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Achieving the detachment of divertor can help to alleviate excessive heat load and sputtering problems on the target
plates, thereby extending the lifetime of divertor components for fusion devices. In order to provide a fast but relatively
reliable prediction of plasma parameters along the flux tube for future device design, a one-dimensional (1D) modeling
code for the operating point of impurity seeded detached divertor is developed based on Python language, which is a fluid
model based on previous work (Plasma Phys. Control. Fusion 58 045013 (2016)). The experimental observation of the
onset of divertor detachment by neon (Ne) and argon (Ar) seeding in EAST is well reproduced by using the 1D modeling
code. The comparison between the 1D modeling and two-dimensional (2D) simulation by the SOLPS-ITER code for
CFETR detachment operation with Ne and Ar seeding also shows that they are in good agreement. We also predict the
radiative power loss and corresponding impurity concentration requirement for achieving divertor detachment via different
impurity seeding under high heating power conditions in EAST and CFETR phase II by using the 1D model. Based on
the predictions, the optimized parameter space for divertor detachment operation on EAST and CFETR is also determined.
Such a simple but reliable 1D model can provide a reasonable parameter input for a detailed and accurate analysis by 2D

or three-dimensional (3D) modeling tools through rapid parameter scanning.

Keywords: divertor detachment, impurity seeding, one-dimensional modeling

PACS: 52.55.Rk, 52.65.—y, 52.55.Fa

1. Introduction

The divertor is an important component of modern mag-
netic confinement fusion devices. For ITER!!! and China fu-
ture fusion device CFETR?! with high heating power and den-
sity discharges, the excessive heat load on the divertor target
and the erosion problems of the target materials are the main
challenges affecting the high performance and long pulse op-
eration. In addition, to mitigate or eliminate the erosion of
target plate materials, the divertor needs operating at least in
the partial detachment to maintain a low plasma temperature
at the divertor plates. It is essential to inject impurity gas
with high radiative loss rate and low co-deposition with tri-
tium to increase the power dissipation in tokamak, especially
in the divertor region, and eventually reducing the peak heat
load deposited on the divertor target. The optimal candidates
for radiation cooling are noble gas, such as neon (Ne), argon
(Ar), and krypton (Kr). The effect of impurity seeding on di-
vertor detachment has been investigated on many tokamaks,
such as AUG,"! DIII-D,!* JET,P! JT-60U,[®! EAST,""! and
C-Mod,®! via experiment and simulation. The steady and in-
fluential progress has been made in 2D modelling of divertor

9=111 but 2D model calculations require a lot of com-

research,!
putational sources, which is not conducive to quick parame-

ter scanning and parameter prediction. And some 1D analytic
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and computational models of the divertor plasma have been
developed previously.l">'7] These 1D codes provide an in-
sight into the research on divertor plasma dynamics, such as
the role of different atomic and molecular processes in detach-
ment and the effects of the neutrals on detachment fronts. In
addition, there are a number of zero-dimensional (0D) station-

ary models!!3-2]

containing impurity radiation, which involve
the investigation of the power exhausted on the divertor plates,
such as the evaluation of the detachment degree, which may
have a positive effect on the preliminary design work of fusion
reactors. It has been shown that impurity seeding in the fusion
reactor has a significant effect on the high heat flux mitiga-
tion and the achievement of divertor detachment.!!) There-
fore, impurity seeding is inevitable for divertor detachment
with the high parameter discharges, especially for ITER, EU-
DEMO, !l and CFETR. Here, in order to provide a simple
but relatively reliable prediction of plasma parameters for the
impurity seeded detached divertor operational point for fusion
devices, a 1D modeling code is developed based on the Python
language.

In the 1D model, the divertor plasma is approximately
represented by a flux tube with the width A;y (221 in the outer
scrape-off layer (SOL). The momentum losses, ionization
source, and heat flux dissipation are adequately considered in
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our model. This 1D model can calculate and predict the evo-
lution of plasma parameters along the flux tube from divertor
target to the outer mid-plane (OMP) under different divertor
detachment operational points.

The rest of the paper is organized as follows. Section 2
primarily provides an overview of the physics model for the
1D modeling. The comparison between the 1D model and
the EAST experiments is presented in Subsection 3.1. And
the calculation of divertor detachment for CFETR by the 1D
model and 2D transport code are compared in Subsection 3.2.
Section 4 shows the prediction and parameter scanning with
the 1D modeling for the high heating power scenarios on
EAST and CFETR phase II with high fusion power scenarios,
respectively. Finally, the conclusion is given in Section 5.

2. Physics model for 1D SOL modeling

The 1D model mainly focus on the region of the first e-
folding length of the heat flux of outside the separatrix.!?3>4]
A flux tube with length L establishes a connection between the
OMP and the divertor target. The flux tube geometry of EAST
applied to the 1D modeling is depicted in Fig. 1. The cross-
section of the tube is determined by the following factors: the
toroidal circumference, which is proportional to the large ra-
dius R, the mid-plane heat flux width ;Lq[22] and the pitch fac-
tor sin(tan~! (B, /B,) of the magnetic field lines. At the diver-
tor inlet, the parallel heat flux is assumed to broaden instanta-
neously with width from lq to Aint as shown by the red arrows
in Fig. 1. At the target, power width A;y is broadened due to
the effect of the power spreading S, and can be obtained from
Aint = Aq + 1.648.1251 The parallel heat flux width Aq can be
obtained through divertor probe diagnostics or infrared camera
measurements. The experimental results of existing tokamak
devices are in good agreement with the Eich’s experimental
scaling that A4 decreases linearly as the poloidal magnetic field
Bpol (or equivalently the plasma current) increases.!*! The
simulation results based on BOUT++4- show that for future
devices such as CFETR, the boundary cross-field transport
may change from a drift-dominated regime into a turbulence-
dominated regime.[?”] In this case, the value of Aq will be
much larger than the extrapolated value from the Eich’s exper-
imental scaling. The divertor region is generally considered
to be the area at a distance of x < Lg;, from the strike point,
where Lgiy, is defined as the distance from the target to the di-
vertor entrance. The value of Lg;, varies with tokamak size.
Radiation generated in x < Lgjy is regarded as divertor radia-
tion.

The evolutions of the neutral particle and the ion flux
along the flux tube, considering the ionization and recombi-
nation processes, are given by

dJ Rionneng
—ng=—

Riecnen;
+
dx Vo Vo

; ey

e (nv) = Rionneno — Rrechen;.

@

Here, vo represents the neutral particle velocity in Eq. (1),
which is assumed to be 1/4 of the average thermal speed

along the flux tube, ie., vo = (1/4)+/8eTy/(mwmy), repre-

senting the reflection of sheath accelerated ions and Franck—

(23] Integrating continuity equation (2), the

Condon neutrals.
ion flux towards the target can be obtained. This equation can

also be used to calculate the plasma flow velocity v.
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Fig. 1. Geometry of flux tube of EAST applied to 1D modeling. At
the divertor inlet, the parallel heat flux is assumed to broaden instanta-
neously. The red arrow indicates the heat flow width broadening from
Aq to Aine. In the flux tube of the EAST with gg5 = 4.5, the connection
length from the target to the OMP is approximately 25 m. The connec-
tion length is the calculation length for the 1D model.
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Fig. 2. Hydrogen atom effective ionization, charge exchange (CX),
and recombination (Rec) rate coefficients taken from ADAS, as a func-
tion of electron temperature for electron density n, = 102! m—3, n, =

1020 m_3, and ne, = 10 m—3.
The dissipation of heat flux is mainly caused by impurity
radiation, charge exchange, and ionization loss,
9q

d
i n2czLy (T.) + eTiRcxning + eEionRionneno — ?;nv , 3)

where g.ony represents the convective heat flux, specifically,
Geony = (SeTn + %minvz)v, which has to be fed by the up-
stream ¢||. At low T¢, heat is transported mainly by convec-
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tion, R;y, is the reaction rate of ionization, R iS recombi-
nation rate, Rcx is the charge exchange rate, Lz is the impu-
rity radiative cooling rate, and Z is their mean charge num-
ber used in the equations, whose values are cited from ADAS
databases.!?®! Figure 2 shows the temperature-dependent ion-
ization, recombination and the effective charge exchange rates
of hydrogen under different densities. Variations in electron
density are not considered separately when evaluating the ra-
diative cooling rate of impurities Lz, instead a fixed electron
density of 102 m~3 is used, which is a typical value in the
SOL region.>”! The enhancement in radiation power caused
by non-coronal effect is represented approximately by setting
non-coronal parameters 7. - T = 102 m™3 x 0.5 ms.% Fig-
ure 3(a) shows the temperature-dependent impurity radiation
loss for different non-coronal parameters. As shown in the
figure, the non-coronal effects are relatively weak at tempera-
tures below 10 eV and become more pronounced above 10 eV.
The accurate specification of residence time 7 is challeng-
ing, considering the detached scenario in our study, the elec-
tron temperature near the target is lower, leading to relatively
mild non-coronal effects. In order to more accurately han-
dle the effective 7, it is necessary to perform time-dependent
and position-dependent calculations of the impurity state pop-
ulation equation and plasma background.[>>! In this paper,
ny = ne, n; = czn.. Here, cz is expressed as the impurity
concentration without consideration of the dilution by impuri-
ties. To distinguish between species engaged in certain physi-
cal processes, the indices i and e are marked.

According to the thermal conduction equation, we can ob-
tain the temperature drop along the flux tube from upstream,
as expressed in Eq. (4). In the 1D model, the ion tempera-
ture is assumed to be equal to the electron temperature, that is,
T =T, = T, satisfying the following equation:

0 7 7
72— _ 4l gl

R | PR, — 4
2 2390-Z" @

ix ¢ T 2K
where Ze_ffO 3 approximates the thermal conductivity decreasing
with Zege =Y, niZ_iz /e increasing.[30] The mean charge num-
ber Z of impurity is related to the electron temperature and
value of n.7 as shown in Fig. 3(b). In the 1D modeling, the
upstream parallel heat flux starting from the target plate is ob-
tained and related to the total power crossing the separatrix
Peep.

Assuming that the Mach number M = 1 at the target,
which is given by the formula M = v/c,, where c; is the ther-
mal sound speed and expressed as ¢, = v/2eT /m;. The mo-
mentum conservation relationship is written as

0
a(n(miv2 +2eT)) = —m;vRexning — mivRecneni.  (5)

According to the two-point model (TPM), if there is no loss
of momentum, the upstream and target static pressure satisfy

the relationship 2Tian1car = Tuphup. B The plasma flow toward
the target plate may lose momentum due to frictional colli-
sions with neutrals and recombination,3% especially for the
detached plasma regime. In the 1D model, the momentum loss
terms mainly include charge exchange and recombination.

10-30 .
(a)
10-31L
= 10-32 Sl
£
N —33
S 10
. —-neT=1016 m—3-s
10— — neT=5X1016 m--s
-+ neT=5X1017 m—3-s
10-35 X .
109 10! 102

T. (eV)

100 10! 102 103
T, (eV)

Fig. 3. (a) Radiative cooling rates and (b) mean charge numbers versus
electron temperature for various values of non-coronal parameter 7T,
with solid line representing the result for the non-coronal parameter
neT = 0.5 ms x 1029 m~3, which is used in this research, and dotted and
dashed lines for each species corresponding to 77¢7 = 0.5 ms x 102! m—3
and 7,7 = 0.1 ms x 102 m~3, respectively.

The power By, transported from the core plasma is de-
livered to the end of the flux tube located at the OMP and
expressed as!>!

q| = Pup/ (27RompAqsin (tan~"' (By/By))) . (6)

Due to the fact that the 1D model can only calculate paral-
lel heat flux with the width A4, the calculated upstream power
Pyp only represents a fraction 1—1/e of the power reaching
to the outer divertor. Assuming that the ratio of the power
flowing to the inner divertor to that to outer divertor is 1:2,[23
the total power at the target plate is 1.5 times the power to
the outer divertor. This is normally reasonable for the dis-
charge with a favorable toroidal magnetic field (B;) configura-
tion (i.e., ion B X VB drift pointing towards the X-point). In
this case, particles flow from the outer divertor to the inner di-
vertor driven by E x B drifts, resulting in a relative large heat
flux deposited at the outer divertor target.[33] Many tokamaks
have experimentally observed that the L—H threshold power
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(Pr—p) is lower for the favorable B configuration than for the
unfavorable B, configuration.**! In addition, discharges under
favorable B; configuration are also beneficial to high plasma
performance. 3! Therefore, a majority of current tokamak de-
vices operate under favorable B; configuration, the CFETR is
also designed to operate with favorable B; configuration.?!
Therefore, the value of Py, can be approximately calculated
from the formula Pyep = foutPup, Where the power fraction fou
is 1.5/(1—1/e).
Across 18 represented by the denominator part of Eq. (6). The

The cross-sectional area of the flux tube

total parallel heat flux density g, reaching the target can be
measured by the Langmuir probes on the target plates.!”) The
perpendicular heat flux density reaching the target is given by
41 tar = q|jtotal SIN &, WheTe gjoral = q|| +Gconv, and & & 3° that
is the grazing angle between the target and the magnetic field
line, a typical value for EAST discharges with the strike point
on the vertical target plate. 3]

The temperature, heat flux, and particle flux on the di-
vertor target plates are selected as the boundary conditions for
solving the 1D equations. On the one hand, compared with
the temperature and density that are uncertain in the experi-
mental measurement at the upstream plasma, the parameters
on the target are easily obtained through the boundary diag-
nostic system such as the divertor probe diagnostics or infrared
camera measurements. On the other hand, setting reasonable
plasma parameters at the target is conducive to the simulation
research of various scenarios of detachment. Since the target
plate is chosen as the starting point for the calculation of the
1D model, the plasma flow velocity v in Eq. (2) is negative
because it always points to the target plate in 1D model, and
the loss terms associated with momentum and power are nat-
urally regarded as source terms in the above equation. When
using 1D model, it should be noted that it does not include
perpendicular plasma or neutral transport. Furthermore, the
broadening of power width is only a simple treatment, it is not
fully understood so far.

Table 1. Input and output physical parameters of 1D modeling code.

Physical parameter Description
T tar electron temperature at target
q1 tar perpendicular heat flux density at target
I or Iy, ion flux/neutral flux
Input Aqg, Aint power widths
C, impurity concentrations
Lgiv divertor region parallel length
L connection length from SOL to divertor target
Pyp or Peep upstream power/total separatrix power
T upstream electron temperature
Output ¢ ] P ' o P )
Grad impurity radiation power density
ne upstream density

The input and output physical parameters of the 1D mod-
eling code are listed in Table 1. The ion flux and neutral flux

are assumed to be equal. Depending on the boundary condi-
tion of the sheath g|| = %IionkTe rar, any one of temperature,
heat flux, and ion flux can be obtained by combining the other
two. In this paper, the temperature unit and energy unit are
both in unit eV, while other units are in the SI units.

3. Validation of 1D model
3.1. Comparison of 1D model and EAST experiments

In order to accurately reproduce EAST divertor detach-
ment by using the 1D model, it is essential to set the input pa-
rameters of the model in accordance with the experimentally
measured values. The input temperature and heat flux density
of the 1D model are taken from the measurements of the diver-
tor Langmuir probes in EAST. The reliability of the 1D model
can be verified by comparing the upstream power and temper-
ature calculated by the model with the experimental values.

Shot #57417 is a typical upper single null configuration
H-mode discharge with Ar impurity seeding in EAST."*7! The
basic parameters for this shot are as follows: the energy con-
finement factor Hog y» ~ 0.8, the plasma current I, = 400 kA,
the toroidal magnetic field B = 2.3 T, and the line average
electron density 77, = 4.5 x 10! m~3. The injected power
P, = 4.3 MW, which is the sum of lower hybrid wave ( LHW)
heating power 2.8 MW and electron cyclotron resonance heat-
ing (ECRH) power 1.5 MW. Assuming that 20% of the to-
tal heating power is radiated from the core region, the power
crossing the separatrix to the SOL, Piep, is 3.44 MW, which
accounts for approximately 80% of the total heating power.
The toroidal magnetic field (B;) points to the active X-point,
i.e. favorable B, direction with ion VB drift towards the up-
per divertor. After a certain amount of Ar seeding, the par-
tial divertor plasma detachment over several power widths is
achieved on the divertor target. The electron temperature near
the strike point on the divertor target, T ar is 4 €V, and the
perpendicular heat flux density, g ¢ is 0.5 MW-m~2. The
power reaching the target plates can be calculated from the for-
mula P, = 4q Lmrﬂ:Rmrﬁm. The difference between the Piep
and the total deposition power on the target plates is expected
to be radiated mainly by the impurity Ar. Since there is a
lack of diagnostic system for impurity concentration in EAST,
the corresponding concentration is simply estimated based on
the energy balance: 8! P, = Poal — Prad core ~ 80%Pogal and
Piar = Psep — Prag. Here, Pyq represents the total radiated power
from the boundary region, while P, denotes the power reach-
ing the target plates. It is assumed that the impurity radiation
is mainly responsible for the radiation power loss. The ioniza-
tion process and charge exchange process also lead to radiation

power loss during detachment, but their influence is signifi-
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cant only within a small region near the target plate as shown
in Fig. 4(a). So the corresponding impurity concentration can
be estimated from the formula ngchZ X 4R AintLdiv = Prad.
Here, the density 7, is taken as a typical value of 10°° m—3 in
the divertor area and Ly is the average radiative cooling rate,
which is 1.5 x 1073! W-m? and 3 x 10732 W-m? for impu-
rities Ar and Ne, respectively. Based on the above setting,
the concentration of impurity Ar is estimated at 0.2%. The
input settings for 1D modeling are as follows: T¢ar = 4 €V,
g1 = 0.5 MW-m~2, ¢z = 0.2% (Ar), Aq = 6 mm, and
Aint = 12 mm, which are typical values on EAST. 1391 The con-
nection length L = mRqys from the target to the OMP is ap-
proximately 25 m. Here the safety factor gos is 4.5 for shot
#57417 and the large radius R = 1.85. The connection length
in divertor region, Lg;y is estimated at 5 m, which is closely
related to the length of divertor leg, i.e., the distance from X-
point to the strike point on the target plate. It should be noted
that we assume that the deposited heat flux at the target in
the 1D modeling is mainly due to the plasma contribution, ig-
noring the contributions of radiative heat and neutrals energy
loading.

Figure 4 shows the 1D model results corresponding to the

103

102 CX losses (@)
101} H ioniz} Ar rad.

0N

Power dens. (MW-m~3)

100

fmom

10t

100

ne,no (10" m—?%), Mach

15
10

T, (eV)

0 0.02 0.04
X (m)

0.06 0.08 0.10

experimental parameters of shot #57417. The radiation loss
caused by charge exchange process and ionization process re-
lated to main ions is mainly concentrated near the divertor tar-
get, and the radiation loss of impurity Ar is the dominant in
the whole region except for the area very close to the target
as shown in Fig. 4. Along the flux tube from the OMP to the
target plates, the temperature gradually decreases. The mo-
mentum loss occurs mainly in the vicinity of the target plate
when the target electron temperature drops below 10 eV (see
Fig. 4(a)). Due to the momentum conservation, the density
of the plasma gradually increases away from the OMP. Near
the divertor target plates, the density of the plasma drops sig-
nificantly, which is caused by recombination and the friction
exerted on the plasma by the collisions between ions and neu-
tral atoms when the target plate temperature is low enough as
shown in Fig. 4(a). The dotted line in Fig. 4(b) represents
the change in power width at the entrance of the divertor Lg;y,
which is broadened from lq to Aine. According to the above in-
put settings, the total power crossing the separatrix P and the
upstream electron temperature 7 calculated by the 1D model
are 3.55 MW and 72.9 eV as listed in Table 2.

a
= 102
> b
Z 10 ()
aef T
) —
10\ S
2

100

~ 101\

ne,ng (101 m—3), Mach

100
60
% 40
& 20 %_Aq
0
101 100 107
X (m)

Fig. 4. Evolutions of plasma parameters, momentum loss factor, and radiative losses power density (Power dens.) close to target (a) and along flux
tube to the OMP (b) calculated by 1D model. The 1D model parameter settings are as follows: To ¢r =4 €V, ¢ tar = 0.5 MW - m2,¢c;,=02% (Ar),
Lgiy =5 m, and L= 25 m. Dotted line represents the change in power width at the entrance of the divertor Lg;y, which is broadened from Aq to Aj.

The EAST shot #85293 is a typical upper single null con-
figuration H-mode discharge with Ne impurity seeding.!”! The
plasma has good core confinement Hog y» ~ 1.1, and the basic
parameters are as follows: I is 400 kA, B is 2.4 T, . is about
5.3 x 10" m™3, and Py, is 2.5 MW that is the sum of LHW
(1.9 MW) and ICRH (0.6 MW). Assuming that 80% of the

power crosses the separatrix, then Py, = 2.0 MW. After a cer-

tain amount of Ne seeding, the partial divertor detachment oc-
currs. Compared with the attached condition without Ne seed-
ing, the detached condition with Ne seeding can reduce the
peak heat flux by about 80%. The T (o and g | g, at the target
drop to about 5 eV and 0.3 MW - m~2, respectively. Similarly,
the concentration of impurity Ne is estimated at 0.6%. The

input settings for 1D modeling of Ne seeding case are as fol-
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lows: Teqar =5 €V, g1 tar = 0.3 MW -m ™2, ¢z = 0.6% (Ne),
Aqg = 6 mm, Ajp = 12 mm, Lgy, = 5 m, and Ly=25m. As
listed in Table 2, the Pyep and the upstream T; calculated by the
1D model are 2.13 MW and 59.5 eV.

From Table 2, one can see that the divertor detachment
with Ne or Ar impurity seeding in EAST can be well repro-
duced by the 1D model. The 1D model calculation results
indicate that partial detachment of the divertor plasma can be
achieved by seeding with either Ne or Ar, which is in con-

sistency with the experimental observation in EAST.!737) Tt
shows that seeding with a lower concentration of Ar impurity
can achieve the partial divertor plasma detachment due to its
stronger cooling capability. However, the experimental results
in EAST indicate that seeding Ar always causes confinement
to degrade in the divertor detachment state, while Ne seeding
does not degrade the confinement performance and may even
improve it,[4’] which may be due to the relatively strong radi-
ation loss in the core plasma with Ar impurity seeding.

Table 2. Comparison between 1D model and EAST experiments.

Input Output
T tar (€V) 41 e MW -m™2) Pyep (MW) Prag (MW) 1. (eV)
EAST#57417 EXPGF]mel"]t 4 0.5 3.44 3.27 ~70
1D simulation 4 0.5 3.55 3.38 72.9
EAST#85293 Ex;?erlmeflt 5 0.3 2.00 1.90 ~ 55
1D simulation 5 0.3 2.13 2.03 59.5

3.2. Comparison of 1D model and 2D simulation

To estimate the validity of the 1D model for the large size
device with extremely high plasma parameters, the compari-
son between the 1D model simulation and the 2D simulation
is also carried out for the China Fusion Engineering Test Reac-
tor (CFETR). The CFETR is the next-step fusion device for the
Chinese magnetic confinement fusion program with the major
radius I, = 7.2 m and the minor radius a = 2.2 m, the max-
imum operation plasma current I, = 14 MA and the toroidal
magnetic field Bt = 6.5 T.1?l According to the physics design
of CFETR, it will produce a fusion power up to 1 GW in phase
I, which corresponds to about 200 MW transported from the
core region into the SOL to be exhausted. *!]

The operational points for CFETR detachment with Ne
and Ar seeding simulated by the 1D model and 2D SOLPS-
ITER code are compared in Table 3. The relevant physical
parameters on the target for CFETR calculated by 2D SOLPS-
ITER code under the detachment scenario are employed as the
inputs for the 1D model.

For the case of Ne seeding, the parameter settings for the
1D modeling based on the 2D SOLPS-ITER simulation!*!]
are as follows: Tg o = 2.8 €V, g tar = 2.0 MW .-m~2, ¢; =
0.8% (Ne), Aq = 4 mm, Aip, = 14 mm, Lg, = 15 m, and
Ljj = 125 m, corresponding to the connection length from the
target to the OMP. Based on the settings, the P, and the

upstream 7; calculated by the 1D model are 202.9 MW and
258 eV respectively, which are in good agreement with the val-
ues of 200 MW and 290 eV used in 2D SOLPS-ITER code as
listed in Table 3. The upstream 7 calculated by the 1D model
is slightly lower than the 2D simulation result, which may
be caused by underestimating the contribution of charge ex-
change process and ionization process in the power loss when
the target electron temperature is very low.

For the case of Ar seeding, the T¢ 5 is 3.3 €V, the g tar
is 2.5 MW -m™2, and the Ar impurity concentration is 0.2%.
The Py, and the upstream T calculated by the 1D model are
202.7 MW and 242 eV, respectively. They are also reasonably

[41] a5 listed in

consistent with the values of the 2D modeling,
Table 3. The radiation efficiency with Ar seeding is higher
than that with Ne seeding for CFETR. Under the same up-
stream power, the required concentration of Ar impurity is
much lower than that of Ne impurity to achieve the divertor
detachment. It may reduce the fuel dilution in core plasma
to enhance the tritium burnup. However, due to the relatively
strong radiation in the core for the Ar impurity, it may cause
the core plasma performance to degrade. Therefore, it is very
important to select the appropriate impurity to achieve diver-
tor detachment and maintain high confinement performance of
the core plasma.[#?!

Table 3. Comparison of 1D model and SOLPS-ITER simulation of CFETR.

Input Output
Te tar (€V) q1 tar (Mw"miz) Peep MW) T (eV)
CFETR 0.8% Ne seeding S_OLPS, 28 20 200 ~ 290
1D simulation 2.8 2.0 202.9 258
SOLPS 3.3 2.5 200 ~ 280
CFETR 0.2% A di
¢ Al seeding 1D simulation 3.3 2.5 202.7 242
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4. Prediction and parameter scanning with 1D
model

Although the physics in the 1D model may be greatly
simplified, it has been proved to be reliable through compari-
son between the EAST experiments and the 2D SOLPS-ITER
code. The predictions and parameter scanning of divertor de-
tachment via impurity seeding for the EAST with high heating
power scenarios and the CFETR with high fusion power sce-
narios in phase II by using the 1D model are presented in this
section.

4.1. Prediction and parameter scanning for EAST

The required concentrations of impurities N, Ne, and
Ar for the EAST with the Pep = 10 MW and [, = 1 MA
discharges to achieve detachment are predicted in this sub-
section, in which the Greenwald density limit!*®! ngw is
1.27 x 10 m=3.
plasma can achieve the partial detachment with T ¢, ~10 eV

Previous research shows that the divertor

via impurity seeding.[**! The T, and the g 1 are respec-
tively set to 10 eV and 6 MW -m~2 on the divertor target in

the 1D modeling. In this case, the upstream density calcu-
lated by the 1D model does not exceed 0.5ngw, which is the
largest value ever achieved within the theoretical predictions

(441 The prediction results show that

for ballooning instability.
seeding a certain concentration of Ny, Ne, and Ar can trig-
ger off the occurrence of the divertor plasma detachment for
EAST with high heating power scenarios, as listed in Table 4.
For the EAST scenarios with the Py, of about 10 MW, more
than 80% of the total power Py crossing the separatrix must
be radiated to achieve the divertor detachment. The 1D result
indicates that seeding with a high concentration of N, impu-
rity can achieve the partial divertor plasma detachment, it may
cause the strong fuel dilution. Considering that Ar impurity
may have relatively strong radiation from the core region, it
is possible that the performance of core plasma to degrade.
Therefore, compared with Ar seeding, Ne seeding may be
many advantages in the compatibility between the plasma de-
tachment and the high performance for EAST with high heat-
ing power scenarios, which is in agreement with experimental

observations. [37:43

Table 4. Prediction results with the 1D model for EAST.

Tetar (eV) 41 ar MW-m ) Impurity cz (%) Fyep (MW) Frag (MW) T (eV) N sep /NGW

10 6 N, 1.5 10.0 8.0 125.5 0.5

10 6 Ne 0.6 10.1 8.1 126.8 0.5

10 6 Ar 0.3 10.0 8.0 126.0 0.5
g 1ok« ¢z = 9%, corresponding to half the values allowed from the
N burn conditions under the assumption of the divertor enrich-
% el ment value E = 10.146) The green dash line corresponds to
2 the upstream density value of 0.5ngw. Taking into account
E 10-1L the constraints of target temperature (< 10 eV), density and
2 heat flux limit, the grey area enclosed by the above lines in
;% 10-2L Fig. 5 represents relatively the optimized parameters space for
= ::__g eV & 10 MW EAST discharges with the P, = 10 MW. In this area, the di-
g eV & 10 MW ]
% 10-3L —*10eV & 10 MW vertor detachment and high performance for core plasma are
O ! s ! | . well compatible.

0 2 4 6 8 10

Heat flux density qi tar (MW /m?2)

Fig. 5. Parameter scanning of EAST with Ne seeding, with grey area
representing optimized parameter space for EAST divertor detachment.

The parameter space is scanned by the 1D model for
EAST with the Pep = 10 MW via Ne seeding as shown in
Fig. 5. It is assumed that the maximum heat flux density that
the target plate can withstand does not exceed the engineering
limit of 10 MW - m~2, and only 8 MW - m~? is contributed by
plasma. The case on the right side of the yellow dash line
means that the total heat flux deposited on the target plate
may exceed the engineering heat load limit of 10 MW -m~2
on plasma facing components (PFCs). The purple dash line
indicates the maximum divertor impurity Ne concentration

4.2. Prediction and parameter scanning for CFETR

For phase II of CFETR, the fusion power (Pys) will be
more than 2 GW to demonstrate electric power generation.[?!
So the selection of impurity species and the estimation of
the required amount of impurity injection are also crucial for
CFETR phase II with high fusion power scenarios. Previous
study has shown that when the T ¢, is lower than 5 eV, the
sputtering of the divertor target plate tungsten material is ef-
fectively suppressed, which can significantly extend the life-
time of the tungsten divertor components.[*’! So the T is
set to 5 eV. To keep the heat flux to PFCs below 10 MW - m 2
level, the g (o contributed by plasma is set to 5 MW -m~2,
on the assumption that the contribution of radiative heat to the
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target heat flux reaches up to 5 MW -m~2. For the CFETR,
this is reasonable due to the high radiative power loss fraction
to achieve divertor detachment.!'”! The upstream temperature
and the radiative power loss calculated from the 1D model are
listed in Table 5. For CFETR phase II, more than 95% of
the Py, must be radiated to achieve the divertor detachment,
which is approximately 395 MW. This result is comparable to
the simulation of the JA-DEMO with fusion power of 2 GW
via impurity seeding, where the ratio of the radiated power to
the total exhausted power is about 92%.1*%! Seeding Ne re-

quires a relatively high concentration, which may lead to the
severe fuel dilution, reducing the fusion power. It suggests
that injection of higher Z impurities such as Ar and Kr with
high radiative loss rate is beneficial to reducing the impurity
concentration and diluting the fuel in the core plasma, thus
enhancing the tritium burnup. This is in agreement with the
reported simulations.?1*°! For phase Il of CFETR, By is
much larger than the threshold power Py, so the core ra-
diation from high Z impurity may be not a severe problem as
mentioned in EU-DEMO and JA-DEMO."!

Table 5. Prediction results from 1D model for CFETR.

Tz tar (€V) g1 tar (Mw'miz) Impurity cz (%) Psep MW) PBrag MW) T (eV) ne,sep/nGW

5 5 Ne 1.0 401.9 394.4 308.0 0.5

5 5 Ar 0.55 400.0 392.5 312.0 0.5

5 5 Kr 0.4 401.2 393.7 327.1 0.5
S L —— 10 eV & 2 GW downward.
< 0% ——5eV &2 GW
Q —=—2eV & 2GW
£ 5. Conclusions
=]
g‘ 107 In this study, a 1D modeling code for the impurity seeded
% detached divertor operational point is developed based on the
E o1l Python language. It can perform quick parameter scanning,
s and thus predicting radiation and impurity concentrations of
é several impurity species and discharge conditions. An exper-
§ 10-2 . . . . ’ iment for the onset of detachment by Ne and Ar seeding in
o 0 2 4 6 8 10

Heat flux density i tar (MW /m?2)

Fig. 6. Parameter scanning of CFETR phase II with Ar seeding, with
grey area representing the optimized parameter space for CFETR diver-
tor detachment.

The optimized parameters’ space for CFETR phase II di-
vertor detachment via Ar seeding is also determined by the
1D model as shown in Fig. 6. In order to maintain the to-
tal heat flux deposited on the target plate below the limit of
10 MW -m ™2, assuming that the contribution of radiative heat
to the target heat flux is about S MW-m~2, the case on the right
side of the yellow dash line may exceed the limit. The maxi-
mum divertor impurity Ar concentration cz = 3% to satisfy the
burning condition,*®! is shown by the purple dash line. The
green dash line corresponds to the value ne sep/ngw = 0.5.144
Considering the constraints of target temperature (< 5 eV) re-
quired to effectively suppress the sputtering of tungsten com-
ponents, impurity concentration, density and heat flux limits,
the grey area enclosed by the above lines in the Fig. 6 rep-
resents a relatively optimal operation parameters space for
CFETR phase II. The divertor detachment and high fusion
power are well compatible in this area. Since impurity Kr
has the relatively strong radiation capability than impurity
Ar, the maximum divertor impurity Kr concentration will be
lower. Therefore, the corresponding optimal operation param-
eters range with Kr seeding for CFETR phase II will be shifted

EAST is well reproduced by using the 1D model. The compar-
ison between the 1D modeling and 2D simulation by SOLPS-
ITER code for CFETR detachment with Ne and Ar seeding
also shows good consistency. The reliability of the 1D calcu-
lation is verified by comparing the 1D model with EAST ex-
periments and 2D simulation results for CFETR. The radiative
power loss and the requirement of the corresponding impurity
concentration for achieving divertor detachment operation via
Ny, Ne, and Ar seeding for the EAST with high heating power
scenarios are predicted. It suggests that active injection of Ne
in high heating power scenarios for EAST may be beneficial to
both divertor detachment and core plasma performance. The
optimized parameters space is scanned by the 1D model for
EAST with the P, = 10 MW to achieve divertor detachment
with Ne seeding. Additionally, the radiative power loss and
the corresponding impurity concentration required to achieve
divertor detachment operation by Ne, Ar, and Kr seeding for
phase II of the CFETR are predicted. The results indicate
that active injection of higher Z impurity with high radiative
loss rate is beneficial to decreasing the impurity concentration,
thereby reducing the fuel dilution. Furthermore, the optimal
parameters space for CFETR phase II divertor detachment via
Ar seeding is also determined by the 1D model. The 1D mod-
eling code that is developed and used in this work has some
caveats which should be mentioned. It calculates a steady-
state result, and in experimental conditions the divertor radia-
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tion experiences time-varying effects particularly in the region
near the X-point, which are caused by the physical processes
such as edge localized modes (ELMs).!! Although appropri-
ate non-coronal parameters can capture these time-varying ef-
fects to some extent, time-varying modeling and detachment
control will be the focus in the future research. In addition,
the development of diagnostic techniques for directly measur-
ing impurity concentration in the divertor region will greatly
enhance quantitative research on divertor detachment.
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