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PISCES Program Goal:

PISCES —

Carry out Basic Plasma-Materials
Interaction & Boundary Plasma

Experimental Science Supporting ITER
& Fusion Nuclear Science Program

UC San Diego

Jacobs School of Engineering



PISCES Program Approach:

PISCES —

« Use UNIQUE PISCES & Helicon RF plasma
facilities

« Extensive collaborations (DIII-D, LHD, lon
Beam Facilities, Modeling)

* Develop & Test Hypotheses

* Refine Models

 Use Validated Models to Project PMI
Performance in ITER, DEMO/FNSF

conditions

UC San Diego

Jacobs School of Engineering



PISCES Devices Provide a Divertor-like Environment
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PISCES-B reproduces materials & conditions
found in JET-ILW and ITER

PISCES —
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The PISCES Program Hosts Unique Facllities
at UC San Diego

PISCES —
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PISCES Supporting ITER PMI Needs

PISCES —

 Record Fluence Exposures Show No Saturation
of D Retention in W

* He nanobubble formation inhibits D retention in W; similar
results observed in Be

* Progress on identifying mechanism of D retention suppressi
* |ITER bake studies guide plans for T inventory control

* Discovered workable alternate T inventory control techniqu
e Successful modeling of W-fuzz formation

* Controlled ELM-like thermal transients more clearly define
damage thresholds for W divertor target

UC San Diego

Jacobs School of Engineering



PISCES-B operated continuously for 31 hours to
generate data at a world-record fluence of 2 x 108
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of ITER Divertor Flux
ITER plasma discharge seconds
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PISCES —

No saturation in D
retention in W with high-
fluence deuterium plasma
exposure

5% He* flux during
deuterium plasma
exposure drastically

reduces D retention in W at
643 K

Evidence for a reduction in
retention with higher flux,
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PISCES-B operated continuously for 31 hours to
generate data at a world-record fluence of 2 x 1028
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PISCES Supporting ITER PMI Needs

PISCES —

 Record Fluence Exposures Show No Saturation
of D Retention in W

* He nanobubble formation inhibits D retention in W; similar
results observed in Be

* Progress on identifying D retention suppression physics

* |ITER bake studies guide plans for T inventory control

* Discovered workable alternate T inventory control techniqu
e Successful modeling of W-fuzz formation

* Controlled ELM-like thermal transients more clearly define
damage thresholds for W divertor target
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PISCES data helping differentiate between two hypotheses that are
proposed to explain reduced D retention due to He

PISCES —
TEM image TEM image
of W sample ] of W sample
exposed at exposed at
~300°C in P-A ~500°C in P-A
| to D/He plasma to D/He plasma
(Eipn ~ 60eV) (Ei,n ~ 120eV)

from Miyamoto et a
JNM 415(2011)S657

| from Miyamoto et a
NF 49(2009)065035

e He-filled nano-bubbles close to - 10 nm

the surface (20-30 nm) act to
trap D atoms * He nano-bubbles interconnect

* Migration into the bulk of and reach the surface providing
subsequently implanted D is pathways for diffusing D to exit
inhibited the sample
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Preliminary MD results of He-H synergies & H trapping
suggest hypothesis (1) (courtesy of B. Wirth)

e Initial 2 nm diameter, over-pressurized He bubble created 2 nm below W (110) surface PISCES —
- H initially randomly distributed — strong partitioning of H to the bubble surface (~35-40%)
Box Size:6 nmx6nmx12 nm Initial He Pressure: 10 GPa
L Hydrogen Distribution for (110) Surface at 1800K
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Preliminary modelling of H trapping at He bubbles (or voids) indicates quite strong trapping, with H preferentially located at bubble periphery,
even to high temperatures (~2000K) beyond typical TDS measurements — validity of the potentials and extrapolation of these short modeling

timescale (~10 nanoseconds) during molecular dynamics simulations are appropriate question to ask.
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D partitioning around He bubbles seems to fit NRA
experimental data, however, TDS observes release of D

PISCES —
16 ' I | |
gmﬁg r{ilgl[:t%nm NRA from W exposed
. Location of D retention 14 H Simulation 52 nm to D&10%He plasma -
appears to agree with Simutation 194 nm Fluence =1026 m>
partitioning around He 2 Simulation 416 nm 523 K, E,, ~ 40 eV

nanobubbles in agreement
with MD simulation

Counts

. D is entirely released during
TDS in contradiction to MD
model (but timescales of TDS
and MD simulation are much
different, quality of potentials
used is also an open question)

AV
200 220 240 260 280 300

Channel #
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Similar D retention

reduction observed in Be

* Vary He Concentration
Over Different Plasma
Exposures

* TDS Emission Spectra

e Results show largest
effect in low energy (550
K) release peak
o 0.0-0.1
Ueses 330 (K)
D 1 x102° (m™2)
E, 40 (eV)

PISCES —
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Similar D retention reduction observed in Be

PISCES —
Temperature (K)
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He reduces D retention in Be for <200 C
exposure temperatures

PISCES —
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PISCES Supporting ITER PMI Needs

PISCES —

 Record Fluence Exposures Show No Saturation
of D Retention in W

* He nanobubble formation inhibits D retention in W; similar
results observed in Be

* Progress on identifying mechanism of D retention suppressi
* |ITER bake studies guide plans for T inventory control

* Discovered workable alternate T inventory control techniqu
e Successful modeling of W-fuzz formation

* Controlled ELM-like thermal transients more clearly define
damage thresholds for W divertor target
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How is the ITER bake efficiency affected
by underlying previously baked layers?

PISCES —

* |TER proposes wall/divertor bakes .
to control T inventory.
Define as — under layers

* Post bake ITER shots will create
new, saturated Be-D/T codeposit

layers.
Defined as — over layers

* Under layers could be fully/
partially desorbed of D/T
inventory.

* Does D/T diffuse and re-trap in

previously depleted underlayer
trap sites?

Multi-layered co-deposit in
TEXTOR, M. Rubel et al., Phys.
Scr. T103(2003)20.

= UC San Diego
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ITER bake studies Experiment - details

PISCES —

Magnetron sputtering device used to
make thick co-deposits, creates
batches of identical co-deposits

B 400V pa Utilizes 3, 100 W
@ s Be sputter guns/

targets.

3 Be sputter guns
coat spheres in Be.

cottng Be-D co-deposited layers
a 0.2 -1 um, thick are

2mmdia W

spheres. deposited on W spheres
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VO A& TIVIAF U ICICdSC dagl€c WCI 101 COUCPOLIL
thickness (1, 2) variation, but not bake case

ﬁ - PISCES —
under-layer over-layer
| =

M Baldwin & R Doerner,

NF (2014) 54, 083032
1 Be-D Full/partial baked

M Baldwin & RP Doerner
JNM (2015) 467, 3831391
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Implies both more, and less, difficult

to remove inventory components.
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PISCES TMAP model validation used to
‘evaluate ITER bake strategy

PISCES —

Assessing efficiency of thermal outgassing

PISCES, JET, NIPLRP (Romania)

v

TDS data

Different deposition
conditions, heating
rates, ...

Input from WALLDYN
Use of JET/PISCES models

Consistent model for different

data

Understand similarities and S y
differences between different

samples
P Range of efficiency
depending on model

experimental data

IDM UID:

@2016, ITER Organization
sszrts | 8

22n PS| conference, Rome, May 30-June 3, 2016

G De Temmerman (ITER) — presented at the 22" Int. Conf. on PSI, ROME, 2016
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PISCES TMAP model validation used to
‘evaluate ITER bake strategy

PISCES —

Assessing efficiency of thermal outgassing

PISCES, JET, NIPLRP (Romania)

Results motivate study
of other schemes for

retained fuel removal a

samples
P Range of efficiency
depending on model

IDM UID:
ssz7T5 | °

@2016, ITER Organization
22n PS| conference, Rome, May 30-June 3, 2016

G De Temmerman, ITER — presented at the 22" Int. Conf. on PSI, ROME, 2016
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PISCES Supporting ITER PMI Needs

PISCES —

 Record Fluence Exposures Show No Saturation
of D Retention in W

* He nanobubble formation inhibits D retention in W; similar
results observed in Be

* Progress on identifying mechanism of D retention suppressi
* |ITER bake studies guide plans for T inventory control

* Discovered workable alternate T inventory control
technique

e Successful modeling of W-fuzz formation

* Controlled ELM-like thermal transients more clearly define
damage thresholds for W divertor target

UC San Diego

Jacobs School of Engineering



Laser induced thermal desorption experiments: Plasma, laser, and
TDS are modeled self-consistently using same model parameters

PISCES —
Plasma Non-ablative TDS
Laser (plasma off)
Reference sample 5 laser pulses modeled
a) Jwool ™ Syrface temperature |
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. —"C
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& 10% ]
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A Ienses 1017 L N L L L L /\ L ﬂ
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Electro-magnets RF antenna E SOOW
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| — ‘
/ o\ HH B = |:|H 10

b)

\
= Collimating lens
=1 Laser blocking filter
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' Y CameraV._ [\

Nl N
5 . .

1:/\ N A A A
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=1 1550 nm filter
c— Focusing lens

x 10°
St = 100
PMT 4-sample holder ot A A A A

= UC San Diego

Center for Energy Researc Jacobs School of Engineering



TDS measures remaining D in W after transient
laser heating

PISCES —
T (K)
400 500 600 700 800 900 1000
10| TMAP7
~ ' e No laser
o = 22 MWm™?
g 08 s x5* 3.3 MW 2|
S v x5%4.9 MWm
< 0.6
=2
E 373 during plasma
g O4r exposure,
2 1 sec laser pulses
»n 0.2
a
|_
0.0 st
0 200 400 600 800 1000 1200 1400
t (s)

“Scaled by 5x for visibility
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Validated model predicts effective desorption is
possible

PISCES —
373 K plasma exposure, 2x10%° D/(m?-s)

10 — * AtT,., =1280Kfor1sec

& \ pulses, D retention falls below

o 08 TDS noise floor.

> ) * Inadditionto T, the

2 fraction of desorbed D

g 0.6 2\, depends strongly on heating

- A duration.

> 0.4 e Future work: higher sample T

= needed during plasma

% 0.2l| ® 450-650K exposure for ITER relevance,

o ® 900-1000K but initial results show that
0.0 e .‘11289 - 11409 K = ~Og thermal detritiation from W

107 10° 10° 10* 10° 10% 10' 10° 10! is possible.

Pulse width (s)

UC San Diego
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He3 PISCES-A Discharges Permit Measurement of

Absolute Concentration of He in Nanobubble Layer
PISCES —

* PISCES-A operation has been modified to allow low gas
throughput plasma generation=>» allows 3He plasma generation

 Woller et al. _NM 438(2013)5913 & INM 463(2015)289) measured 1-7 at%
He in W below, within, and above the W-fuzz formation
temperature, with no loss of He after termination of the plasma
exposure

* NRA using a D ion beam can then be used to quantify the
amount of 3He after plasma exposure using the 3He(D,*He)p
nuclear reactions

= UC San Diego
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He content in nanobubble layer saturates with fluence,
increases slightly with temperature until fuzz forms

PISCES —
He content in nanobubble layer
40 T T 1 ) T He content in fuzzed tungsten samples
I I 70 | | | | | |
35 I I . — O
I I ©  *He measurements
He 3-1 | He 3-2 | He 3-4 60 ® Woller et al. (JNM 2015) -
s 30 - 500°C, 70 eV I 500°C, 70 eV | 700°C, 70 eV
'= F~2e25 m32 | F~2e26 m3 | F~2¢25 m™2 o
O e <He>=4.2 | <He>=44 | <He>=17.5 £ 50 |- Fuzz growth— .
2 0 ! ! ®
= | | ED
I I — 40 ® =
= 201 | | i = '
i | | = -
I o
15 ! ! - © 30 | -
I I E
| | 9
n le layer
10 L | | $ | ® 50l Nanobubble laye |
6, . 1 4 ey T I |
51 5 &b ¢ & . ol |
I @ I 0 ® ®
0 | | d—: | d—j | | | ® o ®

120 140 160 180 200 220 0 : : : ' I |
500 600 700 800 900 1000 1100 1200

Distance across sample face (mm) Temperature (K)
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Most He resides in the ‘growth plate’ between
‘the bulk and the fuzz

PISCES —
PISCES target
NRA
80 I I I I measurement
He 3-3 : Fuzzgs wiped off half the W the locations
surface before D 10on beam measurements
@ O
60 O
o O O
o o
o
40 b
Fuzz wiped off | Fuzz left intact
= 3 < g
20 S =
o ?& é * W mass loss =96e-6 g
Q . .
g S e Fuzz thickness ~1.5 microns
N
u S = i .
0 = = « Implies ~98% porosity
e 16.4¢15 He/cm™ missing
-20 ] ] ] ] °
68 0 - 50 o5 Therefore, He/W averaged over

Distance across sample face (mm) entire length of tendril ~ 10 at.%

—LER e ot
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PISCES Supporting ITER PMI Needs

PISCES —

 Record Fluence Exposures Show No Saturation
of D Retention in W

* He nanobubble formation inhibits D retention in W; similar
results observed in Be

* Progress on identifying mechanism of D retention suppressi
* |ITER bake studies guide plans for T inventory control

* Discovered workable alternate T inventory control techniqu
e Successful modeling of W-fuzz formation

* Controlled ELM-like thermal transients more clearly define
damage thresholds for W divertor target

UC San Diego

Jacobs School of Engineering



W fuzz growth: He* flux dependence explored

PISCES —

* Wexposedto4
orders of He
plasma ion
fluence at 1120 K.

UaoL Pisces-E Pisces-A Pisces-B S
UoL Mag. RF DC arc DC arc PISCES-A
(Magnetron) w L (kW) 0= 13 E a2 (reflex arc)
I (1072 m™2s1)  0.001-0.01 0.01-0.5 (.5-8 5-20
PIsCEs-E ot (10 m?) 00101 015 5-80 50-200 PISCEs-B

(Low p, R.f.) TS (&V) ~T o ~B ' (reflex arc)
: - n’ I:][]']‘E I'l'1_3:| ~().01 ~~0.5 ) ~10) : 7

T

4 plasma devices
utilized

e t9° growth rate
further explored.

- —
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A bubble-rich layer exists between the W bulk and

the W fuzz =» suggests roll for bubbles in fuzz growth
- PISCES —

HAADF-STEM o
From C. Parish et

—LER e ot
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Fuzz layer thickness x, o to fluence, ®°%.
(t°-> for const. ion flux)

Re-examination further suggests

PISCES
t%> in lower He ion flux regimes

does not give consistent the necessity of an incubation He fluence,
layer growth with PISCES-B. ®@,, prior to fuzz growth

_ . 05
Problem is re-examined. /-\ x(®) = (C(P — @y))

lllll 1 1 IIIIIII | 1 IIIIIII 1 1 IIIIIII lll"lll T lllul'll T llxul‘l‘l LRLRLELN LB AR L) T T 1T
o | Drax=Const iy 2| Crok=24210%m LT ERI;TL{REEB
“E (68x10"m%™ = B Pisces-B -F 3 B PISCES-
C ) = A  NacDis i S - 4 Nacpsll
C ] CURRENT - CURRENT
- _ a.s - v UolL Mag. _ )E v UoL Mag.
X=(2D,p0 «f) © PiscesE X=(Cy50 P-Dp) @ Pisces-E
- E 9 E © PISCES-A - F 3 ® Pisces-A
g E “ o E % Pisces-B ‘g‘ [ 3 w Pisces-B
~r K * g N 3 u ]
x [ ¢ ¢ ] = | ,
- [ (m3™ - ) r (ms™)
cFE = 1920 = E } E 1620
: : 5«10 * 1l - Petty et al. (2015) : 5x10 ) —1
" 1 s«0®*[ n X NES55 093033 5x10™ [
- 4 s« 2 " ': St 0:1-;2-
35 1oox100k | S5<10° HEE S L | 11002 100K 5 Sx10% W
oF 3 =l = 3 .
Tl ool d 1l R EIT] . 1)(1023 —1 T AN N A T 110 D
102 103 104 105 102 102 102 10 10
t (s) & (m?)
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Fuzz growth-erosion problem re-examined
in light of fluence dependence

PISCES —
— ~ 1_ ~
dX/dq) = C/Zx — €fuzz €Efuzz = K_E1-§gybulk €fuzz = K_(lip)YfUZZ

where Kk = myy/ Py My :tungsten
at. mass and, p,,,: W density, p: porosity

where €;,,,: fuzz erosion velocity,
normalized to flux - units in [m?3].

No ErRosION CAse: (g€ = 0)

x(®) = (C(P = D())*?

x'('m)

ErosION CAsE: (€ > 0) (LAMBERT W FUNCTION)

X(®) = 5 (W [~exp(2uz(@ = @) — 1) +1)

0.01

=
Center [or Energy Researc
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PISCES Supporting ITER PMI Needs

PISCES —

 Record Fluence Exposures Show No Saturation
of D Retention in W

* He nanobubble formation inhibits D retention in W; similar
results observed in Be

* Progress on identifying mechanism of D retention suppressi
* |ITER bake studies guide plans for T inventory control

* Discovered workable alternate T inventory control techniqu
e Successful modeling of W-fuzz formation

* Controlled ELM-like thermal transients more clearly define
damage thresholds for W divertor target
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Transient heating damage depends on
pulse shape

‘ _ PISCES —
Power _> Increasing peak T
r""l = =1 r BN | == ':
4 » time -
Half amp Square Neg Ramp Sym Triangle Pos Ramp Half width Square
Half-amplitude Square Negative Ramp Symmetric Triangle Positive Ramp Half-width Square

(8) 1800K,05um ~“(b) 1990K, 1.0um (c) 2120K,12pm (d) 2470K:1.5um (e) -

$ .
03

(7 2110K, 0.9 ym- . (g) "

A=
¥
bt

For a given energy density and peak power, a square pulse creates the highest peak
surface T

<
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ELM-shaped pulses show less damage than triangular shapes
used to establish the ITER ELM damage threshold

. PISCES —
(a) . Surface roughness vs. number of pulses
<l . Triangular reference (1) MJm)| 2
£ ELM-like with same E/A (2] % [ .
5 like with same max P/A (3)." 4’5 F |G Elmike :
o ‘:’:,. 1.5 L P
0 I J’.‘..‘“""-,_.__s_‘ I 1;1' )
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 g I ]
2000 — = 17 ]
(b) o [ .
Peak T (K) " Both with It
- — 1560 05| , 27 ]
§1ooo-_ _ - - 1200 | - E=0.5 MIm2 - -
limit of detection """ 579 ! L $
2 o hrrhiret:
2 1 10 100 1000
0 L

|
Center for Energy Researc
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PISCES Supporting Fusion Nuclear Science

PISCES —

 RAFM Steel Erosion Studies (w/ IPP-Garching)

* Plasma & displacement damage effects on PFC thermo-
mechanical properties

* Displacement damage effects on D Retention &
Removal (UC-funded collaboration w/ LANL)

* Simultaneous displacement damage/He production
effects on D Retention

* Divertor Physics, In-situ PMI Diagnostic Development
 Material Migration Studies

UC San Diego

Jacobs School of Engineering



Reduction of the sputtering yield of RAFM steels

is observed under high-flux He plasma exposure.

PISCES —
 In future fusion reactors, use of reduced activation ferritic/martensitic (RAFM) steel as a

first wall material is considered an attractive option.
» S/XB values of Fe | and Cr | lines were experimentally determined to quantify the

sputtered flux of each species (Fe, Cr, W). (W | S/XB values were previously measured.)

S

* No W I lines were observed. 10 | | $$2~H5-%K ? e .Ne. _ 583“18;3K ?
— Preferential sputtering of Fe Fo ) ] P e ]
and Cr. T e e e -] ceee e mann s
* The reduction is faster for lower & e O o
T.. LU " | 1 1 1
— Slower diffusion of Fe and Cr. I N
* The sputtered flux ratio, Cr/Fe,is & ,; o~ R Y \ AR
higher than the nominal bUIk ; Nominal bulk composition ratio Nominal bulk composition ratio
composition ratio. S‘a
— The diffusion of Cr to the
surface is faster than Fe. 00T 00 ‘T?nqst()‘s)‘ “1s00 0 500 ‘T?rggt?s)‘ 1500

Center for Energy Researc

Jacobs School of Engineering



The sputtering yield is found to be constant up to
T, ~ 900 K, and to be enhanced at T, > 900 K

PISCES —
* The enhanced erosion is due to less * Cone-like structures become larger with
W coverage (AES) and larger increasing T..
sputter cones (SEM) at T, > 900 K. W fuzzis clearly seen on top of the cones
at T, 2973 K.
— M F82H:total f———F+——— 17—
. | @ F82H:Fe ]
A F82H:Cr |
[ CLF-1:total
> CLF-1:Fe * $ * |
/\  CLF-1:Cr

)

w
—

e
-
—— -
—
— ol

- E~80eV ﬁ&+ |
I 25 -2 + |

Oppo, ~4-4+1:0.2x10%° m

Sputtering yield from spectroscopy

S

N
o—>—¢
— >
o—>—¢
o—>—¢
o—>—¢
o—>—¢

500 600 700 800 900 1000 1100
T (K)

fuzz cone

—LER e ot
Center for Energy Researc Jacobs School of Engineering



PISCES Supporting Fusion Nuclear Science

PISCES —

 RAFM Steel Erosion Studies (w/ IPP-Garching)

* Plasma & displacement damage effects on PFC
thermo-mechanical properties

* Displacement damage effects on D Retention &
Removal (UC-funded collaboration w/ LANL)

* Simultaneous displacement damage/He production
effects on D Retention

* Divertor Physics, In-situ PMI Diagnostic Development
 Material Migration Studies

UC San Diego

Jacobs School of Engineering



Experimental Approach

PISCES —
Thermo-mechanical properties:

* Energetic (0.5-5 MeV) He, Cu, W lon Beams to induce
displacement damage;

— Nanoindentation for Modulus & Hardness of damaged region
— 3w thin-film thermal conductivity of damaged region

D Retention:
* Control damaging temperature from 300-1200K

* Plasmaimplanted D at 100eV, low temperature (380 K) to
decorate damage sites

e NRA, TDS for retention

UC San Diego

Jacobs School of Engineering



Nano-indentation stress-strain measurements
localized within damaged layer

PISCES —
Damage, dpa
OO 0.2 0;4 . 0.6_______5_;?-61
100 F
c 200 1\
c 1A -
£ 300 \ -+
S \ N
8 400 \
\\
>00 = He, at% \
= He on W AV
600
0 05 1 15 2 o |
He, at% Pathak & Kalidindi, Mat. Sci & Eng R (2015)

UC San Diego

Jacobs School of Engineering



Modulus unchanged & increased hardness

‘with 0.5 dpa He, W damage

PISCES —
Damage [dpa]
Radiation affected zone =mWonW =HeonW
30— l : e o~ Hardenmg IS.atl.jr?t|lonlls.of.te!'|||:|g1 0O 02 04 06
[ Esample = Sk i
o 25[ 410 GPa ‘ o ‘ zo ] g 12 - Esampie = 100
(U] [ = . = % 1 (U)
~ I Pop-in o ] -

@ 20} o . e 1 — 200
o “r o ] o S
A& I o ] g 8r 2 £ 360

15 . - { —'
s f HeonW _° ] c s
= __F 1 2 =
€ 10} v 1 8 & 400
s | st S 4228 =HetWon W
= 5E&" 1 um radius * il s 2 sk 1pmradius = He on W 500

¢ indenter unirradiated W indenter =WonW
0 "82 1 1 1 1 1 1 1 1 1 1 1 1 0 728 BN T T T N T T TR TR BN TR TR TR THE MR TR T T 1 600
0 0.1 0.2 0 0.05 0.1 0.15 0.2 g BS T 915 2

Indentation Strain Indentation Strain

Pathak & Kalidindi, Mat. Sci & Eng R (2015),
Tynan, PSI-16, submitted ‘16

= He [at%)]

UC San Diego

Jacobs School of Engineering
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Thin-film techniques probe thermal conductivity
localized within damaged layer

PISCES —

200

3m method

P-mm--o-
] 175 IQ"._.__*.‘__
Au heater Insulation layer e

@ (Si0, or AL,0, ) e
125

@ W Substrate

Irradiated W layer 25 1 ~@- W Reference (NIST)

A 0.2dpa

300 320 340 360 380 400

W substrate

*  Apply [(w)

« T oscillates at 2w by Joule heating (Q = I°R)
* R oscillates at 2 (R=R,+aT)

e Can measure 7 rise from V(3w)
Dechaumphai et al., Vi, = l(@)RQw)

J Nucl. Mater., 455 (2014) 56-60 Solve heat transport eqn to infer

= UC San Diego

Center for Energy Researc Jacobs School of Engineering



Large (200x) Reduction in Thermal Conductivity of He
nano-bubble layer in W

PISCES —

S. Cui et al, submitted ‘16
250 4

@® Pristine W (this work)

—

< © Plasma-irradiated W (this work) <
E 200 - — —a— Pristine W (Roedig et al.) . \é
S (% =
% Yo ¢ 09 o'v =
5 1501 ctee s, o £
S e 04008 £
3 [, S
: E
o 100 - £
° o
[ ©
: :
g o
= S
= —

50 -
O © O 000 00 © © (o) © 0 0 0 4 (o)
o o o] (005

300 350 400 450 500 M. Miyamoto et al., JINM 415 (2011) S657

Temperature (K)

x of the plasma-irradiated W 1s independent of the temperature for 300-500 K, indicating
defect-induced electron scattering dominates thermal conductivity

—LER e ot
Center for Energy Researc Jacobs School of Engineering



Room-temperature displacement damage leads to
significant reduction in thermal conductivity

PISCES —
200
Pristine W: 182W/m-K o Irrad. atR.T.
E 150 L Cu lon Beam
3
> o)
= 100 |
3]
3 o %
o
o
o
5 50| ] }
=
)
= 0.2dpa 0.6dpa
0

0.001 0.01 0.1 1

Irradiation dosage (dpa)
S. Cui, R. Chen et al, in prep.

UC San Diego

Jacobs School of Engineering



Reduced thermal conductivity also seen with high
temperature displacement damage

PISCES —

200

<— Pristine W: 182W/m-K O Irrad. at R.T.
T O lrrad. at 200C

A [rrad. at 500C

RN
(&)
o

O Cu lon Beam

b

0.2dpa 0.6dpa

100 |

(&)
o
T

Thermal conductivity (W/m-K)

0 ] ] 1
0.001 0.01 0.1 1 10
Irradiation dosage (dpa)

S. Cui, R. Chen et al, in prep.

UC San Diego

Jacobs School of Engineering



Comparable reduction w/ He ion beam damage

PISCES —
Hofmann, Nature-Sci Reports 2015
1.2
(b)
\ O Pure W
1N AW + 280 appm He
. (}\\ JW + 3100 appm He
> 0.8 %’
E 7% " ¥ _undamaged
:é' \\\ ~~~~~ g
2 0.6 ) )
§ i & - o=
fa 0.02 dpa 4
g 04 o7 |
. -
é’ - 0.2 dpa
0.2
0 |

100 200 300 400 500 600 700
Temperature (K)

= UC San Diego

| Center for Energy Researc

Jacobs School of Engineering



More modest reductions reported in
fission-reactor irradiations

PISCES —
Peacock et al, INM 2004
tungsten
1.9
%‘ 1.8 e unirradiated
8 1.7 B 0.2 dpa 200°C
% 1.6 A 0.6 dpa 200°C
% 1.5
3 14
c
S 1.3
©
5 e A | o A
8 11 * * =
.
1.0 - Y
0 500 1000 1500

temperature (°C)

UC San Diego

Jacobs School of Engineering



Reduced thermal conductivity also seen with
high temperature damage

PISCES —
200
<— Pristine W: 182W/m-K O Irrad. atR.T.
SIGNIFICANT IMPACT ON DIVERTOR
DESIGN

NEEDS CAREFUL EXPERIMENTAL &
MODELING

0.2dpa 0.6dpa

The

0.001 0.01 0.1 1 10

Irradiation dosage (dpa)
S. Cui, R. Chen et al, in prep.

UC San Diego

Jacobs School of Engineering



D retention in displacement-damaged W

PISCES —

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

e Nodamage | Control =7 .1e+19 m ‘ : —Control

T T 6
No damage: 1.11 ' [ .
10%dpa: 151e+20m2+352%) | @ 10°> dpa uniform|] 107 dpa =7.7e+19 m” (+7.86%) — 103 dpa uniform
1 107 dpa: 235e+20m” (+111%) | # 102 dpa uniform] 51 107 dpa =1.3e+20 m” (+78.2%) — 102 dpa uniform
_ 10" dpa: 6.09e+20 m? (+447%) | 1ot dpa uniform i 10" dpa =3.9e+20 m? (+441%) —— dpa uniform
9 L — — LU dpa uniform|
8 10" | 'k |
5 : Lk
E=] i 1 ~
g i 1 ©3 1
80’ == 5
3 LI 3 o)
a e a
10°
1
10* s " A ot
0 1 3 4 5 6 7 gOO 400 500 600 700 800 900 1000 1100 1200
Depth [um] Temperature [K]

—LER e ot
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Experiment & modeling show increased
retention & deeper diffusion in damaged W

PISCES —
10" Barton, accepted NF 2016

: * No damage ]
) —No damage model|
==
= 100 —— * 10" dpa
T 10T p P
= H —10"" dpa model
e,
©
=
Q
Q
=
Q
o
D 4

<\ Monovacancy profile after damage
10 e '
0 2 4 6
Depth [m]

See e.g. Arkhipov’'07, Oliver&Causey’04, Fukumoto’09, Wampler&Doerner’0€

UC San Diego

Jacobs School of Engineering



Increased retention occurs in deeper traps that
release D at higher temperature

Barton, accepted NF 2016
6r —+—No damage

PISCES —

Total retention:

o -3 H _
10" dpa uniform|  Zx No damage: 7.1x10"°m™
—5| ~+-107 dpa uniform 1073 dpa:7.7x10"%m2
", | | 10" dpa uniform| } 102 dpa:1.3x 10%m2
C}IE 4+ 10" dpa: 3.9%10%°m™2
o3
= (b)
é 21 Low temp.
LL Damage
0 1! Condition
0

400 600 800 1000 1200

Temperature [K]
See e.g. Arkhipov’'07, Oliver&Causey’04, Fukumoto’09, Wampler&Doerner’'09

= UC San Diego

Center for Energy Researc Jacobs School of Engineering



Retention increase proportional to dpa®®>

PISCES —

Barton, accepted NF 2016

A
o
w

O NRA peaked
O NRA uniform
101 T ® TDS peaked

- ® TDS uniform
—Peaked retention o dpa
—==Uniform retention o dpla

0.66
0.65

Percent increase of total
D retention from pristine W

1073 1072 107
DPA

See e.g. Tuburska’09, Wright’10, t'"Hoen’13

UC San Diego

Jacobs School of Engineering



Decreased retention at high damage temperature:
Annealing effects?

_ _ PISCES —
M. Simmonds, in prep. 2016

W implanted with 5§ MeV Cu peaked at 0.2 dpa (Simultaneous Heating)

8 1 1 I I I I I
—Damage @ 0300 K 0.5 K/s ramp rate
71 Damage @ 0573 K d
——Damage @ 0873 K | ,
— 5] —Damage @ 1023 K [;‘“eas'”g 1
& o|| —Damage @ 1243 K : amaget _
§ —Control-No Damage ‘empera ure
= 4r / -
1 o ) / i
1 n ; / = “ ‘ ‘ |
0 1 ] 1 - 1 ] — =
500 600 700 800 900 1000

Temperature [K]

See e.g. Oliver&Causey’04, Wright’10, Ogorodnikova’14

—LER e ot
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Undamaged retention recovered in high
temperature damaged W

PISCES —
M. Simmonds, in prep. 2016

W implanted with 5 MeV Cu peaked at 0.2 dpa (Simultaneous Heating)

6 I I I I I I I I I 1
T ® TDS
*

. 4 NRA
NE £ 1024 D*/cm?
aar + -
&

o
— 3} i
c
5 t
22 I ¢ -
o : {

R e

Undamaged W I

300 400 500 600 700 800 900 1000 1100 1200 1300
Temperature during Cu Damage [K]

See e.g. Oliver&Causey’04, Wright’10, Ogorodnikova’14

= UC San Diego

Center for Energy Researc Jacobs School of Engineering



3 Gaussians were fit to each TDS profile

PISCES —

8 X ' | T 1 1 1 8 1 I I Ll Ll
= Damage at 0300 K = Damage at 0300 K
ol Damage at 0573 K A ===3 Gaussian Fit
—Damage at 0873 K = Damage at 1023 K
— Damage at 1023 K -=~3 Gaussian i f
6f| — Damage at 1243 K 6F
= Control-No Damage
o o
E E
a] a)
~ 4 t 4
2 2
x x
3 3F 3 3F
L 18
2F 2r
(3 1t
/, / {
0 = L ] 1 1 1 1 - — 0 e 1 1 1 1 1 1 N = ]
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Temperature [K] Temperature [K]

UC San Diego

|
Center for Energy Researc

Jacobs School of Engineering



600 and 825 K Peaks Decrease with Damaging
Temp

PISCES —
3 T T T T T T T T T ' ' 8 - - | I T |
@ ~480 K peak - Damage at 0300 K %
@ ~600 K peak 7 Damage at 0573 K
2.5p ® * ~825 K peak ——Damage at 0873 K
—Damage at 1023 K
6| —Damage at 1243 K
T ol _ = Control-No Damage
E 2 5tk
(@] N
g £
a)
- *
-E-1.5- 0 L:c 4
S T
§ 53
g1 o i
*
0 2
0.5F @ O .
0 ! 0 ' 1k
! *
0 [ 1 1 [ [ 1 1 1 [ [ 1 1 0 _— : — : . A
300 400 500 600 700 800 900 1000 1100 1200 1300Control 400 500 600 00 800 900 1000
Temperature during Cu damage [K] Temperature [K]
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600 and 825 K Peaks Decrease with Damaging
Temp

PISCES —
3 T T T T T T T T T X ' ' 8 - - | | | |
@ ~480 K peak - Damage at 0300 K %
B8 ~600 K peak 7 Damage at 0573 K
25p * * ~825 K peak —— Damage at 0873 K
—Damage at 1023 K
6| —Damage at 1243 K
T ol _ = Control-No Damage
£ 9 5
(@] N
8 E
= 3
=15 ~ 4
c =)
0 -
; %4l
® L
e 1
2 9
0.5p .
8 1
*

0 1 it 4 - . . 7
300 400 500 600 700 800 900 1000 1100 1200 1300Control ’ 400 500 600 00 800 900 1000
Temperature during Cu damage [K] Temperature [K]

—LER e ot
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Experiments Give Activation Energy for Damage
‘Recovery Mechanism

PISCES —

) I Full Recovery @ ~600 K peak
* ~825 K peak

E, = 0.085 +/- 0.006 [¢V]

-0.6 -

IN(1-F_/F, )

1

=

o0
L]

E, = 0,098 +-0.016 [eV]

A.2F

08 09 1 11 12 13 14 15 16 1.7 18
Temperature during Cu damage [1 0%/ K]

= UC San Diego

Center for Energy Researc Jacobs School of Engineering



Implications for Tritium fuel cycle

PISCES —

Tritium Mass Balance Define probability | |
I of trapping T in wall, ptrapzM;mp /M;vall
Wa

P burnn fuel
1 4 burnn fuel

Doy << (TBR—=1)(1- R)

Tritium migrating

Into wall
) /[ T wall
M}m (1— R)M;)a With typ. values
I — T burnup probability, p,,,~0.05
. burn M ;”j Fueling efficiency, n; .~20-30%

T

Tritium injected
into plasma

TBR~1.05 R~0.99-0.999

REQUIRES

Pyap <<107° =107

—LER e ot
Center for Energy Researc Jacobs School of Engineering



Implications for T inventory control

S

PISCES —
B2-Eirene Simulations, Kikushkin

_10* 10
- _
‘Y'E 102 E
x o
17_'1022 %
“,’; 21 ‘g
;10 1 g
= 20 -
210 5
7] =
§ 10" é

10" 0.1

0 025 05 0.75
Distance along outer target [m]

Particle Flux Into Divertor: ~10%*/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°

Divertor

—LER e ot
Center for Energy Researc Jacobs School of Engineering




Experiments in undamaged W show retention
probability drops with fluence

PISCES —
Tynan, PSIl, Rome, 2016 submitted
0.001 , , | | i I I i
| O Pure D plasma
® D plasma with 5%He
0.0001 =

10™

Retained fraction
o

2
Fluence (m™) Based on data from

Doerner, in press, ‘16 & Baldwin, NF 2011

= UC San Diego

Center for Energy Researc Jacobs School of Engineering



Observed Retention within limits in undamaged

‘W

Center for Energy Researc

Retained fraction

0.001 i s S m—
O Pure D plasma
® D plasma with 5%He
0.0001 =
-5
10 s
-6
10 .
-7 @
10 Upper limit O n
On allowable
-8 trapping
10 + probability
1 week
10° L FW fluence
10 weeks
-10 FW Fluence
10 22 l l24 l l26 l l28 l l30
10 10 10 10 10

Tynan, PSIl, Rome, 2016 submitted

Fluence (m'2)

PISCES —

UC San Diego

Jacobs School of Engineering




EXCESSIVE RETENTION in low-fluence damaged
samples

PISCES —
Tynan, PSIl, Rome, 2016 submitted
0.001 i I I I I l I I
o O Pure D plasma
® D plasma with 5%He
0.0001 AN\ @ — () 0.2dpa 380K |
5 @ 02dpa 1200K
_ o
10° z @ 0.3dpa 320K-
neutrons
=
-6
2 107 | -
A,
g Upper limit /‘S‘Q%\
- 10-7 || On trapping Oy : |
g probability
[
r 10° -
1 week
10° L FW fluence N
10 weeks
10 FW Fluence
10 22 l l24 l I26 l l28 l l30
10 10 10 10 10

Fluence (m’z)

= UC San Diego

Center for Energy Researc Jacobs School of Engineering




EXCESSIVE RETENTION in low-fluence damaged
samples

PISCES —
Tynan, PSIl, Rome, 2016 submitted
0.001 , i I . I I I I
o O Pure D plasma
® D plasma with 5%He
0.0001 i\ @ — () 02dpa 380K
5 @ 0.2dpa 1200K
_ o
10° z @ 0.3dpa 320K-
t
- newtrons Need data
o -6
5 10° F In damaged samples
= Upper limit With hlgher plasma
- -7 B On trapping
o 10 orobability Fluence....
'®
r 10° L
1 week
10-9 B FW fluence
10 weeks
10 FW Fluence
10 57 51 56 55 30
10 10 10 10 10

Fluence (m’z)

UC San Diego

Jacobs School of Engineering



Modeling suggests deep penetration w/
significant retained inventory at low dpa

PISCES —
D profiles for increasing plasma fluence at 500°C

(0.1 dpa throughout)

101 E T T T ..r§
_1020 m-2 :
[ —102" m2|]
100 & 10%% m™?|
§ _ — 1023 m2
= — 1024 m2|
9 |
©
|~
),
8 107 ¢
(@]
Q
a
1072
-4 A
10
12 10° 10
Depth [mm]

UC San Diego
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EXCESSIVE RETENTION in low-fluence damaged
samples

PISCES —
Tynan, PSIl, Rome, 2016 submitted
0.001 , , I : I I I i
o O Pure D plasma
® D plasma with 5%He
0.0001 AN\ @ — () 0.2dpa 380K |
i § @ 02dpa 1200K
10 z @ 0.3dpa 320K~
t .
c newon Motivates
O .6 .
= 107 ¢ Higher Plasma Fluence
E Upper limit lon Beam Expts
- [ On trapping
E 10 probability AND
L . Neutron Irradiated
r 10" Samples
1 week
10-9 i FW fluence
10 weeks
10 FW Fluence
10 55— 51 56 55 30
10 10 10 10 10

Fluence (m’z)

UC San Diego

Jacobs School of Engineering



Preliminary: Dual Beam (He+Cu) Experiments
Suggest Annealing Effects Will Survive (n,a) in PFCs

PISCES —

l —[-)amage-at(l:&[)[)k [ SO“d Llnes - 5 Mev CU

===+15 He appm/dpa
- Damage at 0873 K

-+ 5o appmia up to 0.2 dpa (~0.9 um)

_Z*r{”g.,,‘:‘:;?i"z * Dashed Lines - 1.5 MeV

| Cu up to 0.35 dpa
(~0.15 um) with 15 He
appm/dpa (n-a)

 TDS shows similar

~
L]

[=2]
T

Flux [10"7 D/m?/s]
(%) e o

N
T

—
L]

retention reduction
(annealing)

UC San Diego

Jacobs School of Engineering



Preliminary: Dual Beam (He + Cu) Retention Suggests Plasma-
implanted He Might Influence Annealing Effects

4.5) ===+15 He appm/dpa
“““““ +1500 He appm/dpa
= Control-No Damage

——Damage at 1243 K

’f
-------

400 500 600

700

800
Temperature [K]

L]
L4 - ~
§~

1
900 1000 1100 1200

PISCES —

0 He appm/dpa (Cu damage only)
— Retention approaches Control
15 He appm/dpa (n-a)
— Does not approach intrinsic
values
1500 He appm/dpa (plasma-
implanted diffusion)
— ~725 K & peaks above 1000 K
grow
— possibly due to He bubble
formation
Advanced TEM work by Dr. Parish
underway

UC San Diego

Center for Energy Researc

Jacobs School of Engineering



Preliminary: Dual Beam (He + Cu) Retention Suggests Plasma-
implanted He Might Influence Annealing Effects

PISCES —

—Damageat1243K | * 0 Heappm/dpa (Cu damage only)
45 ===+15 He appm/dpa i .
I+ 1500 He appmidpa — Retention approaches Control

— | First evidence for synergistic plasma/
neutron PMI effects

1C

Suggests simultaneous plasma/
~| displacement damage retention s
| experiments may be important

......... — possibly due to He bubble

’f
-------

formation

) 1 1 1 1 1 ‘ .
=400 500 600 700 800 900 1000 1100 1200 * Advanced TEM work by Dr. Parish

Temperature [K]

underway

= UC San Diego

Center for Energy Researc Jacobs School of Engineering



PISCES Supporting Fusion Nuclear Science

PISCES —

 RAFM Steel Erosion Studies (w/ IPP-Garching)

* Plasma & displacement damage effects on PFC thermo-
mechanical properties

* Displacement damage effects on D Retention &
Removal (UC-funded collaboration w/ LANL)

* Simultaneous displacement damage/He production
effects on D Retention

* Divertor Physics, In-situ PMI Diagnostic Development
 Material Migration Studies

UC San Diego

Jacobs School of Engineering



Pisces-A studies of spectroscopic diagnosis of ionizing +
recombining divertor-like plasmas

PISCES —
.IonIZIn_g Plasma at r=0; g PISCES-A He plasma profiles
recombining at r=a. = Sngleprobe [T 1" | ——-low-n Hel lines
6 ¢ He-ll brightness © high-n lines

 Best results use high-n line He-l
Boltzmann analysis in recombining £
region and He-Il absolute =2
brightness in ionizing region.

T
|
I
|
I
I

Best fil
o // est profile

0'2/cm3)

\
4 \
\

\/
4
o RakME=ErRE TPy ] 1 Hi

 Well-used He-l low-n line ratios 10" &% o
method [Schweer 1992] gives &
extremely poor results in "

Best profile

recombining region and somewhat _ ;| 2 0 0 0 .
better results in ionizing region R "r(c°m)1 2 3 45
(after including opacity correction

[Nishijima 2007]).

—LER e ot
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A novel technique, spatially-offset double-pulse
LIBS, has been invented for analysis of thin layers.

S

PISCES —

* In SODP-LIBS, two laser spots are spatially offset by a few
mm, while there is no spatial gap for the standard collinear

DP-LIBS.

2e+19 ey 40419
(@) W1429.4 nm | () W1429.4 nm
* Compared to SP-LIBS and Dty =532ms |ane ot ~532ms
the standard collinear DP- el I A
2 led bp 1 2e+19
LIBS, g | ’

* W Isignal intensity is
enhanced with SODP-
LIBS.

* A clearer transition 3
between W and Mo is [z
obtained with SODP-
LIBS.

4e+19

—_

W (~30 nm) on Mo

W (~60 nm) on Mo

SP:115m)

SP:230m) SP:115m)

] 1eH19f

SP:230m)

SP:115m)

1o
=
1o
O U A RN BN PRI

(b) Mo | 550.6 nm | (d) Mo 1 550.6 nm

SP:230m)

1

2

3
Burst #

UC San Diego

|
Center for Energy Researc

Jacobs School of Engineering



PISCES Supporting Fusion Nuclear Science

PISCES —

 RAFM Steel Erosion Studies (w/ IPP-Garching)

* Plasma & displacement damage effects on PFC thermo-
mechanical properties

* Displacement damage effects on D Retention &
Removal (UC-funded collaboration w/ LANL)

* Simultaneous displacement damage/He production
effects on D Retention

* Divertor Physics, In-situ PMI Diagnostic Development
 Material Migration Studies

UC San Diego

Jacobs School of Engineering



Parallel impurity diffusion is classical

M=1 Mach PISCES —
Antenna Probe
5 m nononononnna Diffusion Coefficient for Impurities
01]
> Lol = 3.0x10° [ Diffusion Coefficient-Experimental ]
‘= L —— Diffusion Coefficient-Einstein Relation| |
2 ~ 4 T h
g § 2.5%10 [
g : t
. . '8 ]
5 . Impurity Signals at 400 Gauss 2 15x10'] L -
5 L) o — PMT1 | | 8 i » ]
2 o R A O :
s A-D Model Fi .
? L1F t . § 1.0x 10° 7
S : 1 3 i
E = ;
% 0.7 A 50x10° ]
g 0.3 _— Ol . o b
2 C
ﬁ — 0.35 0.40 0.45 0.50 0.55 0.60
2 0T Ion Temperature (eV)

0.000 0.02 0.004 0.006 0.008 0.010
time (Sec) Gosselin, PhD 2016, submitted
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Modeling Material Migration in DIII-D

PISCES —

: e s Smooth Substrat h
* Multi-step erosien/deposition Mmoot SLbsTrale Rough Substrate

process leads to rapid directional
migration of eroded material.

R A

L Polished
graphite

. Sub;strate roughness increases

\

ﬂOSIt accu ulatlon alnd
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| Téno.ida!ld
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- W
o O O
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DIMES O S S 0 s 015 95905 0 5 107
-15-10-5 0 5 10 15 -15-10 -5 0 5 10 15

Divertor Material ,
Evaluation System Chrobak, PSI-2016, submitted ~ mMm Toroidal From Sample Center
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The PISCES Program participates in a variety of
domestic and international collaborations

* ORNL
— Steady-state Helicon source development for Proto-MPEX

— Material property changes varying plasma flux to surfaces, fuzz
properties

— RF Antenna INSULATOR erosion due to long-term plasma
exposure
— W isotopic coatings for determining fuzz growth mechanisms
 DIII-D

— DIiMES materials exposures (pre-treated PISCES W samples, low-z
erosion measurements)

— Qualification test for metal ring campaign
 LANL

— lon Beam Materials Lab, High energy ion beam damage of W,
nano-indentation

PISCES —

= UC San Diego

Center for Energy Researc Jacobs School of Engineering



The PISCES Program participates in a variety of
domestic and international collaborations

PISCES —
 US-EU Bilateral Agreement

— Dr. D. Alegre (CIEMAT 1 yr. visit), He retention in Be

— |PP Garching, lon beam analysis of samples (including
Be), Displacement damage studies

— U. Helsinki, Be surface analysis measurements
* US-Japan technology exchanges

— TEM analysis of samples (including Be)
* China

— Advising in construction of PISCES-like facility w/
integrated ion beam, new PMI Center at
Southwestern Inst of Physics (Chengdu)

UC San Diego

Jacobs School of Engineering



Open gquestions

PISCES —

 Why the difference between ion beam, neutron
irrad. thermal conductivity

— Surface effect?

* Try deeper ion beams (~10 MeV H/He damage to ~10
micron)

— Fast particle energy spectrum effect?

— Damage production rate?
* Vary beam current & look for changes

High impact on divertor target performance —
Need deep understanding of these results

UC San Diego

Jacobs School of Engineering



Open questions (cont’d)

PISCES —

 Annealing of damage at high temperature shows
large effect on retention, but...

— Can simultaneous D/He implantation immobilize
vacancies?

— If so, what implantation rate needed to affect
vacancy annihilation?

— Will plasma-implanted D/He reduce/eliminate
annealing effects?

— Can we develop a validated predictive model for
retention in damaged PMI surfaces?

Motivates simultaneous plasma/beam experiments

UC San Diego

Jacobs School of Engineering



Open questions (cont’d)

PISCES —

* How does retention probability vary with net
plasma ion fluence & damage?

Do He-nanobubbles form & inhibit D diffusion in
damaged W exposed to mixed D/He plasmas?

* Does retention become low enough for TBR>1 &
T inventory limits?
— Need higher fluence mixed D/He retention studies
* <10 microns: >MeV H/He ion beams + high flux plasmas

 >10 microns: neutron irradiation + high flux plasmas
* +Multi-scale (DFT/MD/Continuum) modeling

UC San Diego

Jacobs School of Engineering



PISCES —

BACKUP MATERIAL
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PISCES offers a unique platform to study the
fundamental science of PMI

* |n addition to being the most
powerful, steady-state plasma
source in the world, PISCES-B
has several unique capabilities

Compatible with Be operations

In-vacuum surface analysis coupled
to plasma chamber

Transient laser heating of surfaces
during plasma exposure (fs to cw)

Controlled impurity seeding of the
plasma

Witness plate collector for
codeposition studies

PISCES —
PISCES-B
lon flux (cm?s™) 10'7-10"
lon energy (eV) 20-300 (bias)
Te (eV) 3-40
ne (cm™) 10'2-10"
Be Imp. fraction (%) Up to a few %
Pulse length (s) Steady state
PSI materials C, W, Be
Plasma species H, D, He

UC San Diego

Center for Energy Researc

Jacobs School of Engineering



Auxiliary Facilities Support Research Goals

PISCES-A: PMI &
Supporting Research

— & 4ret! | |'

Surface Science Diagnhostics
* In-sifu XPS, Auger, SIMS

e SEM with EDX/WDS

e Ex-sifu SIMS, XPS, TDS

* Auxiliary Deposition Facilities

PISCES —
CSDX: RF Helicon Device
For Edge & Divertor Physics

A
R =

Off-site Collaborations

e DIlI-D, JET, EAST, HL-2A, AUG

| ANL: IBML w/ Dual-lon Beam &
Nano-lab Facilities

*SNL

*|PP-Garching PMI Group

UC San Diego

|
Center for Energy Researc

Jacobs School of Engineering



Auxiliary Facilities Support Research Goals

PISCES —
Magnetron

Sputtering
(including Be-capable)

Intermediate Flux RF

Source w/ Pulsed Laser,

IN-situ plasma mass spec,

DC & RF Biased Sample Holder

a)
LD LD LD
k k K r_Cl)utput coupler

/ / / Doped fiber L Delivery fiber

LD LD Beam-shaping
T lenses
Laser diode (LD) Laser window 13.56 MHz
Electro-magnets RF antenna
O

dil

- Pyrometer <
/ Fiber lens |:| H
| ; .
b) 9]
= Collimating len
lZ:lL er blocki gflt
i y1300nm filter 4N
Camera¥._ ||~
\-H-(} ----- o] N

I:!: 1550 mflt
nnnnnnnnn

PMT 4-sample holder
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Backup Slide: Dual Beam Damage Profile

PISCES —

oo

* Cudisplacement damage (Blue)
* Heionrange (Red)
* Peaks do not line up due to an

N
He [appm]

error while performing Cu
damage (Cu?* used instead of
Cu3+)

0 0.2 04 0.6
Depth [m]

UC San Diego

Jacobs School of Engineering



redK Suridic Lcimnperature acpcrids Orl puisc Sridpc,
even with same energy density and same pulse
—width PISCES —

(a) E= 1.8 MIm?
K Peak T (K)
= = Half amp square 1800
nin Negative ramp 1990
—— Symmetric triangle |[{ 2120
== Positive ramp 2470
+ Half width square || 2560

3.0 35

limit of detection

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
time (ms) JH. Yu et al., Nuclear Fusion 2015 ieg(_)
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D takes longer time and higher T to
desorb from Be/D codeposits

Laser heating, J.H. Yu et al., INM 2013

PISCES —
TMAP7 modeling, M.J. Baldwin, JNM 2013

50-.|...|..| T
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| O Plasma exposed —i— 5.0
4or O Magnetron coater
L —
= | s
o 30F~1 mm thick Be/D layer, L 1.0 thlckness
B L 10 ms laser pulse = @ ]
5 20f ] 7 2 (nm)
) [ | () g ©
3 [ o | 0.2 |
! - 1 .
% 1of 0 0 = |Be/D codeposits
T i 00 .
) 10 ms heating
[ Only ~25% of D is released I
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Peak surface temperature during flash (C)

TMAP7 modeling, E.E. Mukhin et al., NF 2016
—
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Similar D retention reduction observed in Be

PISCES —
Temperature (K) Temperature (K)
400 600 800 400 600 800 ¢ TDS data for Be 400 600 800 400 600 800
| | | | ] | | |
ol (@ D |8lb) He | exposed to D- o | () D 4 8Lb) He
o : o —
P He plasmas ~ - R,
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E 3k £ l‘?? o N\\‘ °
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q: L J DR H o ] h - -
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c * o O RO c y L. o
O et » \‘h\ k) e R e
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Similar effects observed in Be

350 K, 10 % He

Temperature (K)
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Center for Energy Researc

PISCES —
Temperature (K)

Be exposed to 400 600 800 400 600 800
D-0.1He plasma o = | odele e -
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Comparison of D desorption from W
and from Be/D codeposits

PISCES —

e TMAP7 modeling: of 10 mm thick Be codeposits predicts
that ~2% of D is released after 10 ms at 1000 K, while ~80%
is released from W with same heating parameters.

e TMAP7 modeling of 10 mm thick Be codeposits predicts
that ~50% of D is released after 1 s at 1100 K, while >97% is
released from W with same heating parameters.

e Whyisless D released from Be codeposits compared to W?

o Material properties (e.g., surface recombination)

o Depth distribution of traps

o Trap concentrations, possibly due to higher trap
concentration in codeposits due to presence of BeD

UC San Diego

Jacobs School of Engineering



Modulus unchanged; few-x increase in
‘hardness with 0.5 dpa He damage

PISCES —
Damage [dpa]
Radiation affected zone mWonW =HeonW
] Saturation/Softening ;0 __02_04 06
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PISCES —

Diffusion Model
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Calculating the concentration of trapped D
in lattice defects after plasma exposure

PISCES —

Vacuum | Metal lattice

. fl El * H isotopes can be trapped in

W defects
T T * Trapping energies taken from
Zero Energy Level DFT models - only defect
(1/2H,)

Causey, J. Nucl. Mater. densities are free parameters

(2002)

UC San Diego
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Rate processes: trap effects and diffusion b/w
traps

PISCES —
Trapping energies from DFT

2 T . . .
D Cdefect — Ct,z' ° GB

. —_— = Dislocation
Ot 4 —

’ )\2 NW A Monovacancy
1.5

0.5

0 1
l 0 2 4 6 8 10
mip "
* Release rate completely defined GB: Zhou, et al., Nucl. Fusion (2010)
* GB, dislocation and monovacancy defect densities Dis: Xiao, et al., J. Nucl. Mater. (2012)

Vac: Liu, et al., Phys. Rev. B, (2009)
are the only free parameters
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Rate processes: trap effects and diffusion b/w

traps PISCES —
Trapping energies from DFT
: Cri T e
® GB
at,’L — at 7 ]- : = Dislocation
9 C de fec t A Monovacancy

0.5

* Release rate completely deﬁned GB: Zhou, et al., Nucl. Fusion (2010)
* GB, dislocation and monovacancy defect densities Dis: Xiao, et al., J. Nucl. Mater. (2012)
Vac: Liu, et al., Phys. Rev. B, (2009)
are the only free parameters
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Rate limiting factors suggest equilibrium
condition

PISCES —

1000 K 500 K 333 K

= ' ' (b)

N . . Barton, et al., J. Nucl. Mater. (2015
o0h >~ Dislocation - (2015)

Barton, et al., Nucl. Fusion (submitted 2016)

o
[¢)]
!

I

4

/

Rate [Hz]
9

100_

—-=Release
— =Trapping W
D e
Eg=18eV \\
1 ‘\ ‘\ 1 1 =
0.5 1 1.5 2 25 3 3.5
103/T[K]

D
(ari ™~ i) > | & |01 > 7= > 0| = ot iCs = . iCy

Local equilibrium condition (LEC): slowly diffusing concentration of solute atoms that
achieve an equilibrium value with the trapped concentrations before diffusing further
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Motivated by this LEC we propose a diffusion
equation for the trapped concentration

e PISCES —
0C% ; n 0°Cy;  0C,
— , 2 .
J ot 0x2 Ot wmmp OCui_p OCui
ot U a2
C - C Substituting for C,
t;Us = QiU and collecting
~ terms D
10° : ' l . Dt7?’ — Q) z/ag
---GB (c ’ X
~107" -—i.—i.—\?;scigcr}\?:ti:sns ] 1 —|_ (1_Ct>i/cdefect)2
§ —Total Inventory
510'2
The total trapped D
= 10% CtOt(fL"a texp) = Z Ct,i (2, texp)
7
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Motivated by this LEC we propose a diffusion
equation for the trapped concentration

p PISCES —
2
0Cri _ 1 0*Ch acs 2
at o 8332 ‘ 8015 1 9, Ct ¥
< t ’L a 2
o Substituting for C,

Olt,z'cs — &7’,ict,i and collecting
~ terms D, — D
10’ l- data t7?’ B ar,i/ag :

e 1 —|_ (1_Ct>i/cdefect)2

L | The total trapped D

(@] 2l [ —r )
10 B : CtOt CC' texp E Ctz ZE texp
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SRIM over-estimates vacancy density

PISCES —
* Temperature affects not taken into account

* W interstitials are known to migrate at T>27 K [Averback, et
al. (1997)]

Comparison of MD vs SRIM vacancy densities of self-damaged Fe

50 keV Mb cascades at :IOOK

. 4 - J10001
10000 1 1LY (a)(b){soo 1
I AN ant :
g waoe als. 1500 |
g . - 200 :
o 1000 | | L -
Q
1]
: S |
] i NR )
= 500 displacemarits['
E 3 TRIM displacements
2 (a) Kinchin-Pease 1
g (b) Full cascades
-

10 | Note: 78.7 keV Fe PKA energy ~

50 keV NRT damage energy |

1013 10712 10"
Time (s)

Stoller, et al., NIM B (2013)
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Model ion damage by modifying the
monovacancy trap density: Cy...(X) from SRIM

1023

D retention [m'z]
S S =
N N N
o - N

—

o
N
O

PISCES —
* C,erect fOr intrinsic defects are now fixed

* Only monovacancies produced with damage at T< 573 K [1-2]
* For vacancies: Cdefect(x) = Cdefect,intrinsic + Cdefect,SRIM(X) / g q>1

P i P " 101_ . ; : : :

O NRA peaked g i e No damage
O NRA uniform & A

@ TDS peaked 10" dpa peaked
B TDS uniform ——model

.| Y% Model peaked (uncorrected)
22 Model uniform (uncorrected)

—J—Model peaked (corrected) g

—%—Model uniform (corrected)

=
o
o

D concentration [at.%)]
()
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PISCES —
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