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Outline of the talk

* Motivation

* Numerical tools

* Workflow validation versus JET DTE3 data

* Particle sources
* Transport

e Case studies

* Control D/T ratio with homogeneous D or T pellets

Control n, with mixed D/T pellets

Network #1, controlling line integrated density in range and D/T ratio

Network #2, controlling D/T ratio and line integrated density

Network #3, controlling line integrated density and D/T ratio

 Summary and conclusions
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@) Particle transport modelling for D/T ratio control experiments in JET |ux aomic
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JET Pulse No: #104651 Authority

Motivation 20 7= | . : .
] _ _ T e s e e
* D/T ratio need to be controlled in future fusion — '

2 101
devices: ITER, BEST, SPARC, STEP =
« JET DTE3 featured D/T ratio control experiments " ;j--—--bpe#ﬁ--- 1 4 ]
[Maggi C. et al 2024 Nucl. Fusion 64 112012] < Tgas
[Lennholm M.et al 2025 PRX Energy 4 023007] mo L N Nl 1 N a—
[Baruzzo M. et al 2025 30th IAEA FEC2025, Chengdu, China] I — L

* The models used are capable to accurately x{‘r],qX[T]=nT/(nT+nD)

0751 Alllx 7
reproduce the experimental observations for JET 0_50g..T..;?T‘_IT]_X.@:._F?FJ_;.._.__
DTE3 D/T ratio control experiments 0.25 §— F—=F===

[K. K. Kirov et al, Nucl Fusion 65 (2025) 106016] N

) L E 103
Numerical tools o j
o 1 -

 JETTO - transport code used in JET, ITER, STEP X 05 |

e External component to simulate real-time (RT) T a4+
controllers with JETTO £% 51

N e
0 i
2
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(Q,‘) Particle sources and transport [ o 1S, #104651, 7.425 B

! . f UK Atomic
m | ! ! Authority
Sources £ |
—~ !
* NBI, gas injection, pellets S 4 s
=] !
Transport § g
27
* Bohm-gyro-Bohm model s
[L. Garzotti et al Nucl. Fusion 43 (2003) 1829] ]
[K. K. Kirov et al, Nucl Fusion 65 (2025) 106016] o+
.. 00 02 04 06 08 10
Note, workflow is independent on transport model and can 0
accommodate more advanced modelling approaches | © Ts,#104651, n.(0.2)
[C. Angioni et al 2009 Plasma Phys. Control. Fusion 51 124017] 6 ase Ll heduicisial

A TS, #104651, ne(0. 85)

[V. K. Zotta, oral, this conference] 1= JE'I‘FO ne(0. 85)

[L. Garzotti, poster, this conference]

Workflow validation

* The new workflow
» pellets only, JETTO with NGPS, 25ms (40Hz)
* size, species, composition by external component

* validated versus experimental observations for JET DTE3 pulse #104651 6 7 . 8 9
s

This study reports on simulations of the behaviour of D/T ratio and n_, RT controllers with JETTO
=> Not a predictive transport simulation, but a plasma pulse simulator with RT control of D/T ratio and n_,

Ne, 1x101°, 1/m3
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D/T ratio control T DR T T -
v r
* Actuator: pure D or T pellets; 22 —
o v
observer: <X[T]>=<n>/<n;+n > S Vivyvwy
[
oO+——— -
e <X[T]>=0.3 requested for t<7.5s, then o |7 Tpell, case #1
m 2
<X[T]>=06 “'3 YV'vyyy JTTTYYVYYYYY VWV gy
X 1A
[
* Requested <X[T]> achieved within 0.5s L T, #104651 L <X[T]> feq #1
£ 081 X[T1>, case #1
1 ed W
. . [}
* n, is not controlled, and increase to < 04- ARRAAE
~1 X 20 -2 c 0.2
1x10“°m oo
|
< 101 W
o
—~
x- 0.8 -
c:é Ner, #104651 | — ng, case #1
0.6 . . . 1 1 1
7.0 1.2 1.4 1.6 1.8 8.0 8.2 8.4
t.s
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@) Case study: n, control

Line integrated density control

* Actuator: mixed D/T=0.5/0.5 pellets;
observer: line-integrated n_,

* n, requested 8.5%X10®m™=2 and 1x10%°m
* D/T ratio is not controlled

* Requested densities are achieved and maintained
while D/T ratio remain unchanged

* Note, n_ increase via pellets as actuator, n,
decrease via transport losses

x10231/s

x10231/s

v Dpell, case #1
»  Dpell, case #2

v Tpell, case #1
Tpell, case #2

| X[Tlx, #104651
— < X[T]>, case #1
— < X[T]>,case #2

— Ng, Case #1 == Ng req #1
— Ng, Case #2 —- Ng. req #2

0.6

70 72 74 76 78 80 82 84

t, s
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Combming two controllers into a Authority
network: “|'v opellcase #1] T
© s Dpell, case #2
e Actuators are coupled and =2
influence each other e e yes SET PPV FPTYFRN AT YT
.l . D/ITpellet)] 0
* Prioritisation between the two = 3 A N S S S
.y v Tpell, case #1
controlled quantities must be @ |+ Tell case #2
considered % WAL AL B A
= -~ 71+ +
. . N/ (No+nt) fire T x MAMAAAAA g Aass AAM AAAA AMAA, AAAAAAAN
 Test of combined controllers with <0.4 ety
. 1.0
JETTO with external component _ o= <xIT1>, case #1
1 no & 081 < X[T] >, case #2
for <X[T]>in [0.4, 0.6] and - + 0.61
no pellet [a)
L 5 S 0.4
* Casel, n, req=38.5%x10"m"= n{no+) % ol e
gt pellet 4
* Case 2, n, req=1%x10*m™ o 00 1
£ 1x10“"m
Network #1 no g L
:
H H —-1% 20mn-2 injection X 0.8
* Maintains n,=1%10“m™ but cannot OB asa #1 | = ny req #1 BEKI07
achieve <X[T]>in [0.4,0.6] = — Ne, CAse #2  -- ng req #2

0.6 . . .
7.0 7.2 74 76 78 80 82 84

* Lower request, n,=8.5%X10m=2is ts
achieved on transport time scale
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@) Network #2, controlling D/T ratio and n; %Atomic
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Network #2 i A | .,
. . 19 v Dpell, case #1
* Maintains somewhat n = 8.5%x10 © |+ Dpell case #2
m=2 and better 1x102°m2 S
. . . n+/{Np+n+) % 1 A aalan L A A A A IYYYYYY
* Excellent in controlling <X[T]>in — pellet
00—
. . v Tpell, case #1
[O 4’0 6] ©w 4 Tpell, case #2
—~ 27 .
QD XX VA VA v,ylay pYYVAY ¥
nt/{Np+n-+) fire D ;‘ 1+ A Aalaa b oan A b A AAA AAARAAAL
>0.6 pellet
1.0
—~ o084 < X[T] >, case #1
& %1 — <X[T]>, case #2
+ 0.6
< 041 W
fire mixed =
Na1<NaL, req c 0.2+
N 0.0
|
no OE
no pellet Ng
injection X
2 — Ng., Case #1 - Ng req #1
c 0.6 1= Ne ., Case #2 =+ Ng req #2
7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4
t,s
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@) Network #2, controlling D/T ratio and n; %Atomic
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Network #2 i JEEmm 1 S,
. . v Dpell, case #3
* Maintains somewhat n_ = 8.5x10%° @ |+ Dpell case #4
m2 and better 1x102°m™ X s
. . ' nv/(np*+ny) % 1] N umimnmm gl gy Ab AAAA
* Excellent in controlling <X[T]>in — pellet
0 e e
[04,06] v Tpell, case #3
L s Tpell, case #4
. Q5.
* Dynamic response: R wmy gy v Yy
walalvhality i = 1
* Case #3, drop n,, request from e X T g A
20 -2 19 -2 1.0
1><10- m™ to 8..5><1O m™ and T s case
sustain <X[T]>in [0.4,0.6] € |7 =XT>, case#a
. - e
n., req 8.5x10%m=2 achieved <04 AR S
< fire mixed = i et pleiihaks
slowly fla<ia, req £ 02 |
N 0.0
|
. > £
e Case #4, sustain 1x102°m2 and — p 2
drop <X[T]> to [0.2,0.3] X 0.81
] ] . 2 — Ng, Case #3 -- NgL req #3 (t>7.7s)
<X[T]>in [0.2,0.3] achieved quickly < | — Mescase #4  -- njreq#4
7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4
t,s
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@) Network #3, controlling n_, and D/T ratio

Network #3
* Maintains better both requests for
Nt Ng=8.5%10¥m2 and 1x10%°m-2 <, o0

e Controlling <X[T]>in [0.4,0.6] only
for higher density request

n+/(No+nr)

no pellet <04
injection

nr/(no+nr)
>0.6

fire D
pellet

fire mixed
D/T pellet

B

UK Atomic
Energy
Authority
L'V 2 D T A A A A A A A T
v Dpell, case #1
w » Dpell, case #2
= 21
B4
=
X l T A anlad N Y b AL AAA hAAAAS 4 4
0 —— e -
v Tpell, case #1
w s Tpell, case #2
= 27
"N’E VAW 4 yy sy, oy Alw v v
X 17 A Ah| A8 A A4 & | IVIRPLVAVAY (FLVAVANIV.VIVY
1.0
~ o081 < X[T] >, case #1
& V%] — <X[T]>, case #2
+ 0.6
&)
=
=
c
9
£
S
o
—
X
2 — Ng, Case #1 -- Ng. req #1
c 0.61— Ngr, Case #2 -+ Ng req #2
7.0 7.2 74 76 78 80 82 84
t,s
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@) Network #3, controlling n,, and D/T ratio %Atomic
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Network #3 i AR | T, _
. . v Dpell, case #3
* Maintains better both requests for © |+ Dpell case #4
. — 19yn-2 204 -2 0 N Y
Ny Ng = 8.5%10°m™ and 1%x10%°m e, 180 S . |
. . x ) Ty Ad AAAA
 Controlling <X[T]>in [0.4,0.6] only s
. . 0 ————— e T
for higher density request (s v Tpell, case #3
. no pellet T"DD-"" T 52_ p‘_,' . v v
* Dynamic response: injection S | ¥
X Ad AAAS
* Case #3, drop n_ request from e
1.0
1x10%°m~ to 8.5x10°m and g |— <XIT>,case #3
. . . E VO 11— < X[T]=>, case #4
sustain <X[T]> in [0.4,0.6] ”TT:;;“T’ 06 I —
, : S N .
n.. req x10¥m-=2is better but cannot — S 049 X :.
ire =024 T ey e 0
keep constant <X[T]> o R
fire mixed B
H 20, -2 D/T pellet EE 1.0 === = = e e ANV I A R I TR R R — — — — =
e (Case #4, sustain 1x104°m™ and S P N N
x 0 8_
drop <X[T]> to [02103] 2 — Ng, Case #3 == Ng. req #3 (t>7.7s)
<X[T]>in [0.2,0.3] achieved quickly S 06— MeCase #4  -- Ng req #4
7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4

11 K. K. Kirov et al | 52nd EPS Conference on Plasma Physics (EPS 2026), Edinburgh, Scotland | 02 July 2026 E '




e :
(C)) Summary and conclusions UK Atomic
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* The RT networks investigated in this study operate based on two control references:
n,,  and the D/T ratio, allowing for multiple possible configurations.

* Three configurations were assessed.

* The results demonstrate that not all configurations provide effective RT control within
the explored parameter space.

* This finding highlights the necessity of systematically validating RT controllers prior to
deployment.

* The workflow proposed in this work provides a robust framework for such validation
and is therefore strongly recommended for the evaluation of future control schemes.
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