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Abstract

For future reactor designs and for planning of operational scenarios in the present and future
machines, impurity fractions in the tokamak divertor plasma, cz, is an essential input for
predictive scalings of divertor detachment. A new quantitative scaling law for ¢z , averaged
over the SOL, required to attain detachment is developed for high power H-mode plasmas
operated at high densities close to the density limit. It is based on a simple SOL radiation model
which uses the combination of the empirical scaling laws for the H-mode power threshold and
the separatrix density limit imposed by MHD instabilities. Additionally, it assumes, in
agreement with experimental observations that the width of the power conducting layer outside
of the separatrix scales approximately with the ion poloidal gyro-radius. The derived expression
for ¢z scales strongly with toroidal magnetic field, B, major radius R, the factor of access of the
power flow through the separatrix over that required for the L-H transition, f;#, and isotope

mass A4:
;X p147 R159 fL1H38 /A1.38_

Estimates of required impurity fractions for divertor detachment for an number of impurity

species (N2, Ne and Ar) in future tokamak reactors ITER and DEMO are made in the paper.
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1. Introduction

Tokamak operation at high density and high power with a partially or completely detached
divertor is considered as the baseline scenario for ITER [1], DEMO [2] and other future fusion
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power plants. Divertor detachment enables the conversion of high parallel heat fluxes within
the plasma into radiation, preventing localized deposition of heat loads onto divertor targets.
The successful reduction of heat loads in the divertor was demonstrated in many present-day
machines [3-8]. However, much higher parallel heat fluxes entering the divertor in fusion
reactors make it more challenging to dissipate them. Another concern is long term erosion due
to physical sputtering by fuel ions and impurities. This requires the electron temperature at the
target to be low enough to bring the erosion of the divertor down to acceptable levels. It is also
well known that high radiative power losses within the confined plasma can detrimentally affect
the plasma energy confinement and fuel dilution, as well as stability of the plasma discharge. It
is therefore all the more urgent to understand physical processes in highly radiative discharges
to provide the recipe for controlled seeding of impurities with a reasonable reduction in the

power flux and target temperature while minimizing the impact on the confined plasma.

High power operation in fusion devices such as ITER and DEMO will require extrinsic impurity
seeding to ensure safe operation where stationary surface heat flux densities normal to divertor
targets remain at or below 5—10 MWm 2 [9,10] to avoid divertor damage. Impurities, such as
nitrogen (N2), neon (Ne) and argon (Ar), are considered as candidate divertor radiators in ITER
[11]. Nitrogen and neon proved to be appropriate divertor radiators thanks to their maximum
radiative efficiency being at low temperatures, 7. ~ 10-20 eV and 7.~ 30-50 eV, respectively
[12]. On the other hand, the cooling efficiency of Ar reaches peak values at 7.~ 10-20 eV and
T.~ 200 eV [12]. Ar is also considered as an important applicant for simultaneous increase of
core and divertor radiation, when a certain amount of radiation in the main chamber is

requested.

Impurity concentrations necessary to exhaust power to enable detachment is of central
importance for future fusion devices, including ITER and DEMO. Knowledge of the impurity
concentrations is necessary in order to design and operate future fusion power plants in such a
way that the heat and particle flows to the material surfaces are safely limited. In addition,
understanding the ¢z is important in assessing fuel dilution and the effects of impurities on key
plasma parameters, including parameters that determine the pedestal, and therefore core
performance. Recently, several scalings for the impurity fraction required to attain detachment
have been developed. They predict the impurity fraction cz, defined as the ratio of impurity to
electron density, for different plasma parameters [13-15]. These scalings assumed that ¢z is
constant along the magnetic field in the SOL and therefore represents the averaged value of the

impurity fraction in the scrape-off layer. It should be noted, however, that for conductive
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parallel heat flow the plasma radiation in the scrape-off layer will peak in the region of the
largest parallel temperature gradients which are expected to be close to the divertor and around
the X-point [16,17]. Consequently, the variations of ¢z along field lines are also expected. In
our analysis variations in 7. and n. along field lines in the SOL are taken into account. Similar
to [14,15], the proportionality between SOL and divertor ¢z is assumed in order to be able to
examine the dependence of ¢z on the average ion mass. To get an insight into variations of ¢z
along field lines dedicated experiments in JET and subsequent EDGE2D-EIRENE runs are

planned.

In [13] the recipe is presented to predict the seed impurity fraction required to achieve partial
detachment for a given Psor (power flowing through the last closed magnetic flux surface to
the scrape-off layer) in devices with a closed divertor similar to that of ASDEX Upgrade
(AUG). One of the main results of this study was the dependence of ¢z on the neutral pressure
in the divertor, which is not taken into account in the other two studies [14, 15]. Goldston et al.
[14] predict the impurity fraction in terms of scrape-off layer (SOL) plasma parameters such as
upstream density, separatrix power flow and poloidal magnetic field, with no explicit size
scaling. Their scaling assumes that the width of the power conducting layer outside the
separatrix scales with poloidal gyro-radius, p,, [18,19] and correspondingly it has a clear
isotope dependency due to p,, ~A%5 In [15], empirical scalings for the heat flux width and the
H-mode power threshold, P.#, are used alongside a simple SOL radiation model to estimate
required impurity fractions. These scalings yield the B%88R1:33 dependence for a given density
at the separatrix (or the Greenwald fraction, few). No isotope mass or effective charge Z.

dependencies are considered in this approach.

A profitable thermonuclear reactor should operate at maximal possible plasma density to
maximise the fusion power which scales quadratically with density [20]. However, the density

at the separatrix is limited due to MHD instability in the SOL close to the separatrix, 1, gep, <

ngg"gp, as shown in [21]. Note that the critical separatrix density nggfgp has a strong dependence

on the isotopic mass: it is up to 35% lower in the hydrogen (protium) than in the deuterium
plasma [22]. Additionally, the critical density depends on the ‘effective charge’ Z.; and
‘average charge’ Z. By reaching the critical separatrix density Nesep = ngg"gp, ballooning
instability triggers SOL turbulence which is spreading into the transport barrier and, by coupling
of the transport between core and SOL throughout the pedestal [23] resulting in the back H-L

transition. Therefore future fusion devices will have to operate at or close to this limit, so one
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can assume Mg gep = fne Nolsep With fre <1. It is therefore important to predict ¢z in terms of

operation parameters including the isotope dependence (average mass A), the ‘effective charge’
Z;and ‘average charge’ Z, as well as nggigp based on the MHD instability analysis. This work
concentrates on the development of the scaling for impurity fractions necessary to exhaust
power in the SOL and divertor enabling plasma detachment from divertor targets in high power
and high density plasma which will fulfil the above mentioned requirements. The proposed
scaling is based on a simple SOL radiation model by using empirical scalings for the power
scrape-off width, H-mode power threshold and the scaling for nggigp.

The outline of the present paper is as follows. Section 2 briefly describes a simple model for
the power exhaust in the SOL. Section 3 introduces a 1D model for impurity radiation. In
section 4 an empirical scaling for impurity fraction cz required to prompt the pronounced
detachment in the divertor is developed using the combination of empirical scaling laws for the

crit

SOL heat flux width, H-mode power threshold and the critical density nglse,. In section 5 we

discuss projections of the obtained scaling onto future tokamak reactors ITER and DEMO. A

summary of the work is given in section 6.

2. Power flux balance in the SOL

A model for the power exhaust in the SOL is based on the equality between the power flow
across the plasma boundary, which may be the magnetic separatrix or, more generally, last
closed flux surface (LCFS) , Psor, and parallel (to the magnetic field) power flow to divertor
targets. An exponential radial decay of the parallel power flow is assumed. Since the power
flow across the LCFS is known to be mostly conductive, it can be represented in the diffusive

form as:
Psor, =q,5 =~ —ny VTS (1)

where q, is the perpendicular (across magnetic surfaces) power flux, y, is perpendicular

thermal diffusivity, and S is the area of the LCFS:

S = 4n%Ra /(1 + x2)/2 )

where k=b/a is plasma elongation, with a being horizontal minor radius and b the height of the
plasma measured from the equatorial plane. In Eq. (1) 7 is electron density and 7=T. is electron

temperature.



The power flowing through the SOL to the divertor along magnetic field lines typically (in the

conduction limited regime) is also diffusive and can be expressed as:
QS = K\ TS = —ny, VTS, )

where g is parallel power flux, yj and K = ny, are parallel thermal diffusivity and

conductivity, S, is the SOL cross-sectional area perpendicular to magnetic field B, given by:

S = 2nR A4 siny = 2nR A, Bg /B

where yis the field line angle at the outboard mid-plane, B¢ and B are poloidal and total
magnetic field strengths, and 4, is the (exponential) perpendicular decay length of the power

flux.

Approximating V.7~ — T/Ar, where Ar is the electron temperature perpendicular decay
length in the SOL, perpendicular (from the plasma core into the SOL) and parallel (along
SOL flux tubes to the divertor target) power flows to be balanced (Pso, = Sq; = §),q;) can

be expressed by the following equations:

_ _ B PsoL
aq =ny)T = Bg 4TR Aq )

_ T _ PsoL
AL =) 50 = m2Ra (4 2)/ V2 ©®)

The factor 4mR A, in the denominator of Eq. (4), instead of 2mRA,, reflects an assumption that

the power crossing the SOL goes to both inner and outer divertors.

For parameters typically used in recent JET seeding experiments: B=2.5 T, Bs=0.39 T,
Psor=14 MW, R=2.9 m and 1,=2.5 mm we calculate g, = 985 MW m~2.

3. Simple 1D model for impurity radiation

In the conduction-limited regime the plasma power flux parallel to the magnetic field can be

written as [24,25]:

P
q = ;TL = —ko T.**V)| T (6)



where the electron thermal conductivity constant, ko., has a value of = 2046 (for ions kg; = 59)
in the plasma with ion species of charge Z; =1 and 7. in eV. The electron heat conduction is

typically the dominant channel for power flux to the target.

For ion species with Z; # 1, the electron thermal conductivity constant should be corrected [25]:

Kne = 2046 - 6,(Z) || )

mevz

where G is the correction factor which was discussed in Ref. [26] (in that paper it was denoted

as fP(Z;) instead of G7).

The function Gz is given by:

4295 (Z;4+0.21
G,(Z) = ( )
z(Z1) Z; Z+4.2

L

(8)
A similar expression fH#P(Z;) = (i) was used in [19], which is larger by factors 1.001,
1.089, 1.119, 1.134 and 1.164 than G;(Z;) for Z;=1,2,3,4 and oo, respectively. For a multi-

component plasma in [26] it was proposed to use Z.sr instead of some simple average of

individual ion states with charge Z.

Since we will later use the expression for the SOL power width predicted by the heuristic

particle drift-based model [19] which uses the ratio ( ) we are adopting here the

Zeff+4

correction function G =( ) The expression for the electron thermal conductivity

Zeff+4

constant then becomes:

ko,e=2046< 5 )[W]zkoaz[w] ©)

7 7
Zeff+4‘ mevz mevz

where ko = 2046 is the electron thermal conductivity constant at Zg =1 given in

Wmtey~7/2

The heat flux gy, is reduced by impurity radiation as well as by hydrogenic ionization radiation

Ry,

d
=l = nengLy(Te) + Ry (10)



where / is the distance along the field line, n; = n,c; is impurity density, c; = n;/n, is the
impurity density fraction, L;(T,) is the cooling rate coefficient due to impurities, which
depends only on electron temperature assuming coronal equilibrium. In the coronal equilibrium,
when transport processes are slow enough, ionisation stages of impurities are in the equilibrium
determined by electron temperature. This typically occurs in the plasma core. At the same time,
in the plasma edge and in the divertor region the impurity residence time may be shorter than
time scales of ionisation and recombination. Consequently the local equilibrium cannot be
assumed for the calculation of radiative power losses. We will come back for the detailed
discussion of this issue in section 4. We assume, in agreement with experimental data, that the
volumetric power loss (the right hand side (RHS) of Eq. 10) is dominated by impurity radiation

and neglect Ry.

In this paper, we will use the technique known as the Lengyel model [27] for deriving an
equation relating the drop in the parallel power flux with the radiated power, which was also
used in Refs. [14,15]. The Lengyel model assumes that the main energy loss mechanism is
radiation loss, neglecting other energy loss mechanisms such as neutral losses, radial transport,
and convective energy losses near the target. Therefore, the model may overestimate the cz
required for divertor detachment. By multiplying Egs. (6) and (10) and integrating the

dq _ 1dqy?

product g =3 ar along the magnetic field line from the target (t) to the upstream (u), we
obtain:

2 2 _ Te,
Giju — qjjt = 2 PéukoeCz fT:tu Ly (T' )T dT’,. (11)

Here cz is assumed to be constant along the magnetic field, and parallel pressure balance is

used,

Peu = neT, = ne,uTe,u- (12)

Using the standard two point model approach of assuming T, ,, »> T, and q),, > q; during
the advanced detached divertor state, the left hand side (LHS) of Eq. (11) can be simplified:

(CIﬁ,u - UIﬁ,t) = (qll,u - qll,t)(qll,u + CI||,t) ~ (q”,u - CI||,t) Qlu = frad,soL CIﬁ,u-

(13)



Here it is assumed that the radiation fraction frasor is equal to the fraction of g which is

removed by radiation, (g, — q),t) / q)u-

Substituting this into Eq. (11) we obtain:

__ 2 pg,u koeCz rTeu / [ 1 2DPeukoeCz
fraasoL = T . fTet Ly (T' )T edT’, = T a. Lint (14)
u : u

where we defined L;yp = f;e;u L,(T' )T .dT',.

A scaling for impurity fraction cz for the advanced detached divertor state can be derived from

Eq. (14) by assuming that fuas01=1:

2
djj,u

- 2 m2 .
2ngyTey Koe LINT

(15)

Cz

The upstream separatrix temperature, 7,.=7e,sep, may be evaluated using the two point model

of the SOL transport [28]:

7 duy L 2/7
Teu ~ (M) (16)

’ 2kg,e
where L is the upstream to target connection length.

Substituting the upstream temperature, 7., into Eq. (15), one obtains:

- 3/7 4/7 — 3/7 ~3/7 4/7 -
4.09 ko7 nZy LinT L”/ 41 ko%7 637 n2y, Lint L”/

(17)

Cz

The dependence on the upstream separatrix density 7e,sep=He,« can be eliminated by using the

... . . . _ I
definition of the Greenwald fraction for the separatrix density, fow sep = 107* Mg ep/ (E—ZZ),

where a is minor radius and J, is plasma current, both given in SI units: 4 and m~. The plasma
current dependence in turn can be eliminated by using the cylindrical approximation for the

safety factor:

q. = (2ma®B)/(RI, uo)(1 + x2)/2 (18)



where u, = 41 - 1077 H /m is magnetic permeability. Thus, the upstream separatrix density can

be expressed by:
B (1+k?)
n,, = 101* — or 19
eu fGW,sep e Ho R ( )
Mgy = foo NSTE = 1014 f,, fRL B (1+k?) 20)
eu ne 'fe,u ne JGW,sep e o R
DL

where fey cep 18 the density limit caused by an MHD instability in the SOL close to the

separatrix. The expression for GDML,‘sep will be given below in section 4.

Combining Eqs. (17) and (20) to eliminate ne,, and taking Ly = [; mqR, corresponding to the

case of the poloidally constant flux density across the separatrix, we arrive at:

10/7q;0/7R10/7 1
c, = 7.65 x 10743 ly 1)
DL 2 232 «4/7 G317
(fne fGW,sep) B (1+k ) LINT l” Z

where we introduced the dimensionless factor [ to account for a possibility of extended field
lines in some alternative configurations. The heat flux gy, here is given in units W/m? Bin T
and Ly in Wm™> eV¥2. Note that similar results to Eqs. (15) and (21) were obtained in the

previous study in [15] (Egs. 8 and 9), which is expected since the same Lengyel model was

used in this work as in [15].

Substituting g (Eq. 4) into Eq. (21) we obtain for the impurity fraction:

10/7 L_4/7 10/7
_aa P B q 1
— 44 ~SoL [o
CZ - 2-06 X 10 /110/7 B10/7 DL 2 22 *4/7 63/7 . (22)
q 6 (fne fGW,gep) (1+k?)? LinT | z

4. Analytical scaling for impurity fractions at the onset of detachment in high density H-

mode seeded plasmas

Tokamak operation at high density with a semi-detached or completely detached divertor is
considered as the baseline scenario for ITER [1] and DEMO [2] as well as for other future
fusion power plants. Because fusion power scales quadratically with 7., the density limit also

restricts the fusion power attainable for a given plasma current /,. Therefore the establishment



of a detached divertor at densities close to the Greenwald limit, ngw, is unavoidable for

maximising the fusion power.

Goldston et al. [21] have recently developed a model for the density limit based on the heuristic
drift-based model for the power scrape-off width. It assumes that the H-Mode density limit is
caused by an MHD instability in the SOL close to the separatrix and that the SOL total plasma
beta (f, the ratio of plasma pressure to magnetic pressure) limit is characterized by the MHD
ballooning parameter « as a i+ =~ C,(1 + x2)". Goldston et al. introduced a factor C,, which
includes the dependence of the ballooning parameter on the magnetic shear s. The derived

density limit fraction is given by:

9/16

~1/8 24 Zorp+ 4
y-3/2 eff
(145 l(1 T 2) (%)

-1/8

DL — 813 (,

(23)

where 7 and n g, are the line-averaged and separatrix densities, Zey and Z are the ‘effective

charge’ and ‘average charge’ of all ions. In our case the above density limit fraction is
normalized to the separatrix density rather than to the line-averaged density, hence we are

removing the ratio 1/ng, from this equation:

9/ -1/8
_ qcRB 3/2 Zeffta
fiw,sep =485 Cq ( PSOLl||) (1+ Ky [(1+z) (T) '
24)

The density limit scaling Eq. (23) was derived for lﬁ = 1 and using a different definition for the
connection length, L = m/2 - q.R , in [21]. In addition, an error in the expression of T, from
the two-point model was discovered in [21]: mistakenly an additional term of = was used in the
denominator of 7. The scaling is updated here by including the dependence on [} , by correction
of the T, term and by using the current definition of the connection length L = [ tq R (see
Appendix A), resulting in the appearance of new factor 4.85 in Eq. (24). The derived fGDML,,S(Bp
scaling, Eq. (24), shows little variation with key plasma parameters. At the same time, it shows
a relatively strong dependence on the average atomic mass of plasma ion species A. It has to be

noted that Greenwald fractions observed in JET-ILW experiments in deuterium and hydrogen

plasmas are consistent with the Goldston’s prediction [22].
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A stability limit @, = 0.4s(1 + k%) was proposed in [29] for elliptical plasmas with
elongation x and magnetic shear s =d Inq/d Inr (typically s=2). This formula for the
ballooning stability parameter was used in some previous publications, e.g. in [30], for the
evaluation of the scaling of the Greenwald density limit in the H-mode. The a.,; =
C,(1 + x*)Y formula used by Goldston matches the expression given in [29] when C, = 0.4s
and y = 1 are assumed. Following Ref. [30] we will use this assumption in our derivations.

Taking s=2 for the magnetic shear gives:

1

cRB F
fGWsep 3.88 (q PSOLl||) \/ﬁ (25)

where F 47 1s defined as:

+ 19/16 1/8
_ | 24 5 _ n9/16 ~9/16 ~1/8
Faz = (1+Z)] (Zeff+4) =2 Gy Gz (26)
: A R
with GA = E and GZ = Zeff+4'

Substituting ffy sep from Eq. (25) into Eq. (22) gives the following expression for ¢z:

47 9 47

c; =137 %x107% SOL B 28 1 qz° eVt 1

0 7 2 Kl 577 (27)
Aq7 B Tre” (1412) LiNT )28 Faz® G,

where € is the inverse aspect ratio a/R.

Then, substituting the same f(;%,sep into Eq. (20) and taking f,.=1, the maximum (or critical)

separatrix density can be expressed as:

crit _ — 3.88 14 B7/%al/® (PSOL lll) 1/8\/72
Mgy x 10 1+ k% Eyy. (28)

qc/8 R9/8 u

The power flow across the LCFS, Psoy, is calculated as:
— b lk _ ptot bulk
Psor = Pon + Prear — dela/dt r(;id Phgat - r(;ld (29)

with Poy being the Ohmic power, Preat the auxiliary heating power either from neutral beam

heating (NBI) or from ion cyclotron resonance heating (ICRH), P2¥ the radiated power from
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the bulk plasma, Pfo., = Pyy + Pheq: the total heating power and dWai./dt the rate of change

of the total plasma energy. Under stationary conditions, dWqi./dt=0, we obtain:
— ptot bulk _ ptot bulk
Psor = Preat — Praa. = Preat (1 = Vraa ) (30)

where y2UFk is the radiation fraction from the confined plasma.

We introduce the dimensionless parameter /1 by replacing Pso;, in Eq. (30) with f2#P1n, where

Py is the threshold power required for the L-H transition;
fiu = Psor/PLh. (31)

For the H-mode power threshold we will use the empirical ITPA scaling Py =
0.049 11,%-72B%85094 [31], where 77, denotes the line-averaged electron density in units of 10%°
m> and S is the separatrix surface area. Rewriting this scaling in SI units gives 1.95 X
10716 7,072B08509% Gince the ITPA scaling was obtained for D plasmas, we are adding the

2/4 factor, according to the dependence first established in [32]:
2 —
PLH — Z 1.95 % 10—16 neO.7ZBO.85‘O.94— (32)

in order to track the (hydrogen) isotope dependence of the ¢z scaling.

Prnin Eq. (32) must be larger than the power through the separatrix Psor at the L-H transition,

since it is understood to be the total input power into the discharges, and a fraction of this power

is radiated in the core (Eq. (32)). The average value of the y2*¥ parameter in the database used

to construct the Martin scaling [31] is not known, except that data points with y24¥ > 0.5 were

excluded from the database.

In our analysis of the SOL plasma we are using the separatrix electron density #.,, instead of
the line-average density 7n,. To relate the two, we are introducing the dimensionless parameter
Jsep = neu/Ttg. Combining Egs. (2), (28) and (32) to eliminate T, (Mg = Ney/fsep =
fneNShit [ fep) and S and Eq. (30) for Psor, we arrive at:

Psor, = (33)

0.66
Faz

0.66 ,+—0.083
) 4092 °

”q0.74 Bl.31 R1.06 (1 + k2)0'76 80'95

Cc

4.41 £ (’i

[ sep

—-12 —



It should be noted that the fs., parameter may be significantly different in a much larger size
fusion reactor than in the present existing machines, e.g., due to the difference in neutral opacity
and transport at the edge. Hence, it is an important parameter in the scaling of ¢z required for
divertor detachment from the point of view of the implications of such a high ¢z on future fusion

reactors.
4.1  Scalings for the tokamak near scrape-off layer H-mode power width

The most commonly used scaling for the power width is a multi-machine scaling for upstream
power fall-off length derived by Thomas Eich [18] (see Appendix B). A comparison of this
scaling with a heuristic drift-based model [19] (HD model) shows satisfactory agreement in
both absolute magnitude and power-law dependencies on plasma parameters achieved in a wide
range of experiments in D plasmas. Note that in contrast to the HD model, the Eich scaling has
no explicit isotope mass dependence. Therefore in this paper for the derivation of ¢z we will
use the power width scaling based on the HD model with an explicit isotope mass dependence.

This model predicts the following power width, expressed as a decay length of the power flux

(1+K2)5/8a17/831W4( 22’)7/16 (Zeff+4)1/8 (34)

1,°/8R 1+Z 5

5671 (Psolj)"/®

where dimensional variables are expressed in SI units, Z,;and Z are ‘effective charge’ and
‘average charge’ of all ions. In the case of only singly charged ions Z = Z, 7r- Note that the
HD model’s result shown in Eq. (34) represents the poloidally averaged value of the power

scrape-off width.

Eliminating the plasma current dependence by using Eq. (18) the above equation can be

written as:

HD _
/1q =

— 7/1 1/8
1 24 Zopr +4
3.6 X 107* (Pso, INY® q.°/8(R/a)Y/8B~7/8 = (L)
(PsorlDY® g (R/a) 1+ 2)Y2\1+7 5

(35)
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where ¢. is the cylindrical approximation for the safety factor.

The most recent publication [33] discusses the applicability of the HD model’s expression for
Jq at high collisionality expected in high density plasmas reaching the H-mode density limit.
Thomas Eich derives a generalized power width scaling 1, < p, (1 + 2.1al”) where o is the
normalized collisionality a; = 3-107"® Rq¢ n ,sepZerrTosep. In the limit of low edge
densities (a; < 0.2) the experimental the data base shows a good agreement of this scaling with
the IR based multi-machine power width scaling. At elevated separatrix densities (a; = 0.2)

the power width is broadened.

4.2 Scaling of impurity fractions by using Heuristic drift-based model for the heat flux width

Inserting A,"” (Eq. 35) and Psor (Eq. 33) into Eq. (27) and using Egs. (26) with the definition
of F4z, G4 and Gz parameters, together with the expression for the poloidally averaged poloidal

magnetic field

__ My _ Be g 2
By oma i 2 . 1+k )/2 (36)
we obtain:
CZ =
_ Bl.4-7 1.38 0.39 1+k2 0.14 1 1 1
0.76 x 10739 5 puso _fui  ac” (1+k) 15038 - (37)
LINT fnefsep lﬁ €008 4138 Gy Gy

This scaling, with an explicit isotope mass dependence, will be used to predict the required
impurity fractions for divertor detachment for diverse impurity species in future tokamak
reactors ITER and DEMO in the following section. The presence of the f, parameter in the
above equation compensates for the appearance of the line-average density 7, in the H-mode
power threshold scaling Eq. (32) instead of the separatrix density 7. ., which is a more relevant

parameter for the L-H transition physics.

Potential implications of the model projections to a fusion reactor that may need to operate at a

density limited by other physical and technological challenges is discussed in Appendix E.
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5. Discussion

By retaining only the main dependences, Eq. (37) can be written as:

Bl.47 R159 qg.39(1+k2)0.14 1 fl:,ngS

C; X .
LinT €008 AL38  foe fsep

(38)

Note that parameter fiz can be below unity, since it gives the ratio of the power flux to the
SOL, Psor, to the H-mode power threshold on the total input power, P.x, which includes core
radiation. Parameter [}, figuring in Eq. (37), is not present in the above scaling. It can be
considered constant unless one is interested in advanced magnetic configurations with very long

divertor legs.

As shown in Appendix C, the last term W on the RHS of Eq. (37) doesn’t deviate
A Z

strongly from unity and therefore can be ignored.

Assuming operation above the L-H threshold power at fixed /74 (values of = 1.2 are often quoted
in projections for future machines), the scalings Egs. (37,38) exhibit a strong dependence on
toroidal field, B, and the machine size: c; « B'47R5% Note that the ¢z scaling derived by
Reinke [15] is different: ¢, o< B%88 R1-33 The main reason for the divergence of our scaling
from that of Reinke is our use the scaling expression for nghit instead of ne, or fow, which is
dependent on both B and R. Nevertheless, both scalings carry the same message of how to solve
the heat exhaust problem in the fusion devices. Since the cost-effective approach to the reactor
design requires BR ~constant, similarly to [15], the scaling obtained in this work predicts

(albeit marginally) that the reactor would benefit more from higher toroidal field than from

larger machine size.

Extrapolation from existing medium-size devices such as JET-ILW to a reactor-scale tokamaks
such as DEMO (EU DEMO 1 design) (B =2.5T = 5.7T; R = 2.9m - 9.1 m) implies the
need to increase impurity fractions by factor 21, based only on magnetic field and machine size
dependencies (c; « BY*7R>%). This factor however is strongly reduced (down to 7) when an
expected increase of the integral Lyt (see Eq. (14)) in DEMO is taken into account (c; X
BYRYSO/L ) Liny = 6.63 X 10730 W m3eV3/2 - 18.8 x 1073 W m3eV3/2 (see
Table 1, which will be discussed later) due to T, ,, = 138 eV (JET — ILW) —316 eV (DEMO)
for f1r=1.2 (for the N> seeding). Here, the upstream separatrix temperature, 7e,,, is calculated

by using Eq. (16), and 4, is evaluated from the Eich scaling [18].
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As has already been pointed out in Sec. 3, at the plasma edge the local coronal equilibrium
cannot be assumed for the calculation of radiative losses. In H-mode plasmas ELMs regularly
expel particles into the SOL leading to frequent reorganization of profiles. Additionally, fast
parallel transport in the SOL leads to a significant reduction of the impurity residence time
below the time scales for ionisation and recombination. Hence, the local equilibrium cannot be
established and one expects impurities to enter the plasma as neutrals and emit line radiation
during an early ionisation phase. Usually, the radiative loss function Lz is enhanced by
deviations from coronal equilibrium. The deviation can be described by the product of the
electron density and residence time, n,7, which in turn is proportional to the ratio of impurity
residence (7) and ionisation times. Large value of this ratio ensures coronal equilibrium. Under

non-coronal conditions, radiation increases with decreasing z.

Fig. 1 shows the cooling rate coefficient Lz for a number of impurities with several values of
the non-coronal parameter 7. 7 taken from the ADAS database [34], assuming electron density
of 10°° m™, as the sum of line radiation, recombination-induced and bremsstrahlung radiation.

In this paper we use polynomial fits applied in [35] which were calculated from ADAS for

electron density of 10%° m 3, which is a typical value for the divertor SOL. The influence of the

residence time of impurities on radiation has been intensively discussed in [36]. ELMs flush
out impurities from the pedestal and cause a reorganization of profiles after each ELM crash.

The residence time at the pedestal cannot exceed the inverse of the ELM frequency, 1/fzru.
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Fig. 1. The cooling rate coefficient Lz for N2, Ne and Ar and several assumptions of #n.t:
0.1x10?° m= ms, 1.0x10%° m3 ms and 10.0x10%° m~ ms.

Figs. 2 show the function Lint calculated for nitrogen, neon and argon for different assumptions
about n.7: 1.0x10?° and 10.0x10?° m~ms (times are given in milliseconds). These graphs exhibit

a strong increase of Lint with the decrease in n,t.
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Similarly to the paper [ 14] we compare our empirical scaling with results of Kallenbach’s model

[13] (see Fig. 4 inside this Ref.), which has been successfully calibrated against AUG
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Fig. 2. Lyr as a function of T¢, for N, Ne and Ar and two values of the non-coronal parameter of
net: 1.0x10%° m> ms and 10.0x10%* m>ms.

experimental data. Plasma parameters discussed in [13] are the following: Pso;=10.8 MW,
He,sep=T7%10" m3, L;=20 m (calculated as mqqsR) and cz=7=4%. The plasma current of 1.2 MA

results in the Greenwald density limit of ngy, = % =1.44x10%° m?. The density limit achieved
in the experiment at /,=1.2 MA is about 0.85 of the Greenwald density limit and corresponds
to the central line-averaged density of about 71, = 1.2x10** m. With 71, = 1.2x10?° m™ and
toroidal field of B=2.5 T we obtain P z=4.1 MW from Eq. (32) and correspondingly f;n#=2.63.
Note that such a large fix factor is not possible in future reactors due to economic cost
considerations, where the operation is to take place at f;x factors slightly above 1.0. Using the

derived scaling Eq. (38), the reduction of Psor down to 4.9 MW (corresponding to f1x=1.2),
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with all other parameters of the AUG discharge being fixed, will imply the reduced impurity
fraction of cz-7=1.6%. Instead of the numerical coefficients in Eq. (37), here we have
normalized our empirical scaling to match the experimentally measured value cz-7 = 4%, which
was achieved in AUG by approximating the ratio of the D and N valve flows under quasi

stationary conditions [13].

In order to estimate impurity fractions required for detachment in existing and future tokamaks,
we use AUG, JET-ILW, ITER and DEMO machine engineering parameters listed in Table 2 of
Ref. [14]. One of the uncertainties in Eq. (37) is a poorly defined parameter f.x. In Eq. (31) it
is defined as a ratio of the total power flux through the separatrix by the H-mode power
threshold. It would be natural to assume that f;4 has to exceed 1 for the discharge to be in the
H-mode. As was pointed out in Sec. 4, owing to non-zero y24¥ the degree of excess of fx over
unity cannot be quantified. Here, we will be assuming that it is not large, and, following [14,15]
u

we will be neglecting y2%¥*. Such an approximation can be justified by a number of

simplifications we adopted in our model.

In ITER, Psor=100 MW is expected in the baseline scanario, and Py values calculated by Eq.
(32) are 89 MW and 71.5 MW at the nominal density of 10°°m™ (f5»=0.85) for deuterium and
deuterium-tritium (DT) discharges, respectively. Thus, the parameter fi4 is 1.12 for the D
plasmas and 1.4 for the DT plasmas. On the other hand, in DEMO with an ITER-like divertor
configuration, to keep the heat flux density on target below 5—10 MW m™2, up to 70% of the
loss power Pioss has to be radiated on closed field lines (Pioss=PheattPo =450 MW) [37], making

it impossible to neglect y2** In our calculations we will use (Ppoqs + Py )/Piy ~ 4.

Assuming y2** = 0.7 we obtain f; ~ 1.2, when Py in Eq. (31) is understood to be the critical
power for Psor necessary for the L-H transition. The proper analysis which takes into account
the core radiation was done by H. Zohm [38, 39] delivering f;; = 1.2 for the DEMO reactor.

Therefore, for the cross comparison of these tokamaks we will use factors f;r=1.2 and f,.=0.9.

Taking into account that the electron density of 10?° m™ is typical for the divertor SOL in
tokamaks with the pronounced detachment, the non-coronal enhancement of the radiation could
be approximated by setting the non-coronal parameter n,7 = 1.0 X 102° m~3 ms. It should be
noted that the residence time t cannot be specified precisely. However, there are factors that
limit the degree of the variation of the product n,t. The residence time at the target plate can
be lower, below ~ 1 milisecond, due to the back-streaming of the plasma to the target at densities

above 10?° m~3[13]. At the same time the density decreases towards the outer mid-plane and t
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can increase up to a limit T = //fgzy. Therefore the value of the non-coronal parameter n,t =

1.0 X 10%2° m~3 ms is the most likely value and will be used for further study.

Table 1 shows comparisons among recent operating parameters in existing tokamaks and those
expected in reactor projects. The estimated nitrogen fraction cz=7 required to prompt the

divertor detachment is normalized to the AUG discharge parameters from [13] assuming

Nnew  Teu LNt Cz=7(%) Cz=7(%)

Bt Ip Be a R k q (10-30
c . -
M (MA) (M) (m) (m) (10"m3)  (ev) Wm?® D - inDT
ev?) plasmas plasmas
ASDEX-U 25 1.2 034 052 16 1.63 3.16 1.44 115.0 5.7 1.6 1.2*
2.5 2.5 0.39 0.9 29 173 279 0.98 138.5 6.6 3.4 2.5
JET-ILW
ITER 5.3 15 1.03 2.0 6.2 1.8 242 1.19 270.0 149 14.7 10.8
EU 5.7 20 098 294 9.1 1.7 262 0.74 316 18.8 24.3 17.9
DEMO 1 . . . . . . . . . .

Table 1. Estimated nitrogen fraction cz-7 required for detachment in existing and future
tokamaks. Here f77=1.2, £,.=0.9 and n,7 = 1.0 X 10%° m~3 ms are assumed.
Calculations are done for pure D and mixed D-T (50%D/50%T) plasmas.

fir=1.2and n,7 = 1.0 X 10%2° m~3 ms. The upstream separatrix temperature, 7T,y is calculated
by using Eq. (16) with L = mq. R and /4 evaluated from the Eich’s scaling [18]. Please note

that in the expression of 7¢, (Eq. 4) it was assumed that the power crossing the SOL flows
equally to inner and outer divertors. If some in-out asymmetry occurs, e.g. by 2/3’s of Psor
going to the outer divertor (in-out power asymmetry of 1: 2), it will lead to an increase in the
upstream electron temperature by 8.6%. In ITER, with Pso,=100 MW, the increase in 7e,, by
8.6% (from 270 eV to 293 eV) leads to an increase in Lint. This in turn leads to the ¢z fraction
being reduced. In the case of the Ne seeding in ITER, ¢z will be reduced from 4.9% to 4.5%.
JET data used in this table are taken from Ref. [40] for the plasma in the ITER-like wall:
I,/B=2.5MA/2.5T, fon=0.85, q=2.79, k=1.73, now=9.82x10'" m> and Pso;=11.6 MW at
fre=1.2. The planned ITER operation [41] assumes Prs=500 MW and the fusion energy gain
factor 0=10. The EU Demol reactor allows core radiation to limit Psoy. to the value just above
the H-mode power threshold to sustain the H-mode confinement [42].

Table 2 shows, in addition to the nitrogen data, also estimated impurity fractions for Ne and

Ar. Calculations for these two gases were done by taking into account corresponding radiative

—-20 -



functions L;n7. The usage of neon and argon reduces the impurity fractions in the SOL due to

an increase in Lvr. Assuming that ITER will operate in the deuterium-tritium (D-T) mixture

with 50% of D and 50% of T, the required calculated impurity fractions are 10.1%, 3.4% and

1.0% for N2, Ne and Ar, respectively. Tables 1 and 2 give ¢z for pure D and mixed D-T

Nitrogen Neon Argon
LinT cz=7 (%) cz=7 (%) LinT cz=10(%) C€z=10(%) Lint Cz=18 (%) Cz=18(%)
fo® b inpT  {(® inD  inDT (10° D inDT
m Wm Wm
eVv3?) plasmas plasmas eV plasmas plasmas eVe?) plasmas plasmas
ASDEX-U 5.7 1.6 1.2 242 0.38 0.28* 44.8 0.18 0.13*
6.6 3.4 2.5 276  0.83 0.61 52.9 0.38 0.28
JET-ILW
ITER 14.9 14.7 10.8 445 4.9 3.6 131.8 1.48 1.1
EUDEMO1 188 243 179 50.6 9.0 6.6 163.6 2.5 1.8

Table 2. Estimated impurity fractions required for detachment for N2, Ne and Ar assuming
fur=1.2, /0.9 and n,T = 1.0 X 102° m~3 ms. Calculation are made for pure D and mixed
D-T (50%D/50%T) plasmas.

(50%D/50%T) plasmas. The dependence on the isotope mass c; « A ~138 was taken into

account in these estimates. It originates from scalings P,,; < A™? f, GDMI;’Sgp o A% and

/quD o« A7/16,

As shown in Tables 1 and 2, the model predicts a significantly higher ¢z for achieving

detachment in a fusion reactor relative to the present experiments. The injection of such a large

amount of impurities into the plasma could have two main effects:

* impact on the sputtering yield of tungsten assuming that the target material is made of W and

* impact on the impurity screening by the divertor plasma and thus the transport of impurities

into the confined plasma region.
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Increased radiative losses lead to lower electron temperatures and thus to much lower sputtering
yields. On the other hand, the increased fraction of impurities with a higher net charge and mass
causes erosion with higher impact energies and leads to lower sputtering thresholds. Even if
sputtering yields of W can be strongly reduced during the inter-ELM phase with advanced
detachment at low target T, the tungsten sputtering during ELMs will significantly increase the
impurity fraction. It should be mentioned that the dominant W erosion mechanism in the
divertor is the intra-ELM sputtering induced by impurities as well as hydrogenic ions with
energies determined by the pedestal temperature. According to the free streaming model [43],
during ELMs electrons, on their way to the divertor target, transfer their parallel energy to ions
to maintain quasi-neutrality. It is experimentally observed in type I H-mode discharges that the
maximum sum of the ion and electron energy linearly depends on the pedestal electron
temperature: max(Ei+Ee) = 5.23%T, peq [44]. The model assumes that only Ec .1 is left in Ee,
resulting in almost mono-energetic ions with Ejma up to 4.23%T, pea . Assuming the average
incident energy of ions, <E>, of 1keV, the sputtering yield (number of atoms removed from
the target surface per incident ion) for Ne is factor 40 larger than for T ions [45]. Accordingly,
the fluence of sputtered tungsten per ELM (atoms / ELM) due to neon is at least 1.4 and 2.6
times larger than due to T ions for ¢z = 3.6% (ITER) and ¢z = 6, 6% (DEMO) respectively.

Additionally, the injection of large amounts of impurities into the plasma could have strong
impact on the impurity screening by the divertor plasma. The screening is determined by the
diffusion and convection of impurity ions in the SOL which competes with parallel ion flow
towards the divertor targets. The latter is determined by the balance between the thermal force,
Fiherm, and the friction force, Fjic, along magnetic field lines [28]. The thermal force, induced
by the ion temperature gradient, pushes impurity ions towards higher temperatures, that is, to
the main plasma (core-SOL plasma boundary). On the other hand, the frictional force, caused
by the plasma flow from the main plasma to the divertor plates, pushes impurity ions to the
divertor area. The large fraction of injected impurities could strongly impact the balance
between the thermal force, Finerm, and the friction force, Fjc, along magnetic field lines due to
the increased ion temperature gradient. The increased thermal force could push the impurity
ions up the temperature gradients, dTe;/dl to the main plasma (core-SOL plasma boundary) and
to the confined plasma region, thereby reducing the impurity screening. This could lead to an
increase of the radiative power losses within the confined plasma and consequently could affect

the plasma confinement and the fuel dilution.
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It should be noted that the power width length 4, can be widened [33] in the case of high
collisionality expected in high density plasmas. As shown in Appendix D, the broader 4, could
lead to a strong reduction of the czrequired to drive the divertor into the detachment. More

investigation of the broadening of A, at high collisionality is required.

6. Summary

The goal of this work is to contribute to theoretical understanding of scaling laws for the power
exhaust in the plasma boundary necessary to achieve divertor detachment in terms of impurity
fractions, for projections onto future machines such as ITER and DEMO. In order to estimate
the required impurity fractions a new quantitative scaling law for cz in high density H-mode
operation close to the density limit was derived. It is based on a simple SOL radiation model
and uses dimensionless parameters normalized by empirical scalings for the heat flux width in
the SOL, H-mode power threshold, and separatrix density limit caused by an MHD instability.
The derived ¢, scaling shows strong dependencies on toroidal field, major radius, power to the
SOL normalized to the H-mode power threshold, f7z, and to the radiative parameter Lvr:

B1.47 R1.59 qg.39(1+k2)0.14 1 fl:.LI-?S

C, X ——
z LinT €008 Al:38 fne fsep

. The scaling also predicts a strong

dependence on the average atomic mass A of plasma species, c; < A~138 This strong
dependence on the isotopic mass mixture is significant, with ¢z being up to 27% lower in
deuterium-tritium (D-T) mixtures using 50% of D and 50% of T, and being 43% lower in the
100% trittum plasmas compared to pure deuterium plasmas. The strong dependence on the
isotope mass is attributed mostly to lower H-mode power threshold for larger isotope mass (P &

A1)

The formulation of the impurity fraction in this paper can be used as a guideline for the machine

design and for planning of operational scenarios.
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Appendix A

Goldston’s model for the density limit [21] is based on the heuristic drift-based model for the
power scrape-off width assuming that the H-mode density limit is caused by an MHD instability
in the near SOL [21]. An expression for the ballooning parameter o was derived under the
assumption that the pressure gradient scale length at the separatrix is approximately equal to

Ag:

_ quﬁ _ eRCIczzne,uTe _ RQCzne,uTe

@= Aq AgBZ/2u, | M€ T B2 (39)
Combining Egs. (16) and (4) to eliminate g, ,, and applying L; = [ mq.R we arrive at:
2 2
~ (7 li)7 _ B, _ 4\
Te,u ~ ( 2k ) - (PSOL /BG (%)ko,e 4/1q> . (40)
Substituting Bg (Eq. 36) and kq . (Eq. 9) into this equation gives:
3 3 P 21 : P 21 :
- 22 soLdc™Y \7 _ soLqc Y \7
Tew ~ <(8/7)k0> (Gze Vi+k? Aq) =012 (GZEV1+k2 Aq) ‘ (41)
Introducing the above expression for 7., into Eq. (39) gives:
@ =9.68x 10726 P2/ q.%"R%7 a0, , B2 (1 + k2) V76271137 (42)

Assuming a = dip = C,(1 + x%)Y, at which the upstream separatrix density reaches the

maximum (critical) density, 7¢.= ne.,", Eq. (42) reads:

Co(1+ 1) = 9.68 x 10726 P 2.°7 2% "R%7 a2/ "nGi B2 (1 + k2)" V76,27 1177
(43)

crit

Using the expression for A, (Eq. 35) which has an lﬁ dependence and ngly," = ney|(f,,=1) (Eq.

20), the Goldston’s equation can finally be obtained:

RB \~1/8 _ 24 19/16 /7, 1a\—1/8
B sop = 485 Co (L Py lj) (14 232 [T (2LE) (44)
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This density limit scaling has the dependence on the dimensionless factor [* which takes into

the account a possibility of extended field lines in alternative configurations.

Appendix B

The most commonly used scaling for the upstream power fall-off length in the SOL is a multi-

machine scaling obtained for the OMP position [18]:

Agmp = 0.73 B~078¢ 2Py, O ROO (45)

where A4 is in units of mm, mapped to the OMP position, and Psor is in MW. This empirical
scaling is based on extensive infrared thermography measurements of the power decay length
in the SOL on several machines including JET and AUG [18]. Here we also present it in SI

units:

Agmp = 1.83 x 107* B~078q 1.2pg,, Ot ROO. (46)

qmp

At the same time, the power decay length in the SOL A, used in Eq. (27) is the poloidally

averaged quantity. As it is shown in [18], the two decay lengths are connected by:

__R Bg
/lq,mp " (R+a) Bgmp 4 (47)
where Bg ;,;, 1s the poloidal magnetic field at the outer midplane and
—_ Hlp _ Be 2
By = malan - @ VA +k%)/2 (48)

is the poloidal field poloidally averaged around the plasma. Numerically, as it is found in [18],

on average Agm, = (0.55 % 0.05) X A, for all data points used in [18]. For comparison of

experimental and theoretical power width, it is required to map A, D't the outer midplane.

For further usage of this experimental scaling for the comparison with theoretically predicted

power width (HD), we rewrite Eq. (46) via the poloidally averaged A,:

Aq = A /0-55 = 333 X 10~* B=078q, 12p,, %1 ROO (49)
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A comparison of this scaling with a heuristic drift-based model [19] (HD model) shows a
satisfactory agreement in both absolute magnitude and power-law dependencies on plasma

parameters achieved in a wide range of experiments.

Appendix C

In this section we review expressions for m , the final term on the RHS of Eq. (37),
A yA

where

A 5
Gy=—=and G, =
1+7 Zefft4

_ Ynizi®

A=YinA/Yin, Z=n,/%in;, Zeys= -

(50)

e

Assuming the plasma with the mix of hydrogen isotopes with the average atomic mass 4z and

a single dominant impurity we find:

Ne

1+Z=1+n+n (51)
H Z
14— — ngAytnzAz (52)
ngt+ngz
__nyg nZZZ
Zeff = n—e + . (53)

We can express ny via cz and n., using the plasma ambipolarity condition:
n, =ny +2Zn; =ny + Zcyn, . Here we used the definition of the ¢; = n;/n,.

Hence
ng =n,—Zcyn, =n,(1 —c;Z) . (54)
Inserting ny into Egs. (51-53) gives new expressions for 1 + Z, A and Z, ff

= 2-cz(Z-1)

1+7Z = oy D) (55)
T AH(l—C2Z)+AZ Cz

A= 1—cz(Z-1) (56)
From these equations it follows that:

GA — A — Ag(1—czZ)+Azcy (58)

1+Z 2—cz(Z-1)
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5 5
27 Zepptd S+cg (22-2)°

G (39)

. . . 1 Do
Combining these results in a new expression for 119,038 2 which is the final term on the RHS
A Z

of Eq. (37), gives:

L = [y ]1-19[ 5 ]‘0'38 (60)
Gi1%GR38 Ag(1—czZ)+Azcz 5+cz (Z%2-2) .

Fig. 3 shows the dependence of this term on the impurity fraction ¢z in pure deuterium (4x=2)
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Fig. 3 Dependence of the function 1/(G}°G2-38) on impurity fraction ¢z

and mixed (50%/50%) deuterium-tritium plasmas (4x=2.5). The calculation is done for
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different impurities with Z=7, 10 and 18 (nitrogen, neon and argon) and corresponding to

impurity masses Az=14, 20 and 40, respectively.

Dashed lines represent ¢z fractions for each species (Z) at which 50% of deuterons are

replaced with impurity ions, cz. For c¢; < c¢; deviations from unity are very moderate:
e D plasmas: maximum 10% and 6% reduction in c¢7and c;o, respectively, and 5%
increase in c¢;s.

e D-T plasmas: maximum 7%, 11% and 18% increases in c7, cj0, and c;s, respectively.
Due to smallness of these variation we will neglect this term in Eq. (37).

Appendix D

The normalized collisionality a; could have an impact on the ¢z scaling. Here we will extract

the dependence of the most important parameters such as Psor, fay, sep and ngg’gp on the

collisionality a;.

As already shown in section 4.1, 4, o< (1 + 2.1al7”) in the experiment. The following
dependencies could be derived from 4, and Eq. (43):

gt o (14 2.1at7)7 x P (61)
Bl cep & (1+2.1a}7)%7 x Pt/ (62)

By using Egs. (31,32) and nn, ngﬁft one obtains

Psor < (1 + 2.1a}7)085 (63)

Egs. (61) and (62) could be rewritten as:

ngil, o« (1+ 2.1at7)*18 (64)
Wsep € (1+2.1af7)H18 (65)

Finally, from Eq. (22) one obtains the following dependence of ¢z on the normalized
collisionality a;

cy ¢ (1+2.1al7)-2725 (66)

The o, above is the normalized collisionality a; = 3 - 107" RqZ n , sepZerrTosep, Where R
and 7n,,sep are given in SI units, m and m= and 7, in eV.
For the cz=c; fractions for each species (Z) at which 50% of deuterons are replaced with

impurity ions, the Z values , calculated from Eq. (51), are 3.98, 5.5 and 9.5 for N2, Ne and Ar
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seeded species respectively. Such Z.; values could lead to a strong reduction of the
(1+ 2.1a}7)72725 factors. For example these factors in the Neon seeded case are
(1+21a}7)"2725=0.48 and (1 + 2.1a}7)"%725=0.60 for ITER and DEMO plasmas,

respectively, indicating the strong reduction of ¢z to achieve the pronounced detachment.

Appendix E

In this section we discuss potential implications for our model projections to a fusion reactor
which have to be operated at densities limited by other physical and technological challenges.

These can be included by deriving the ¢z scalinlg vs. neu or fow sep-

We will use Eq. (22) and replace 4, with the expression /IqHD (Eq. 35):

_ -1/4

B 5/4 p19/28 €5/28 (14§2)~9/7 Gzl

c; =1.11x 1073° P * (67)
SoL 3;0/7 fowsep” q§/28 LiNT l||3/4 G,i/s
Combining Egs. (19), (31) and (32) we arrive at:
0.72 21119 g4

Pooy, = 1.9 Lt (e ) pusz pras Lo o0 (68)
Inserting the above expression for Psor into Eq. (67) gives:

3 5/4 pB115p145 0.35 1 GIYV*
c; = 4.06 x 10739 ac z (69)

A Fosep oo €0075(1+k2)051 113/ Liny 6578

Similar results for the ¢z scaling were obtained in the previous study in [15] (Egs. (10)). It

should be noted that the scaling for ¢z in [15] shows the f;,, dependence and, for comparison
with Eq. (69), few should be replaced by fow = fow sep fsep- Small differences in the cz
scalings can be explained by Matt Reinke’s using the multimachine scaling for the upstream

heat flux width A4, = 1.35 X Pso, %% R%%* By~%92¢%42 instead of 1,"”. In contrast to the

1
heuristic drift based model power width scaling (quD x Pgor8 ,Eq.35) as well as to the Eich

scaling ( A, « P50’ , Eq.45), this scaling has practically no Psor dependence. The main
advantages of the scaling in Eq. (69) is the presence of the isotope mass dependence which

originates from the scalings P,; o A~ and 4,"" o A7/16.
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