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The Influence of Divertor Plasma Parameter on
Tungsten Screening in High Recycling
Regime for CFETR

Guoliang Xu

Abstract— Since tungsten is considered as the optional divertor
target material for the future fusion devices, e.g., China Fusion
Engineering Test Reactor (CFETR), it is crucial to have a
good screening of the tungsten impurity to keep a low core
tungsten concentration. In this paper, based on the two-point
model, possible divertor plasma parameters are predicted in
high recycling regime for CFETR. Further analysis of tungsten
ionization lengths shows that when target temperature is low
enough (less than 15 eV), the increase of upstream density may
cause an increase of ionization length, and thus a degradation
of divertor tungsten screening effect may happen. The 2-D
simulations of tungsten transport are then performed by using
Osm-Eirene-Divimp edGE [onion skin model (OSM)-EIRENE-
DIVvertor IMPurities (DIVIMP)] code package. The target
plasma parameters, in the region of those predicted by the two-
point model, are set as input in OSM-EIRNEN to generate the
background plasma. DIVIMP code is used to further simulate
the tungsten impurity transport process. The results reveal that
although the decrease of target plasma temperature may reduce
the tungsten impurity prompt redeposition rate, the benefit of a
lower erosion rate can make compensation. Therefore, to control
the core tungsten concentration, lower target plasma temperature
is preferred in high recycling regime.

Index Terms— Impurity screening, ionization length, prompt
redeposition, tungsten divertor, tungsten erosion.

I. INTRODUCTION

OMPARED with low-Z plasma facing material, like
carbon, tungsten has a lower sputtering yield and more
importantly a lower tritium retention; thus, tungsten is chosen
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as the International Thermal Experiment Reactor (ITER) diver-
tor material [1] and considered to be an important optional
divertor target material for the future fusion devices, like the
China Fusion Engineering Test Reactor (CFETR). CFETR is
proposed to be a good complement of ITER to demonstration
power plants [2]-[5]. Steady-state operation and demonstrating
tritium self-sufficiency are the two main missions of CFETR.
Taking advantage of the good thermomechanical property
and low tritium retention, a full tungsten divertor design is
beneficial for achieving these goals. Recent Joint European
Torus (JET) ITER-like wall (tungsten divertor and beryllium
first wall) experiment results showed that the fuel retention rate
decreased by more than one order of magnetite compared with
carbon wall [6], but tungsten core concentration may cause
significant degradation of core performance simultaneously.
Thus, understanding the tungsten impurity transport process
and giving a preliminary assessment of the tungsten divertor
influence are essential for the CFETR divertor design.

Unlike detached plasma condition, attached plasma condi-
tion has a relatively higher target temperature and will cause
much higher target tungsten erosion. Therefore, the tungsten
transport process under the attached divertor plasma conditions
is worthful to study at.

Previous study [7] shows that the ionization length of neutral
impurities created at the divertor target plane may play an
important role in divertor impurity retention. If an impurity
particle is ionized within a larmor radius from the target, it will
have a great chance to prompt deposit on the target [8], thus
increasing the divertor impurity retention. Because of this,
evaluating the neutral tungsten ionization length will be the
first step to predict the divertor impurity retention.

The Osm-Eirene-Divimp edGE (OEDGE) [onion skin
model (OSM)-EIRENE-DIVvertor IMPurities (DIVIMP)]
code [9] package is employed, where OSM-EIRENE pro-
vides 2-D scrape-off layer (SOL) plasma background, and
DIVIMP [10] code simulates the impurity distribution. Unlike
other 2-D fluid codes, the OSM treats the cross-field transport
in a rough way, solves 1-D fluid equations for different flux
tubes, and thus gets the 2-D edge plasma [11]. Since it is
relatively less time consuming, it is good for preliminary
parameter scanning work.

In this paper, the CFETR high recycling operation regimes
are predicted by the two-point model [11]-[13], and a
comparison of W9 ionization length with the larmor radius is
carried out in Section II. In Section III, the OEDGE calculation
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details are introduced. Section IV contains the OEDGE
calculation results and a discussion, followed by a conclusion
in Section V.

II. ANALYSIS BASED ON TWO-POINT MODEL

Two-point model is widely used to give a prediction of
target plasma parameters for different upstream conditions.
From the basic two-point model [11] for the significant parallel
temperature gradient cases, the target plasma temperature and
density can be expressed by
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where m; is the mass of main ion, y is the sheath heat

1.6 x 1019, ky is the
SOL is
1

transmission coefficient, y = 7, ¢ =
electron parallel conductivity coefficient, ko = 2000, y
the cross-field energy transport coefficient, )(EOL = 4 m?/s,
L = 120 m is the magnetic connect length from the target
to the outer midplane, By is the poloidal magnetic field,
B is the total magnetic field, the subscript u means at the
upstream (outer midplane), R is the major radius, R = 5.6 m,
and a is the minor radius, a = 1.6 m. PsoL is the total energy
into the SOL, and n,,” is the upstream density.

If the SOL radiation loss is taken into consideration,
the target temperature and density should be multiplied by a
factor of (1 — frag)? and (1 — fraq) ™2, respectively [12], [13],
where fiaq is the ratio of radiated power over the total power
into SOL, assumed to be 0.8 in this paper, thus

Ty = (1 — frad)*Tio 3)
ne = (1 — frad) 210 (4)

For given Psor and n;,*, we can get the plasma temperature
and density at the target, and then calculate the W° ionization
length by using

v
lj = —. 5)

Kng

Vin is the initial neutral tungsten velocity and # is the W°
ionization rate taken from ADPAK database [14]. In a detailed
2-D simulation in Section III, V;, is sampled according to

2Epd 1
S5G) v

where Epg = 8.68 eV is tungsten surface binding energy and
x is a random number in the range of (0, 1).

For simple analysis, Vi, is set as
ity (2Epa/mi)"/2.

Vin =

average veloc-
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Fig. 2. WO ionization length, WH! larmor radius, and W ionization rate

for different divertor target plasma temperatures of Psor, = 80-MW operation
regime.

The power into SOL for CFETR cases is about 100 MW.
For a fixed PsoL, different target plasma parameters can be
achieved by varying upstream density from 1x 10" m—3 to 4 x
10" m—3. Fig. 1 shows the possible target plasma conditions
of high recycling operation regimes and corresponding W°
ionization lengths for the Psor, set as 80, 100, and 120 MW
separately. Increasing the upstream density can help to achieve
a lower target plasma temperature and thus lower the tungsten
sputtering yields. For the Psor equals 120- and 100-MW
cases, increasing upstream density can also help to achieve a
short W9 ionization length, which is helpful to stop tungsten
from transport to the core plasma by increasing the tungsten
prompt redeposition probability. But for the Psor equals
80-MW cases, with the target plasma density going up, the W°
ionization length decrease first then increase.

Fig. 2 shows the comparison of W ionization length with
the larmor radius of WT! under the possible target plasma
conditions of Psor, = 80 MW. The larmor radius of W!
near the target can be expressed by
L = micCs

B,

)

where ¢ is the W*! sound speed and B, is the magnetic
field at the target. If the ionization length is less than the
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Fig. 3. Prompt redeposition rate for different divertor target plasma
temperatures of Pgor, = 80 MW operation regime.

W larmor radius, the ionized tungsten will be considered
to be prompt redeposit on the target. With the target plasma
temperature decreasing, the W+ larmor radius decreases, and
the W9 ionization length decreases first then increases when
the temperature is less than 15 eV. It is because the ionization
length is dominated by the fast decreasing ionization rate when
the temperature is below 15 eV rather than the increasing
density, as shown in Fig. 2.

The increasing of W ionization length at the low target
plasma temperature may encounter a degradation of divertor
tungsten screening effect. To evaluate the tungsten prompt
redeposition rate, the initial velocity of neutral tungsten is
assumed to follow the distribution of function (6). By com-
paring the neutral tungsten ionization length with W*! lar-
mor radius, the prompt redeposition rate can be estimated.
As shown in Fig. 3, the decrease of target plasma temperature
may reduce the tungsten impurity prompt redeposition rate
by more than 20 percent. Although a lower target plasma
temperature is expected to help to achieved a lower tungsten
erosion rate, the lower prompt deposition rate may bring some
adverse effect. To evaluate the influence of this phenomenon,
2-D calculation is carried out.

III. OEDGE CALCULATION DETAILS
A. Geometry

The first wall and grid geometry are shown in Fig. 4.
It is a lower single null CFETR geometry shape with an
ITER-like divertor. The major radius and minor radius are
5.6 and 1.6 m, respectively. The toroidal field on the magnetic
axis is 5 T. The grid can be divided into two parts. The edge
region, 0.9 < r/a < 1, contains the pedestal information,
and the SOL region, r/a > 1, contains the scrap of layer
information.

B. Background Plasma and Impurity Transport

The background hydric plasma in the region 0.9 < r/a < 1
is taken from EPED simulation with the pedestal top

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 46, NO. 5, MAY 2018

(M)
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Fig. 4. First wall and grid geometry used in this paper. It is a lower single
null CFETR geometry shape with an ITER-like divertor.

density set to be 8 x 10! m™3. To generate a set of SOL
plasma (r/a > 1), some assumptions are made.

1) Electron and ion temperature at the target are the same,

Tiftarget = Te?target.

2) Heat flux, density, and temperature peak at the strike

point and exponentially decay along the target.

The strike point density and temperature are chosen from
the high recycling operation lines predicted in Fig. 1. For each
Psor value, five target conditions are chosen and listed as
different cases in Table I.

The SOL energy decay length implied in the two-point
model in Section II is expected as

PSZOL " "3/9
Aq = 0.0161 .
a eny? y SOF L2/9(By/B)Y/° R14/947/9

From the relationship among heat flux, density, and temper-
ature decay lengths in the SOL region [11]

®)

= E +i B 9)
T\
Jn = LA4AT. (10)
We can get
AT =221 (11)
T = 3.091. (12)

Thus, the temperature and density decay lengths at the target
should be

Aty = Ar fcosO = 22124 f cosO
Jnt = Anfcos@ =3.094, f cosO

13)
(14)
where f is the magnetic flux expansion, @ is the angle between

the magnetic field line and the target’s normal. f and 6 are
2.6, and 5°, respectively.
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TABLE I
TARGET CONDITIONS FOR DIFFERENT PsQL,

Py case 1 case 2 case 3 case 4 case 5
MW) 1 q0om?) | Tiev) | n10®md) | Toev) | n(0%md) | T.ev) | n(10%md) | T.eV) | n(10%m’) | Ti(eV)
80 0.51 27.36 0.93 16.93 156 11.18 2.46 7.75 3.70 5.58
100 0.62 27.81 0.81 2243 132 15.20 2.04 10.75 2.49 9.17
120 0.76 27.52 0.96 22.79 120 19.08 1.48 16.12 1.80 13.75
TABLE II 09 : : : . .

TUNGSTEN CONCENTRATION INSIDE OF THE SEPARATRIX

Tungsten Psor= 80 Psor =100 Psor =120
Concentration MW MW MW
case 1 2.29%107 1.83x107 1.45x107
case 2 6.24x10°* 9.37x10°* 8.29x10°
case 3 8.07x10” 2.09x10°® 4.28%10®
case 4 1.60x107 6.26x107 3.08x10°
case 5 5.25%x10"° 2.04x107 1.60x10°®

With the assumption listed above and density and temper-
ature at the strike point, the plasma density, and temperature
profiles at the target can be generated. Then by using the OSM,
different SOL background plasmas can be generated. To com-
pare with the prediction result in Section II, the radiation ratio
in the OSM is also set to be 0.8.

The radiation power is assumed mainly due to neon impu-
rity. In this paper, the neon concentration at the separatrix is
fixed to 0.5% [15] to calculate the tungsten sputtering yields.
Then the DIVIMP code launches the tungsten impurity from
the targets and traces the transport process in the background
plasma. Tungsten self-sputtering part is self consistently cal-
culated in the code.

IV. RESULTS AND DISCUSSION

Since the cross-field transport model in DIVIMP is not
sufficient to give an accurate tungsten distribution in the
core, the tungsten concentration just inside of the separatrix
is chosen to evaluate the tungsten core concentration. The
tungsten concentrations inside of the separatrix calculated by
using OEDGE code package for the cases in Table I are listed
in Table II. The results reveal that a lower target plasma
temperature can always help to achieve a lower tungsten
concentration inside of the separatrix and thus get a lower
tungsten core concentration for different Psor cases. For
all these cases, relatively low tungsten concentrations are
achieved, because of the low tungsten erosion rate [showed
in Fig. 5(b)]. For such low temperature, the tungsten erosion
rate should be dominated by the neon distribution. Therefore,
simulation by impurity seeding from edge rather than the
specified neon concentration would give a more reasonable
neon distribution, and then the tungsten erosion rate. Since
this paper mainly focuses on the target plasma condition’s

0.8

—&—P_ =80MW
~@—P_ =100 MW
—A—P =120 MW

0.6

prompt re-deposition fraction

05 1 1 1 1

—m—P_ =80 MW i
~®-P_ =100 MW
—A-P_ =120 MW

erosion (1018 m-tor'1s'1)
N

cases

Fig. 5. Prompt redeposition and total erosion for different cases. (a) Prompt
redeposition fraction lines for different Pgop, cases. A roll over happened for
the Psor, equals 80-MW cases. (b) Total tungsten erosion lines for different
Pgo1. cases, the unit m-tor~'s~! means per meter toroidal and second.

influence on the tungsten screening effect, the influence of
neon distribution will not be discussed here.

The tungsten concentration inside of the separatrix is mainly
determined by two key parameters: the total tungsten ero-
sion and divertor tungsten screening effect, i.e., the ratio
of tungsten particles which can transport to the core to
the total erosion. From the two-point model prediction in
Section II, the increase of upstream density is expected to
get a lower tungsten concentration inside of the separatrix
for Psor. equals 100- and 120-MW cases. But for the Psor,
equals 80-MW cases, when increase the upstream density,
a target plasma temperature lower than 15 eV can be achieved.
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And then the increase of neutral tungsten ionization length
may play an important role in reduce the prompt redeposition
ratio thus cause a degradation of divertor tungsten screening
effect. Similar results are got from DIVIMP calculation.
As shown in Fig. 5(a), the prompt redeposition ratios of
Psor, equals 80-MW cases encounter a roll over as targets
plasma temperature decreasing. Compare the Psor equals
80-MW line with the simple model prediction in Fig. 3,
the simple model prediction is overestimated. That is because
the simple model’s result is a prediction of the strike point,
but the DIVIMP results is an average of the whole target. The
whole target has a relatively lower temperature and density,
thus has a longer W° ionization length and a lower prompt
redeposition rate.

The prompt redeposition fraction decreases by about
0.2 when the temperature changes from 11.18 eV (case 3)
to 5.58 eV (case 5) as predicted by the simple model in
Section II, whereas the total tungsten erosion decreased by a
factor of 4 for the same two cases, as shown in Fig. 5(b).
Therefore, if the total erosion is taken into consideration,
the decrease of target plasma temperature will be accompanied
by a decrease of total tungsten erosion, and compared to the
degradation of screening effect, the benefit of erosion decrease
is proven to be more important. As a result, for different Psor,
values, increasing the upstream density is always beneficial for
achieving a low tungsten core concentration.

V. CONCLUSION

Possible divertor plasma parameters are predicted for high
recycling operation of CFETR by the two-point model with
different Psor, and upstream densities. A comparison of
WO ionization length for the different divertor target con-
ditions reveals that the impurity prompt redeposition ratio
may become lower thus brings an unfavorable effect on the
tungsten impurity control when the target plasma temperature
is lower than 15 eV. To assess the tungsten screening effect,
2-D calculation is carried out for the cases predicted by the
two-point model. The results showed the prompt deposition
rate is in reasonable agreement with that derived from two-
point model while the 2-D temperature and density distribution
are included. However, if the benefits of lower erosion rate
for the lower temperature cases are taken into consideration,
a lower temperature, in other words, increasing the upstream
density under fixed Psor, can always help to achieve a lower
tungsten core concentration.

The OEDGE package is widely used to simulate the
tungsten distribution for different Tokamaks, such as
ASDEX-U [16], JET [17], and DIII-D [18], and can achieve
a good agreement with experimental data. Nevertheless, since
the background plasma generated by OSM is set to be fixed
regardless of the impurity distribution, it may bring some
inaccuracy for prediction work. Moreover, the prompt rede-
position model in the DIVIMP code is very simple which
does not include the sheath information, whereas the variation
of density inside of the sheath is proven to be important to
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affect the neutral tungsten ionization process [19]. Therefore,
a feedback progress between OSM and DIVIMP to consider
the impurity influence on the background plasma and a more
accurate sheath model need to be developed in the future work.
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