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Time record of ‘stellarator’ journal publications.

Stellarator journal articles source: Web of Science ™, 24/5/2024
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Energy confinement in stellarators

The international stellarator confinement database

iy m In 2004 a multi-device experimental
10 b:/—l;-)AS By database was put together to study the
A stellarator energy confinement time (7z),
s CHS g which resulted in the [Yamada et al. 2005].
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In fact, the 1ISS04 scaling is very close to gyro-Bohm

m Define a gyro-Bohm energy confinement time as

3/5
a_2 -~ a’B? ~ q12/5gA/5 Bn /
XgB T3/2 P ’

TgB =

where we have used T' ~ P14 /nV,.

m The resulting dependencies on a, R, B,n and P are very close to those observed in the
ISS04 empirical scaling:

ToB ~ a2.40RO.6OBO.80n0.60P70.60

TISS04 ~ a2'28R0'64B0'847’L0'54P_0'61

m Note that, interestingly, to get this good agreement, the only spatial scale that needs to
enter x4B is a.
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ISS04 based on plasma conditions far from the reactor’s
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Some important recent developments I: W7-X and model validation

m Wendelstein 7-X is a scientific and engineering success for
optimised stellarator [Pedersen et al. 2016; Beidler et al. 2021].

m Physics models and predictive tools are being validated with
experiments. E. g.:

P [Thienpondt et al. 2023] GK simulations explain the absence of
neoclassical core particle depletion in stellarators (figure).
> [Agapito Fernando et al. 2025] : successful post-diction of W7-X

profiles with GK and neoclassical transport and realistic sources.
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Some important recent developments I: W7-X and model validation

m Wendelstein 7-X is a scientific and engineering success for [10Y9m—25~1]

optimised stellarator [Pedersen et al. 2016; Beidler et al. 2021].

m Physics models and predictive tools are being validated with
experiments. E. g.:
P [Thienpondt et al. 2023] GK simulations explain the absence of
neoclassical core particle depletion in stellarators (figure).
> [Agapito Fernando et al. 2025] : successful post-diction of W7-X
profiles with GK and neoclassical transport and realistic sources.

100

3D gyrokinetic turbulence codes are getting more predictive

Next frontiers are the (simultaneous) inclusion of

m finite § effects [Mulholland et al. 2023] and fast ion populations
[Di Siena, Bafién-Navarro, and Jenko 2020] (see 1.14 Mischenko).

m and impurities (e.g. He-ash or radiators) [Garcia-Regafia et al.
2024] (see 1.17 Garcia-Regafia).
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Some important recent developments Il: stellarator optimization

m Fast progress stellarator optimization in the last few years [Landreman and Paul 2022; Sanchez
et al. 2023; Goodman et al. 2024; Velasco et al. 2024; Hegna et al. 2025] (see. 1.8: Goodman, O.6:
Calvo and 0.9 Sanchez).

m Compared to W7-X, these new configurations have
reactor-grade fast particle confinement and reduced
turbulence — “2nd generation” optimised magnetic
configurations.

m CIEMAT-QI4X (figure) is an example of them (see
0.9 Sanchez).

Figure: CIEMAT-QI4X coil set and plasma boundary.
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Some important recent developments Il: stellarator optimization

m Fast progress stellarator optimization in the last few years [Landreman and Paul 2022; Sanchez
et al. 2023; Goodman et al. 2024; Velasco et al. 2024; Hegna et al. 2025] (see. 1.8: Goodman, O.6:
Calvo and 0.9 Sanchez).

m Compared to W7-X, these new configurations have
reactor-grade fast particle confinement and reduced
turbulence — “2nd generation” optimised magnetic
configurations.

m CIEMAT-QI4X (figure) is an example of them (see
0.9 Sanchez).

Reactor-capable stellarator configurations exist

Figure: CIEMAT-QI4X coil set and plasma boundary. Most designs based on quasi-isodynamic configurations
with a so-called “island divertor”.
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Some important recent developments Ill: start-ups and high-field reactors

m The application of high-temperature superconductors to fusion magnets can expand their
traditional B range [Sorbom et al. 2015; Creely et al. 2020].

m The high-B, small-R approach has been
adopted by stellarator fusion start-ups.

m Stellaris (Proxima Fusion) is R = 12.7m
B =9.0T [Lion et al. 2025].

m Infinity-two (Type One Energy) is
R =12.5m B = 9.0T [Hegna et al. 2025].

m Both based on 4-period QI (A =~ 10)
Conﬁgu rations very Similar to CI EMAT_Q|4X Figure: the Stellaris 1 GWe fusion reactor design [Lion et al. 2025].
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Things to consider when selecting (R, B) —the physicist’s view

1. The combination (R, B) needs to warrant enough confinement of energy

» To achieve the target fusion power and gain. In principle, R <> B trade-offs are possible.
» 7 confinement laws provide guidance. Optimism comes in the form of multipliers.
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1. The combination (R, B) needs to warrant enough confinement of energy
» To achieve the target fusion power and gain. In principle, R <> B trade-offs are possible.
» 7 confinement laws provide guidance. Optimism comes in the form of multipliers.
2. Magnetic field B must be. ..
> .. .large enough to avoid plasma j limits (equilibrium, stability, transport).
» .. .small enough to avoid excessive thinning of the scrape-off layer and allow power exhaust in
the divertor.
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Things to consider when selecting (R, B) —the physicist's view

1. The combination (R, B) needs to warrant enough confinement of energy
» To achieve the target fusion power and gain. In principle, R <> B trade-offs are possible.
» 7 confinement laws provide guidance. Optimism comes in the form of multipliers.
2. Magnetic field B must be. ..
> .. .large enough to avoid plasma j limits (equilibrium, stability, transport).
» .. .small enough to avoid excessive thinning of the scrape-off layer and allow power exhaust in
the divertor.
3. The combination (R, B) should allow operating at the target density
> with a sensible plasma composition with He ash, and intrinsic/extrinsic impurities (radiation or
Sudo density limit).
> for fixed fusion power, higher density (and lower temperature) has a number of pros: (1) ease
the power exhaust problem, (2) reduce core NC transport and bootstrap, (3) reduce a-particle
slowing-down time and pressure and (4) enhance a@ — e — i energy transfer.
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Things to consider when selecting (R, B) —the engineer’s view

1. Larger (R, B) leads to greater capital cost

> A rough figure of merit sometimes used for the CC of the stellarator/tokamak is CC~ R>B?.
» Very large R requires on-site coil manufacturing.
> Very large B requires coil technology R&D (HTS cables/coils).
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1. Larger (R, B) leads to greater capital cost
> A rough figure of merit sometimes used for the CC of the stellarator/tokamak is CC~ R>B?.
» Very large R requires on-site coil manufacturing.
> Very large B requires coil technology R&D (HTS cables/coils).
2. Physical size R must be large enough
» To allow sufficient coil-coil and coil-plasma distance.
> To achieve enough tritium breeding ratio (TBR) and keep nuclear heating of the winding pack
within limits (hard constraints!).
> To keep the neutron wall loading, neutron damage and volumetric heating of breeding blanket
components manageable (a reference NWL ~1.4 MW /m? [Federici 2023]).
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1. Larger (R, B) leads to greater capital cost
> A rough figure of merit sometimes used for the CC of the stellarator/tokamak is CC~ R>B?.
» Very large R requires on-site coil manufacturing.
> Very large B requires coil technology R&D (HTS cables/coils).
2. Physical size R must be large enough
» To allow sufficient coil-coil and coil-plasma distance.
> To achieve enough tritium breeding ratio (TBR) and keep nuclear heating of the winding pack
within limits (hard constraints!).
> To keep the neutron wall loading, neutron damage and volumetric heating of breeding blanket
components manageable (a reference NWL ~1.4 MW/m? [Federici 2023]).
3. Magpnetic field B must be as low as possible
> To reduce electromagnetic stresses on coils/supports and BB modules (RAFM steel).
» To possibly reduce coil section and alleviate point 2 and quench protection.
> To reduce total magnetic energy stored (coil charge/discharge and quench protection).
» To reduce pressure drop on flowing liquid metals (PbLi) in the breeding blankets.
» To allow electron-cyclotron plasma heating with existing gyrotron technology.
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Coil set is particularly critical in stellarator reactor design (I of II)

Any DT reactor needs a Breeding Blanket

m Brake 14 MeV neutrons, multiply them (e.g. with Pb) and breed
tritium with SLi. Individual-neutron probabilistic process.

m Neutron and + fluxes on coil winding packs need to be very low.

m Need sufficient space for blanket and neutron shield!

m The BB thickness cannot be scaled down with R — coils are
proportionally further away from plasma— stronger shaping
required (figure).

m Divertor and other openings can substantially reduce TBR
[Lyytinen et al. 2025].

m Space gets tighter in the inboard side while, EM stresses grow
with B2 — need bulkier coil and mechanical support [Federici et al.
2024].

Aixaidwod Buisealou ‘@ouelsip ewse|d-s|i0d Buisealou|
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Coil set is particularly critical in stellarator reactor design (Il of II)
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scale R for fixed coil geometry. 2t
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Figure: max. B-field on coil over on-axis average for varying coil

?Calculations based on Landreman, Hurwitz, and thickness.
Antonsen 2025, validated with Ansys.
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What should a first stellarator reactor be like? (I of II)

12} m Assuming a uniform scaling of coils with size R
_ and B¢ max/Bo &~ 2, onw can split the (R, B)
:3:511 plane in
P IS A A N N N > a region accessible to Nb3Sn (By < 7T,

E HTS (20 K) 7 B, < 14T)
S o - > a region accessible to HTS (REBCO)
2 (Bo £ 10T, B, < 20T) refrigerated to 20K (LH.
% 8f boiling temperature at 1 bar) —stronger By is
5 B N O N I B N possible at lower temperatures.
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Reactor major radius, R (m)
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What should a first stellarator reactor be like? (I of II)

Average field on axis, B (T)

11F Reactor families
LTS (42 K\
6 L
5 e
10 12 14 16 18 20

Reactor major radius, R (m)

m Assuming a uniform scaling of coils with size R
and B¢ max/Bo &~ 2, onw can split the (R, B)
plane in

> a region accessible to Nb3Sn (By < 7T,
B, < 14T)

> a region accessible to HTS (REBCO)
(Bo £ 10T, B, < 20T) refrigerated to 20K (LH.
boiling temperature at 1 bar) —stronger By is
possible at lower temperatures.

Tip: the (R, B) plane can be split in reactor
families, B ~ R~3/4, for which the physics regime
is remarkably similar (next section).
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What should a first stellarator reactor be like? (Il of 1I)
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1. Physics risks:

> Moving in the (R, B) plane along a reactor
family keeps the physics regime constant.

> Increasing B and reducing R does not decrease
physics risks.

2. Engineering risks:

» “Physical size R must be large enough and B as
low as possible”.

> Increasing B and reducing R does increase
technological risks.
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What should a first stellarator reactor be like? (Il of 1I)

1. Physics risks:
1ol > Moving in the (R, B) plane along a reactor
family keeps the physics regime constant.
e} Reactor families > Increasing B and reducing R does not decrease
'f; physics risks.
LI — N —— — — — — — — — . . .
& 2. Engineering risks:
c
g ot » “Physical size R must be large enough and B as
2 low as possible”.
% 8r > Increasing B and reducing R does increase
S technological risks.
< | itswe NNV
6f m Our reference reactor is R = 18.5m, B = 5.5T.
5 m Only argument for further size reduction is a

10 12R ‘- d‘_6 . 18 20 possible reduction of cost —but, how much is
t , . : .
eactor major radius, R (m) higher technological risk worth?
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CIEMAT-QI4X Reactor main parameters

_15 P s Parameter Value
;E ne|_=2.8><1020 R(m) 18.5

T2 e a (m) 1.8
: e R 1264
g <T>=53 ke\ 'g N | B (T) 5.5
= a ! Pouz (MW) 60
‘ ne (1020 m=3) 2.8

D:T 50:50

! TE (S) 2.2

(T) (keV) 5.4

(B) (%) 37

vi(0) (1073) 1.6

1 Ppyus (GW) 2.4

NWL (MW /m?) 1.2
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CIEMAT-QI4X Reactor complies with known physics and techonology

m The physics design point is compatible with
CIEMAT-QI4X physics properties.

m No enchancement over the ISS04 nominal
scaling assumed.

m Field on-axis allows starndard ~170GHz
gyrotrons.

m Peak field-on-coil allows LTS, but both this
and HTS technologies are being assessed
(EPFL).

m Basic spacing assessments: coil-coil and
coil-plasma distance OK.

m Tritium breeding ratio (with MCNP on
DCLL homogenous modules) enough to

H H Flgure: realistic neutron source and BB volume for MCNP neutronic
a”OW for leertor and Other openings. calculations of TBR (Helias-5B and CIEMAT-QI4 shown in similar scales)
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Stellarator reactor families explained?

Stellarator reactor families

Given a reactor design point (By, Rp), based on a particular magnetic configuration,
confinement quality assumptions, etc., the (B, R) pairs along the

B/By = (R/Ry) 3/

line lead to reactors of equal Pgs and Q whenever the plasma density is scaled as n ~ B2.

m Futhermore, those reactors share many traits that define the equilibrium, stability, transport,
fast ion and power exhaust physics regimes.

m In this respect, basing a reactor design on any of them entails similar “physics risks".

'The contents of this section are a summary of the reference Alonso et al. 2022
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Quick derivation of the B ~ R~3/* scaling

m In stellarators, the empirical energy confinement scaling is very close to gyro-Bohm, so heat
flux is given by

r dT ) T3/2
~ N _— ~ av+ ~v
Q XgB dr XgB ™~ PxQUt B2
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Quick derivation of the B ~ R~3/* scaling

m In stellarators, the empirical energy confinement scaling is very close to gyro-Bohm, so heat
flux is given by

r dT ) T3/2
~ N _— ~ av+ ~v
Q XgB dr XgB ™~ PxQUt B2

m Heat flux is balanced by heating sources I'g ~ P}, /S ~ P, /aR to yield

nT5/2 a Ph
a232 LT aR
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Quick derivation of the B ~ R~3/* scaling
m In stellarators, the empirical energy confinement scaling is very close to gyro-Bohm, so heat
flux is given by
T 9 T3/2
FQ ~ ”XgB% ,  XgB ™ PyQUt ~ ﬁ
m Heat flux is balanced by heating sources I'g ~ P}, /S ~ P, /aR to yield

nT5/2 a Ph
a232 LT aR
m Now take n ~ B2 and a ~ R, and impose constant Py, and @ (constant P;,) to find

T ~ R'B°
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Quick derivation of the B ~ R~3/* scaling

m In stellarators, the empirical energy confinement scaling is very close to gyro-Bohm, so heat
flux is given by

T 9 T3/2
P ~nxgp_- XgB ~ peave ~

m Heat flux is balanced by heating sources I'g ~ P}, /S ~ P, /aR to yield
nT¥ @ By
a?B? Lt aR
m Now take n ~ B2 and a ~ R, and impose constant Py, and @ (constant P;,) to find
T~ R'B°
m Now, if T' is constant along the reactor design points, a constant P implies

Prus ~ Van? (ov) (T) ~ R3B* ~ const. — B ~ R™3/*
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Family traits (I of I1)

Transport, equilibrium and stability:
® Invariant T’
m Invariant 3

m Invariant 0 B/B caused by equilibrium
currents

m Slowly varying v*(~ R~1/2) and
pH(~R7MY)

m Invariant x/x4B

Fast ions and Alfvén modes:

m Invariant 3,

m Invariant vy

m Invariant stochastic radial excursions in a

slowing-down time

15 100
< —T
c
\OJ n
c 10
X o
o [=)
— 5 101
< =
% 5
=3
'_
(a) ()
0 1072
0 0.5 1 0 05 1
102
10 —0
B8, L
g S
o 5 :T— 4
S 10
0 (b) (d)
0 0.5 1 0 0.5 1
14 P

Figure: invariant profiles of a stellarator family. Several profiles from 22

m, 43 T to7 m, 10 T are plotted together.
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Family traits (II of II)

Power and particle exhaust:

m Constant 7. /7 (implied by the cpe = 5%
assumption).

m Slowly varying Py, over SOL /divertor
radiating potential (~ R/4).
Operational:

m Invariant “Sudo” density fraction (similar
tolerance to impurities and Z.g)

m Particle fuelling by pellets requires similar
pellet size, velocity and frequency.

m Invariant ECH cut-off density fraction
(ncut—off ~ Bz)-

m Invariant "operational map”.

12

10

auxiliary power (MW)

(Gw)

fus

Figure: fusion power and gain and plasma 3 as function of the two main
operational control parameteres, auxiliary heating and density (relative).
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What about HTS magnet development then?

—_ -
© (=] —
T

Average field on axis, B (T)
0o

<f>=3.0%, 77D:23T
<B3>=38.2%, 71D:29T

<> =3.5%, 50D:50T

LTS (4.2 K) Q7

Reference CQl4 reactor

m High-temperature superconductors interesting
beyond size reduction.

m For moderate By, cooling T, can be 20 K or
higher.

m Cryoplant power ~ 1/T, so 5 times more power
is requier to operate at 4.2 K.

m At higher T, one can afford some more heating
(resistive, nuclear) of the winding pack.

m Field “over-engineering” (increasing B without
reducing R) allows to reduce /3 and increase D:T
ratio (large improvement in tritium burnup

12 14 16
Reactor major radius, R (m)

J A Alonso et al (CIEMAT)

18

20 fraction!).

m Points on the B ~ R~3/* curves stay a familly!
Considerations on stellarator reactor design
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Do we need an itermediate-step device?

Let's do some recap:

1. We have identified 2nd generation reactor-capable optimised configurations (with improved
fast ion confinement and lower turbulent transport).

2. Reactor scoping studies based on CIEMAT-QI4X have been conducted, with emphasis on
compatibility with- and margins in stellarator physics basis and nuclear technology (risk
management).

3. The resulting reactor physics regime has not been explored experimentally and the TEESSM is

based on datasets that are far from it.

m An intermediate-step device appears necessary as part of a sensible de-risking strategy.

m What type of device is most informative to decide on the stellarator reactor viability or
required adpatations?
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Our answer to that question is WISER

WiInd tunnel for a StEllarator Reactor

7 T
C-Ql4X fusion reactor (19.5m, 5.5T)
WISER mission E o ) ]
<
Inform the physics design point and 2 .| |
qualify critical reactor technologies B
. . kel
(magnets, divertor/wall and heating T 4 WISER-5 1
technologies) 2 (om. 197)
. T Al _
2 3 &>
m Wind tunnel approach: down-scale & 2f \n ~_— ~ “Operationat |
. . = - reactor's (v, 3)
the reactor design point under 3 == ) )
e s - (R, B) region of possible y
dynamic similarity. < wind tunnels (WISER)
m Reactor’s (v*, 3) considered most 23125 9605 .05 185

challenging (equilibrium, stability,
EM turbulence, divertor,
heating. . .).

indicated.

J A Alonso et al (CIEMAT)

R, device size (m, logarithmic scale)

Considerations on stellarator reactor design

Figure: referece stellarator reactor design point (18.5 m, 5.5T) based on 2nd gen.
CIEMAT-QI4X configuration. The curve indicate (R, B) that allow plasma operation at
reactor B and v™. Two particular implementations, WISER-5 and WISER-9, are
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WISER 5 and 9 parameter table and main features

WISER-5 WISER-9 C-Ql4X ‘
nominal 2B || nominal 2B | 2B DT || reactor

1.9 | 3.7 2.8 5.5 5.5 55
50| 5.0 9.0 9.0 9.0 18.5
25.0 | 25.0 145.6 | 145.6 145.6 1264.4
1.6 | 0.8 1.7 0.8 2.1 1.6
3.7 | 19 3.7 1.8 3.3 3.7
17 17 48 48 48 60
11 11 20 20 20 0
09| 11 1.3 1.6 4.0 2.8
421 6.9 6.6 | 10.8 10.8 14.3
02| X1 02 X1 X1 X1
0 0 0 0 243 2411

J A Alonso et al (CIEMAT)
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WISER 5 and 9 parameters compared with “SPARC-7X" (5m, 9T)

p*-l/k operational space represented in the ISS04

,6-1/* operational space represented in the ISS04 101
10 T T :
C-Ql4

10° 1 10°F Reactor .
S L woa s ol WISER-9 28 DT %
Z *  W7-AS =y /
© « SPARC-7X ] o
CC> / (> Ke) <>x X
@ WISER-9 2B DT 2
=402 X% =, oL O * l
210" or A Q10 /
(@] / o

WISER-5 / SPARC-7X
WISER-9 /
-3l _
10° Ql4 3 10
RC Q WISER-9 2B
eactor
WISER-5 2B WISER-9 \yiSER.5 28 WISER-5
-4 ! ! 10-4 1
10 0 1 2 3 4 103 102

Plasma (3 (%)
J A Alonso et al (CIEMAT)
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Take home messages

1. The stellarator concept is climbing position as fusion power plant candidate.
2. The evelopment of HTS (3D) coil technologies is interesting for fusion, but high-B small-R
reactors are unlikely to offer an optimal risk balance.
» Reactor size will likely be determined by nuclear technology constraints and coil-coil,
coil-plasma distances rather than by SC technology.
» Nbs3Sn can still allow ~ 6 T, 18-20 m reactors.
3. We probably have (only) one pre-reactor generation of stellator devices to make decissions
on the first reactor design.
> It is very important to have a clear vision of what such first reactor would be like to decie on
what pre-reactor devices are most needed.

J A Alonso et al (CIEMAT) EFTC, Aix-en-Provence, Sept. 24, 2025 31 /32



Thanks for your attention
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Field on-coil and effective current density as a function of field/size

Take a given distribution of current density, j(x), with a field solution, B(x), that satisfies
V x B = pugpj .
Then the field solution B(x) in a uniformly scaled space, j(x) = j(A\x), is?
Bi(x) = A"'B(\x)

which, in particular, means that By(x1)/Bx(x2) = B(Ax1)/B(Ax2).
m That is, field ratio is invariant under scale transformations.
A constant-B scaling of the current density then jy(x) = Aj(Ax).

m That is, current density must be increased in inverse proportion to the size to keep B
constant.

*The transformation x — Ax is an homothety and A > 1 is a down-scaling (Rx ~ A™1).
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What about the power exhaust problem in the reactor family? | of Il

There are two reasons why discussing the “power exhaust problem” in stellarators is difficult:
1. What metric should one use? (Pscp/(2mRA;) or Psep/R often used).

2. How does )\, scale in stellarator SOL?

m A gyro-Bohm estimate of \; gives:

)\q ~ \/XgBL”/Cs ~ 1/B .

m The usual metrics then lead to a rather strong size dependence:
Prep/(2TRN\y) ~ Paep/R7/* .

(Remember that T" and Pk, are constant in the reactor family).
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What about the power exhaust problem in the reactor family? Il of Il

However, most of Py, needs to be radiated away, so a better metric would be one involving
the SOL /divertor radiative potential ~ Vi, n2.
m The SOL/divertor volume scales like Vg, ~ )\qR2, which decreases fast for the smaller

reactors in the family curve
Vaiy ~ R?/B .

m However, the density increases as B2, so that we have
Vaiwn? ~ R?2B% ~ R™Y4 = Poy/(Vain?) ~ Paep RV .

That is, the SOL/divertor radiative potential is marginally better for smaller, higher field
devices in the B ~ R~3/%, constant-P,s and Q family.
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X/Xgp profile in W7-X compared to 1D reactor model

10°F

X/Xag

— & — W7-X baseline ECRH
— & — W?7-X HP (NBI+ECRH)
— & — W7-X HP (pellets)

HSR4/18 1D model (f,

J A Alonso et al (CIEMAT)

[D. Carralero, unpublished].
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A comparison of R = 18.5 m and R = 12.0 m design points.

50D:50T 71D:29T 77D:23T
R(m) 185 12.0| 185 120| 185 120
B(T) 55 7.6 6.0 8.3 6.5 9.0
ne(1020)m=3 278 532| 286 548 | 294 563
(BY(%) 35 3.6 3.2 33 3.0 3.0
Bao(%) 1.6 1.6 1.64 1.4 1.2 13
Vio(1073) 1.1 1.3 0.9 1.1 0.8 1.0
P (1073) 3.1 3.4 2.9 3.3 2.8 3.1
(T./T:)o 1.08 1.08| 106 106| 105 1.05
Py, (GW) 3.0 3.0 3.1 3.1 3.2 3.2
NWL(MW/m?) 1.2 2.8 1.2 2.9 1.2 2.9
frad 79 76 82 79 87 83
Praa(MW) 380 371 410 398 448 431
Piep(MW) 104 120 89 105 68 87
THe/TE 7.8 7.6 7.2 7.1 6.6 6.5
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Adding species-dependent a-heating and impurity radiation

The model transport equations we need to solve are

d

1d 3
;%rQs - Ss ) Qs - _§Xsns(7')$Ts

m For the electrons one has:

m whereas for the ions:
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Adding species-dependent a-heating and impurity radiation

See e.g. Weiland et al (2018) Eq.44,

: : : : 1096 ; : .
Collisional transfer from
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Figure: fractional ion alpha heating as a function of T (two calculations Figure: cooling factors for various impurities in corona equilibrium (T.
shown). Pitterich, IPP)
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Adding species-dependent a-heating and impurity radiation (Il of III)
m The power transfer from the (generally hotter) electrons to the ions is

logA, 1 et ne

S._.(r) = 3ven; (T. — T, Vei = &2 '
e—)Z( ) ei l( e ’)’ er 3Wﬁm6misgvfhe

m The radiative losses are given by
Srad = ngchz(Te) )

= Note that both terms are of the form S ~ n?f(T).

m One can figure out their effect on the temperature profiles balancing them against the alpha
heating density, P,/V:

P, P,

—~n2f(T)—>f(T)~W~B4—Rg

v = constant along families
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Adding species-dependent a-heating and impurity radiation (11l of II)

The solution of the transport equations does show this
invariance.

m Radially constant 0.7% neon concentration, in addition to 5%
helium (Zeg = 1.73), and 60 MW of auxiliary electron
heating.

m Further increases of the cn. lead to ‘excesive’ edge cooling
(no equilibrium profiles found).

m The similarity of the ()5 profiles can be interpreted as a
confirmation a similar proximity to the density limit (constant
n/nSudo)-

Reactor families remain curves of ‘constant physics risks' after
model sophistication.

Figure: thermal equilibrium profiles for two (R, B) design points of the same family (B ~ R_3/4).
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