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Progress towards fusion energy production
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Overview of Plasma-Material Interactions

Key Issues

* Erosion lifetime and
plasma compatibility

* Tritium inventory

« Thermal transients

* H/He blistering

« Heat removal

« Fabrication technology

« Neutron damage

Leading candidate materials
PFC and Divertor

« Be, W, (C?)

Structural components

* Fe-Cr steels, V-Cr-Ti, SiC

ITER Plasma Material Interface

ITER Plasma Core

Plasma Boundary

| Plasma Heat &
U, | Particle Fluxes

Divertor Target
: /Upstream
~— Hot Plasma Channel

Downstream

10 MW/m? max on target

bulk plasma:

impurity tolerance

W < 2 105, reactor < 104
Be, C: 102

first wall:

modest flux of high ener
neutral particles (100s eV),

low energy ions

divertor target:
high heat flux 10 (20) MW/m2

transient heat loads:

e.g. ELMs, disruptions
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Plasma-Material Interface (PMl) includes plasma physics, materials

science, atomic physics...
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s PMI instantly and continuously remakes the
plasma-facing surface, significantly modifying
material properties and plasma behavior
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Plasma-materials interactions are one of the key
challenges remaining for fusion energy
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Outline of Talk

What is required beyond ITER to get to fusion
energy?

What PMI-related issues emerge from this

focus?

W
W

nat activities are underway?

nat additional efforts are needed?
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We are far away from long-duration reactor regime
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Roadmap for Chinese
MEE Development

2015 2020 2025 2040 2045 2050 2055 2060




The main challenges @

E—— = ]

ﬂ)achieve and sustain the high performance burning plasrrm

be SSO or long pulse with high duty cycle time in fusion reactor,;

2. Tritium should be self-sustainable by blanket and high efficient
T- plant;

3. The materials of first wall and blanket should have suitable live
time under the high heat load and flux fusion neutron irradiation ;

4. High Efficient electricity generation on fusion reactor (Q_ ., > 1)

eng

5. Reliability, RH, Nuclear Safety and Environmental Impact

( License );

Qerall Integrated design of fusion reactor. /
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Plasma-Material Interactions emphasized as a critical area in
several community-generated reports

US — Research Needs for Magnetic Fusion Sciences, Report of the
Research Needs Workshop (ReNeW) : (2009)

US — FESAC Report on Strategic Planning : (2014)
EU — A roadmap to the realization of fusion energy : (2014)

Japan - Report by the Joint-Core Team for the Establishment of
Technology Bases Required for the Development of a Demonstration
Fusion Reactor : (2014)
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Outline of Talk

What is required beyond ITER to get to fusion
energy?

What PMI-related issues emerge from this
focus?

What activities are underway?

What additional efforts are needed?
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m Reactor Impact Research Need -

Divertor particle &
power handling

PMI Impact on
Confinement

Surface Morphology
Evolution

Helium Accumulation

Fuel Retention
Probability ~10°-10"

Surface Erosion <~
1mm/year requires
Y, <107

Material Migration &
Mixed Material
Formation

Rad-damage &
Transmutation Effects

Dissipate divertor
thermal loads ,density
control

Maintain core plasma
performance

Loss of performance at
high heat flux; dust
generation

Effect on D/T
Retention, Material
performance

TBR>1

Wall & Divertor
Reliability & Lifetime

Minimize & Predict
evolution of mixed
materials

New (Degraded?)
Materials Properties

Edge/SOL transport physics; advanced divertors,
transient control

Long pulse (1000s seconds) tokamak w/ CFETR
relevant wall conditions

Understand mechanisms & manage/avoid
deleterious conditions

In-situ real-time diagnostic for He , D content;

In-situ real-time D, T profiles over
<10microns;also need He profiles since He affects
retention

In-situ diagnostics Sensitive to ~100’s nm over
10micron dynamic range

2D SOL Plasma Flows; in-situ mixed material
diagnostics

Neutron surrogates; neutron irradiation; studies
of In-situ retention, material properties
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Divertor heat loads force extreme divertor target designs

Ihli et al, Fus. Eng. Design (2005)
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Divertor heat loads force extreme divertor target designs

Ihli et al, Fus. Eng. Design (2005)
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PMI Challenge: Divertor Particle & Heat Loads

Divertor target must be thin
— For q4,~"10MW/m? AT~100

deg-K/mm
Annual divertor target

particle fluence ~103/m?
If allow 1mm erosion/yr

— Ny ~6x10%% atoms/m?3

— Area density/mm~6x10%>/m?

Allowable net yield Y, .. ™

6x10°

Sputter yield

0.1

0.01

0.0001

“Beryllium

’)‘/-‘ //’ ’Bt
MY s ¥ —~—Carbon
[ 1 /
d X
/ Molybdenum

0.001 +
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Achieved W divertor erosion rate is too high

Exposure time (sec) 2600 3200 3x10’
Projected or allowable divertor 3.6 0.8 1
target erosion rate (mm/year)

Measured or allowable W 1.5x1022 1.4x10%1 6x10%°
atom erosion/m?

Total ion fluence/m? 6x10%° 2x10%° 3x103!
Effective yield 2.5x10% 7x107 2x10°

Need to reduce Y.« by 30-100x=>
Need low T, and/or lower ion flux at
target =» Advanced Divertor?

UC San Diego

Jacobs School of Engineering



Divertor challenge is multifaceted

1. Divertor plate heat flux

— Technological limits of ~¥ 10 MW/m?, perhaps less at much higher neutron
fluence than ITER

2. Helium pumping
— In simulations, degrades very rapidly with power and lower density

3. Plasma erosion of the plate/plasma impurities

— High plasma plate temperature/low density greatly increases

sputtering/reduces prompt redeposition

4. Divertor survival of disruptions/ELMs & other transients

Need integrated solution for post-ITER step (CFETR, ...)

UC San Diego

Jacobs School of Engineering



Research Need: Advanced Divertor

Kotschenreuther, ReNeW Presentation

Flux Expansion/Snowflake Super-X Divertor

i 'aj SIT-'C'II'F' S'XIID1I = e
Core ot |
Plasma &

i /’/ .
300 /e ;
_ // ( Neutron

/ s

i . Shield
Vs ‘ N TF

A\
200 | / \
{
J

150 | \

& 5~ "f/ \T
|
|

80 - Plasma
: ) ‘ , : A=1.4 :
| | ol 1 1 | 1 | 1 ! 1 1 1 | 1 | 1

X ]:)‘ivert()r éoils &80 100 150 200 250 300 350 400 450 600

UC San Diego

Jacobs School of Engineering
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Material Migration &
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Dissipate divertor thermal
loads ,density control

Maintain core plasma
performance
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heat flux; dust generation

Effect on D/T Retention,
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Wall & Divertor Reliability &
Lifetime

Minimize & Predict
evolution of mixed materials

New (Degraded?) Materials
Properties

Edge/SOL transport physics; advanced
divertors, transient control

Long pulse (1000s seconds) tokamak
w/ CFETR relevant wall conditions

Understand mechanisms &
manage/avoid deleterious conditions

In-situ real-time diagnostic for He , D
content;

In-situ real-time D, T profiles over
<10microns;also need He profiles
since He affects retention

In-situ diagnostics Sensitive to ~100’s
nm over 10micron dynamic range

2D SOL Plasma Flows; in-situ mixed
material diagnostics

Neutron surrogates; neutron
irradiation; studies of In-situ
retention, material properties
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PMI Challenge: Core-wall integration

Hog

Buerskms et aI PPCF 2013 Maggl et aI NF 2015
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Wall material choice impacts core plasma via
poorly understood mechanisms...need to
Understand & predict

UC San Diego

Jacobs School of Engineering




PMI Challenge: Core-wall integration in long pulses

Shot 41195

J Li et al, Nature Phys. 2013 2

Pusco (MW)

i, (10 m3)

D, (a.u)

g, (MW m™2)

fa (kHz)

% " 0 ¢ AR ALY W Y (I o
5 10 15 20 25 30 35
Time (s)

Low-Z Coatings (Li, B, ...) inevitably used to achieve core
Performance; Questionable utility for steady-state
T-breeding device! Ut San Lieso

Jacobs School of Engineering



Research Need:

* Why do low-Z coatings have impact on core plasma
performance
— Neutral recyling effect?
— On Pedestal Fueling?
— On Flow Shear?

— Something else?
 How to achieve good core performance w/o low-Z
coating?

* |f not, can low-Z coating be made compatible with
requirements of TBR>1, T-inventory control?

UC San Diego

Jacobs School of Engineering
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Linear plasma devices simulate many aspects of
fusion PMI science
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PISCES/linear device geometry

12bie]

ITER/tokamak geometry
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The PISCES-B facility at UCSD

* PISCES-B is located in an air-tight
enclosure to allow investigation of Be

 PISCES-A is located outside the Be
enclosure to allow easier non-Be
investigations and to develop
diagnostics for PISCES-B

* The PISCES Program routinely hosts
visitors from Japan, EU, China as well
as other US Fusion Laboratories

Jacobs School of Engineering



Schematic view

Visible spectroscopy
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Lab studies give comprehensive plasma, target and
impurity diagnostics.

Plasma density is measured by a
reciprocating Langmuir probe, He line
ratios, absolute He line intensity and

Plasma impurity concentration

— calibrated spectroscopy

— magnetically shielded RGA compared to parallel sheath theory.
— material surface analysis Ev12 1
— LIBS surface contamination — probe o0 ® %3
. : £
* Erosionyield S RS g
: 2 ®
— weight loss i S £
. S 5E+11 =
— calibrated spectroscopy S ~_ <
. o) ¢ Helline ratios ©
- fU“ 3_D mOdellng ‘E @ Helabsolute intensity \ =
° |On ﬂUX by ta rget biaS Current % — Parallel theory: normalized to probe
—— Parallel theory: Mach
and probe measurements EESSSS e Y|
 Samplet ture by IR O axial dist " 15
ample temperature by axial distance from target (cm)

pyrometers and thermocouples
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Thermal transient (e.g. ELMs) effects on W surfaces

Langmuir-
probe

Laser pulse shape can
be controlled. Four
shapes were investigated.

2 color pyrometer

- » p|asma.. Laser heating
- /" ® Nd:YAG 1064 nm laser
- I ®* <2 GW/m? of absorbed

[ laser & . 8 power density
¥ spectroscopy /COHS
e n ® Pulse width 1 to 10 ms

[mA ° Ncycles =100

Square

Negative ramp
Triangle

Positive ramp

N>/

UC San Diego
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Damage depends on heat pulse shape
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Damage correlated w peak surface temperature
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[t 1s important to accurately
predict and model ELM
shapes in ITER to understand
the response of the tungsten
divertor plates to repetitive
thermal cycling.
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Plasma-implanted D also affects W surface damage

(from K. Umstadter et al., NF 51(2011)053014)

SAMPLE

F = 510%/m?

F = 2¥10%4/m?

W' Intensity [10"' photons/em’]

Fluence to surface before laser pulse
varied
Absorbed
Energy Impact
~45 MJ/m?2 s1/2
(Rw (p=1064nm) ~ 70%)

Vpias= -125V
['=2x10%2/m?2-sec
Te=11eV
Ne=2x10%/m3
T, ~ 50°C

¢ Wo Line Emission

& Retention, Tian et al. [20]

..................
t t

5 10 15
Fluence [10* D”/m?)

UC San Diego
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W Temperature Influences PMI Effects

~ 600 - 700 K

(a) Bright field image (under focused image)

10nm

‘L - ' e £
PISCES-A: D,-He plasma
M. Miyamoto et al. NF (2009) 065035

600 K, 1000 s, 2.0x10%* He*/m?, 55 eV He*

e Little morphology
* QOccasional blisters

~900-1900 K

PISCES-B: pure He plasma

M.J. Baldwin et al, NF 48 (2008) 035001

1200 K, 4290 s, 2x10%° He'/m?, 25 eV He*
3\ J ;’ i"

BB88 8.5km 8147 UC PISCES

NAGDIS-II: pure He plasma
N. Ohno et al., in IAEA-TM, Vienna, 2006
1250 K, 36000 s, 3.5x10%” He*/m?, 11 eV He*

100 amy(VPS W on €) (TEM) "
* Surface morphology

e Evolving surface

* Nano-scale ‘fuzz’

2.6 X1027 /m2
3.7X10%2 /m2s

7200 s
2100 K

0.9 X 1077 /m?

1.2X10% /m?s
7200 s
2600 K

D. Nishijima et al. INM (2004) 329-333 1029
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Fuzz growth consumes W bulk

EDX reveals indications of plasma interaction only with top-most fuzz
structures (A). Interface between fuzz and bulk (B) shows no sign of plasma interaction.
Fuzz forms from growth, not redeposition. No mass change to samples.

147 L

X39:000 9.0Mm UC PISCES

Figure 1. Cross-sectional SEM micrograph of a W target that was
exposed at 1120K to pure He plasma for 4.3 x 10%s.
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Analytic model captures basic physics
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Near surface He nano-bubbles form in W

3002C
(a) bright field image (under focused)

(b) under focused || (c) over focused

10 nm
o}

\

Fig. 4. Cross-sectional microstructure in the W sample exposed to D + He mixture
plasma at E; ~ 120 eV, @p ~ 5 x 102 m 2, T, ~ 773 K, and cye ~ 5%. As seen in the
circles, He bubbles interconnect and make larger clusters.

Fig. 2. Cross-sectional microstructure, observed with TEM, in the W sample [from M. Miyamoto et aI., INM 415(2011)5657]
exposed to D+He mixture plasma at E;~ 60eV, &, ~5 x 10¥® m2, T, ~ 573K,

Cye ~ 5%. As pointed with arrows, He bubbles have bright and dark contrasts in

under (b) and over (c) focused images, respectively.
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These He bubbles act as a diffusion barrier to D

Single step (D, He) exposure Two step, He pretreat, D plasma exposure
(He) To= 473 K, Egn= ~30-50 eV
(D-0.25He) Ts=473 K, Ejon= 50 eV (D;) Ts= 473K, Ejon=50 eV, Fp: = 5-8 x1026 m2

Mixed D,-He compared to pure D,  Low/High flux He prior to D,, compared
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Bubble network provides ‘return
pathways’ to PMI surface
interrupting D migration to bulk.

[Baldwin et al.,

NF (2011).
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[Miyamoto et al.,
NF 49 (2009)]




Thermal Conductivity Measurement of Affected Zone

3» method

Au heater

@ Insulation layer
| (SiO, or A1,0O3)

W substrate

* Apply (o)

T oscillates at 2w by Joule heating (O = I°R)
* Roscillates at 2mw (R=R,+aT)

* (Can measure 7 rise from V(3w)

Vi, = l(0)R(2w)

UC San Diego

Jacobs School of Engineering



Reduced Thermal Conductivity of Nanobubble layer in W

250 4
® Pristine W (this work)
© Plasma-irradiated W (this work)
—a— Pristine W (Roedig et al.)

200 1 €e—

EQ?Q e —
L) = =

e}
*®sseqes

100 -
—_—

Thermal conductivity (W/m-K)
Thermal conductivity(W/m-K)

50‘000000000000000000000

300 350 400 450 500

M. Miyamoto et al., JNM 415 (2011) S657

Temperature (K)

* k of plasma-irradiated W (0.7+0.2 W.m"'K-!) is much lower than that of pristine W,
presumably due to the defects formed during the irradiation.

*Between 300 and 500 K, x of the plasma-irradiated W 1s independent of the temperature,
also indicating that the electron scattering is dominated by the defects rather than phonon.

, UC San Diego
Cui, Chen, Tynan et al, ] Nuc Matl 2017 Jacobs School of Engineering
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Radiation damage processes impact retention

MD Simulation of displacement cascade relaxation (Wirth, private comm.)

2.36 ps 55 ps
= IR A
:-', ‘) > .’.: -‘..: . -
SIA (green) | ' SIA clusters form in
Vac (black) : subcascades

interconnect region

 Multiple displacement events create interstitial/vacancy pairs (Frenkel pairs)
 These have deep (>1eV) trap energies and provide sites for trapping D, T, He

 Canuse MeV ion beams to replicate some aspects of this physics
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D retention in displacement-damaged W

1) Induce Damage w/ 2) Implant D in
Heavy lon Beams Linear Plasma Device

e
2

6420 m? * No damage
e+20m2(+35.2%) | ™ 10° dpa uniform [
3 * 10 dpa uniform |

* 10 dpa uniform

UC San Diego

Jacobs School of Engineering



Wavenumber spectrum of defect sizes in
radiation-damaged W

XRD Differential scattering cross-section vs defect wavenumber

¢ 0.2DPA
84 ¢ T P P 0.6 DPA
NG ' ' 4 2 DPA

SSRL |

grdo fd2 (102A-2)
-

—04 —0.2 0.0 0.2 0.4 0.6

P. Sun, P. Heimann, Tynan et al, ] Nuc Matl’s 2018

UCSD-LANL-SLAC Collaboration

UC San Diego

Jacobs School of Engineering



10-50 Angstrom dislocation loops dominant in ion-

104

10°

beam damaged W
* TS DR v [ * 53 DR F
1' 0.6 DPA, int [

0.6 DPA, vac
10
1 2 DPA, int r

104 2 DPA, vac
10%
104

1 1

104 5 DPA, vac 5 DPA, int
10%
106

100 80 60 40 20 0 O 20 40 60 80 100
Loop radius R (A)

1
i
1 L
1

Sun, JNM 2018
UC San Diego

Jacobs School of Engineering



These defects trap plasma-implanted D

-
o
o

D concentration [at.%)]
>

1072}

Total retention:

No damage: 1.11x
10~ dpa: 1.51>
10“dpa: 2.43x
10"'dpa: 6.09%

No damage
102m2 g

10%°m? (+35.2%

102m2 (+447%)

(b)

o

® 10 dpa uniform -
10°m? (+119%) ¢ 107 dpa uniform|’

* 10" dpa uniform|*

3 4 5
Depth [;:m]

600
: 500 -
)

) 400 -
3

) 300 -

Barton, NF 2016

O NRA peaked
O NRA uniform
@ TDS peaked .
B TDS uniform !
~——Peaked retention increase x dpa”"° E
'
/

—==Uniform retention increase x dpa’®

107 1072 10
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D Retention Increases with Displacement Damage

J. Barton, 2015

D concentration [at. %]

10

10°F

107}

107}

10°¢

10

NRA Profiles

No damage: 1.11e+20 m2
10° dpa: 1.51e+20 m? (+35.2%)
10 dpa; 2.35e+20 m~ (+111%)
10" dpa: 6.09¢+20 m? (+447%)

* @
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107 dpa uniform ||
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These defects can impact T self-sufficiency...

T burnup probability, py,,,~0.05
Tritium migrating
Into wall Fueling efficiency, ns,.~20-30%

(1_ R) M _\vaall

Mass balance at wall:
nin — burn wall
M = +(1- MY

Mass balance —core plasma:

M inj — s4burn
Tritium injected PounTe VT M
into plasma Rate of T inventory build-up:

A, = (TBR-1)rm™"

Tynan, Nuc Matls & Energy 2017
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Jacobs School of Engineering



PMI Challenge: TBR>1 Imposes severe retention constraint

To avoid impact on TBR, probability
of trapping T in wall,

_ M_}_rap / M_I\fvall

Tritium migrating Ptrap™
pburnnfuel

Into wall
1- pburnnfuel

(1- )M Prap <<(TBR-1)(1-R)
Vi with  TBR~1.05 R~0.99-0.999
!

Tritium injected
into plasma

Pyep <<10°—10""

Tynan, Nuc Matls & Energy 2017
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PMI Challenge: In-vessel T Inventory Control

B2-Eirene Simulations, Kikushkin

s A 10
= -
W§1023 E
x o
K 22 -
u_' 10 E
N g
£ 10%
E10 1 g
g 2
> 10% c
. e
o
S 1q o
2 10 =
10" 0.1
0 0.25 0.5 0.75

Distance along outer target [m]
Particle Flux Into Divertor: ~10%4/m2-sec

Annual T fluence into divertor: 300 Tonnes-T/year

Maximum allowable mobilizable
in-vessel T inventory: O(1kG)

Maximum allowable T retention probability: 3x10-°

UC San Diego

Jacobs School of Engineering



PMI w/ Radiation damage could limit
T self-sufficiency

DT fusion energy
fundamentally relies
on T self-sufficiency,
TBR > 1.

e TBR > 1requires
retention probability
in FW materials
below 10¢.

* InPISCES,DinW
retained frac. at 643 K
reaches ~10°in ~1
week FW fluence.

At 900 K, <1 h.

=CER

UCSD CENTER FOR ENERGY RESEARCH

0.001 1 ——
\ b O Pure D plasma
0.0001 “* ® D plasma with 5%He
r— LY J )
' ® ) 02dpa 380K
: L] @ 0-2dpa 1200K
L | . @03dpa 320k
S
S neutrons
S , 6
’
£ 10" N S i
N \
e Unper limit
Y
Nl of (‘Jr'x’.'N;n;: 4 0
v 10 probabilith ‘ Y% <
£ N
% 0| " N
e 107 y
9
10'9 L 1 WEeK e .\ golf o 7]
FW fluence \ o«
10 wees,
10 FW Fluence\
107 e L
10 10 10 10 10

Fluence (m'2)

Tynan Nuc Matls & Energy 2017, Doerner et al INM 2019

He can play a beneficial
role, but effect is
known to be less
efficient in damaged W.

Sequential damage /
PMI on W requires
larger fluence ‘cost’.

Simultaneous plasma-
displacement damage
effects unknown

UC San Diego
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Annealing at high temperature partially heals displacement
damage effects in plasma-facing armor materials

RETENTION CAN RECOVER W/ HIGH TEMPERATURE EXPSOSURES

M. Simmonds, 2015

W implanted with 5 MeV Cu peaked at 0.2 dpa

W implanted with 5 MeV Cu peaked at 0.2 dpa

8 T 6 T
— Damage @ 0300 K ® Total TDS
Damage @ 0573 K 4 TotalNRA
7 k|~ Damage @ 0873 K
- Damage @ 1023 K 5t |
—— Damage @ 1243 K 1024 D*/cm?
6 — Control no damage } }
a4t 4
75 £
“E 0.5 K/s ramp rate 5
-— N
& 2
T4 :3 {
= )
5,
w &’ 2 i
2t {
T i oo o A S % i
1}
. , , _ ; = s o.—Control ; : :
400 500 600 700 800 900 1000 200 400 600 800 1000 1200 1400

Temperature [K] Temperature during Cu Damage [K]
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Annealing at high temperature partially heals displacement
damage effects in plasma-facing armor materials

THERMAL CONDUCTIVITY CAN RECOVER W/ HIGH TEMPERATURE EXPSOSURES

250
O Irrad. 300K (Cu ion)

[ pristine W 0 Irrad. 573K (Cu ion)
< 500 Pl A Irrad. 773K (Cu ion) | _
= @ Irrad. 1000K (Cuion)| [
= #* Irrad. 1243K (Cuion)| |
— O Irrad. 300K (W ion)
-‘? 150 |- w Irrad. 1000K(W ion) f
.§
3 Q
S
S 100
g
I.“E’ 50 |- é

A
1E-3 0.01 0.1 1
DPA

S. Cui, R. Chen et al, J Nuc Matl’s 2018. UC San Diego

Jacobs School of Engineerin



Outline of Talk

What is required beyond ITER to get to fusion
energy?

What PMI-related issues emerge from this
focus?

What activities are underway?
What additional efforts are needed?

UC San Diego
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Many PMI issues to study in lab-scale experiments

Material Erosion

Material Redeposition

Fuel retention in D, D-T, and
D-T/He Plasmas

Rad-damage effects on PMI

Managing divertor heat flux

How does high particle flux
affect erosion rate?

How quickly is material
being redeposited, and
what type of mixed

materials are formed?

Is D/T retetion low enough
for TBR>1?

Are there synergistic
PMI/Rad-damage effects?
Effects on retention? He
effects?

How do injected divertor
impurities affect material
surfaces?

Implanted depth markers &
lon-beam NRA; Plasma
spectroscopy

lon-beam NRA, LIBS, Plasma
Spectroscopy & 2D imaging

lon-beam Rad-damage,
NRA, LIBS, Ex-situ TDS

Combined plasma/ion beam
studies using He & Heavy
lons; GIXRD

Divertor simulator w/ PMI
capabilities

UC San Diego

Jacobs School of Engineering



Some critical PMI issues require confinement expts

Adequate divertor & FW component lifetime

— Control plasma erosion rate via divertor plasma physics

(radiative divertor, Super-X, Snowflake, etc...)

Redeposition, material migration & Fuel retention

— Tritium inventory & Closing Fuel Cycle, Safety

High Performance (Q>>1) Long-pulse (days to
weeks) Plasma

— Integrate divertor solution w/ core plasma regime

Demo Adequate reliability, maintainability

UC San Diego

Jacobs School of Engineering



