperature map, calculated separately for the PFM sample and the carbon steel holder. The central

temperature is ~1850 °C for the Si@nhsple, resulting in a corresponding heat flux calculation of
~1 GW/nft.

=-748 us t=0us t="748 ps t=1496 us t=2244 us

Figure 6.157 A time-lapse of raw IR temperature data frames for Shot 58 on a SiC sample. The
plasma jet is shot from the ET source barrel on the right of each frame, travellinggioto left

until impact is made on the angled target holder. A programmed emissiafy0.55 is used for
these frames.

Ideally, IR camera data would have been available for each shot of the ET experiment,
providing individual heat flux dateof each exposure of each PFM sample. At the start of the
experiment, hydrocarbon ash generated by the Lexan liner began to cover the inside of the sapphire

window. This coating significantly reduced the IR signal measured by the IR camera, resulting in
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smared or blank temperature datasets that were deemed unusable. Over 2/3 of the PFM samples
had already been exposed by the time this problem was treated. Therefore, in order to best estimate
the heat flux on samples for which there was no direct IR tenyperdata, it was necessary to
evaluate the measured heat flux values as a function of the ET discharge parameters, which were
successfully collected for all shots.

With the use of the pulserming network, the ET source demonstrated consistent
discharge at the specified oV values, whi Eidurei mpl i e
616di spl ays example current and power profiles
from 5.5 kV to 7 kV, specifically to collect suitable IR data at eadhe. A total of 9 shots were
collected which provided clean IR temperature data and thereby good heat flux calculations. More

would have been collected if not for operating time limitations on the ET source.

Example ET Current Pr
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@ 55 kV - Shot #54 @ 5.5kV-Shot #54

6 kV - Shot #55 6 kV - Shot #55

Power (MW)

6.5 kV - Shot #56 6.5 kV - Shot #56

7 kV - Shot #58 7 kV - Shot #58

Current Magnitude (kA)

0 500 1000 1500

Time (us)

Zeroed time (ps)

Figure 6.16 7 Example profiles of currert.eft) and the calculated power (Right) generated in the
ET source as a function of time.

In general, the calculated heat flux values exhibited large deviations. This characteristic is
to be expected due to the relatively low precision of the IR canvenpared to the ET discharge
time. At the maximum frame rate of 1337 Hz, or 1 frame every>84&e IR camera could only
capture 23 images of the plasma jet impact. The discharge time was designed to bes1000
Depending on when the IR camera triggers relative to the ET discharge, the first frame to capture
| R data coul d fAurivatuslly atohpie 108ke Thdk vartateomin caltulated heat

flux therefore likely comes from the significant difference in sampling times relative to the time
of peak heat flux.
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For each shot dataset, the frame of IR data with the highest correctestdtmg value
was used to calculate heat flux via Eq. 19. For the time duration t, the timespan of the ET power
profile was used; going frarrey-frame through the IR images for the 9 shots, the plasma impact
visibly lasted between 7501500>s, so this sems a reasonable assumption. Average values of
the temperaturdependent thermal properti€@andd were used, based on material data and fits
specified in Appendix A. It was found that sc:
(rather ttan total or average energy) gave the most accurate linear fit. To easily discern the desired
relationship, and to generate some statistical information from the 9 available data points, heat flux
values for a specific @V hdresults hradisglayedindF)yk. aver a

| : Heat Flux vs Max ET Power
105k __
95 4
N'_‘
g 9
% 85
i
k] 8 r y = 63.2°% + 5.4568
f Rsquared = 0.977
7.5
7+
6.5

4 45 5 55 6 6.5 7 7.5 8 8.5 9
Power [W] %108

Figure 6.171 Calculated heat flux as a function of maximum ET source power

The linear fit of Fig6.17provides the relationship used to estimate heat flux values for the
PFM exposures with available currenthagle data without IR data. The maximum power
generated during each shot is calculated and then input into Eqg. 20 to determine the estimated,
aver age he at? Thi$ heatfluQalde isiretated¥d time total amount of material erosion
experienced ypeach sample.

OB 0O o¢o& 0 v B p T
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It should be noted that each heat flux data point used i6Higand Eq. 20 uses heat
flux measurements at each mitrench location (CIC4) averaged together. The heat fluxes at
each individual miar-trench location were evaluated separately per the original experiment plan,
with the assumption that a significant difference in heat flux would occur across the 2 mm gap
between micrdrench locations. Fairly uniform heat fluxes across the ntremchlocations
were observed, as seen in the right side of@:iy}. The standard deviation of the averaged heat
fluxes used to determine Eq. 20 are on the ordefidf® %, whi ch i s due to th
frame rate. Since the differences in heat fluossmicretrench locations for the same sample
are small (< 5%), and would be washed out by the error in Eg. 20, it is not statistically significant
to distinguish between micitoench locations. Consequently, the corresponding FIB erosion data

will also be averaged across all mietr@nches on a single sample.

6.2.37 Microscopy Analysi§ Silicon

Two silicon samples were exposed during the ET experiment, labeled Si3 and Si5. Sample
Si3 was exposed to one plasma shot at a programmed 6 kV, whileesaifipvas exposed to a
series of 5 plasma shots all at 6kV. The material is monocrystalline silicon thieftwagerfrom
the preliminary DIFD experiment mentioned in Chapter 5 Section 5.2.2.3. Silicon exhibits much
lower melting and boiling points ém the PFMs of interest, 1412 °C and 2900 °C, respectively [7].
Additionally, silicon is known to be quite brittle at room temperature. With such poor thermal and
mechanical properties, silicon serves as a woase example in this experiment with whible t
PFMs of interest can be compared.

As expected, extreme melting, boiling, and fracturing was observed on the surfaces of both
silicon samplesFigure 618 depicts pre and postexperiment SEM images of example silicon

surfaces, at lower magnification haghlight this extreme degradation of the material surface.
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e O SV S o e T
SEM HV: 6.0 kV WD: 20.71 mm MIRA3 TESCAN SEM HV: 5.0 kV WD: 21.62 mm | MIRA3 TESCAN
Stage Tilt: 52.0° Det: SE 20 pm Stage Tilt: 52.0° Det: SE 20 pm
SEM MAG: 5.00 kx Date(m/dly): 05/24/18 SEM MAG: 5.00 kx Date(m/dly): 07/02/18 LAMDA

Figure 6.18 T Micro-trench cluster C1 in silicon sample Si3, before (Left) and after (Right) 1 ET

plasma exposure, showing evidence of surface melting.

Erosion of the sample surface is aamform, with boiling and fractured pits on the same
size scale as the micteenches. This roughness made measuring the actual surface depth along
the micretrench walls difficult. In addition to the severe erosion of the surface, deeper fractures
were obsesed along the micrtrench walls, sometimes on the shadowed walls with the FIB
fiducial depth markings. These fractures sometimes led to ejection of pieces of théremicho
wall. These wall fractures may indicate the depths of fractures within theriaibkial, or they
may be an artifact of just the mien@nch geometry. For this reason, depth measurements were
made for both the neaniform material surface and the bulk fracture depths within the micro
trench. Figure$.19 and6.20highlight the mosextreme micretrench erosion example for the 1
shot silicon sample. For the silicon sample exposed to 5 consecutive plasma shots, the erosion was
So extreme that no micttoeenches could be found/identified. This result implies that for the 5 shot
case, ateast ~8.5>m of erosion occurred on the sample surface, which is included in the final

dataset strictly for comparison with the other PFMs.
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Silicon Micro-trench Si3 C2

Pre-exposure Post-exposure

SEM HV: 5.0 kV WD: 20.73 mm MIRA3 TESCAN SEM HV: 5.0 kV WD': 21.63 mm
Stage Tilt: 52.0° Det: SE Stage Tilt: 52.0° Det: SE
SEM MAG: 15.0 kx Date(m/dly): 05/24/18 LAMDA SEM MAG: 15.0 kx Date(m/dly): 07/02/18

L A :
SEM HV: 5.0 kV WD: 14.95 mm MIRA3 TESCAN SEM HV: 5.0 kV WD: 17.73mm
Stage Tilt: 0.0° Det: SE 5pm Stage Tilt: 0.0° Det: SE 5um
SEM MAG: 15.0 kx Date(m/dly): 05/24/18 LAMDA SEM MAG: 15.0 kx Date(m/dly): 07/02/18 LAMDA

Figure 6.197 Preexposure (Left) and posixposure (Right) images of an example micemch
in silicon expsed to one, 6 kV ET plasma discharge, at both a 52° tilt (top images) and a top

down 0° tilt (bottom images).
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Figure 6.2071 Overlaid images of a silicon mictoench for preexposure (Left) and pesixposure

(Right), highlighting fracturing of the micrtvsench wall down to the 8m depth marker.

6.24 7 Microscopy Analysisi Tungsten

Two tungsten samples were exposed during the experiment, labeled W1 and W2. Sample
W1 was exposed to one plasma shot at a programmed 6 kV, while sample W2 was exposed to a
series of 5 plasma stwoall at 6kV. Although there is no specific ITEfRade of tungsten, these
tungsten sampl es -gweardee 0l awheel ne dp raosv ifidieTdER or t he
an example for what will be used in the final divertor design for the ITER tokamak, thieus
tungsten results represent the standard by which the alternative materials should be compared to,
at least in regards to their use as divertor PFMs. With such high melting and boiling points (3422
and 5930 °C, respectively), it was unknown whetherBf pulse would be sufficient to reach a
sublimationdominated erosion regime for W.

Significant melting and melayer motion was observed on the surfaces for both the 1 shot

and 5 shot casgsonsistent with expectations frod] pnd B]. Figure 621 depicts preand post
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