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Overview

Historical overview of pellet fueling for magnetic fusion

Pellet plasma interactions
— Ablation physics well understood
— Mass deposition process still under research

ORNL experimental fueling collaborations

— Strong technology program coupling
— Success stories (DI, TFTR, JET, DIII-D, LHD,...)

New developments and application to experiments
— HFS fueling

— Pellet triggered H-mode transitions

— ELM triggering

Summary
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Why Pellet Fueling?

Fusion power Is a strong function of density

Gas puffing has limited ability to achieve core
fueling

— lonization rates for H, —>H+*+ H peak ~100eV, thus
limiting the penetration of neutrals

— Pellets can provide much deeper fueling
Strong fueling needed to reduce Z;

— Impurities reduce fuel ion density
— N, Increases radiation losses
— n, affects 1
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Historical Overview of Pellet
Experiments

®* Improved Confinement

— Extension to improved confinement at high density
Xe L Nl (Alcator C, DI, TFTR)

®* Density Limits Exceeded
— Gas fueled density limits extended with pellet fueling

® PEP-mode - triggering of internal transport barrier

— Pellets trigger formation of ITB with central heating
(JET, C-Mod, DIlI-D, TFTR, JT-60)

— Pellets enable tests of ITB theory

Fueling Program Review May 2000 LRB 4 ml



Improved Confinement

® Early pellet experiments on ISX-B S ——
and later on Alcator C showed a
definitive improvement in energy
confinement with pellet fueled

plasmas. (Greenwald, Phys. Rev.
Lett. 53, (1984) 352.)

S0

® Reduced ITG mode turbulence due
to peaked density profile proposed 20
as improvement mechanism.

10}

® Similar scaling seen on DIII with / Sibadivi coll

multiple centrifuge pellet injection. )| ' TR SN

(Sengoku, et al. IAEA 1984) fie (10"cm™)

& Gas fueled
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Density Limits
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® EXxperiments on many machines have shown that pellet fueled
plasmas can greatly exceed the empirical Greenwald density limit.

® This TFTR example reached more than 2x the Greenwald density.
(Bell, M.G., Schmidt,G. L., et al, Nucl. Fusion 32 (1992) 1585)
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PEP-Mode / Internal Transport Barriers
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® Central deposition from pellet fueling can lead to strongly peaked

density profiles that produce internal transport barriers.

® This JET example using the ORNL RPI (Schmidt, Baylor, Milora, et
al.) showed good ICRH coupling to peaked density pellet fueled
plasmas. (Bhatnagar, V.P., et al., PPCF 31 (1989) 2111.)
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Pellet - Plasma Interactions

* Pellet Ablation Physics - Models for ablation rate
developed that successfully match experimental
results

* Mass Deposition - Simple models of “plasma blob”
remaining on field lines are not adequate

* Pellets Induced ELMs - edge localized modes are
triggered in H-mode by the strong perturbation from
pellets
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Pellet Mass Deposition iIs Different
from Ablation Process

* Pellet ablation well understood with neutral gas shielding (NGS)
model (Parks, Foster, Milora)

— Assumes pellet particles remain where ionized
A, B
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* Pellet Deposition describes where the pellet mass is distributed in
the plasma.

— Measured density profile before and after pellet ablation.

— Data suggests it is vastly different from simple ablation model

Fueling Program Review May 2000 LRB 9 Ofl\l



Pellet Penetration is Well Characterized, but
Deposition Profile from LFS Injection is Anomalous
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* Maximum Penetration depth agrees well with theory over a range of
data from many devices. (Baylor, et al., Nucl. Fusion 37, 445 (1997) )

®* Mass deposition implies fast radial transport during the ablation
process.

* ASDEX Upgrade first experiment to try HFS injection to test this
hypothesis. (Lang, et al., Phys. Rev. Lett. 79, 1478 (1997.)
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What Happens when a Pellet is Injected into

an H-mode Plasma?
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® The pellet (2.7mm) triggers an ELM and L-mode transition
that varies in duration with B-. The transition back to H-mode

scales like the H-mode threshold: Py, ~ 0.3 n,L B; R?°
(Ryter, et al. Nucl. Fusion 36 (1996) 1267.)
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ORNL Experimental Fueling
Collaborations

* PBX,TFTR - Density limit exceeded, PEP mode
studies

* JET — PEP mode studies, ablation/deposition models,
H-mode fueling

* Tore Supra - IPADBASE, long pulse fueling

* DI, DIlI-D - H-mode fueling, triggering of internal
transport barriers

* LHD — Record stored energy with pellet injection
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Record nt Achieved in TFTR with RPI
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® The original RPI built at
ORNL was used to
achieve an nt value of
1.4x10%2° m—=3son TFTR

with 5 2.7mm pellets.
(Milora, Schmidt, et al. Plasma

Phys. Control. Fusion, 28 (1986)
1435.)
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Tore Supra Studies of Long Pulse
Pellet Fueling
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Long pulse fueling
with LHCD was
shown to be possible
with notching of the

LH power. (Geraud,
Foster, et al, EPS 1989).

IPADBASE -
International Pellet

Ablation DataBase

(Baylor, Geraud, et al, NF
1997).

PEP-mode studies
with ICRH
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Pellet Fueling Program on DIII-D

® Modifications to injector (that was
Installed on JET 1987-91):

— All three guns fire 2.7 mm pellets

— Punch mechanisms to generate slower
pellets (< 300 m/s)

— Enabling technology

® 2independent guide tubes on
inner wall (HFS) - midplane, 45°
and vertical V+1

— Can be connected to any of the pellet
guns or a gas valve

Curved guide tube limits speed to

250 m/s for intact pellets
(Combs, SOFE Proceedings, 1999)
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DIII-D Pellet Injection Locations - 2000

V+1 V+3
- \ ‘ -guidetubes

HFS 45

HFS mid .

DIII-D
Plasma

pellet trajectory

® Elevation view of
in the plasma ® 3-D view showing curved guide tubes

that the pellets traverse
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Direct Comparison in L-mode -
HFS Pellets Show Less Particle Loss

2.7mm Pellets
LFS vs V+1 vs HFS 45°

V+1

1 DINII-D 99470
©71 L-mode 4.5 MW

LFS V+1 HES 45
HES 45° | | T 570 m/s? 455 m/s ? 120 m/s
O ||||||||| | A A A A SN A AN A S AT A A A A | L g | v a0 | a0 | oy g dua g

3

I Upper Divertor
HES mid |L PP

® Pellet comparison from LFS, V+1 and HFS45
® The density perturbation is larger for the HFS pellet

¢ Divertor D, shows fewer particles leaving the plasma from the HFS pellet

D= Fueling Program Review May 2000 LRB 17 ofnl



High Field Side (HFS 45°) Pellet Injection

on DIII-D

Yields Deeper Particle Deposition than LFS Injection

2.7 mm Pellets - HFS 45°vs LFS

DIII-D 98796 - measured An,

HFS 45°
vp =118 m/ Vp = 586 m/s

Fueling
Efficiency:

1 HFS-95%

LFS - 55%

0.0 0.2 0.4 0.6 0.8 1.0

® Net deposition is much deeper for HFS pellet in spite of the lower velocity

® Pellets injected into the same discharge and conditions

(ELMing H-mode, 4.5 MW NBI, T,(0) = 3 keV)
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DIlI-D HFS 45° Pellet Injection Deposition
Suggests Major Radius Drift of Ablatant

27mm Pellet - HFS 45°

I .0‘ I

DIlI- D 99477 » NGS
| H-mode 7MW NBI :'  Model

Measured An, -:(X 0-4)

- At =0.25 ms

| HFS 45°

Vp =153 m/s
A=17cm

Pellet
3 Da

® The deposition shows deeper fueling than predicted
® Pellet Da emission agrees with ablation model (PELLET code)

® Avradial drift of 20 cm is inferred from the data - for comparison with detailed
drift model by Parks (APS99)
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Both Vertical HFS and Vertical LFS Pellet Injection are Consistent with an
Outward Major Radius Drift of Pellet Mass

N 2.7mm Pellet . Vertlcal HFS vs LFS
1.0 ' . -
V+1 HFS V43 LFS
| H-mode - 6.5 MW H-mode - 4.5 MW |
Vp =417 m/s . _ Vp=200m/s

Radius of s \
. Vertical
* Port

sk \ A

0.0 0.2 0.4 0.6 0.8 1.0 1.2

® The net deposition profile measured by Thomson
scattering 2-4 ms after pellet injection on DIII-D. V+1 HFS
Indicates drift toward magnetic axis while V+3 LFS
suggests drift away from axis.
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HFS Pellet Injection on DIII-D Yields Deeper
Particle Deposition than Predicted by Ablation Model
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® HFS and Vertical injection show deeper than expected deposition of

pellet mass from simple ablation model

® LFS pellet maximum deposition depth agrees with simple model
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HFS Pellet Injection on DIII-D Yields Higher Fueling
Efficiency than LFS Pellets
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® L-mode and ELMfree H- moole (low power) plasmas allow deep

penetration leading to reasonable fueling efficiency.

® LFS pellet fueling efficiency affected by major radius drift and by
pellet ELM interaction.
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HFS Pellet Injection on DIII-D Yields Higher Fueling
Efficiency than LFS Pellets
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® Vertical injection shows higher fueling efficiency than LFS injection.

® Vertical LFS injection (V+3) results in poor fueling due to major
radius drift and incomplete ablation.
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HFS Pellet Injection on DIII-D Yields Higher Fueling
Efficiency than LFS Pellets
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® HFS injection shows almost ideal fueling efficiency.

® Deep penetration and minimal ELM magnitude help keep the fueling
efficiency for HFS pellets near the ideal level.
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Theoretical Model for Pellet Radial Drift

ExB Polarization Drift Model e pgjarization of the ablatant occurs from

of Pellet Mass Deposition (1B and curvature drift in the non-uniform
(Rozhansky, Parks) tokamak field:
- +20N - —
BO1/R V., :V\E lBXDB

eB’

Ablytant (Cloud) The resulting E yields an ExB drift in the
major radius direction

LES ® The velocity of ablatant = c{(2L/R)%5. For
DIII-D this is = 2 km/s, i.e. faster than the
ExB pellet (deKloe, Mueller, Phys.Rev.Lett. (1999))
R
> * AR stronger at higher plasma 3

® Detailed model by P.B. Parks (APS99)
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Application of High Field Side
Injected Pellets

* PEP-mode - overview and transport summary

* PIH-mode - pellet induced H-mode overview

— Pellets enable test of transition theory

* Pellet induced ELMs - edge localized modes

— HFS/LFS pellet comparison
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HFS Pellets During Current Rise Lead to
Internal Transport Barrier - PEP mode

10 . ‘ .

<§E - DIII-D 99787 N ‘% gL DIII-D 99787
&> oL _ . H-mode 0 = 4
€ o - C  2non-PEP ITB
o 4F PEP [TB et ol
\%2_ Mﬁfi 9 -
1& o _ - non-PEPITB (99788)  Collapse g

4 _ | 0y

2F \_ — gmin .- — q

%5 06 07 o8 09 10 11 1.2 %0 02 o4 o 06 08 10

Time (S)
® HFS 2.7mm pellets injected during current rise produce highly
peaked density profiles that develop PEP ITB with T; = T,

® PEP survives transition to H-mode and can persist for > 1s
® Core collapse occurs as gmin reaches 3/2

® Steepest ne, Te, Ti gradients occur inside Pgmin
Din-o Fueling Program Review May 2000 LRB 27 Ofl\l
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Strong Off-Axis Bootstrap Current Drives
Negative Central Shear in PEP ITB

1 1 1 1 8 T T T T
99782 PEP 1.0s  DIII-D I oL DIlI-D i
Counter NBI - Counter NBI
5 -
O 4 -
3 -
2 - -
1 F 99788 non-PEP ITB 1.0s -
0 1 1 1 1
0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
P P

Bootstrap current from NCLASS shows strong off-axis contribution in the
PEP-mode. Comparable magnitude to 10 MW ECCD planned for DIII-D.

Safety factor (q) profile determined with MSE data has stronger negative
central shear in PEP than non-PEP ITB comparison
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PEP-mode has thermal diffusivity in the core
approaching neoclassical levels

DIII-D 99782 t=1.0s DIII-D 99782 t=1.0s

10F 1 __10f PEP
E . [-"non-PEP 4 E N ron-PEP -
e TreeeNeee ITB T ITB

: Xi ne : : Xi neoc
0.1 1 1 1 1 o1 ' ! . .
00 02 04 5 06 0.8 1.0 00 02 04 06 08 10
P

® TRANSP calculation of thermal diffusivities shows ITB in core region out to
p = 0.4 as expected from the strong gradients in the kinetic profiles.

® ITB in PEP case is comparable to non-PEP ITB, both approach
neoclassical levels.

®  wyg becomes large enough to suppress ITG turbulence as in the non-
PEP ITB plasmas. (C.M. Greenfield, APS1999)
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ITG Modes are Stabilized in PEP-mode
ITB Core Region

I

4 1 1 I
ITG tD_Illl—[8529782 Gyrokinetic
3-  Stable ' - Stability
- =, I1apped Calculation
) 5 | + Electron |
0 WexB ‘\ Mode
—
1L Vmax |
O Woeeenedanes : ‘r_
0.0 0.2 0.4 0.6 0.8 1.0

® Radial force balance gives: E = (Zen)* P + v¢Bg - VgBy
® The ExB shearing rate exceeds the ITG growth rate inside the ITB
R 2
e =52 O HE
B oWRB[O
® Edge shearing rate is strong due to H-mode edge barrier
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HFS Pellets have induced H-mode Transitions

% gF — _
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® HFS pellet induces H-mode transition that is maintained

® H-mode power threshold reduced by 2.4MW (up to 33%) using
pellet injection (P. Gohil APS1999, submitted to PRL)
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Pellet Induced H-mode Transition

Occurs at Lower Edge Temperature

\Y

DIll-D 99559

- -10ms -
-+ 2MS

— After L-H

— ELM-free H

\

02 04 ,06 08 1.0

P

6 ‘ ‘ —
DII-D 99559  LFS 4
~~ 3 B
© 4 | 1 =
3 %
o
T 9 | — -10ms | F
= — +2mSs 1 |
— After L-H
- =— ELM-free H ]
O | | ] ! O
O 02 04 p0.6 0.8 1.0 0
® A critical edge temperature is not indicated in these H—mode
transitions
— Edge Te and Tj are reduced following pellet injection
® Pellet induced H—-modes have L-H transitions at plasma parameters
far below theoretical predictions
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Pellet Induced H-modes have Transitions at Plasma
Parameters far Below Theoretical Predictions

AMHD

Rogers et al. Proc. 17th IAEA Wilson et al. Proc. 17th IAEA
Fusion Energy Conf. Yokohama, Pogutse et al. Proc. 24th Fusion Energy Conf. Yokohama,
Japan 1998, IAEA-CN-69/THP2/01 EPS Conf. 1997 (P3-1041) Japan 1998, IAEA-F1-CN-69/TH3/2

0.6 2.0 0.6

l\H-mode H-moge H-mode
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@ @ 10ms before pellet O
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0.4 ® 10ms before pellet @ After LH transitior il | @ 10ms before pellet )
@® 2ms after peII_eF @® ELM free phase % @® 2ms after pellet
@ After LH transition 1> @ After LH transition
@® ELM free phase O @® ELM free phase
021 L-mode L-mode 0.2 L-mode -
o - @ | O
® <« e _ — ® ° —»®
0.0 ~ After pellet ool Afterpellet 00 After pellet
0.0 0.2 04 06 08 10 0.0 05 10 15 2.0 25 o) 25 x 50 75
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® Transition occurs well below threshold predicted by recent
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HFS Pellets produce different ELM
characteristics than LFS pellets.

oL DIII-D 99474 H-mode 9.5 MW - L

HFS 45
169 m/s

Ne (101% M=)

) I'_'oW'ef Divertor (PHDO4)

l l ELM || l ELM
4 ms duration 1L
. _

169 170 1.71 172 173 174180 181 182 183 184 185
Time(s) Time(s)
® HFS pellet induced ELMs are small like background ELMs

® LFS pellets induce large ELMs much longer lasting than background ELMSs.
EXB drift loss of particles may be responsible.

1T 1T T T

Dy (a.u.)

® P’ maodification at edge may be different for HFS and LFS pellets
(J.R. Ferron, APS1999)
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Averaged Beta [%]

LHD Observes Improved Confinement with
Density Increase from
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0 (Gas Puff
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LHD has utilized pipe gun technology with ORNL help to achieve
record B and stored energy with pellet injection.

Highest stored energy observed with multiple pellet injection leading

to density above 0.5x102° m-3,

(H. Yamada, R. Sakamoto, IAEA 2000)
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JET — HFS/LFS Comparison Shows Improved Fueling

with HFS Pellet

njection

ORNL 2000-1154C EFG

=
A Plasma Center 0

Y
N

.
N
N

JET

- (Estimated) é!
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| Outside
] Launch

JET has installed a guide
tube for HFS injection with a
centrifuge injector. Pellet
speeds in excess of 150 m/s

result in shattered pellets
(Watson, et al, SOFE 1999).

Initial experiments were
performed in late 1999 with
support from ORNL.

Results to be presented at
EPS 2000.

Trajectory is not optimal as
pellet only reaches p=0.7.
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Future Experimental Applications

LHD, W7-X - Inside (HFS) launch, Steady-state
fueling

JET - HFS Injection optimization

— Possible vertical injection and/or tritium pellet injection
DIII-D - density limits with HES pellet fueling
NSTX - ITB formation, density limit extension

MST — pellet induced transport changes in RFP

Tore Supra - Steady state CIEL operation
Fueling Program Review May 2000 LRB 39 ornl



Inside Launch Pellet Injection Experiments
are Planned for LHD

LHD
mod-B contours

Inside
Launch

Outside
' Launch

b
2.0 3.0 4.0 5.0

R (m)

® LHD is installing a guide tube for inside launch with pipe-gun
Injector. Magnetic geometry may not be so favorable. (Mod-B
contours shown)

® Experiments planned to start in October 2000.
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W7-X has More Favorable Magnetic Topology than
LHD for Inside Launch Pellet Injection

5 10 11 9
[ ] [m]
® W?7-X has a high field side at the $=0 location that is accessible, but

[1B is somewhat weaker than tokamak geometry. (Mod-B contours
shown courtesy P. Strand)
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QOS Compact Stellarator Magnetic Topology is Possibly
Favorable for Inside Launch Pellet Injection

LQ T 1T 1 T
2 L

I‘Q_IIII
= L

® QOS has a high field side at the $=0 location that may be

accessible, but [IB is weaker than tokamak geometry. (Mod-B
contours and 3-D rendering shown courtesy P. Strand, D. Spong)
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Summary

® Pellet experiments in the past 20+ years have resulted in
better concepts for reactor fueling.

® Strong coupling to technology program has resulted in
many experiments with important plasma physics results.

® The new HFS pellet injection tool is a unique enabling
technology that has been applied successfully for:

— PEP-mode ITB formation with T; = T, (unlike other ITB regimes)
— Triggers for L to H-mode transitions for reduced power threshold
— HFS pellets trigger ELMs with reduced magnitude and duration

® Future application of pellet fueling is eagerly anticipated
In the next generation of fusion devices
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