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Abstract

Analytical expressions for the divertor radiation around the onset of detach-
ment based on the divertor neutral pressure and the upstream separatrix
density are tested against measurements on strongly nitrogen seeded high
confinement mode (H-mode) discharges in ASDEX Upgrade. The divertor
pressure is used as a key experimental parameter as far as possible, since it
can be regarded as engineering parameter based on the balance of puffing
and pumping. For a tentative extrapolation to future tokamak power plants,
limits set by the maximum core impurity concentration via the burn condi-
tions are related to the divertor impurity content via the divertor enrichment
factor. Combined with the H-mode density limit, which is most likely a limit
for the separatrix density Nesep/Nareenwaia < 0.5, estimates for the maximum
separatrix power P, compliant with the achievement of detachment are
presented for a density related 2-point model and a flux related radiation
model. The detachment, which is assumed necessary for the achievement
of sufficiently long target lifetimes, requires in H-mode the dissipation of a
major fraction of the power flowing to the divertor by impurity radiation.
Favorable conditions for power exhaust feature a high Greenwald density /
high divertor neutral pressure. The latter also facilitates a faster helium
exhaust, which increases the margin for the seed impurity concentration in
the core. Major uncertainties in the extrapolation of seeded scenarios regard
the divertor impurity enrichment and the power width A in the divertor for
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detached conditions.

Keywords: 52.55.Fa Tokamaks 52.40.Hf Plasma-Materials interactions,
Boundary layer effects

1. Introduction

For a future tokamak power plant, like the European DEMO study [1],
a minimum separatrix power flux, Py, in the range of 100-200 MW has to
be present to sustain the H-mode. The radial width of the power carrying
layer is expected to be of the order of a millimeter in the outer mid-plane
[2]. As a consequence, a parallel mid-plane heat flux of several (about 5-10)
GW /m? has to be attenuated to be compatible with the perpendicular heat
load capability of the divertor target, which is of the order of 5-10 MW /m?.
Geometrical means, provided by a field line incident angle of about 2 degrees,
yield for a standard divertor a factor of ~ 30 reduction. Turbulent broadening
of the power width in the divertor may help by a factor 2 as seen in current
devices, which may further improve a bit with increasing field line length [3].
The remaining ~ factor 10-20 reduction must be provided to a large extent
by impurity radiative losses, since hydrogen radiation is weak at least for
temperatures above 5 eV, where recombination is negligible. A high divertor
electron density enhances the impurity radiation and promotes momentum
losses and detachment [4]. The divertor plasma parameters consistent with
power exhaust are quite in line with those required for obtaining low erosion
rates of tungsten surface material. Depending on the seed impurity com-
position, plasma temperatures in front of the target below about 4 eV are
required [5]. Due to the power flux associated with plasma recombination at
the target, the ion fluxes need to be limited and thus substantial momentum
loss is also required in particular in high field /high density devices. Since
momentum loss mechanisms tend to become highly efficient at low electron
temperature (T, < 3 eV) [6], the divertor temperature reduction by seed
impurity radiation can also in this perspective be regarded as a prerequisite
for the solution of the power exhaust problem.

Detachment, radiative exhaust and operational limits have so far mostly
been discussed on the basis of plasma parameters. These are usually no en-
gineering parameters, but the consequence of heating and particle sources,
radiation, neutral effects and transport. An important parameter for power
exhaust and operational limits is the divertor neutral pressure, measured n



ASDEX Upgrade (AUG) by a baratron below the divertor roof baffle. This
can be regarded as an engineering parameter, since it is to a large extent de-
termined by the gas puff rate and the divertor pumping speed (see fig. 5 in
[7]). The neutral particle flux densities, which are related to partial pressures,
are also suitable parameters for the characterization of the divertor radiation
when the radiative potential (total energy radiated by an injected hydro-
gen or impurity atom before it is lost) is considered. The neutral pressure,
Po, has also been successfully used as control parameter in ITER divertor
performance simulations [8] [9]. The upstream separatrix density is another
suitable parameter for a divertor radiation model. It cannot be set as directly
by external actuators as the neutral pressure, but provides a close link to the
H-mode density limit [10] [11].

Comparisons of simple divertor pressure and upstream density related
divertor radiation models with experimental data are presented here for con-
ditions of strong nitrogen seeding. The nitrogen radiation characteristics is
similar to carbon [12], and the majority of radiation is emitted in the divertor
region. With Ne [13] and Ar, no strong rise of divertor radiation could be
achieved so far in AUG, since radiation from core and pedestal plays a dom-
inant role for these species. Emphasis is put on high power and high neutral
pressure conditions in AUG, since they require the smallest extrapolation
step to reactor SOL conditions.

2. Outer divertor radiation

In a high power device, a major fraction of the power crossing the sep-
aratrix has to be dissipated, to avoid an outer divertor surface overload.
Experimental evidence and modelling for a closed, standard divertor (verti-
cal targets and no specific magnetic shaping) suggest that impurity divertor
radiation is the key element for heat flux dissipation. Hydrogenic effects like
volume recombination are important for detachment of the remaining parti-
cle/heat flux close to the target [14]. Hydrogen radiative cooling is generally
weak. The e-folding width of the power carrying layer, A, enters via its direct
effect on the parallel heat flux and also its effect on the radial extension of
the radiation volume. A simple but quite robust estimate of the divertor
radiation in AUG is derived by spatially averaging the foil bolometer chan-
nels and multiplying it with a surface area of about 2 m?, resulting from
the poloidal length of 0.2 m times the divertor circumference of 10 m, see
figure 1la. By this method, the radiation around the X-point region is not
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Figure 1: a) Experimental setup of the viewing lines and b) outer divertor radiation
versus power crossing the separatrix, P.p, for conditions dominated by seeded nitrogen,
cy = I'n/7 /(Tp +Tn/7) > 0.05. Red colors mark pronounced, green colors partial
detachment [7]. Total radiation is inferred from averaged bolometer data multiplied by
a surface area of 2 m?, see text for explanation. The crosses refer to the characteristic
uncertainty in the measurements. The neutral pressure py is measured by a baratron.
The end of its connecting pipe at z= -1.2 m, R= 1.2 m marks its effective measurement
position (indicated by an arrow, but outside view).

taken into account, as this cannot be easily separated due to contributions
from the private flux and inner divertor regions to the corresponding lines of
sight. Figure 1b compares the power flux crossing the separatrix, P,.,, with
the divertor radiation measured by foil bolometers for conditions with rela-
tively strong N seeding. P, is the difference of the absorbed heating power
and the main chamber radiation derived from bolometry [15]. The measured
divertor radiation close to partial as well as pronounced detachment aligns
proportional to the separatrix power for a wide power range, with absolute
values P,q4 out < Psep/2. This complies with the expectation, that most of the
power dispersion at detachment is provided by divertor radiation. Assuming
that 2/3 of Py, is directed towards the outer divertor, and that 80 % of
this power is radiated at partial detachment, we expect an upper boundary
of 0.53 Py, to be radiated in the outer divertor. Taking into account some
divertor radiation just below the X-point not accounted for by the viewing
geometry, the observed range of P44 0ut/Psep= 0.35 .. 0.5 complies with the
expectations.



2.1. Composition of the outer divertor radiation

The radiation in the outer divertor is the most important ingredient for
obtaining a sustainable power exhaust solution. Figure 2 shows time traces
and analysis of nitrogen line emission and slow (0.4 ms sampling time, but
effectively a few ms) calibrated foil bolometers [16] for a discharge with par-
tial detachment by nitrogen seeding at 15 MW heating power and cy =~ 0.1.
Note that the total valve fluxes I'z, which are injected through toroidally
distributed nozzles in the roof baffle, are measured in electrons/s. Further
details about pulse and spectroscopic analysis are given in [17]. The diver-
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Figure 2: Divertor radiation signals taken in the middle of the outer divertor for a discharge
with 15 MW heating power, cy ~ 0.1 and partial detachment during the flattop phase,
I, = 1 MA and an ELM frequency around 150 Hz. Panels a), b), ¢) show spectroscopic
measurements of lines emitted by NT, N2+ and N3+. The emitted power is plotted in terms
of an extrapolated sum of all N lines of the same ionization stage, derived from ADAS96
data [18] under the assumption of electron impact excitation as dominant cause of line
emission. Data for the NT line have been amended by Henderson [17]. The corresponding
fraction of the measured line evaluated at indicated fixed T, and n,= 3 10%2° m~3 is given
in the figure. Panel d) shows the total line integrated radiation from foil bolometry ch 5
(see fig. 1). Also shown is the sum of the extrapolated radiation of NT:2+3+ multiplied
by a factor 7. Panel e) shows C>* and O lines, whose intensity changes opposite to the
N emission.



tor radiation is strongly modulated by ELMs, as seen in the spectroscopic
signals; the time resolution of the foil bolometers is too slow for temporal
ELM resolution. Analysis of fast (2 us) AXUV diodes (not shown), which
exhibit a wavelength-dependent sensitivity, suggests a contribution of the
ELM induced radiation to the time-averaged divertor radiation by 25-30 %.
The reaction of the bolometry on the N puff occurs smoother compared to
the N emission line measurements. This can be explained by the behavior of
other divertor impurities (C, O, B), which show an anti-correlated emission
to the N injection. The N emission seen before the start of the N puff is
explained by the latency effect of a previous N seeded pulse. The slurred
time behavior of the divertor radiation following N seeding and the changing
contribution of other impurities suggests to consider only discharges with a
dominant N divertor radiation for quantitative studies, therefore we use only
conditions with ¢y > 0.05 here. The total line integrated power emission
from N*2+3% in the middle of the outer divertor fan has been extrapolated
from individual emission lines around 400 nm using ADAS data. A multipli-
cation factor of 7 is required to reach the bolometric measurement. At most
a factor 2 may be expected from the omission of other ionization stages of N
and molecular emission. During the seeded phase, the effect of other intrinsic
impurities remains small. Hydrogenic power emission is also expected to be
small. Thus, the extrapolation of the spectroscopic measurements appears a
factor 3-4 too low. Substantial error contributions are expected from atomic
data related to individual lines. Henderson [17] provided improved data for
N* which resulted in a factor 2 higher radiated power from the N* species.
Improvements for N2T3+ are not yet available. It should also be noted that
better agreement of the extrapolated power with the bolometry can be ob-
tained when a lower T, is used. The total emission fraction factors shown
in figure 2 decrease by about a factor 2 when the assumed electron temper-
atures are reduced by 2 eV with respect to the T, values given in the figure.
These estimates reveal substantial uncertainties regarding a quantitative un-
derstanding of the divertor radiated power, related to atomic data as well as
to plasma parameters.

2.2. Radiative loss function and radiative potential

Divertor impurity radiation can be described by the radiative loss func-
tion, L,, with the local radiated power density, P.q= c, n? L, [19]. n. is
the local electron density and c, the impurity concentration. For typical di-
vertor conditions, L, depends on a non-coronal parameter expressed as n.7,,



where 7, is the impurity residence time in the divertor volume and n, scales
the inverse characteristic time for atomic physics. Alternatively, the global
divertor radiation is related to the particle influx via the radiative potential
[20], ®.,= 7, n. L,. The radiative potential is understood as the energy which
is radiated by an impurity atom during its residence time after entering the
divertor plasma. The total radiated power can be expressed as Pqq div=1".4p
A e ®,, where I', 4, is the impurity flux density towards the divertor plasma
and A the receiving surface area. Figure 3 shows L, and @, for N and Ar for
2 different values of the non-coronal parameter n.7. Each radiation model

10730 ' —3 10°¢
— T =05ms ] 3
- 1=5ms AT
10731 105}
o i
E o
% 10»32 L Fe] 104 E
I &
1033} 103}
ne=102m3
10734 ‘ ‘ 10?2 ‘ ‘
1 10 100 1 10 100
Te eV Te /eV

Figure 3: Radiative loss function L, and radiative potential ®, for N and Ar and 2 values
of the non-coronal parameter n.7, [18].

is best matched to the experimental situation for conditions where its de-
pendence of the non-coronal parameter is weak. This applies to L, for T,
below 10 eV and above 200 eV (for Ar) and to ®, for the intermediate range
(~ 20 -100 eV for N). The question about the better suited model is also
related to the availability of experimental data. E.g., the divertor impurity
concentration c, is usually not known, while fluxes are more often available.
The use of L, has the advantage that an analytic integral [19] can be used to
get an expression of the maximum radiated power, which takes into account
the change of n. and T, along the field line assuming Spitzer conductivity
and pressure balance [6].

2.3. Fluz related model for divertor radiation at the onset of detachment

The most important parameter for any divertor radiation model is the
impurity concentration c,, which is generally not measured in the divertor.
Reasons are lack of atomic data in sufficient quality and strong variations of
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plasma parameters along viewing lines [17]. It has been found suitable, from
the perspective of the comparison of divertor radiation with simple 2-point
models, to use the fractional impurity atomic influx, Fyge . taken from the
gas valves instead, resulting for nitrogen in cy= Fyuve, v/ 7/ (Foatve,0+Fraive, N /7)
[21]. The factor 7 comes from the definition of AUG valve fluxes in terms
of electrons/s. This definition neglects possible wall sticking/release and as-
sumes equal pumping speeds for N and D. In case of N seeding, formation
of ammonia [22] and wall sticking may strongly affect the particle balance.
Therefore experimental conditions with steady state conditions are aspired,
where formation and release largely balance. Under these conditions, agree-
ment within 30 % between ¢y from the valve flux ratio and the spectroscopic
analysis is achieved [23]. Substantial D puffing is also a prerequisite for the
reduction of the influence of wall D capture and release [24]. The used defi-
nition of the impurity concentration is better suited to a flux related model
for divertor radiation, since the ion distribution in the divertor plasma may
differ from the source ratio.

An empirical model for divertor dissipation at the onset of detachment
[25], which has been corroborated by 1D modelling [21] relates the onset
of detachment for a given separatrix power to the deuterium and impurity
partial neutral pressure. To express Pg., at detachment in terms of outer
divertor radiation, we assume again P, .4 outerdiv,det= 0.53 Pgep. The obtained
equation 1 for the divertor radiated power agrees within a factor of two with
the measured divertor radiation around the onset of detachment, as shown
in fig. 4.

Praddiv,out,det = 41- ]-05 Do R (]- + szz) [V[/) Pa’7 m] (1)

Po is the neutral sub-divertor pressure in Pa, R the major radius and f, a
weighting factor for the corresponding impurity radiation capability derived
from 1D modelling of detachment onset using atomic data from ADAS [21].
For (N, Ne, Ar) values f, = (18, 45, 90) were obtained, which can be inter-
preted as relative radiation potentials. Py is measured by a baratron in the
lower high field side region below the divertor roof baffle [7]. pg represents the
flux density in the lower divertor region, but spatial variations up to about
30 % are observed depending on the extent of the high field side high density
situated above the X-point on the HF'S, as observed in AUG and JET [26].

It should be noted that the D pressure related part in eq. 1 is connected
both to D radiation and to the increase of n, with D pressure, which leads
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Figure 4: Measured divertor radiation flux/pressure based scaling, equation 1. The scal-
ing corresponds to the energy loss by an N atom entering the divertor plasma of 5 keV
(radiative potential around T.= 30 eV, see figure 3b), with an effective flux receiving area
of 2rRA £z ~ 0.15 m?.

to enhanced impurity radiation at given c,. The use of the sum of weighted
pressures has also been obtained from considerations of the global energy
balance in a recent review on divertor detachment [14].

The impurity related divertor radiation according to the empirical scal-
ing eq. 1 can be compared to the expression obtained using the radiative
potential:

Proddivout: = F.®. = 1.510% ¢, pg 2R s €®@.[W, Pa, m, m,eV] (2)

Assuming flux balance, the measured pressure (room temperature at bara-
tron location) [7] can be related to a flux density To= 1.5 10** at/(m?s) -
po/Pa in the outer divertor. 2m Ry, is the flux receiving area. Taking the
radiative potential & = 5 keV as a typical value from fig. 3b, the per-
pendicular flux receiving length Ay, is obtained by setting equal eq. 2 and
the measured, N dominated divertor radiation. An effective length A, ~
1.5 c¢m is obtained, which corresponds roughly to the power footprint along
the target. We conclude that the impurity radiation part can be reasonably
described by the ansatz of the radiative potential.

2.4. Density related radiation model

Goldston [10] has more elaborate 2-point model based analytical scalings
[19] [6] for the maximum separatrix power Py, which can be exhausted by
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divertor radiation. The 2-point model has been extended by a prediction of
the power width A following a heuristic drift model [27].
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Figure 5: Measured outer divertor radiation in AUG against the predicted maximum
divertor radiation according to the scaling by Goldston [10]. ne sep and Te sep are taken
from Thomson scattering, ¢, from the N/(D+N) valve flux ratio. Data are a subset of
those shown in figure 4 with available n. s, measurement. n. s, variation is 1.5 - 4.7 10
m™3, ne sep/new= 0.15 - 0.4.

We use the simple cy estimate based on relative valve fluxes described in
section 2.3. The maximum upstream parallel heat flux which can be radiated
by N has been evaluated following [10] to

T.
) 9
Ne, sep ( e,sep

1020 m—3 150 ev)lﬁ ’ (CNK’Z)O.S (3)
with fixed non-coronal parameter. k. is the finite-Z correction of the electron
parallel conductivity. ¢,.q corresponds to the square root in eq. (1) in [10],
divided by /T scp. By this, the temperature dependence of the atomic data
has been factored out to obtain the simple expression eq. 3. ¢,qq is calculated
from ADAS data for n,= 10?° m~3 and a residence time 7= 0.5 ms, resulting
in ¢rean= 3.7 GW/ m?2. Corresponding values for Ne and Ar are Crad,Ne= 1.2

GW/m? and Crad,Ar= 8.5 GW/ m?2. The corresponding maximum divertor
radiation is

q||,mazrad = Crad,N *

Prad,div,maa: = d|,mazrad 27T}%fbroad < )\q,HD >< Bp > /B (4)

Following [10] the broadening factor fy,,.q takes into account the Gaussian
broadening of the heat flux layer in the divertor by an assumed factor b=1.79

10



and the effect of the broadening of the radiative layer w.r.t. the power flux,
which enters as factor 1.27, leading to fy,...q= 2.27. Using Goldston’s model,
poloidally averaged values < A\, yp > and <B, >=po L, / (27 ay/(1 + k2)/2)
are used. < A\, gp > is about a factor 2 larger than A, ., obtained from the
experimental Eich scaling for the outer mid-plane and unseeded conditions,
which matches AUG IR measurements [2] and also Az, /3.5 following Spitzer
conductivity within 30 % [7]. The factor 2 is largely reconciled by the vari-
ation of averaged vs. omp flux expansion, B, ,.,(R+a)/(<B, >R) ~ 1.8.
In slight variation of Goldston’s model, a correction factor of 0.5 has been
applied to c, in formula 10 for the Z.s¢ correction of the parallel thermal
conductivity in [10] to take into account an expected decrease of ¢, towards
the mid-plane (high N enrichment, see sec. 3.2). This measure reduces A\, yp
and the predicted radiation by up to 10% at high seeding level [2]. In case
no experimental T, ., is available, it is calculated with the 2-point model
ansatz

7
Tesep = (§Q||7TqulR/(/‘€z/‘€0))2/7 (5)

If this T s, is used in combination with equations 3 and 4 to calculate the
maximum divertor radiated power, the finite Z correction x, almost cancels
out.

The agreement of the predicted maximum radiation and the bolomet-
ric measurements within about +50/-30 % shown in figure 5 is surprisingly
good, since one has to consider several simplifications in the radiation model:
omission of D radiation and CX, the effect of ELMs, assumption of constant
c, along the field line, fixed divertor broadening leading to 1.79),, effects of
T; > T.. The emission of intrinsic impurities (B, C) adds to the measured
divertor radiation. It should be noted that this radiation model calculates
the total SOL radiation including the region above the X-point, which is not
included in the measurement. On the other hand, the impact of the radia-
tion from the main SOL is small since most of the radiation is expected to be
concentrated in the divertor, due to the high density and high values of L,.
Equation 4 predicts the maximum possible radiated power in the outer di-
vertor. Therefore it should be compared to highly radiating discharges close
to detachment. This condition is approximately fulfilled for the green and
red data points in figure 5 since they have detached strike points, the other
points are expected close by since only data with ¢y > 0.05 are used. The
radiation model used here does not contain any fitting parameter. However,
it should be mentioned that the choice of the non-coronal parameter n.7,

11



dates back on a comparison of divertor radiation and bolometric measure-
ments in AUG [21]. It is also consistent with SOLPS calculations for N and
Ne. Nevertheless, an independent determination of n.7, ideally as a local
divertor parameter is beneficial. E.g., reduction of 7, to 0.1 msec would lead
to an increase of ¢,.qq by 70 % for N and about 40 % for Ne and Ar.

3. Limits to radiative divertor cooling

There are several limitations to the impurity level or required divertor
density / neutral pressure in particular for a burning device. Impurity seeding
for divertor cooling does not usually cause confinement degradation in present
devices, sometimes even an improvement is observed [28]. This has been
related to a reduction of the high field side high density by seed impurity
radiation in AUG, leading to an inward shift of the density profile, reduced
N, sep and improved edge stability [28]. An improvement of pedestal stability
and confinement has also in JET been related to an inward shift of the density
profile. The origin of the shift, and a possible relation to a high field side
high density region, remained so far unclear [29].

To satisfy the necessary exhaust conditions, a high separatrix density
/ divertor neutral pressure may be indispensable. The question whether
sufficient energy confinement can be achieved simultaneously is out of the
scope of the present study. In the following, we briefly address the H-mode
density limit, the maximum impurity concentration and the effect of radiation
concentration around the X-point.

3.1. H-mode density limit

Following the L, based radiation model, power exhaust improves with
the upstream separatrix density, n. s¢,. This parameter is limited by the H-L
density limit (HDL), which was recently explained by the combination of
a fixed gradient length relation for electron pressure and power, L, / L,=
2, which allowed to relate the pressure gradient to the well-established Eich
scaling for the power width and the ballooning stability limit. The HDL
was found to occur at n sp gpr ~ ngw /2 [11], with the Greenwald density
new= 10" 1,/ (7a?®). The HDL thus limits the maximum divertor radiation
[10] and comes in addition to the H-L power limit, which is associated with a
minimum separatrix heat flux required to sustain the H-mode [30]. Margins
towards moderately higher n. .., values can be expected from increasing the
MHD limits by shaping and density profile tailoring by pellets. A very weak

12



negative total Py, dependence [11] may reduce the maximum n, 4, values
at very high separatrix power.

3.2. Maximum permitted core impurity concentration and divertor enrich-
ment

Core energy balance criteria limit the maximum permitted impurity core
concentration. Seed impurities mainly used for divertor cooling (N, Ar) act
in particular via fuel dilution. Piitterich et al. [31] calculated the 0D power
balance including several radiative losses and the effect of fuel dilution, tak-
ing the normalized He residence time 7j;,/7g as parameter. The latter de-
pends on the He divertor enrichment, the neutral D divertor pressure and
the pumping speed. We evaluate maximum burn-compatible core concentra-
tion of either c*= 0.03, %= 0.018 or ¢}**= 0.006 for 7};,/7r =5. The
latter corresponds to a He core concentration of about cy.= 0.08, a lower
core He concentration would allow a higher seed impurity level. The maxi-
mum values given above describe the limits where burn can be sustained, for
realistic and economical more feasible conditions, we assume one half of the
maximum concentrations to be acceptable in the core plasma, where possible
some additional high-Z radiator has to be considered.

The parameter which allows the connection of divertor and core param-

eters and limits is the impurity divertor enrichment, defined here using the
Fvalve,Z/Z /nZ,core

Fvalve,D+Fvalve,Z/Z Ne

mental data on enrichment in a closed divertor geometry are scarce. He has

a very low enrichment value around E=0.5 [32], so in fact a de-enrichment
occurs. Larger enrichment is expected for the heavier noble gases used as
seed impurities [33]. A major parameter determining the enrichment is the
ionization length, compared to that of D. The impurity charge enters also via
effects of drifts and thermal forces. The main reason for the low enrichment
of He is its ionization ’behind’ the D ionization front, which means that He
is not entrained in the strong D flow towards the target. This is not the
case for the divertor seed impurities N and Ar. High enrichment values for
N with values for E above 10 during pellet injection have been observed in
AUG [34]. Ar values are expected in the same order of magnitude, but have
not been measured yet. Lower enrichment values compared to N are seen
for Ne, which has a higher ionization energy and a longer neutral mean free
path compared to N and Ar. The above mentioned ordering is also in line
with direct measurements during puff and pump experiments with an open
divertor on DIII-D [35]. In the following estimates, we use E= 10 for N and

ratio of the valve fluxes as proxy for c,, E= . Experi-
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Ar. Such a high value seems realistic, since pellet injection is foreseen for the
fueling of a burning device. In addition, a higher pedestal temperature will
reduce the neoclassical peaking of impurities from the separatrix towards the
pedestal top [36]. The low enrichment of He requires a relatively high pump-
ing speed for keeping the core He concentration sufficiently low. In case of
strong divertor radiative cooling this is then inevitably connected to a high
fuel and seed impurity throughput.

3.3. X-point radiator

With proceeding (i.e. pronounced [25]) detachment, a localized radiation
zone on closed field lines in the X-point region develops in several tokamaks,
including AUG and JET [37] [13] [38]. The presence of the X-point radiator
is accompanied by a reduction of the pedestal top temperature and a rise
in density. Overall, a moderate confinement reduction is observed, where a
pedestal top pressure degradation is partly compensated by a steeper gradient
further inside. ELM sizes are considerably reduced, which may offer an
attractive use for X-point radiator scenario for ITER and DEMO. However,
since modelling is not yet advanced enough for an extrapolation, in particular
regarding energy confinement, the occurrence of the X-point radiator can be
regarded as an operational limit for a seeded scenario. Stable control of the
radiation zone within the outer divertor leg may help to optimize the divertor
radiating regime [39] towards a higher upstream radiation level.

4. Extrapolation and scaling relations

For an extrapolation of the scaling relations for the divertor radiation to
devices with larger size and field, it is instructive to follow both the den-
sity and the flux related scalings. For AUG parameters both scalings deliver
similar predictions, which has been reconciled by 1D modelling [21]. The
connecting element is the relation of recycling flux, on the one hand, and
electron and impurity density, on the other hand. Regarding extrapolation,
the density related (Goldston) model is better suited due to its inclusion
of a realistic n., T, variation along the flux tube given by pressure balance
and Spitzer conductivity. A problem of extrapolation is caused by the non-
Coronal conditions, which are expected to deviate from the AUG parameters
when extrapolated to high n. s, values. At higher n. ., the divertor density
is expected to rise, and the impurity recycling flux R, will increase at least
with the square of the density according to the high-recycling 2-point model.
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Consequently, the impurity residence time 7, « ¢, n./Rz will decrease, and
L, rises due to the rising non-coronal contribution. Therefore, the density
related model leads to a moderate (less than by the square root of the rel-
ative n. s, variation) underestimation of the divertor radiation when n. s,
is increased and n, 7, kept constant. In contrast, the flux based scaling is
expected to overestimate the divertor radiation for this parameter variation
due to the reduction of n, 7, with rising n. s, (recall that ®,= 7, n. L.). The
increase of L, due to the non-Coronal contribution reduces the effect of the
decreasing n, 7., but a net decrease of ®, is expected to remain. Dedicated
scans with validated 2-D modelling are required to obtain more quantitative
predictions for the increase of the divertor radiation with n. .

4.1. Relation of divertor neutral pressure and upstream separatriz density

For extrapolation with the flux based scaling, one needs to establish the
relation between n, s, and the D recycling flux. A direct regression of these
quantities led to the relation n. s, oc p33' for N seeded and non seeded
ASDEX Upgrade H-mode conditions, with litte impact of other parameters
[7]. Such a fit is not suitable for extrapolation to other machine sizes and
power levels, therefore a refined two-point model has to be used to reveal e.g.
the size dependence. It should be noted that the underlying assumption of
pressure balance between divertor and midplane [40] is assumed to be quite
independent from divertor geometry, while the assumptions on the neutrals

require a closed divertor and may depend also on divertor geometry.

The relation between the upstream density n. s, and the perpendicular
target ion flux density, neglecting convection, can be written as [7] [41].

(1= foow)/? 2 2kgk,
1-— fmomfloss € 77chle

e,sep —

)7 (mp/2)™® g, (Ti /(b ysin(a)))V/?
(6)

To obtain a relation to the neutral pressure, we assume the target ion flux
to be equal to the neutral flux towards the outer divertor plasma. The flux
densities are assumed equal to the flux densities obtained from the baratron
measurement below the divertor [7]. At the baratron location, the neutral
flux can be related to room temperature thermalized molecules, leading to
o= 1.5 10?® at/(m?s) - pp/Pa. This assumes a free streaming of neutrals,
thus neglecting neutral-neutral collisions and no strong net particle flows
between outer and inner divertor.
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The unknown factors for power loss, momentum loss and divertor broad-
ening in equation 6 were merged into a combined expression, where also a
correction factor fose, has been introduced which takes into account possible
variations caused by using the sub-divertor pg instead of the outer divertor
I';. The expression is expected to be of the order of 1, which is the limit
for absence of any losses, divertor broadening and geometrical correction.
Inserting the parallel heat flux and the other parameters from the AUG ex-
perimental database, the unknown combination of momentum loss factor,
power loss factor and divertor heat flux broadening factor b is found by
regression analysis to depend mainly on the neutral pressure py:

(L= fyouw)'?

1— fmomfloss

b_1/2f0g60 ~ Cpres p61/4 (7)

with ¢,.es= 0.35 [Pal/4]. Expressing q||,mid Via % Psep divided by A,, the
circumference and the magnetic pitch factor, we finally obtain the relation of
mid-plane density and divertor recycling for the considered AUG conditions

around partial divertor detachment

2 2Kk, Psep B
Ne.sep = Cpres _( Kok 2/7 (mD )0.5 R—O.S ( P )3/14 (8)
e TTqeyl 2 3m < Agup >< B, >

(y sin(oz))_l/2 (1.5 10% Pa/(at m=2s1))%? pé/4

We see that the partial cancelling of pJ® from the 2-point model and pJ-2°

from the loss factor fit is critical. Therefore, eq. 8 is still limited in use
for extrapolation, but it describes the relation of py and n s, with 20 %
rmse in n. g, within the AUG parameter range. Deviations are expected e.g.
due to neutral-neutral collisions at higher py. Note also that the factor R%
provides a positive extrapolation to large devices regarding divertor recycling.
Physically, this factor results from the reduction of n. s, due to the increase
of T¢ s¢p With connection length, at constant electron pressure, and from the
smaller g ;g at given Py, in a device with larger major radius.

Figure 6 shows measured separatrix densities versus the neutral pressure
as well as corresponding SOLPS calculations. The SOLPS calculations have
been performed for a D gas scan (N only as trace impurity) under conditions
typical for the experimental database, I,= 0.8 MA. The relation of n. s,
and the neutral pressure below the roof baffle is found in the range n. s,
pg-2%5 - 0275 [49] " depending on grid boundary conditions, and qualitatively
consistent with eq. 8.
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Figure 6: Measured separatrix densities versus the neutral pressure. The direct fit [7] is also
indicated. Results of a SOLPS gas scan in a typical parameter range of the experimental
data are shown as blues squares.

4.2. Parameter variations

The successful benchmark of the density-based and pressure-based mod-
els for divertor radiation at the onset of detachment in AUG motivates an
extrapolation to possible future device parameters. Some obstacles arise for
the two models in particular for high field / high density devices. A major
uncertainty for both models lies in the non-coronal parameter n.7,. The flux
related model suffers in particular from an uncertain extrapolation of the
recycling flux.

Figure 7 shows extrapolated values of the maximum separatrix power
compatible with detached divertor operation based on the scalings described
in sections 2.3 and 2.4. Fixed, maximum divertor impurity concentrations
%= 0.15 and ¢/£**= 0.03 were used, corresponding to half the values al-
lowed from the burn conditions [31] under the assumption of a divertor en-
richment E=10 for both for N and Ar. n. 4, has been fixed to ngw /2. The
maximum outer divertor radiation is then calculated using the atomic data
shown in figure 3 for fixed 7,n.= 0.5 ms 10* m™3, and Py, = Praddiv.out
/ 0.53. An iterative scheme is used to obtain self-consistent values of P,
T sep from eq. 5 and the power width < A\, gp > (from eq. 5 in [10]), as well
as for the calculation of py from eq. 8.

Figure 7a shows an arbitrary field scan at constant size, starting at AUG
parameters and increasing I, oc B, up to a factor 5 at constant geometry
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Figure 7: Extrapolated max. separatrix power for detached conditions for two machine
class scans: a) B;/I, scan at fixed size, starting at AUG parameters at qos= 3.7 / qeyi=
3.1, and b) size scan at constant R/a, B, = 5.3 T, I,= 15 MA. ITER point at R= 6.2
m. Nesep = 0.5 ngw. Dashed lines are based on the flux related model, straight lines on
the density related model. As a consequence of the assumptions made on n.7,, the actual
value is expected in between the dashed and solid lines. Due to I, kept constant, q.,; rises
with R, ngw decreases o< 1/a? from 1.8 10%° to 4.6 10*® m~2. ITER parameters are met
at R= 6.2 m. P, is assumed to be 1.875 times the corresponding maximum divertor
radiation levels. The L-H power threshold [30] has been evaluated for .= ngw. Divertor
seed impurity concentrations cy= 0.15, c4,= 0.03. n.7,= 0.5 ms 102° m~3.

and q.= 3. A fixed n, 7, value has been used in the calculation. Since the
expected trend for decreasing n. 7, with increasing n. s, leads to an increase
of the extrapolated divertor radiation for the density related model and to a
decrease for the flux based model, the expected value should lie in between
the corresponding curves.

Figure 7b shows a size scan for fixed toroidal field B,= 5.3 T, and I,= 15
MA. Elongation, safety factor and minor radius were changed slightly com-
pared to fig. 7a in order to match I, = 15 MA for the ITER size R=6.2
m. For this parameter choice, the safety factor rises o« R and ngy, decreases
quadratically oc 1/a?. At large size and elevated .y, this scenario corre-
sponds to an extreme case of a steady state tokamak. For the conditions of
figure 7b, n. s, and neutral pressure are in the same ballpark as the data
from AUG, making the extrapolation more reliable compared to the B scan.
In a scan similar to b) (not shown), the plasma current was increased o a in
a size scan. Thus, g, is kept constant and ngy decreases o< 1/a. For these
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conditions, starting at ITER values, the maximum Pg,, from the Goldston
model stays constant around 130 MW, the flux based model is a factor 2
higher and slightly decreasing.

The density related / Goldston model follows the scaling given in [10],
Codet X Psepmazdet /(< Bpot > (Mesep/New)?). Both models also support
the conclusion in [43] that maximum toroidal field and minimizing device
size maximizes the feasibility of reaching detachment. Quite unfavorable
exhaust conditions are predicted for large devices with low plasma current
and Greenwald density, as shown in figure 7b.

Quite similar values for the maximum detachable Py, are obtained for
N and Ar since the effects of different radiative capabilities and allowed con-
centrations cancel. Not very favorable divertor cooling scenarios have been
obtained so far with Ne both in AUG and JET [13], accompanied also by
an impact on the pedestal profiles. Suspected reasons are a lower divertor
enrichment or the low radiative loss power of Ne at low T.. If we assume
the enrichment to be the factor 2.2 lower for Ne compared to N and Ar,
its curves lie very close to those of N and Ar. On Alcator C-Mod, higher
divertor radiation levels were also obtained with N compared to Ne and Ar
[44].

When judging the results of figure 7, it should be kept in mind that the
density based model has a more accurate physics basis due to the consid-
eration of n, and T, variations along the field line. The flux based model
has the advantage of better availability of experimental input parameters.
The divertor neutral pressure / flux based model should not be used for far
extrapolation, since the ansatz P, o< pg (1+c,f,) is a fit function and not
directly connected to a physics model. Beyond py= 10 Pa, the mean free
path of neutrals becomes smaller and fluxes are expected to be impeded, and
eq. 8, which is a fit to experimental data for AUG conditions, is no longer
valid.

The prediction for a large device with moderate plasma current are quite
pessimistic due to its low Greenwald density and hence low n. 4, and neutral
pressure. Therefore an alternative divertor configuration may be required
for such a device. For ITER operation with half current and field, the ex-
pected lower maximum separatrix density and hence neutral divertor pressure
is expected to result in a reduced power exhaust capability, which is how-
ever compatible with the reduced heating power. Regarding local divertor
parameters, the extrapolation is within the range of divertor conditions in
AUG H-mode plasmas. The largest uncertainties concern for the density re-
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lated model the divertor power width in a high current device and for the
flux based model effects of divertor geometry. In present day devices, the
wish to operate at low core density/collisionality e.g. for the achievement
of high current drive fractions is not compatible with the high n. s, or high
divertor neutral pressure needed for the exhaust of high power. For reactor
size machines, core and edge densities are expected to be decoupled due to
the SOL opacity for neutrals and predominant pellet fueling.

Generally, a high plasma current density is favorable for power exhaust, if
the possibility of using a high separatrix density or divertor neutral pressure is
fully exploited. To strengthen the predicted operational parameter point, an
improved version of the current H-L power scaling is desirable, which includes
radiation losses and takes into account the separatrix/pedestal density.

To strengthen predictions for high neutral divertor pressure, experimental
data in this parameter range are required. Currently, high pressure operation
at high P, is limited in AUG by NBI tripping due to beam blocking in
the duct, which so far occurred for divertor pressures around 7 Pa. Stable
operation near the H-mode density limit is thus so far only possible up to
L,= 0.8 MA, or correspondingly n, s, <5 10 m=3.

5. Conclusions

Two different simple analytical predictions for divertor radiation and ra-
diative cooling are able to describe within a factor 2 the outer divertor radi-
ation for conditions of strong N seeding in AUG. The analytical models are
expected to hold for Ar as well, which is considered as a combined core and
divertor radiator for large devices [45] [46]. The most important uncertainties
are the power width in the divertor for low temperatures and the impurity
enrichment in the divertor in relation to the plasma core. The limitation
of the upstream separatrix density by the H-L transition [11], or the corre-
sponding limitation of divertor neutral pressure [7], appear as key restrictions
for the achievable maximum divertor radiation.

The neutral pressure measured at the bottom of the divertor (see fig.
1), po, is an engineering parameter which is closely connected to tokamak
operational conditions and limits. Reduced physics model allow to establish
its relation to divertor detachment and the H-L density limit. The maximum
neutral pressure compatible with H-mode operation, given by the relation of
Po and Nesepmaz, set the limit for the maximum P, where detachment can
be achieved when the maximum impurity concentration is given by the burn
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condition and the divertor enrichment both for the seed impurity and He. 2D
modelling, well calibrated against experimental parameter scans, is required
to solidify the assumed relation of n. .., and py and to calculate absolute
values of the divertor impurity enrichment. For the latter, the impact of
small ELMs or the ELM-preventing instability has to be taken into account.

The behavior of the divertor heat flux broadening for detached conditions
at the strike point is not well known, since high precision IR measurements
of the heat flux profile are not applicable under such conditions. Also, in a
large DEMO-type device, broadening mechanisms leading to a larger A, gy
may become effective [3], which are not easily measured with current short
connection lengths. Validation of the radiative losses are hampered by the
un-availability of routine and sufficiently precise measurements for the im-
purity concentration, c,, in the highly radiating divertor region. In addition,
the relation of momentum and volumetric power losses requires further in-
vestigations. Interesting and close correlations between the losses and the
molecular density were found by Stangeby and Sang by a closer investigation
of SOLPS 2D modelling results [47], but their explanation still remains to be
identified. Molecular D, effects may turn out less important with a tungsten
divertor compared e.g. to carbon, since the atomic D reflection rate is much
higher on W [48].

The limit for the upstream separatrix density n. s¢p < ngw /2 [11] is based
on the critical ballooning « of a standard H-mode edge. Increased triangular-
ity or edge profile tailoring may thus allow access to increased n. s, values,
and hence also to higher divertor pressure and radiation. Both the density-
related radiation model and the flux related model suggest a high Greenwald
density to allow for a high divertor radiation level. A high neutral pressure
appears to be a key element for the exhaust of high power densities, therefore
this parameter is suggested to be used as scaling parameter both in modelling
and in experiment.

The inner divertor has not been considered here. It is for standard field
direction (ion grad-B drift towards the X-point) in deeper detachment in
comparison to the outer divertor and therefore less critical regarding power
exhaust. Due to a stronger impact of the high field side high density region
and other 2-D effects, the simple models used here are less applicable to the
inner divertor.

Future work for improvement of the extrapolations should include exper-
imental variations of machine size and power width, accompanying calcula-
tions with 2D codes like SOLPS for data validation and impurity enrichment,
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improvement of atomic data for diagnostic spectroscopic lines, and turbulence
studies on the divertor heat flux broadening.
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