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Abstract.

In this work, the behaviour of impurities, spediiy the impurity transport and
accumulation, in ITER plasma are predicted usifgD1BALDUR integrated predictive
modelling code. The impurity species consideredaatembination of helium and beryllium.
For each simulation, a linear combination of ana@usltransport and neoclassical transport is
used to describe the core plasma transport whigtsisis of electron and ion thermal,
hydrogenic and impurity transports. The anomalous transpseli-consistently predicted
using either the empirical Mixed Bohm/gyro-Bohm éd B/gB) model or using the theory-
based Multimode (MMM95) model; while the neoclaabitansport is computed using the
NCLASS model. Standard type | ELMy-mode ITER discharges are simulated with and
without the effects of sawtooth oscillations, whefe predicted using the Porcelli sawtooth
triggering model and a modified Kadomtsev magnettmnnection model. It is found that, for
the standard ITER scenario, helium and berylliumsitees tend to accumulate inside the
plasma. Both helium and beryllium densities quidkbe and level off to steady-state values,
which depend sensitively on their values at thenblany. However, sawtooth oscillation has a
strong impact on suppression of the impurity acdatian for both helium and beryllium. A
sensitivity study is also carried out to determihe impacts of changing the impurity
transport coefficient, edge effective charge, lveraged density, and edge helium density. It
is found that increasing the impurity transportftioent results in the reduction of steady-
state values of helium and beryllium densities, litag minor influence over temperature and
ion plasma densities. On the other hand, increabmg@dge effective charge greatly increases
the beryllium density, but has small impact on otepecies. Both helium and beryllium
densities are found to be heavily dependent on deynhelium density, but are weakly
dependent on line-averaged density.
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1. Introduction mentally-benign power generation method,
its technical and engineering feasibility has

Although magnetically-confined ~ Yet to be demonstrated. Consequently, an
thermonuclear fusion has recently received international project called the International
significant attention as a potential environ- Thermonuclear — Experimental ~ Reactor
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(ITER) was officially initiated in 2006 [1].
The main goal of the ITER project is to

Ref. [7], where various issues concerning
ITER operations are addressed. However,

achieve a continuous and sustained nuclearimpurity behaviour studied in the paper
fusion reaction based on deuterium and focused on higher-Z impurities, such as
tritium, i.e. burning plasma, for approxi- argon and tungsten, and the accumulation of
mately 1 hour. As ITER is expected to helium was not described. Fichtmiilktral.
operate over an extended period of time, a [8] carried out simulations of ITER plasmas
feat hitherto unachieved in present-day that combine both core plasma transport and
tokamaks, there are several concerns thatimpurity exhaust by divertor using
are of particular interest. One of the most Combined Code Numerical Utility for
important concerns is the impurity behavi- Tokamaks (COCONUT), coupled with
our in the plasma, especially the accumu- EDGE2D/NIMBUS code. This approach is
lation of helium ash because of the retention an excellent attempt at global impurity
of the inevitable helium ash or alpha simulation, although it requires that
particles generated from the D-T nuclear background plasma be ‘frozen’ to let a
fusion reaction. The accumulation of impur- scrape-off layer evolve, as well as extensive
ities in plasmas can result in fuel dilution, computing power. The mechanisms of
enhancement of core radiation, and, conse-impurity transport have been investigated
quently, degradation of fusion performance by Ful6pet al. [2, 9], where the impacts of
[2]. Itis, therefore, crucial to investigate the anomalous and neoclassical impurity
impurity behaviour in ITER, especially the transport for ITER-like plasmas are studied.
impurity transport and accumulation. The present study aims to predict,
Impurity accumulation in the via self-consistent simulations, the profiles
confinement-enhanceHd-mode plasma, as of helium and beryllium densities, as well
would be expected in ITER, has long been as their time evolution, in type | ELMM-
anticipated. In fact, at the conceptual stage mode ITER discharges. This will be done
of the ITER project, one of the major with and without considering the effects of
questions was whether ITER can achieve sawtooth oscillation, which is expected to
enhanced confinement and sufficient helium have a strong impact on an impurity
exhaust simultaneously [3]. Several experi- accumulation. Although there are a number
ments were designed to answer this of discussions suggesting that the plasma
guestion, and have confirmed an affirmative wall and divertors in ITER should be made
answer [4]. A comprehensive review of of tungsten rather than beryllium, in this
experiments on helium accumulation and work, it is assumed that the impurities are a
exhaust can be found in Ref. [4]. Various combination of helium and beryllium,
simulations of ITER cases have also been which is similar to present-day tokamaks. In
conducted to study impurity accumulation addition, a parametric sensitivity study is
in ITER, especially that of helium ash. carried out to determine the impacts of
Kamelander et al. [5] carried out impurity particle transport coefficient, edge
simulations on ITER-like cases using 1.5D effective charge, line-averaged density, and
transport code, and found that temperature ratio of edge helium density to electron
and helium density reach steady-state valuesdensity.
under an appropriate burn control system. This paper is organized as follows:
Recent work by Onjurt al. [6] also indi- brief descriptions of relevant components of
cates quasi-steady state density of helium, the BALDUR code, including the anomal-
as well as that of berylium. A more ous transports and pedestal models, are
comprehensive integrated modelling of given in section 2; the predictions of ITER
ITER reference scenarios can be found in plasma profiles for standard type | ELMy
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H-mode are presented and discussed inand kinetic ballooning modes. Usually, the
section 3; sensitivity analysis is found in Weiland model for drift modes provides the
section 4; and a summary is given in section largest contribution, followed by the drift-
5. resistive ballooning mode and the kinetic

ballooning mode respectively. The Weiland

2. BALDUR integrated predictive model (¥weiand IS derived by linearizing the
modelling code fluid equations, with magnetic drifts for
each plasma species. Eigenvalues and
The BALDUR integrated predictive  eigenvectors computed from these fluid
modelling code [10] has been widely equations are then used to compute a quasi-
utilized to calculate the time evolution of linear approximation for the thermal and
various plasma properties, including helium transport fluxes. The Weiland model
electron and ion temperatures, deuterium includes many different physical phenom-
and tritium densities, helium and impurity enal such as effects of trapped electrons,
densities, safety factor, neutrals, and fast unequal ion and electron temperatures,
ions. Various physical processes incorpor- impurities, fast ions, and finitgs. The
ated in the code are: transport, plasma resistive ballooning model ytg) in the
heating, helium influx, boundary conditions, MMM95 transport model is based on the
plasma equilibrium shape, and sawtooth 1993 ExB drift-resistive ballooning mode
oscillations. The models for each process model by Guzdar-Drake, in which the
are combined to self-consistently solve for transport is proportional to the pressure
plasma properties. BALDUR code predicts gradient and collisionality. The contribution
fusion heating and helium ash accumulation from the resistive ballooning model usually
via the nuclear fusion rate, coupled with the dominates the transport near the plasma
Fokker Planck package used to calculate the edge. The kinetic ballooning modekg) is
sIOV\_/ing down of the spectrum of fast alpha a semi-empirical model, which usually
particles on each flux surface. Also, the ngyides a small contribution to the total
fusion heating component of the BALDUR itfysivity throughout the plasma, except
code calcu_lates_ the production rate of near the magnetic axis. However, for the
thermal helium ions and the rate of the |TER cases in this work, it is found that the
depletion of deuterium and tritium ions  coniripution from the kinetic ballooning
W|th|.n the plasma core. Simulation results mpode plays quite a significant role in the
obtained from BALDUR code have yegion near the plasma core up to a radius of
previously been compared with experi- 1 o m. This will be discussed in Section 3.
mental data, yielding an overall agreement Thjs model is an approximation to the first
of approximately 10% relative RMSE pj100ning mode stability limit. All the
deviation [11, 12]. anomalous transport contributions to the
MMMO95 transport model are multiplied by
x* since the models were originally derived
for circular plasmas. The expressions of
transport coefficients in MMM95 are:

2.1 Multimode core transport model
(MMM95)

The Multi-Mode Model version
1995 (MMMB95) [13] is a combination of
theory-motivated transport models used to
predict plasma profiles in tokamaks. It % = O0-8%weianat 1-Qret 1.0/ ks (1)
consists of the Weiland model for the ion
temperature gradient (ITG) and trapped y, =0.8yiaat 1-0 et 1.0 s (2)
electron modes (TEM), the Guzdar—Drake
model for drift-resistive ballooning modes,
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Dy =0.8%weienat 1Ot 1.0 e (3) In the Mixed B/gB core transport,
both the electron and ion thermal diffu-

sivities consist of two terms, one with
D, =Cip (0-8%weianat 1.0 ret+ 1.0/ o) Bohm scaling and the other with gyro-
4) Bohm scaling:

where Ci, is a constant of proportionality B

for impurity transport. Although it may be 4 =Pt
varied (as will be discussed in section 4),

Cimp Is taken as 1.0 in standard cases. Note

that the notations used in this paper are gB_,OSZCS dT, 6
given in Table 1. T dr 6)

2Py, ()

e

2.2 Mixed B/gB coretransport model

The Mixed B/gB core transport
model [14] is derived empirically. The
model started off as a local transport model
with Bohm scaling, where the transport
fluxes depend entirely on local plasma
properties and the transport diffusivities are
proportional to the gyro-radius multiplied AT :[Te]r/a=0.8_[Te]r/a=l.O 7)
by thermal velocity over a plasma linear N
dimension such as major radius. Transport
diffusivities in models with Bohm scaling

are functions of the profile shapes e : :
(characterized by normalized gradients) and the_zrmal dlfoS.IVItI.eS are obtained by taking
a linear combination of the Bohm and gyro-

other_ plasma parameters such as magn(_etchohm term, with coefficients that are
g, which are all assumed to be held fixed in . . _
determined empirically:

systematic scans in which only the gyro-
radius is changed relative to plasma - o5
dimensions. The model was originally de- Xi =1.6x10" 4%+ 1.7% 10y (8
veloped for JET plasmas, and was later

extended to describe ion transport, and a 7.=8.0x10° 4%+ 3.5 10y *® 9)
gyro-Bohm term was added in order to
improve predictions of plasmas in smaller
tokamaks as well as larger machines. A
transport model is said to have ‘gyro-Bohm’
scaling when the transport diffusivities are

In the Bohm diffusivity expressiomT, is a
finite difference approximation to the
normalized temperature electron
temperature difference at the plasma edge,
given by:

[ e]r/azl.o

The anomalous ion and electron

The hydrogenic and impurity
charged helium diffusivities are given by:

proportional to the square of the gyro-radius p,, = _Aeki (10)
multiplied by thermal velocity over the et Xi
square of the plasma linear dimension.
Usually, the Bohm term provides a larger p_ _p (11)
z H

contribution than the gyro-Bohm term,
which normally exhibits a large contribution
in the deep core of the plasma, and plays a2-3 Pedestal model

significant role only in smaller tokamaks In the development of the pedestal
with relatively low power and magnetic €mperature model described in Ref. [15],
field. the pedestal widthA) and the pressure
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gradient gp/or) are required. If the pedestal pedestal models with the chosen width
density (e is known, the temperature at constant in Ref. [15] are used. These
the top of the pedestalTf) can be pedestal temperature models include the

estimated as: effect of edge bootstrap current, which has
an impact on magnetic shear and safety

A |op A 2 factor. This inclusion results in a non-linear

ped = —A‘:—°—¢2 (12) behaviour in the pedestal temperature
2knped or 2knped 2u Rq model. The scheme to deal with the

approximation of magnetic shear and safety

These pedestal temperature models factor for the pedestal prediction using the

yield equally satisfactory agreement with pedestal models was completely described
the pedestal data from the ITPA Pedestal in Ref. [15]. Therefore, the values of
Database. The pedestal temperature modelsmagnetic shear and safety factor for the
are based on the magnetic and flow shearpedestal calculation are different from their
stabilization width scaling 4 oc p.8%), values in other parts of the BALDUR code,
based on the flow shear stabilization width which are based on a S|mpler.calculat|on.

. The attempt to use a self-consistent safety
scaling factor and magnetic shear for all calcu-
(Ax/pRq), or based on the normalized |ations in BALDUR code is under develop-

poloidal pressure width scaling ment. A preliminary result can be seen in

R/B Ref. [16]. In addition, there are several new
(Ao Ry B )- The pedestal pressure approaches to estimate pedestal value, such

gradient calculation is normally compli- as the pedestal scaling by M. Sugihara [17],
cated and requires detailed inputs. For which predicted the pedestal temperature of
simplicity, the pedestal gradient is assumed about 5.6 keV.
to be uniform throughout the pedestal The density at the top of the pedes-
region and the pedestal gradient is limited tal is described by a simple empirical model
by the first stability limit of infiniten  that assumes proportionality between pedes-
ballooning mode, so that the normalized tal density and line-averaged density. Since
critical pressure gradient for the pedestal the pedestal density,es is usually a large
region is estimated by: fraction of line average densityy, the
pedestal density can be calculated as:

Zﬂoqu (apj 2 2
=————| — | =04s| I+ 4+ D
e 87 lor ), | 5 (2 55| N =0.71 (14)
(13)
This pedestal density model agrees

where ks is the elongation at the 95% flux With the pedestal data obtained from the

95% flux surface. It is worth noting that [18]- In this work, it is assumed that the
these pedestal temperature models were!MPpurity consists of helium and beryllium.
derived from different pedestal width It is worth mentioning that other species of
scalings. The pedestal width constant in impurities such as carbon or tungsten can be
each model was chosen to minimize the involve. The ratio of helium to electron
RMS deviation with 533 experimental data density at the edge is assumed to be 2%.
points from 4 large tokamaks obtained from The effective charge is 1.4 at the edge of the
the International Tokamak Physics Activity Plasma. With these conditions, the density

(ITPA) pedestal database. In this work, the Of helium can be computed. The densities of
helium and beryllium at the top of the
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pedestal are 5.68x10and 1.42x18 m?, high density plasma, the assumption of

respectively. temperature equality in BALDUR code is
expected to be valid. Previous ITER
3. Simulation results and discussion simulations using the JETTO code in Ref.

[19] gave electron and ion temperatures at
The simulations are carried out the top of the pedestal of 4.4 and 4.9 keV,
using 1.5D BALDUR integrated predictive respectively. The assumption of equal ion
modelling code. Physical parameters are and electron temperature employed by
chosen to match those of type | ELNA BALDUR code has been used to simulate
mode ITER dischargeR(= 6.2 m,a = 2.0 present-day H-mode experiments. The
m, |, = 15 MA, By = 5.3 T,&p5 = 1.7, 85 = results yield 10% RMS deviation from the
0.33,n = 1.0x16° m® and Zegreqge = 1.4). experiments [18]. In this work, unless
The simulations are carried out from the denoted otherwise, the simulation results
centre to the top of the pedestal. The represent cases where pedestal width
pedestal area is described by the model inScaling based on magnetic and flow shear
section 2.3. The total auxiliary heating Stabilization is used.
power used in the simulations is 40 MW, of Figures 1 and 2 show the profiles of
which 33 MW comes from NBI heating ion temperature, electron temperature, ion
power and 7 MW comes from RF heating density, electron density, deuterium density,
power. The plasma current and density are tritium density, helium density, and beryl-

slowly ramped up to the target values within lium density obtained from the simulations
the first 100 seconds of the simulations. as functions of normalized minor radius at

During the start-up phase, the plasma different times of the simulations. These

current was initially 3 MA, and it is slowly ~Simulations are carried out either using an
increased to the target value of 15 MA. It empirical anomalous core transport Mixed
should be noted that several physical B/gB model or a theory-based MMMO95
processes are not included in these core transport model. The boundary condi-
simulations, such as ELM crashes and tions in these simulations are predicted
neoclassical tearing modes. Hence, the using the pedestal model based on the
simulation results do not represent the magnetic and flow shear stabilization width
complete ITER plasma dynamics. However, scaling. As mentioned, the value Gf,, is

it is expected that these simulations include set to be 1.0. It can be seen that all
sufficient physics to describe the plasma temperature and density profiles evolve and
when it reaches a quasi-steady state. Forreach a quasi-steady state. As the line-
each simulation, anomalous transport is averaged density is set to reach target
calculated either using an empirical Mixed density at 100 sec, it is expected that the
B/gB core transport model or using a ion, electron, deuterium, tritum, and
theory-based MMMO5 core transport model beryllium densities tend to reach steady
while neoclassical transport is computed State before 100 sec, as these species are not
using the NCLASS module. The boundary Products of the reaction. On the other hand,
conditions are provided at the top of the ion and electron temperatures, and helium
pedestal by the pedestal model. An assump-density tends to reach steady-state after 100
tion made in the present BALDUR code is SEC, as they are dependent on the rate of the
equal ion and electron temperatures at thereaction. The density profiles of ions,
pedestal. It has been observed in many electrons, deuterium and tritum are
experiments that ion temperature is higher noticeably flatter than those of helium and
than electron temperature at the pedestal inberyllium. As a species is said to be
low density plasma. As ITER plasma is accumulated in the plasma when its density
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profile is more peaked than the main plasma Also, radiative power loss predicted by

ion density [20], it can be concluded that the
simulations show helium and beryllium
accumulation in the plasmas. Also, the
density of helium is larger than that of
beryllium. This is expected as helium is
continually produced from the deuterium
and tritium (D-T) nuclear fusion reactions,
while beryllium is produced at the edge. It
should be noted that the model for
production of beryllium through first-wall

sputtering is not fully integrated into
BALDUR code. In this work, the edge
beryllium density and helium density are
fixed via specifying a constant edge
effective charge Zedqd- Although the

characteristics of sputtering, such as
temperature dependence, are not con
sidered, it is assumed that fixing edge
beryllium density gives sufficiently similar

effects. The results obtained using Mixed
B/gB and MMM95 core transport models
show similar trends. However, MMM95
predicts larger ion and electron temperature
particle build-up near the edge for all
species, and slower profile evolution. The

density peaks near the plasma edge are

characteristic to MMM95, and
documented in Ref. [16].

Since impurity accumulation in the

are

plasma core enhances core radiation, it is

particularly undesirable. Hence, attention
will be given to the time evolution of
central density of helium nf.) and

beryllium (nge,)), as well as radiative power
loss P9 and total alpha heating power

(Pa.tota), Shown in Figure 3. Both Mixed
B/gB and MMM©95 predict central helium

MMMO95 is larger than that predicted by

Mixed B/gB because of larger central

helium density. Simulation results of

standard cases using different pedestal
width scaling are given in Table 2 for the

Mixed B/gB core transport model and Table
3 for the MMMO95 core transport model. It

is found that all three pedestal width

scalings give similar results.

Figure 4 shows the iofy) and

electron(ye) thermal transport coefficients,
and hydrogenic Oy) and impurity D7)
transport coefficients as functions of
normalized minor radius at various times.
All profiles evolve and reach quasi-steady
state values in these simulations. It is found
“that MMMB95 gives a slightly largdd; than
Mixed B/gB. Also, MMM95 predicts a

largerDy, and a smalley; and ye than the
Mixed B/gB core transport model,
accounting for the observation of larger ion
and electron temperatures, and smaller
' deuterium and tritium densities, when the
core transport model was switched from the
Mixed B/gB to MMM95 model (Figures 1
and 2).

Contributing terms in ion thermal
and impurity transport coefficients as
functions of normalized minor radius are
found in figure 5. For the Mixed Bohm/
gyro-Bohm core transport model, it is
observed that the Bohm term provides the
major contribution in most regions of the
plasma, while the gyro-Bohm term provides
significant contribution only near the center,
and neoclassical transport is almost
negligible. This is consistent with Refs. [14]

and beryllium density to quickly increase 44 [2]. For the MMM95 core transport
and level off to quasi-steady state values. It j,odel " the Weiland term provides the

is observed that the MMM95 model

predicts larger quasi-steady state central

helium density than the Mixed B/gB core

greatest contribution tg; (similar trend is
observed for y), while the kinetic-
ballooning term provides the greatest

transport model. This is expected since conyibution toD, (similar trend is observed

MMMO95 predicts larger total alpha heating
power than Mixed B/gB, which corresponds
to faster D-T nuclear fusion rate, and,
therefore, faster production rate of helium.
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Even though BALDUR simulation
cannot fully describe the dynamics of
plasma evolution during the current phase,
it should be sufficient to describe plasma
dynamics during the quasi-steady state,
especially the sawtooth oscillation, which
was identified as one of the most
fundamental dynamics of ITER plasmas [1].
In this study, the Porcelli sawtooth
triggering model [21] is used to predict
sawtooth crashes and a modified
Kadomtsev magnetic reconnection model
[22] is used to calculate the
plasma after each crash. It is found that ion

and electron temperatures, and ion, electron,

deuterium, tritium, helium and beryllium

densities reach quasi-steady state values.

The values of central ion and electron
temperatures, as well as the density of all

species before and during sawtooth crash,

and those obtained from simulations
without sawtooth crash, can be found in
Table 4 for Mixed B/gB and Table 5 for the
MMMO95 core transport model. When saw-
tooth oscillation is included, it is observed

response of

4. Senditivity Study

In this section, the parametric
sensitivity of BALDUR simulation results
is investigated. The effects of varying
impurity transport coefficient O¥z), edge
effective charge Zeeqqd, line-averaged
density @), and ratio of beryllium density
to electron density at the edg@gdedqé
Necdgd @re studied and discussed in sections
4.1 to 4.4, respectively. Note that in this
section, only the MMM95 core transport
model will be used to carry out the
simulations.

4.1 Effect of varying D;

In this study, the impacts @, are
investigated by varying the coefficie@y,
(Eqgn. 4). As the value T, is varied, it is
expected that the impurity transport would
differ from the trends observed in section 3.
In this study, simulations are carried out
using Cinp values of 0.5, 1.0 and 2.0. As in
section 3, all profiles of transport coeffi-
cients and plasma properties obtained from

that ion and electron temperatures decreasesimulations are observed to reach quasi-

greatly. Also, helium density drops

significantly, and beryllium density de-

creases slightly. The observation is con-
sistent with conventional wisdom that
sawtooth oscillations can prevent the
accumulation of impurities [23]. lon,

electron, deuterium and tritium density
remain almost unchanged, as BALDUR
controls them by means of automatic gas
puffing. During sawtooth crashes, it is seen

steady state. Therefore, only the quasi-
steady state profiles will be considered.

The profiles ofy;, ye, Dy and Dy
from each simulation are shown in Figure 6.
It can be seen that, yo andDy are almost
unchanged, and only the values @f are
varied. Hence, any change in predicted
plasma behaviours can be attributed to the
variation inD;.

The time evolution of central ion

that ion and electron temperatures, as well temperature and helium density’ as well as
as ion, electron, deuterium and beryllium radiative power loss and total alpha heating
densities, dl’Op S|Ight|y, whereas tritium and power, are presented in Figure 7. It is seen
helium densities actually increase during that the quasi-steady state value of central
sawtooth crash. This is probably due to the helium density is largest whe@y,, of 0.5 is
enhancement of collisionality when tempe- ysed, followed byCimp, of 1.0 and 2.0.,
rature is lowered, as documented in Ref. respectively. This is expected since sup-
[18]. pressed transporCf,=0.5) would lead to
enhanced impurity accumulation. Also,
since impurity accumulation corresponds
directly to the radiated power, radiative
power loss increases with decreasDgp.
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On the other hand, ion temperature and total drop whenZggeqqe IS increased. However, it

alpha heating power decrease with
decreasingD; (Cing= 0.5). This is, again,
expected since impurity accumulation,
which is enhanced whe@,, of 0.5 is used,

should be noted that fixing boundary
beryllium density and calculating boundary
beryllium density is not an entirely realistic
approach, since boundary helium density

tends to suppress nuclear fusion reaction by cannot be controlled in an actual tokamak.

diluting the fuels. Although not shown
graphically here, it is observed that all other
profiles show small changes whéh,, is
varied.

4.2 Effect of varying Zes edge

In 1.5D simulation, it is necessary
to specify boundary density for all species.
In this work, the densities of deuterium,
tritium, and beryllium are specified at the
top of the pedestal, whereas boundary
beryllium density is calculated from the
edge effective chargéeqge The standard
value of Zyeqge USed in section 3 is 1.4,
which represents optimistically a ‘clean’
near-wall region. Hence, in this section, we
carry out a sensitivity study to determine the
effect of increasingZeseqqe iN Order to

The effects of increasing helium density are
discussed in section 4.4.

4.3 Effect of varying n,

Impurity transport depends on a
number of factors such as plasma tempera-
ture, line-averaged density and the nature of
impurity species. Since line-averaged dens-
ity is a parameter that can be easily
monitored and controlled in actual tokamak
operation, it would be interesting to find out
if impurity accumulation can be enhanced
or hinderedj.e. controlled, merely by vary-
ing the plasma density. The target line-
averaged density can normally be achieved
either using gas puffing or using pellet
injection. The standard ITER simulations in
section 3 use a line-averaged density of

simulate scenarios when there is a larger 1.0x1G° m™. In this section, simulations are

amount of impurity in the near-wall region.
In this study, the values @ eqge US€d in
simulations are 1.4, 1.7 and 2.0.

The quasi-steady state profiles of
ion thermal transport coefficient and
impurity particle transport coefficient as
functions of normalized minor radius are
presented in Figure 8. Note that the value of
transport shown in the figure is only from 0
to 2 nf/s. It is observed that a largfi cage
value generally gives smalley, and D;.
Figure 9 shows the time evolution of central
ion temperature, central helium density,
radiative power loss and total alpha heating
power. It can be seen that largéecqge
gives rise to smallerT;,, due to fuel
dilution. It is also observed that central
helium density and radiative power loss
increase with increasin@eredge DECAUSE
they are directly related,e. the larger the
effective charge, the larger the radiation and
density of the product. On the other hand,
total alpha heating power is observed to
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cagrried out usingy of 0.8, 1.0 and 1.2 x1b
m”.

The time evolution of central ion
temperature, central helium density, radi-
ative power loss and total alpha heating
power are shown in Figure 10. It can be
seen that, apart from central ion tempera-
ture, all other variables appear to decrease
when a smallem, is used. Centrall; is
observed to increase whenis decreased.
This is evident if the ideal gas law is
considered. Assuming plasma pressure is
relatively constant, smaller density corres-
ponds to larger temperature. Time evolution
of core helium density, radiative power loss
and total alpha heating power show the
opposite trend, with smallen, corres-
ponding to smaller values of the density and
power. This can be accounted for by
considering deuterium and tritium density.
When n, is small, both deuterium and
tritium density are small, leading to reduced
fusion rate, helium production, and total
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alpha heating power. Consequently, radi-
ative power loss drops as there is a smaller
amount of impurity. In short, the amount of
impurity and radiative power loss can be
reduced by decreasimy but at the price of
decreased alpha heating power.

4.4 Effect of varying Ngeedge/Ne,edge

As mentioned earlier, BALDUR
requires that the boundary density of all
species be specified in order to carry out
simulations. In this study, the boundary
helium density is specified by fixing the
edge beryllium density to edge electron
density ratio ge edgéNe.cagd- The ratio is 2%
in standard cases, found in section 3. In this
part, the effect of varying the ratio is
investigated. Simulations are carried out
With Nge eqgdNe edge Values of 1%, 2% and
3%.

Figure 11 presents the time evolu-
tion of central ion temperature, central
helium density, radiative power loss and
total alpha heating power. Since central
helium density depends on boundary helium
density, it is not surprising to find that the
central helium density and total alpha
heating power are heavily dependent on
nBe,edgéne,edge IncreaSingnBe,edgéne,edge Ieads
to reduced central helium density and total
alpha heating power due to dilution by
beryllium. Central ion temperature obtained
from simulations does not seem to be
heavily dependent onge eqgdNe edge AlSO, it
is observed that radiative power loss
increases with increasingge edgéNe edge It
can be concluded that simulation results are
heavily dependent Omye edgéNe,cdge HOW-
ever, fixing edge helium density is not an
entirely realistic approach since helium is
continually produced and removed, and
there is no means of fixing its density at the
edge in actual operation. Therefore, it
would be desirable to develop a simple
model that relates boundary helium density
to core helium density in order to provide
BALDUR with more realistic boundary
conditions.
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5. Conclusions

In the present study, the behaviours
of impurity transport and accumulation in
type | ELMy H-mode ITER discharges are
investigated via simulations using 1.5D
BALDUR integrated predictive modelling
code. The impurity species considered are a
combination of helium and beryllium. The
simulations are carried out using either the
Mixed B/gB or MMM95 core transport
model, coupled with the NCLASS neo-
classical model and pedestal model. It is
found that ion and electron temperatures, as
well as ion, electron, deuterium, tritium,
helium and beryllium densities reach quasi-
steady state values. The inclusion of
sawtooth oscillation is observed to suppress
core impurity density, particularly for
helium. In the parametric sensitivity analy-
sis, the impacts of impurity particle trans-
port coefficient, edge effective charge, line-
averaged density, and edge helium density
to electron density ratio are investigated. All
four parameters are observed to influence
impurity behaviours.
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upon varying

edge core transport model, withge edgéNe edge OF

beryllium density to edge electron density 1%, 2%, and 3%.
ratio Nge eqgdNe edge@l® shown. The values are
obtained from simulations using MMM95

Table 1 Notation used in this paper.

Symbol  Units Description Symbol Units Description
a m Plasma minor radius X m/s lon thermal transport coefficient
r m Flux surface minor radius . m¥/s Electron thermal transport coefficient
R m Major radius to geometric  yweiana ~ MJ/S Thermal transport coefficient
center of each flux surface calculated by Weiland model
2 Normalized minor radius e s oo e
Zefi edge Effective charge at the edge ballooning mode
. 0 5 Thermal transport coefficient
Kos ]z’&?(ssrrlljz;\fgcl:%ngatlon at9d% e /s calculated from kinetic ballooning
mode
Oos Plasma triangularity at 95% »® mé/s Thermal transport coefficient with
flux surface Bohm scaling
Br Tesla  Vacuum toroidal magnetic  ;%® m?/s Thermal transport coefficient with
field atR gyro-Bohm scaling
B, Tesla  Toroidal magnetic field Dy m?s Hydrogenic transport coefficient
Lo ped Tesla N%rsrzﬁrged pedestal D, m?/s Impurity transport coefficient
S IF\)/Ia netic shear Tped keV Pedestal temperature
lp MA Plagma current T keV lon temperature
q Safety factor Tio keV Central ion temperature
Ps m lon gyro-radius Te keV Electron temperature
Cs m/s Speed of sound Tec keV Central electron temperature
p Pa Plasma pressure n 10°° m® Line-averaged density
Pe Pa Electron pressure Npec 10°m?* Pedestal density
Lo Hm?  Permeability of free space n, 10" m*® lon density
o glgdr?::tz ed pressure Ne 10 m® Electron density
o Normalized critical pressure np 10" m® Deuterium density
gradient of ballooning mode ny 10 m® Tritium density
Canp _Const_ant multiplied to the . 108 m® Helium density
impurity transport 10 1173 Bervilium densit
coefficient Nge m eryllium density
Prad MW Radiative power loss Po.tota MW Total alpha heating power

Table 2 Summary of plasma properties obtained from sirfardat using Mixed B/gB core
transport model, coupled with pedestal width modated on magnetic and flow shear
stabilization, flow shear stabilization, and norizedl poloidal pressure scalings.

. Time n n Pe
A scaling © Tio(keV)  Teo (keV) (10199’;)“,3) Tped (keV) (101%92,3) (M’t\‘;{/ﬁ;
10 3.83 5.06 4.89 0.70 3.68 0.31
Aot oS 100 9.24 10.14 10.83 2.65 7.90 12.01
P 1000 16.97 17.73 10.84 2.65 7.94 29.48
3000 17.02 17.69 10.83 2.65 7.94 29.88
10 3.83 5.06 4.89 0.70 3.68 0.35
100 9.00 9.91 10.80 2.46 7.89 10.52
Ao pRq 1000 16.50 17.21 10.85 2.47 7.95 27.32
3000 16.72 17.43 10.87 2.46 7.91 27.50
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Table 2 Summary of plasma properties obtained from sirfardat using Mixed B/gB core
transport model, coupled with pedestal width modased on magnetic and flow shear
stabilization, flow shear stabilization, and norized poloidal pressure scaling€ont.)

. Time n n Py
A scaling © Tio(KeV)  Top (keV) (1019&?”3) Tped (KeV) (101%"[?;.3) (M‘l\(l)vla;
10 4.57 6.00 4.93 1.06 3.63 0.53
Ao R [IB 100 9.52 10.46 10.78 2.88 7.89 13.88
6.ped 1000 17.36 18.03 10.79 2.88 7.96 32.21
3000 17.58 18.26 10.82 2.88 7.94 32.83

Table 3 Summary of plasma properties obtained from sinuiat using MMM95 core
transport model, coupled with pedestal width modased on magnetic and flow shear
stabilization, flow shear stabilization, and norinadl poloidal pressure scalings.

A scaling 197 Token) TokeV) @fa Talkey) | oF%, e
10 712 5.72 4.89 0.72 3.49 107
Aot o 100 1316 1550 10.56 258 797 3106
P 1000 2311 2501 9.90 271 782 5843
3000 2400 2582 9.69 271 783 5959
10 7.20 9.80 2.87 0.73 3.49 115
A AR 100 1316 1546 10.57 2.47 797 3123
PR 1000 2309 2513 9.83 2.60 779 5783
3000 2472 2594 9.54 2.62 781 5936
10 7.20 9.80 2.87 0.73 3.49 115
Ao RS, e 100 1313 1552 10.55 257 802 3104
1000 2313 2539 9.95 2.8 785 6113
3000 2468 2635 9.83 2.90 785 6184

Table 4 Quasi-steady state values of central ion and reledcemperatures, and densities of
ion, electron, deuterium, tritium, helium and béuwyh. The values are taken from simulations
without sawtooth oscillation, and simulations wighwtooth oscillation before and during

sawtooth crash. Mixed B/gB core transport masgeised.

Tio (keV) Teo (keV) N, (10° md) Neo (10° md)
Without sawtooth oscillation 16.501 17.290 9.368 .84
With,Before sawtooth crash 7.066 7.341 9.312 10.639
With,During sawtooth crash 6.907 7.213 9.299 10.620
% change 2.25 1.74 0.14 0.18

Np (10° M)

Nro (10° M)

NHeo (1018 m-3)

NBeo (1018 m-S)

Without sawtooth oscillation 4,413 4,434 7.603 2.15

With,Before sawtooth crash 4.361 4.061 6.821 2.074

With,During sawtooth crash 4.355 4.062 6.826 2.070
% change 0.14 0.02 0.07 0.19

Table 5 Quasi-steady state values of central ion andrele¢emperatures, and densities of
ion, electron, deuterium, tritium, helium and bé#ayh. The values are taken from simulations
without sawtooth oscillation, and simulations wghwtooth oscillation before and during
sawtooth crash. MMM95 core transport modalised.

T.o (keV) T (keV) nio (10 md) Nec (10°° M)
Without sawtooth oscillation 21.847 24.472 8.481 .08a
With,Before sawtooth crash 16.987 19.784 9.194 10.76
With,During sawtooth crash 11.600 12.212 8.944 a0.3
% change 31.71 38.27 2.72 4.02
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Table 5 Quasi-steady state values of central ion andrele¢emperatures, and densities of
ion, electron, deuterium, tritium, helium and bé#ayh. The values are taken from simulations
without sawtooth oscillation, and simulations wghwtooth oscillation before and during
sawtooth crash. MMM95 core transport modalsed(Cont.)

Np,o (1019 m—3) Nro (1019 m—3) Nhe.c (]-018 m—3) Nge,c (]-018 m—3)

Without sawtooth oscillation 4,014 3.519 8.449 322
With,Before sawtooth crash 4,265 3.8918 8.1165 2.262
With,During sawtooth crash 4,134 3.8922 8.1177 2.08
% change 3.07 0.010 0.015 7.78
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Figure 1 Profiles of ion and electron temperatures, andities of ion, electron, deuterium,
tritium, helium and beryllium at 10, 100, 1000, e&8@D0 sec. The profiles are obtained from
simulations using Mixed B/gB core transport model.
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Figure 2 Profiles of ion and electron temperatures, andities of ion, electron, deuterium,
tritium, helium and beryllium at 10, 100, 1000, é8@D0 sec. The profiles are obtained from
simulations using MMM95 core transport model.
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Figure 3 Time evolution of central helium and beryllium ddies, radiative power loss and
total alpha heating power are shown. The resuksoltained from the simulations using

either Mixed B/gB or MMM95 core transport models.
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Figure4 Profiles of ion and electron thermal transportftoents (y; andye), and hydrogenic
and impurity transport coefficient®§ andD;) obtained from Mixed B/gB (left panels) and
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Figure 5 Contributing terms in ion thermal transport cogéints ;) and impurity particle
transport coefficien{D;) calculated using Mixed B/gB and MMM95 core tramipmodels

are shown as functions of normalized minor radius.
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Figure 6 Profiles of ion and electron thermal transportficients (y andy.), and hydrogenic
and impurity particle transport coefficient® and D;) obtained from simulations using
Mixed B/gB and MMM95 core transport models, wily,= 0.5, 1.0, 2.0, are shown.
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Figure 7 Time evolution of central ion temperature, cenhr@lium density, radiative power
loss and total alpha heating power upon varyingctiestantCi,, are shown. The results are
obtained from simulations using MMM95 core trangpoodel, withCiy,, of 0.5, 1.0, and 2.0.
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Figure 8 Profiles of ion thermal transport coefficient)(and impurity particle transport
coefficient Oz) obtained from simulations using MMM95 core tramdpmodel, with edge
effective charg@efeqqeOf 1.4, 1.7, and 2.0, are shown.
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Figure 9 Time evolution of central ion temperature, centrelium density, radiative power
loss and total alpha heating power obtained upaying edge effective chargé.icqqe are
shown. The values are obtained from simulationegusiMM95 core transport model, with
ZefiedgeOf 1.4, 1.7, and 2.0.
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Figure 10 Time evolution of central ion temperature, cenbr@ium density, radiative power
loss, and total alpha heating power obtained upanying line-averaged density) are
shown. The values are obtained from simulationsgusIMM95 core transport model, with
of 0.8, 1.0, and 1.2x¥Om?,
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Figure 11 Time evolution of central ion temperature, cenbr@ium density, radiative power
loss, and total alpha heating power obtained upamying edge beryllium density to edge
electron density ratige edgéne cage@l® shown. The values are obtained from simulaticsing
MMM95 core transport model, Willflse edgéNe eageOf 1%, 2%, and 3%.
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