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ABSTRACT

The results of assessment of stationary Type-I ELMy H-mode operation in
H, D and He plasmas studied by 1.5D modeling is pre sented. Sensitivity
studies are carried out. Possible extension of the operational space (OS) is
discussed. List of issues for further studies (by | OS TG?) Is proposed.

OUTLINE
e H-mode OS: benefits, Issues, back-up solutions

- Hydrogen
- Helium
- Deuterium
e Summary
e Discussion



A. Polevoi 7 " ITPA 10S Meeting, Kyoto, 18-21 Oct. 2011 2

Hydrogen plasma: Benefits

] OS5 in hydrogen (with 3%C, S“J*LHEB], EIDIIp=cunst
Independent core fuelling and

i F'NB=33 MW {H':'. 870 keV), F'EC=2EI' MW, F‘IC=21} MW
divertor control:

N ——
. N8B @ NB NB+iC 5 NB]
At high power, Pgso = 50-100 MW e Eg p o | o
predicted core fuelling from gas e ¢ = ¥ 1
puffing is small, S.oe< 10 Pam’/s [2] A = 1
= : 1 =
Gas puffing is used to control the I O /7, - | 5
divertor load, <10 MW/m” and to 3 4 i
avoid the plasma detachment , <1 S S R 7"
_ _ <2 ;-F'SDL:- 2P0 n. . (100% hydrugen}%
Density control in the core can be b
provided by High Field Side (HFS) vtz s 408

Toroidal field, EID, T

Injection of hydr n pellet
Jection of hydrogen pellets Type-lll ELMy H-mode: P soi> 2 Pinp

Full bore plasma [1]
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Hydrogen plasma: Issues

|. Power deficit for “good” H-mode:
H|gh L-H threshold: P|_-|_|,|_|= 2 PL-H,D
Reduced power: Pg,x<20+ 33 MW (EC+NB) noICRHforB=265T

Il. High NBI shine-through density limit: Prg.oad (NNg.min) = 4 MW/m?
Nng.min ~4.5 107°m™ (for E ,= 870keV in 100% hydrogen plasma)

Nne.min C&N be reduced by impurity seeding (at Z ¢ ~ 2)

Nne.min C&N be reduced by the NB energy reduction,
E,= 870-740 keV, but with further reduction of power,  Pau: Png ~ Eg””

Ill. More demanding fuelling requirements: T, ~Tg~0.16 Teggy2 ?
0.16 = 0.65 x x 0.5 (Hydrogen x X L-mode)

Type-l ELMy H-mode looks unlikely
Back-up solution: Operation in He
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Helium plasma: Benefits

|. Full installed power operation

Paux< 20 + 20 + 33 MW (IC + EC + NB)

Il. Lower L-H threshold:

Pihhe=1-1.4PLup

Ill. Lower shine-through limit

Nng.min~2.9 10°m™ for E ,= 870keV

V. OS for Type-1 ELMy H-mode:

PsoL > 1.4 Piype =2 PLup:
Nngmin~ 2.9 - 5.3 10°m™

0S5 in Helium {an(nH+nHE}~: 10%), EIDIIP= const

P =33 MW (H", 870 keV), P_ =20 MW, P_=20 MW
NE EC [=

PR R T S T N R 1
BUIY='gH
: d

I

9_""|""|""|""|""
- 1.3
N NB 5 NB+ 1C 2 NB
[} B U +
£ _f L i
?—:: TE + ¥
= C & s
=-1| 6 i s
2 _f
2 B¢
% C
- 4Ff
i 1} B
> -
- 3 N S C—
= - n e
T g e NEmin_
s L
5 6

Toroidal field, E!D, T

Type-l ELMy H-mode: P 50> 2 P_up

Full bore plasma, 100% He

[1]

¥ =
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Helium plasma: Issues

|. Low edge density:
Nes~ 2 10”m™ for fuelling by He only. (SOLPS [2])
An anomalous pinch is required  to provide n > n ygmin IN 100% helium
or extra core fuelling by pellets  (see next)

lI. Capability of density control is limited.

Density increase for He puffing is limited by detachment ,pu <1, and
for hydrogen pellets/puffing itis limited by He dilution . (no He pellets).

lIl. He dilution by hydrogen

increases shine-through and P | from the H°-NBI heating and in the cases

if pellet fuelling is required to provide acceptable shine through
(small pinch), and for ELM pacing .

V. Heating control
Could be complicated in case of possible synergy of H-NBI and ICH

Back-up solutions:

- Plasma shaping (reduced P .4 ~ S by size reduction) [9]
- Transient H-mode [2]

- DD operation
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Type-I ELMy H-mode Operational Space: scan of shape and power

5":."'I"'I"'I"'I"'
i baseline ]
reduces
P .coupling?
E o0l
~
ho effact
S~aR
_EID...l...l...l...l...
0.0 2.0 4.0 6.0 8.0 10.0
R.m
Fig. 1
Current iIs

reduced from | ,=7.5 MAto | ,= 6.5 MA to keep
q95 >3 atBy=2.65T.

3.5_....,....,....,....,....,....
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a.ll.

15 L ff
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D.D-....|....|....|....|....|....-
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Fig. 2 Separatrix densities, Npes NHs, @and
helium source in the core,

power, P so. (SOLPS [2]).

Gue depend on
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Maximal OS for Type-l ELMy H-mode with He+H:
Minimal S (fig.1) + parameters from (fig.2). <N e minngi> for 0.87 MeV H%-NBI.

a) scaling [8] Py~ B®%%s%%n%’ b) saturated Pymin=Pu(n=3.5 10°m™)
50 o
Type-l ELMy H-mode ; \\ [ Type-l ELMy H-mode :
ch?E 4.0 -_ N H:.rdn:-genl @ o?E 4.0 _ PsoL PLH-HF‘:'FDQE"'} 14 _
R ° NN
;m 3.0 [— E'TiinEl_h__x“h%\\\ e :,m 0l
£ [ ‘-". - E _ <n = :
% 2.0 %
% 1.0 - %
B sou'PLup™
Y
10 20 30 40 50 80 70
F.SIIIL’ MW PSDL’ MW
F|g 3 Pso>1.4 P|_|_|,|_|e+|_| = ( - 28) PLH,D = (100%He - 100%H)
a): PsoL min ~ MW (100%He) - 55 MW (100%H)

b): Psoumn  ~ 43 MW (100%He) - 62 MW (100%H)
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Type-I ELMy H-mode Operational Space for  He dilution by hydrogen
ASDEX-U experiments (fig. 5):

F. Ryter1 2010 15 ASDEX Upgrade 2008 “He campaign
For moderate dilution by hydrogen,
fH: nH/(nH+ nHe)<40% % 11 : |
fre= Nue/(NH + Ne) > 60% D_*EI*
For dominant heating of electrons g 05| |
ol
ECRH : :&:NRBl_ll n, 01410 ¥m™
P4 dependence on dilution is week: 0 R S S
0.2 0.4 0.6 0.8 1
PLH(fHe=O.6) ~1.2 PLH,He(fHe:]-) nHe/(nHe + nH)

FIg. 5 Py ne NOrmalized to P | p [8]

In ASDEX-U experiments for conditions similarto IT  ER, dependence of the
L-H threshold on dilution is weak.

If auxiliary power is insufficient for Type- | ELMy H-mode in He + H:
Backup solutions: (1) Transient H-mode considered in [2],
(2) DD operation [considered below]
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DD plasma: Benefils

|. Full installed power operation

Paux< 20 + 20 + 33 MW (IC + EC + NB)

Il. Lower L-H threshold:
Py=Prhp

1. Low shine-through for D °-NBI
Nng.min~3 10°m™ for Ep, = 1 MeV

IV. Independent core fuelling
(by pellets) and divertor
control (by puffing)

V. Wide H-mode OS

Goal for pre-DT commissioning in D:

Deuterium plasma with 3% C, 3% He’, Buflp= const

.10%m?

e

Averaged density. n

FNB=33 MW (DO. 1 MeV), PE(:=2“ MW, P =20 MW

NS an
- d

S

{a%0) ¥ >

Toroidal field. Bﬂ, T
H-mode OS: P SoL” PL-H,D

Full bore plasma [1]

Type-I ELMy H-mode with

minimal neutron yield => short pulse, half-filed (minimal power)
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Pre-DT commissioning in DD plasma: Issues
|. High neutron/tritium yield, S ;= S, in fusion reaction: D peam-Dihermal -

2.45 MeV neutron production rate

for D-beam-D-maxwellian target: Neutron source for DD operation with
19019 = = il = f
s [0S 1=FP [MW],T=T B/l =2.65/7.5 TIMA. Power scan.
1D-EE T T LRI | T T LI | T ] SD_' T T T T T T T T T T T T T T T T T '_
A I w 25 | -
107 ¢ T=10 keV o - :
s < - n, =4, off-axis 16.5 MW D-NBI+ EC
¢ 20F[
= 107 | > [
r rd L
e = [ n_=5, off-axis EC
= 10° ¢ E F e
> 10F
2
10° | o -
+ 5 n = 4, off-axis EC
ol i 13
1D._." D-...I...I...I...I..--
10’ 30 32 34 36 38 40
P . MW
Al
> 10 times higher than in JET > 3 times higher than w/o D-NBI

Backup solution: Replace D °-NBI by H°-NBI



A. Polevoi 7 " ITPA 10S Meeting, Kyoto, 18-21 Oct. 2011

11

Pre-DT commissioning in DD plasma: Issues
Il. Low P 5oL W/0 NBI (PsoL< 0.9 Payu), high shine-through for H °_NBI

Boundaries of Type-l ELMy H-mode
in ITER DD full bore plasma (with H"-NBI):;

; . : . . 2
Pon /Py 14.nin <, Pyg <hine ™ 4 MW/m")
113_:.1.|.-....,....,....,....,....
F oy ICR =
o 9 L l. ] l. _E
£ S fri s
= [ €3 R,
o C + E
. ﬁ

%ﬁ 7 ki EM
[ o
$ -
u -

% 5 X ]

c : | Be
i 1] oo o o e -1
Y a3
& [T T F T Ty, T T 5 = 2%
R e bkl "=~ 5%

o f

1.0 1.5 2.0 25 3.0 3.5 4.0

toroidal magnetic field, B o T

Low P sol rr < PEC+IC < 40 MW
Backup:  H %NBl is required

NB shine through density limitin ITER DD plasma
for 16.5 MW 870 keV H-NEI

for n=const, T =10 {1-x%) keV, n__/n = 0%,2%,5%

- 4.0 LA GLELL LEL LRI BRI BN R B LR L
E - Operational |
= 351 range for

= X nh_/n =

- Eu: Bz =

g S ™ 5%

E 25:

g p . 29

[T |

T 2.0F

g. [ — (%

5 15 | ]
= B ]
2 X ]
= 1.0 | ]
i - ]
£ - ]
: ost B N
(0 r — :
= ﬂu' .......................................

20 25 3.0 35 40 45 50 55 6.0

Chord averaged density, n[10"°m™]

High NBI shine-through for  H°-NBI
Backup: Seeding by Be would help
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DD plasma: Sensitivity studies - |
Heating mix, power, deposition and density scan: S,= S, ,45~1-1.5 10%s™

ITER DD B/lp=2.65/7.5 T'MA scenario

with 23 MW EC+IC {on/off axis) Neutron yield for Type-l ELMy H-mode DD

*16.5 MW off-axis H-NBI, operation at B/l =2.65/7.5 T/MA for P__ =40 MW.
25-0 L L L T 1 1 I — 71 L

15 MW is (IC) - 20 e
on-axils + 1 i .- ; |
[ 8 MW off-axis (EC) ' " - :::N-?Lﬁrﬂw IPegy/PLyi> 14 _
20.0 [ ] o ! : : - _
l."".ll_l i E 15 i I | -l-. ]
E p ICH 15 MW, A ]
o 150 23 MW off-axis {IC+EC) - = H-NBI 16.5 L8 y j

o 0L off-axis § 5 b ,
=, ! { M S ECEMW . ! H-NBMEC
. - . |
. S 10 \J/ ! j SIMw ]
» 100 [~ E : \\
= [ = 5 | ' ] ]
o - I : off-axis |
e £ 5| | . } EC 40 MW -
5.0 o L _

“ Be :—l—--
i | 0%  —
0.0 ' uau 35 40 45 50 55 6.0
0.0 0.2 0.4 0.6 0.8 1.0 ' '
n, 10"%m?

r'a

See more In the table below
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DD plasma: Sensitivity studies —

Comparison of neutron yield with

13

reference case (=) In the range of uncertainty

Nie,m2| no./n, =C. MW '\;BI’ MWO Xi/Xe | mode |S;10"/s|S,,10"%/s
on-ax. | off-ax. H D

4 1.25 0 40 0 0 2 H 7 7.3
= = 15 25 = = = = 6.4 6.7
= = 15 25 = = 1 = 7.9 8.3
= 1.8 = = = = = = 9.8 10.4
= = = 235 | = | 165 = = 23 27

4.2 = = 23 | 165 | = = = 8.3 8.8

4.2 = 15 8 165 | = = = 7 7.4
= - - 4 = = = L 0.58 0.58
= - : = = = = OH | 0.017 | 0.017
3 = = = = = = OH | 0.031 | 0.031
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Summary - | (issues for R&D and simulations are highlighted)

Hydrogen

- Commissioning of NBI at full power in hydrogen | s possible if

fuelling can provide n >n wgshine (~ 4.3 10°m™ for 100% H)

(high fuelling demanding?

- Type-lll ELMy H-mode would be possible in half fi  eld case if

Sh-thr. density can be reduced to n g shine ~3 10°m™ by impurity seeding
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Summary - Il (issues for R&D and simulations are highlighted)

Helium

Boundary density is governed by DIV control. W/o anomalous pinch
density by SOLPS is not sufficient to inject 16.5 MW NBI in 100% He.
In this case fuelling by hydrogen in He is require  d.

LFS ELM pacing by hydrogen pellets dilutes He by residual fuelling and
recycled hydrogen

Type-I ELMy H-mode is more likely at half-field w ith reduced k and | |
even in He + H if P \g| + Pec + Pi,c > 60 MW. (P,c coupling?)

Dilution by hydrogen increases NBI shine through loss and P | .
Dedicated experiments to define limitation are req  uired.

Anomalous particle pinch (if any) increasing dens Ity iIncreases power
required for Type-I ELMy H-mode

Possible synergy of IC and H-NBI can affect contr ol Purely IOS task !
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Summary - Il (issues for R&D and simulations are highlighted)

Deuterium

DD operation in half-field will enable H-mode ope  ration with smaller
neutron and tritium production, than for full fiel ~ d: S, Sp ~ 10''s™

Ohmic operation at maximal density minimise S, S,, at current ramp-up

Commissioning in Type-I ELMy H-mode in short puls  es in DD looks
possible for n «~4 10°m™ provided P 5o, >40 MW. Thus, NBI is required.

Ngutron yield can be reduced by a factor of 3usi  ng H°-NBI instead of
D"-NBI.

Usage of H °-NBI increases the NBI shine through, shrinking the OS.
Seeding by Be pellets (~ 5%) could help to recover  the OS

For short flat-top operation At ~ 10 s ratio D/ x becomes critical for
scenario feasibility (both minority(=>heating) and fuel (=>neutrons)).

Fraction of ion heating as a function of minority density for neutron
yield reduction

Possible synergy of IC and H-NBI (neutron yield) Purely 10S task ?



A. Polevoi 7 " ITPA 10S Meeting, Kyoto, 18-21 Oct. 2011 17

DISCUSSION

Findings above should be taken into account in pre- DT scenario
development (simulations)?

Issues should be addressed in the analyses of exper  imental data
(new experiments/simulation with validated codes?):

(1) - Particle confinement: | , scan, H, He, D plasmas, OH, L, H modes ? All?

(2) - Particle transport: Dynamical experiments are required to assess
D/x for minority and fuel ? Anomalous pinch (in He) ? C-mod, ...?7?

(3) - Residual fuelling from LFS pellets 2 DIIID, AUG, MAST, JET, ...?77?

(4) - Dedicated experiments to define limit of He conta  mination by H for
H-L transition in ITER like conditions (e-heati  ng, pellet fuelling) same?

(5) - P\c coupling for low densities in He (experiment  ? simulations ?) 7?7
(6) - Optimization of P ¢ to minimize ion heating. Goal opposite to DT!!
(7) - Development of DD scenarios with minimal neutron yield All?
(8) - Possible synergy between H-NBI & ICH PTRASP, TORIC, ...7?
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BACKUP VIEWGRAPHS

(density vs heat transport, transport model, He plasm

as, references)

18
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Uncertainty of density transport:

Tritium puff experiments in JET (I. Voitsekhovitch, e t al, PoP 12, 052508 s2005d,
(see Fig.7):

Ratio (X; + Xe)/D strongly depends on density and varies by an ord er of magnitude.

oy = 9.5.10" m™

61132
By = 2.4-10" _-:_‘___4__4/\

0.4 0.5 0.6 a.7r
{Taroidal flux)'?, narmalised

FIG. 7. The matio of thermal effective diffuurity to mtum diffunion cosd-
hizient i gradhesnt region. The thermal diffusroity 13 averapged ever | 5 dunmg
the tmtiam pufi The error bars for the thermal diffusinvasy are estimated ax a

mavieram davisthon Sem the 1veraged vilus during the tme of svenagmg
amd érvaded bey the D, value
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Plasma Transport Model

Heat transport in the core
For core transport we use the scaling based model [4].

The heat diffusivities, = 2x., at the core are fitted to provide  Tg = 0.7Tggy b,
from the scaling prediction for deuterium Tosy2,0, Which is valid both for

hydrogen and He plasmas [7].

Heat transport in the pedestal
At the Edge Transport Barrier (ETB) the heat diffusivi  ties, ¥, Xe are fitted to

provide the pedestal pressure according to [5]:
ToeaNped/ly” = Bopea~ A (Psol/PrLip)” npes ™, taking A, = 1, as for

hydrogen with the ETB width from [6],  Au.q = 0.076 B, peq .
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Particle transport coefficients

For all plasma species we assume the same diffusiv  ities, D = 0.1 (}i+Xe).
To assess the effect of density peaking, F, =n(0)/n g =1 - 1.5 we vary
particle pinch, V=2CDr/a’>,C=0-0.6.

Helium transport
Helium throughput, given by ~ G,.= 0.027p" " Pso, "’S,— 0.2 G, [2], is fitted to
avoid plasma detachment. p< 1, where [ is the normalized gas pressure in
the divertor. Operation with higher power enables highe r edge densities,
Nhes~ PsoL ®°. Maximal pumping speed, S,= 1.27 (S..,= 75 m”/s [2]) close
to detachment, p~ 1, reduces edge hydrogen density, n o~ (G/S,u)”",
reduces the hydrogen core source, Gy .o~ Gi/S,u"" and increases the He
core source, Giecore™ uo'g. Thus, it is favorable for minimization of

undesirable helium dilution by hydrogen (fig.2).
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Hydrogen transport
Residual fuelling from the LFS hydrogen pellets for ELM pacing is
calculated [3]. For the pedestal parameters conside red, the residual core
fuelling from pellets is negligible due to the out ward drift. Thus, the
source of hydrogen is counted only in total throughput , Gh.
The pellet frequency required to keep the ELM energy loss at the

acceptable level, AWg v < AW o IS determined from the scaling,

foei= 0.2 Pso /AW .. We assume the conservative value, AW,,,= 0.6 MJ,
required for | , =15 MA.
Hydrogen throughput, G = fe Npe is calculated for the minimal foreseen

pellet size, N, ~ 1.5 Pam”.
Boundary conditions and particle sources

in the core are taken from the parameterization of [2]
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Type-I ELMy H-mode Operational Space
The OS is assessed for the maximal pumping speed, S  ¢g= 75 m®/s at the
detachment limit, p = 1 with the plasma model described above. This model
provides the boundary and pedestal parameters and core fuelling as functions
of PsoL. The plasma density is scanned by varying the pinc  h velocity and the
input power P ... Control of density peaking by variation of the ECH location is

limited. Thus, the operational point should be chos en to provide the Type-|
ELMy H-mode conditions, Pso > oyPp~ B??S”n"" [8] for any density
peaking expected in ITER. In our analysis we assume o= 1.4, and y,= 2, Vu.=1.4.
The OS is limited by N £ Npak~ (OVPso/S)"* and the NBI shine through limit,
N 2 Nminne (Shown in fig. 3 for full bore plasma for pure hydrogen and pure
helium cases). As follows from the scaling [8], wi th assumed a and, yk, such

operation will be possible even in pure hydrogen for P soL> 55- 58 MW for F,, =1.
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Type-I ELMy H-mode Operational Space: shrinking at low density
DIII-D, Gohil 2010

Dependence on density changes | ¢
Power threshold has a minimum = b gt
Py > PLup (N~ 3.5 10°m”) | (i
‘ 1!3&!1’!-1’!]" {:;ﬂfﬂ m-3) ! 5 °
ASDEX-U, Ryter 2009 JET, McDonald 2010
o 8, : | | : : - 1.7MAM 8T, JET V5 shape
E.dﬂ iRl I ..
- | 2001 2009
2 { Pa + % 7] 4 *
z sl ?J% - 1
2 " 5’| Hea 7 &
= = : !
£ 1.2F - + f . i '
0er *He plazmas [ plasmas ) : :
n4F ® ECH W ECH gl -
D *I H-rl-‘BI 1 1 1 1
2 3 4 5 & T 8B 4@ I S s T
ﬁi [-||:|1D I'ITE] Elustien duimity 110" m)
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Type-I ELMy H-mode Operational Space for  Full bore plasma.

4.0 e , | 8.0 e
FType-l ELMy H-mode - Type-l ELMy H-mode
35 [ PooL PLH,HE:I 1.4 3.5 Poot PLH,HE:I 1.4
% ‘ g C PSDL: LH,H S
= 30 £ sof[__ T T
© : e ; T
=" 25 =_m 25 ¢ =N, rin NEl
z : Z :
% 20F F 20f[ )
E E g ne,s{GH_SD} :
=] [ - C
e 157 = 15[ /. ]
£ - 2 :
B o C = i
E 101 & 1'03 soL' " LH,D 2
w - W r
05 [ 05 [ L ]
- ] Peal PLH,D 2.8
a_u:....l....|....|....|....|....: o0 e v v v vy s by ]
10 20 20 40 50 &0 TO 10 20 30 40 50 &0 TO
P, MW a Py MW

Fig. 4 The same as fig. 3, but with full bore plasma
With decrease of plasma size (fig. 1) boundaries of t he operational domain with
Psol/PLnp > 2.8 spread (compare (figs. 4a, 4b): P s0.~65—60 MW, n(0)/npeg~1.3—1.7
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Discussion

The OS where the stationary Type-I ELMy H-mode can be expected for any
contamination by hydrogen exists and corresponds to high power operation. It
Is shown in orange in figures 3 and 4. This part of the OS in full bore plasma

exists for density peaking intherange F ,=1-1.3.

The OS can be extended by reduction of plasma surface , S. In practice the
possibility of such reduction is limited (fig. 1) b y variation of plasma
elongation. In the case of the reduced elongation, the part of the OS where the
stationary Type-l ELMy H-mode is expected for arbitra  ry dilution extends from
Psol~ 60 MW for the range of moderate peaking, F ,=1-1.2t0o Pgo .~ 70 MW for
the range with high peaking F,=1- 1.7 (fig.4b).
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It iIs worth noting that, for high power operation, the predicted separatrix

density is rather high [2], N s ~ 2.5 - 2.6 10”m™. For D = 0.1 (X, + Xe), this n ¢ is
sufficient to keep plasma density above the NBI sh  ine-through limit, n 2 npeq:
N2 Npeq~ 3 10°M™> nenmnner €ven without an anomalous pinch . This is
important because for helium operation, the achievabl e density is limited by
the detachment condition, n < 1 for He puffing, and by the dilution for

hydrogen pellet fuelling if the pinch is not suffi cient.

The core plasma radiation, predicted for low B o, n and T, expected in He
plasmas without the impurity injection, is a factor of 10 sm aller than predicted
for Q = 10 DT operation, P.,qn.< 4 MW. In the high power case, P ,ux - Prag =
Pso.> 60 MW our modeling predicts rather moderate fraction of hydrogen,
Ny/(Ny + Ne) <40 %, (Np/ne < 25%).
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Conclusions

It is shown that for B (= 2.65 T, |, £ 7.5 MA the operational space for the
stationary Type-I ELMy H-mode in Helium plasmas wi  th substantial dilution by
hydrogen can exist for a range of density peaking, F =1 - 1.7, if the power
coupled to the plasma is sufficient to provide P soL.~ 60 - 70 MW.

Predicted stationary contamination by hydrogen remain S moderate,
Nu/(Ngtnpe)~ 38%, (Nu/ne~ 24%). Thus, if the P |y dependence on the dilution is
weak (see ECRH in Fig. 5), the OS can spread onawi derrange of nand P 4.
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