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g Talk Outline

1. Educational/Professional Background

2. Overview of Boron Powder Injection Experiments in WEST
3. Impact of Powder Injection on Wall Conditioning

4. Improvements in Confinement from Powder Injection

5. Conclusion/Future Directions
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Educational Background e

——————

University of Wisconsin-Madison @

 B.S.in Engineering Physics

e M.S. in Nuclear Engineering and
Engineering Physics

* PhDin Nuclear Engineering and
Engineering Physics
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O

 Graduate Research Assistant (2015-
2020)

— Responsible for alignment, calibration,
operation, and analysis of PEGASUS TS
diagnostic

— Investigated electron heating during
plasmas produced and driven by local
helicity injection

C

— Wroteaata analysis package for the
LTX-B HFS TS system

— Aided in the laser alignment and
calibration of ST40 TS system

— Responsible for operation of WEST IPD
and subsequent data analysis
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@ Talk Outline

2. Overview of Boron Powder Injection Experiments in WEST
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g Tore Supra has been Converted into WEST (W Environment in
Steady-state Tokamak) to Support ITER Operation

e Scientific objectives of WEST:

WEST Configurations and Parameters

— Testing of ITER-grade PFUs
— Investigation of long pulse H-mode and steady-
state operation lp (995 ~ 2.5) 1 MA
B, 37T
R 2.5m
e WEST is a full-W superconducting tokamak a 0.5m
specializing in long pulse operation with o e
M 1.35
LHCD and ICRH >r
o) Upto 0.5
v, 15 m?

* Long pulse capabilities allow for detailed Now 1.5x10% m™
. . . . P 9 MW
investigations of potential power exhaust P"““ v
. o LHCD
issues in a reactor OO 0000

attop \V*
— ITER-like heat flux: 10-20 MW/m?
C. Bourdelle et al. 2015 Nucl. Fusion 55 063017
4 P.Maget and J. Hillairet. WEST Exp. Plan. Meeting
(3/22/21)
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Full-W Environment of WEST

ITER-like Plasma Facing Units (PFUs)

Ripple/VDE
protection
(WICuCrZr)

-~
-~ o~
~n

Antennae
protection

(W/Mo/CFC)

A AN A S

bumpers
(W/Mo/CFC)

Outer bumpers
(W/Mo/CFC)
bulk W & BN

8

"N A nnnnnn s LB
A AN AAARNAA g

L 3 I )
LIE LY

W ile

Lower divertor : inertial PFU

(W/Molgraphite)

Copper Twisted Tape
(12x0.8 mm?)

Cu-OFHC interlayer

Baffle

CuCrZr tube

ITER like PFU e e
k= SN (wicuCrzr)
(bulk W) " e\

U-shaped fixing
(Stainless Steel mechanical attachment)

Ending tube
(Stainless Steel jacket for fixation)

E. Tsitrone and the WEST Team. IO Seminar. 2020
“Testing and operating ITER-grade PFCs in WEST (TF-W1): Overview of WEST phase 1
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Wall Conditioning Needed For Metal-Walled Machines, Alternate
Methods Needed for Superconducting Tokamaks

* Vessel wall can act as an unpredictable
source of fueling and impurities

— Sputtering of high-Z material into the plasma

Impact of Boronization on the
WEST Operating Space

can degrade confinement! g 08
= ® Before 1st boro
= 0.7 ® ® After boronization |
. . . . :
* Glow Discharge Boronization (GDB) is a £ 06
proven method to condition plasma-facing e 05f .'a 3
components Z gal %
— Needed on WEST to expand operating space? = I - 4 _
2 03 & ° o
T RN
. . - ola [ ‘ ‘ ®
* Standard GDB techniques require de- S Rt _
energization of the magnetic field coils o2 | | | | |
— Not conducive to a superconducting tokamak 1 1.5 2 2.5 3 3.5 4
or steady-state pilot plant nl (10*? m™) in flat top
— Requires toxic/explosive diborane gas Courtesy of D. Douai

1E. Joffrin et al 2014 Nucl. Fusion 54 013011
2J, Bucalossi et al. 2022 Nucl. Fusion 62 042007
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@ Impurity Powder Droppers (IPDs) Provide Real-Time Wall
Conditioning By Dropping Low-Z Powders into Plasma

* Designed by PPPL, installed on: AUG,
EAST, W7-X, LHD, DIlI-D, and WEST

Primary
Reservoir Inside of

? L i»' J Feeder Housing

i a2 Secondary

\ ! ‘w" i Qg‘ M Reservoir
* IPDs have 4 individual feeders which NG4S . | \
can each hold 25 g of low-Z powder PN

Funnel

, 4- feeder

* Powder drop rate is controlled using Primary hous-ng
piezo-electric blades eseralr | Y
— The oscillation rate of the blades is Secondary
proportional to a user-provided drive reservoir
voltage “
— Drop rate is monitored using a fiber |
optic coupled flowmeter o M

A. Nagy et al., 2018 Rev. Sci. Instrum. 89 10K121 &~ - ‘ 2E . R 7o)
G. Bodner et al. NSTX-U/Magnetic Fusion Science Meeting — March 4, 2022 n
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E Impurity Powder Droppers (IPDs) Provide Real-Time Wall a
Conditioning By Dropping Low-Z Powders into the Plasma

R

* Designed by PPPL, installed on: AUG,
EAST, W7-X, LHD, DIlI-D, and WEST

Powder Drop During Calibration

 |PDs have 4 individual feeders which fimany __

can each hold 25 g of low-Z powder o

Secondary
reservoir

 Powder drop rate is controlled using
piezo-electric blades :

. . . i vV B

— The oscillation rate of the blades is o —>

proportional to a user-provided drive
voltage

— Drop rate is monitored using a fiber
optic coupled flowmeter

A. Nagy et al., 2018 Rev. Sci. Instrum. 89 10K121
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and CEA-IRFM

IPD Installed on WEST IPD Location

56915 R~256m

@ IPD Installed on WEST Through Collaboration Between DOE-PPPL

* Objectives for the IPD collaboration:

— Provide real-time wall conditioning of
W PFCs, especially LHCD and ICRH
antenna limiters

— Facilitate H-mode access by limiting
the W influx

 WEST allows for evaluation of the IPD o Rm)
in a reactor-relevant environment on < B Drop in WEST
long-pulse time scales ‘
o B Powder

e B powder is ablated by the tokamak S
plasma and then transported around
the machine by toroidal flows B Powder

Transported to
the HFS

Commissariat a I’énergie atomique et aux énergies alternatives
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Objectives for the IPD collaboration:

— Provide real-time wall conditioning of
W PFCs, especially LHCD and ICRH
antenna limiters

— Facilitate H-mode access by limiting
the W influx

WEST allows for evaluation of the IPD
in a reactor-relevant environment on
long-pulse time scales

B powder is ablated by the tokamak
plasma and then transported around
the machine by toroidal flows

56830

IPD Installed on WEST Through Collaboration Between DOE-PPPL é
and CEA-IRFM -

B Drop in WEST LSN Discharge

G. Bodner et al.
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Initial Powder Injection Experiments Used to Determine the

Optimal Drop Rate

* B powder was dropped into 10 LSN L-

Mode WEST discharges E 50 Poyvder Dlroppeoll Per Shot.ano! Drop Rate
— 56915 was reference discharge (no 5 60| o * o
powder dropped) s s
B O ® - 0 5
2 o © 3
* Optimal drop rate was found to be 9 5 %[ . ° ° &
mg/s to 17 mg/s $ of o | | | | . ® .
_ Large drop rates (2 17 mg/S) were more g 56914 56916 56918 586r?(2)(t)Nu:'6§e23 56924 56926 56928
prone to disruptions E Cumulativg Powdgr Dropped
— Increased input power may permit larger 3. | o o ©
. 1 o ®
drop rates in the future 8
gzoo— -
T
: . 3
* Cumulative B dropped: 310 mg & oo . ®
— About 1.5% of 1 reservoir 2 N
. S o @ | o | | . . . ]
_ IPD has 4 r8§erVOIrS (25’000 :E, 56914 56916 56918 56920 56922 56924 56926 56928
mg/reservoir) o Shot Number

1Bortolon et al. 2019 Journ. Of Nucl. Instrum. 19 384-389
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@ Impact of B Powder Injection Observed Primarily in n, and Pg,p

 WEST L-Mode discharges robust to - B Powder Drop 1 —gene s,
powder injection % i ]
— I,=05MA,Br=3.7T,PLycp=4.5 gz — -
MW, 1, = 3.5%101° m3, goc = 4.3 = / e L\
— Minimal effect on LHCD coupling % o T

N

* Increase in n, during initial phase of

o - NN w £
T T T

powder drop, not sustained 4
. . 2 5
— n, decreasesslightly during [, flat- @ £opwd =~ = e et
top despite increased fueling T '
2 U, T, o )t i
* Sustained increase in radiated power ,Ft—————F——————
(~20%) observed during B drop =% | cower oueerpivertor <l l\I o
ki 2 4 6 8 10 2 14 16 18

Time [s]
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@ Divertor Langmuir Probes Show a Constant Decrease in SOL n,
during B Powder Injection

Divertor Langmuir Probe T, n,, and g; from 7-13 s

- TR |
* Decrease in n, more evident in the SOL H | |
(~50% reduction for 9.2 mg/s of B powder) e =
— More evidence of reduced wall recycling ‘“‘%Q&Hmmmg/s
L -$-56915 (No B Injection)
« Small drop in the SOL T, during the initial i ”A
drop phase, then signal returns to nominal = R e
pre-d rop level Divertor Langmuir Probe T,(t) and n,(t) at R=2.28 m
e | mamee
* q at the divertor reduced during powder E:
injection due to decrease in density T

0 5 10 15 0 5 10 15
Time [s] Time [s]
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@ Talk Outline

3. Impact of Powder Injection on Wall Conditioning
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Analysis focused on lower divertor and
ICRH antenna limiter due to LSN
configuration and limiter position

Powder injection led to large increase in B-
Il line intensity and reduction in D, and
low-Z impurity line intensities

Increase in W-I line intensity at both the
lower divertor and ICRH antenna limiter

— B becomes dominant sputtering
mechanism

— Similar results observed in powder
injection experiments on AUG?

G. Bodner et al.

Extensive Visible Spectroscopy System Used To Evaluate Impact
of Powder Injection on SOL Impurity Concentrations

N

3 %107 Lower Outer Divertor 56919
T 1 T T T
—B-1l (419.5nm) ! !
25 W-I (400.9 nm) ! B Powder Drop |
. D-1(434.1nm) |* "
—O-ll (441.5nm) | i
- i :
1
1

Intensity [Ph/m2/s/sr]
(4}

0 5 10 15

Time [s]
6 «10"7 ICRH Antenna Limiter 56919
—B-Il (419.5 nm)
W-I (400.9 nm)
S| —D-l1(434.1 nm)

—O-Il (441.5 nm)

=

—
—

=

——

'f'?_
-

.
-

Intensity [Ph/m2/s/sr]
W

B Powder Drop

- 4

0 5 10 15
Time [s]
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Time-Averaging of Visible Spectroscopy Signals Shows Evolution
of Spectral Lines Over Several Shots

Cumulative Powder Dropped
(Previous Shots + Current Shot)

4 x10'7 1 Bll-419.5 nm , LODIVOU18 —_— Average Line Intensities for Bll (419.5 nm)
—56915 (0 mg) | —+Pre-Drop Phase (5.5 - 6.7s) |
>°1 56918 (42.7 mg) i ' ~+-B Drop (7 - 13s)
3} —56919 (103.9 mg) : B Jolor 56919 |
—_ —56921 (174.9 mQ) Z GBI |
2 257 . =
N T 0.012f -
E ot il o)
i B 0.01F i
215 <
[0} 3 - i
PCB 1 g 0.008
= £ 0.006} .
0.5 S
< 0.004 56918 56919 1
0 0.002 | 56915 |
_05 0 1 1 1 1 1

0 20 40 60 80 100 120 140 160 180 200
Time [s] Cumulative Powder Dropped [mg]

Pre-Drop Phase
* Line intensities normalized to edge interferometry
channel to account for any n, variations
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Conditioning of the Lower Outer Divertor Improves As More B

=] (41 9.5 nm)

Powder is Injected

Average Line Intensities at the Lower Outer Divertor

><10 -3 Wi (400 9 nm) DI (434 1 nm)
= 0.02 . - 6 . = 0.015
2 + Pre-Drop (5.5-6. 73) 2 —;F— Pre -Drop (5.5-6.7s) 2 —I— Pre -Drop (5.5-6. 7s)
- —-Drop (7-13s) <. 5[ Drop (7-13s) -« —— Drop (7-13s)
E o.015} E E
i I é 4t é 0.01}
& il $ & = 3 >
goorf 33| _— ! T |
e’ e’ i s S, _ e’ TR _3
@ el e 2} = % 0.005} 1
§ 0005F 4o 8 5
E ‘s E 4} E
4 2 4
< L i : ; 3 < s i : i ; ] i ; i i
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Cumulative Powder Dropped [mg] Cumulative Powder Dropped [mg] Cumulative Powder Dropped [mg]
4 x'1o'3 ' oll !441'5 n'm) ' 4 x10° -3 i NIl (399 5 nm) 2 x10° -3 ' cll (426 7 nm)
2 | -+ Pre-Drop (5.5-6.7s) 2 —4- Pre-Drop (5.5-6. 7s) 2 | 4 Pre-Drop (5.5-6. 78)
*'E —4—Drop (7-13s) v; 251 4 Drop (7-13s) v; ~}-Drop (7-13s)
i r ikl
e @_} & 2f &
[ RN o o i.—«}\
o N\ o o N
32 S 3 1.5} EPENSE
E f : s = %\I\ & f T3
g' 3 e 771 g 1 o N\ f’.?é-._» ¥ g' o~ %
81 e 2 I o g 1 }I
£ £ o5} ) E IR £
4 4 4
< ,L. ; i : . < ,L : : ; : L : . ; ;
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250

Cumulative Powder Dropped [mg]

Cumulative Powder Dropped [mg]

Cumulative Powder Dropped [mg]

* Increase of pre-drop B-Il signal may be evidence of thin-film deposition
 Decrease in pre-drop levels of W-I and O-Il are encouraging signs of cumulative wall conditioning
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Similar Indications of Improved Conditioning Observed at the
ICRH Antenna Limiter

Average Line Intensities at the ICRH Limiter
><'10'3 ___WI(400.9 nm)

BIl (419.5 nm)

<)
8

DI (434.1 nm)
- e - - 3 T = 0.03 - - -
g | —4—Pre-Drop (5.5-6.7s) g 2el —}- Pre-Drop (5.5-6.7s) g 0,025 —1‘— Pre-Drop (5.5-6.7s)
. . —+—B Drop (7-13s) “e “°| —+- B Drop (7-13s) € —+—B Drop (7-13s)
~ ~ ~
£ o002} £ 2f & o002f
o @ P /1' LR, {
'§0 015 / s § 1.5 '§0.015 L %_}/ {I
o o o s & iL e
< 1 < <
» 0.01} o o 1 { ] » 0.01}
2 ) 2 A i 2
£ 0005t / s ————F E os} ¥ —3 £ 0.005
2 |= 2 2
< ol : i i A < Ll i : g : < ols ; 3 2 i
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Cumulative Powder Dropped [mg] Cumulative Powder Dropped [mg] Cumulative Powder Dropped [mg]
s %103 Oll (441.5 nm) . %1073 NII (399.5 nm) s %1073 ClI (426.7 nm)
2 —4-Pre-Drop (5.5-6.7s) 2 —4—Pre-Drop (5.5-6.7s) ¢ | —4-Pre-Drop (5.5-6.7s)
¢ 4f —1-BDrop (7-13s) ¢ 28] ~1BDrop (7-13s) *c 4| —1~ B Drop (7-13s)
: |1 £ Ll £
[ \ g 2 [
o3¢ k) o o3[
€2 - E e |t 2 N F
2 2 3 3 1
1 £ o5 ;3 £ 17
S S S
< 0 i P i < ol= i i i R < ol P i R .
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Cumulative Powder Dropped [mg] Cumulative Powder Dropped [mg] Cumulative Powder Dropped [mg]

* Increase of pre-drop B-Il signal may be evidence of thin-film deposition
 Decrease in pre-drop levels of W-I and O-Il are encouraging signs of cumulative wall conditioning
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Estimates of Particle Flux Using S/XB Coefficients Confirm Trends
From Visible Spectroscopy

56915 56918 56919 56921

2 x10"® . . . 5 x10% . . . 8 x10" ' ' '
—4—Pre-Drop Phase (5.5-6.7 s) —4—Pre-Drop Phase (5.5-6.7 s) —4—Pre-Drop Phase (5.5-6.7 s)
—4—Drop Phase (7-13 s) 25} —4—Drop Phase (7-13 s) 5} —4—Drop Phase (7-13 s)
% 15} = —_
o~ o 2t NQ 4t
3 £ M o £ o E
= 8 1} ~ 215 I ~ @3
o o £ 1 o £ 2f
* Bos; Y8 g
0.5} =1t 4
0 W 0 D 0 O
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Cumulative Powder Dropped [mg] Cumulative Powder Dropped [mg] Cumulative Powder Dropped [mg]
10 %1017 i i i i 2 %1018 i i i i
—3—Pre-Drop Phase (5.5-6.7 s) —3—Pre-Drop Phase (5.5-6.7 s)
8 —4—Drop Phase (7-13 s) ] —4—Drop Phase (7-13 s) SpeCtrOSCOpy
= w45l | ‘
N 215
+ NE 6 +o NE
Z ~ —
SR S 8 [y = YB (Tetne)(l)A
s B4 s S 1
o B a t
a L g
N 0.5
0 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 0 50 100 150 200 250 ADAS and ColRadPy?!
Cumulative Powder Dropped [mg] Cumulative Powder Dropped [mg]

IC.A. Johnson et al., 2019 Nuclear Materials and Energy 20 100579
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@ VUV Line Intensities Suggest B and W May Sputter Into Plasma
During Powder Injection

VUV data only available from the
WEST real-time VUV system

5 56919
16 x10 . . .
— Single central viewing chord ——B-V (24.3 nm) 5 B Powder Drop
14 —0-Iv (23.8 nm) ]
—_ - W-XLV (26.6 nm) ! :
22-30 nm wavelength range P IO = | \/V\j
10

e B-V and W-45+ line intensities increase
during the B drop

— Decrease in O-IV and N-V 4 ‘

Intensity [A.U.]
o 0]

e Difficult to determine radial 0 15

penetration due to lack of edge T, and Time [s]
knowledge of charge-state distribution
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Norm. Intensity [A.U.]

Sputtering of B and W not Observed in Pre-Drop Phase of

Discharges Following B Injection

<104 B-V(24.3 nm)
+Pre -Drop Phase (5. 5-6 7s) 1
—4—Drop Phase (7-13 s)
0 i X L L
0 100 200 300

Norm. Intensity [A.U.]

g
(3]

N

-
()]

=5
T

e
2]

Cumulative Powder Dropped [mg]

<1014 N-V (24.8 nm)
+Pre -Drop Phase (5. 5-6 75s)
—4—Drop Phase (7-13 s)
0 L L L 1
0 100 200 300

Cumulative Powder Dropped [mg]
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Norm. Intensity [A.U.]

Norm. Intensity [A.U.]

-}

0 1

x10714 O IV (23.8 nm)
—$- Pre -Drop Phase (5.5- 6 75s)
—4—Drop Phase (7-13 s)

0 100 200 300

Cumulative Powder Dropped [mg]

x 1013 Cu-XVIil (23.4 nm)

+Pre-Drop Phase (5.5- 6 7s)
—4—Drop Phase (7-13 s)

0 100 200 300
Cumulative Powder Dropped [mg]

G. Bodner et al.

Norm. Intensity [A.U.]

Norm. Intensity [A.U.]
N

0 I

56915 56918 56919 56921 56923
x107'*_W-XLV (26.6 nm)

—§-—Pre -Drop Phase (5. 5-6 75s)
—4—Drop Phase (7-13 s)

0 100 200 300
Cumulative Powder Dropped [mg]

CI-XIV (24. 5 nm)

—}—Pre -Drop Phase (5. 5-6 75s)
—4—Drop Phase (7-13 s)

x107"3

300

200
Cumulative Powder Dropped [mg]
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@ Evidence of Wall Conditioning Observed in Total Radiated Power

* Pre-drop P44 0 decreases as
more B powder is injected

* Disruptions may remove the
deposited low-Z films and degrade
the conditioning effect

— May also produce large out-
gassing from the walls

Commissariat a I’énergie atomique et aux énergies alternatives

x 10720

Praatod (Mo ) [MW/m™3]

— ——56923

| w——56915

|
~——56917
56918

. —56919

——56920
56921
—56922

——56925
56926
—56927

Pre-Drop Phase

Reference Discharge

Percent Change in
prad tot/( I"e )
(4]

Disruption resets
conditioning

5.5-6.7 s

-
o

G. Bodner et al.

| | | 1 |
100 150 200 250 300 350
Cumulative Powder Dropped [mg]
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@ Evidence of Wall Conditioning Observed in Total Radiated Power

* Pre-drop P44 0 decreases as Bolometry Signals for Shot 56919

more B powder is injected 4001 — channel 4 (Lower Edge)
——Channel 8 (Core)

Channel 9 (Core)
- ——Channel 12 (Upper Edge)

W
(=
o

* Disruptions may remove the
deposited low-Z films and degrade
the conditioning effect

i
o
o

— May also produce large out-
gassing from the walls

Radiated Power [kW]
N
o
o

B Powder Drop

: . 4 6 8 10 12 14
* Increase in P,,4 localized to upper Time [s]
edge, near injection site
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Talk Outline

4. Improvements in Confinement from Powder Injection

gommissatiatallicn=rgiciatomiqueletatixienergicsialternatives G. Bodner et al. NSTX-U/Magnetic Fusion Science Meeting — March 4, 2022



Powder Injection

e  Wypup, neutron rate (< T;), and T,

increased despite constant I, and P y¢p

* Wyyp increases up to 25% in one case,

however discharge disrupts due to rapid

increase inn, and P, 4

— Increase in W, and neutron rate not
transient, lasts entire drop duration

e Similar increase in confinement have
been observed on AUG!2, W7-X3, and

LHD?

1R. Lunsford et al. 2019 Nucl. Fusion 59 126034
2. Bortolon et al. 2019 Journ. Nucl. Instrum. 19 384-389
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3R. Lunsford et al. 2021 Phys. Plasmas 28 082506
4F. Nespoli et al. 2022 Nat. Phys.
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W p [k
N
3

Improvements in Global Confinement Observed During Boron

[ntn/s]

T, ,lkev] n, [10'® m'3 Neutron Rate

- O
o ®

B-Il Intens
[Ph/m?%/s/sr]
(4}

o

G. Bodner et al.
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1 ',:/’: 1 L} 1 1 1 1 1 1
x10'? »
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|
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(d) [
L / — I -
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1 1 1 l L J 1k 1 -N‘ 1
T T 1 : 1 T 1 T 1
e . oot
| e, v “// 1 ]
ll 1 1 1 l 1 1 1 1 |
x10'7 I
1 T T T T T
) !
L 1 8
Lower Outer Divertor = ‘.M
1 1 . | T T T peene 3 1 1
0 2 4 6 8 10 12 14 16 18
Time [s]

20



g T, Profile Broadens Significantly During Powder Injection

56919

4 T T T
* T, decreases during initial drop 25| L il Drop Prase 6789
) g % Flat-top Phase (8-13 s)
phase, presumably due to n,, rise | Increased T,
< 25 TR% W < during B Drop
£ D P .
O 1:- T IL... ® . 3
* During flat-top phase, n, q is slightly |
higher and T, profile is much broader O-:-ECE N
— ECE data unreliable past T,(p) ~ 0.5 ° 02 04 06 08
due to pollution from LHCD 7— - - ——>00
——Pre-Drop Phase (5.5-6.7 s)
6 ——Initial Drop Phase (6.7-8 s) -
Al ik - Flat-top Phase (8-13 s)
* Core density peaking and/or change in :E o
the edge gradient play a role in 2 °
. c 2r
improved performance |
of Reﬂectomgter | L
0.4 0.6 0.8 1 1.2

P
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Improvements in Confinement Not Related to L-H Transition

Powder Injection Experiments

 No evidence of pedestal formation 2 36920
. . . . e .. . —6—Pre-Drop Phase (t = 6.6 s)
— Small rise in n, during initial injection, but not [ oroppreset-asg
sustained like increased W ;o E O DropPhaselt=729)
— Doppler reflectometry shows no formation of 87
deep E, well 2f
® 088 092 09 1 1.04
p
* Plasma inductance slightly increases Previous L-H Transition in WEST
— Previous WEST L-H transitions showed decreases
in €; (from increased bootstrap current) 2
w 0
121 g €
S 1/ — 56915 (No B Injection) >5'2
—56919 (9.2 mg/s)
0.8 56920 (17.3 mg/s) 4
4 6 8 10 12 14 16 _
Time [s] . : o ‘
09 0% 0% 0% 093 1 1.02

L. Vermare et al. 2022 Nucl. Fusion 62 026002

f'“‘
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@ Likely Mechanisms for Turbulence Suppression Are Core Density
Peaking And/Or Fuel Dilution

e  Impurity injection in TEXTOR L-Modes led to the Radiative-Improved Mode in TEXTOR

radiative-improved mode!

— H-mode like confinement, high radiation
fraction, and no ELMs

— Core density peaking dominant mechanism for
turbulence suppression

Rl-mode (# 67087 ) s

, 1201
V. / 10" ms™|

80}
401t

%0 01 02 03 04
minor radius / m

1B. Unterberg et al., 2005 Fusion Sci. Technol. 47 187
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Likely Mechanisms for Turbulence Suppression Are Core Density
Peaking And/Or Fuel Dilution

* Impurity injection in TEXTOR L-Modes led to the
radiative-improved mode

— H-mode like confinement, high radiation

N, Seeding Experiments in WEST L-Mode Plasmas

fraction, and no ELMs

#54178

. . . . 400 410.4 2
— Core density peaking dominant mechanism for <500 — N, gas flow rate Io5E
turbulence suppression 2l : . j ; | i -
2r P
%1 n . pICRH
i ; . e
6 F T IA T “‘-; T 6"7’_
* N, seeding experiments on WEST! observed 3 4;0// e i S N v, iop
: \ : SR ) 25
improved performance without core density - ; ; ; ; ; ; o2
. o = s [ o=
peaklng. .. T . 120 ;\//1_';9___/- neutJron ratem- 0.6
— T, increases due to main ion dilution which , ; — ; ; =
increases Z,¢¢, changes the current s M____\ otal radiated PML._J‘ 4
diffusion/shear, and suppresses ITG turbulence atck e . SXR Peaking factor i 2
\m. ! ¥ L] L] L} 1] ] ’
Z 2 W XLIV
S1t d
"2 . N VIl e : Ao :
5 10 15 20 25 30
Time(s)

lyang et al. 2020 Nucl. Fusion 60 086012
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@ Likely Mechanisms for Turbulence Suppression Are Core Density
Peaking And/Or Fuel Dilution

* Impurity injection in TEXTOR L-Modes led to the

radiative-improved mode Density Peaking Ratio of WEST

— H—que like confinement, high radiation Discharges with Powder Injection
fraction, and no ELMs 1.4 ' . . . .
— Core density peaking dominant mechanism for I(_ Start of — 26915 (0 mg/s)
turbulence suppression I B Drop —56919 (9.2 mg/s)
56920 (17.3 mg/s)
- 1.3 I u
(]
3 I
CQD
* N, seeding experiments on WEST! observed = 1.2l 1 - | |
improved performance without core density g = |
peaking = I
— T, increases due to main ion dilution which C 4 I /
mcreases Ze £fr changes the current
diffusion/shear, and suppresses ITG turbulence | ‘
1 1 I 1 1 1 1
4 6 8 10 12 14 16

* Current picture is unclear for WEST powder Tims [}

injection discharges
— Need interpretative modelling
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Simulations Underway to Identify Mechanisms Behind the
Improved Performance

Plasma Geometry

* EXperimental measurements Experimental Measurements
complemented by fast integrated l
modelling code, METIS!

— METIS combines 0D scaling laws with
1D current diffusion models and 2D
equilibria

— Generates data needed for gyrokinetic
modelling

1-D Profiles, s, o, ...

e QualiKiz?is a fast quasilinear
gyrokinetic transport code used to

analyze turbulent transport
Heat Flux (Q, ;), Particle Flux, Gradient Scale Lengths

1J.F. Artaud et al. 2018 Nucl. Fusion 58 105001
2C. Bourdelle et al., 2015 Plasma Phys. Control. Fusion 58 014036
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Simulations Underway to Identify Mechanisms Behind the é
4

Improved Performance 24
° Experimental measurements Normalized Electron Flux for WEST
] Discharges with and w/o N, Seeding
complemented by fast integrated I~ PE—
modelling code, METIS? IR .
— METIS combines 0D scaling laws 10 o
with 1D current diffusion models

and 2D equilibria

— Generates data needed for
gyrokinetic modelling

RIL,,
o

-0.02

0.04

e QualiKiz? is a fast quasilinear
gyrokinetic transport code used to

-0.06

-0.08
analyze turbulent transport 0
1).F. Artaud et al., 2018 Nucl. Fusion 58 105001 R"Ln
2C. Bourdelle et al., 2015 Plasma Phys Control. Fusion 58 014036 Yang et al. 2020 Nucl. Fusion 60 086012
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@ Empirical Correlations Show Possible Link Between Recycling and
Improvements in Stored Energy

56915 56918 56919 56920 56921 56922 56923 56926

290 + Pre-Drop Phase (5.5-6.7 s)
. . . | + Drop Phase (7-7.4 s)
* Edge density normalized D, signal o "
taken as proxy for the D recycling flux 3
g 260 I _%qﬁ
=3 T
250 L 1
240+ % ig J
e Asthe divertor recycling decreases, z
. e . R Density-Normalized D-I (434.1 nm) 102
W1p during B injection increases intensiy Phs/st] "
¢ Pro-Drop Phase (55-6.7 )
280} + Drop Phase (7-7.4 s)
* Decrease in recycling may lead to "5 om0 e
additional fuel dilution ® 20 L
— Furtherincreases Z.¢¢ - FE
230 ntenna Limiter

0.006 0.008 0.01 0.012 0.014 0.016 0.018
Density-Normalized D-I (434.1 nm)
Intensity [Ph/s/str]
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@ Decreases in Recycling Dependent on the Powder Drop Rate
Rather Than the Cumulative Powder Dropped

 Lowest levels of recycling achieved

56915 56918 56919 56920 56921 56922 56923 56926

. o : .
with large drop rates = 0 o 9 16
— High drop rates prone to disruption 2 °f + + % | g
. . . o
due to rapid increases in n, ? 5 | 2 o
e ¢ 0
 Minimal changes in recycling with e s 2
. . (/)] i
cumulative powder dropped is 5 .
. . . = i |
consistent with time-averaged = 2 Q 7-7.4s]| L2
Lower Outer Divertor

=k

measurements

— Recycling only affected during
powder injection, not after

0 50 100 150 200 250 300 350
Cumulative Powder Dropped [mg]
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@ Higher Drop Rates Lead to Larger Improvements in Confinement

56915 56918 56919 56921
260 T T T T T 11.5

. ' w |
* Wyyp, neutron rate, and T, increase s [
with drop rate o §
— Possibly non-linear for neutron rate 2 i I £
3§245 18.5 :3
: ) ) S _ {7
* T, profile becomes increasingly broad e . t=813s |
as drop rate is increased Drop Rate [mg/s]
. . 56915 56.918 56919 56921
i i T,(0)
32} i T,(0.2)
al 4} <1> i T (0.4) -
* Motivates higher drop rates for future ERE ¢
experiments o2af
— P, >4.5 MW may be required to p
sustain drop rates > 17 mg/s 18} N
16f . .t=8_13 S -

Drop Rate [mg/s]
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5. Conclusion/Future Directions
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@ Boron Powder Injection Has Led to Improvements in Wall
Conditioning and Plasma Confinement

* For the most part, B powder injection was non-perturbative to WEST L-Mode discharges

e Visible and VUV spectroscopy measurements show clear reductions in D and low-Z impurity
signals during B powder injection

* As more B powder was dropped, pre-drop impurity signal levels and Py,, were reduced

— Increase in B-ll signal over several pulses may be evidence of thin-film deposition
— Reduction of SOL O* and W particle flux

 |Improved confinement observed in several pulses with B powder injection

— Increase in W,yp may be correlated with the level of recycling

— High drop rates achieve the lowest levels of recycling and highest improvements in confinement
(requires high P_,, to avoid disruptions)

e |nitial results are very encouraging and prompt further exploitation of the IPD on WEST
— C6 campaign will feature longer drop durations, higher drop rates, and greater diagnostic availability

— BN powder will also be used to conduct power exhaust studies with the full ITER-like PFU lower
divertor
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E Future Directions as an RM2 C

WEST (Cadarache, FR)

 Use IPD to support long-pulse H-mode
operation in WEST

 Support PPPL-IRFM collaboration to
install RTTS on WEST

— Pedestal studies in a full-W environment
on reactor-relevant time scales

irfm.cea.fr
ST40 (Oxfordshlre UK) NSTX—U(Prlnceton NJ)
 Support operation of NSTX-U and ST40 o T I (e =
TS systems cov, SO PRy .
— Pedestal scalings at high toroidal field | Ll oM ;,
(ST40) ,eange | kR cho,,s

»
IS ="-'A I \ Passne
o plates and
\divertor

tiles

— Pedestal studies at low collisionality and
high bootstrap fraction (NSTX-U)

coils

M. Gryaznevich et al 2022 Nucl. Fusion 62 042008 nstx.pppl.gov
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