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Effects of edge and central fuelling on particle confinement in JT-60U 
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Abstract 

In order to understand the effects of the particle source distribution on the global particle confinement, the particle 
balance in JT-60U has been quantitatively analyzed. The dependence of the particle confinement time on the ratio of the 
central fuelling due to NBI to the edge fuelling due to wall recycling and gas-puffing was investigated. It was found that the 
particle confinement time increased with this ratio for the L-mode and ELMy H-mode plasmas, while, for the ELM-free 
H-mode plasma, the dependence of the particle confinement time on this ratio was not obvious. Furthermore, the 
confinement times of the center and edge fuelled particles were separated for the L-mode plasma. It was also found that the 
confinement time of the center fuelled particles was about 3 times longer than that of the edge fuelled particles. 
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1. Introduction 

Particle confinement is an indispensable factor for the 
design of a fusion reactor, as well as energy confinement, 
from its relation to the plasma density control and helium 
ash exhaust. The scaling law of the energy confinement 
time has been established in the L-mode plasma [1] and 
afterwards energy confinement of the improved confine- 
ment modes was well studied [2]. In contrast, only a few 
databases of particle confinement have been presented [3]. 
The task to establish the scaling law of the particle con- 
finement time started for ITER physics R&D. However, 
the dependence of the particle confinement time on the 
plasma parameters has not been understood sufficiently. 
The fact that the understanding of particle confinement 
stays behind the understanding of energy confinement is 
chiefly caused by the variety of particle source distribu- 
tions. The auxiliary heating power is mostly injected in the 
central region. On the other hand, particles are supplied 
not only in the central region by NBI but also in the edge 
region by wall recycling and gas-puffing. With increasing 
NBI injection power and with progress in wall condition- 
ing such as glow discharge cleaning (GDC) and boroniza- 
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tion, the particle fuelling rate due to NBI increases and the 
particle fuelling rate due to wall recycling decreases. 
Therefore, the fuelling rate of NBI becomes comparable 
to, or larger than, that of wall recycling. The ratio between 
the fuelling rate of NBI and wall recycling is closely 
related to the particle source distribution and this ratio 
must affect the global particle confinement. For the parti- 
cle confinement study, it is important to achieve a system- 
atic understanding of the database with its variety in 
particle source distributions. 

In this paper, we analyze the particle balance quantita- 
tively for the L-mode, ELM-free H-mode and ELMy H- 
mode plasmas of JT-60U, so as to understand the effects of 
the particle source distribution. The dependence of the 
particle confinement time on the ratio of the central fu- 
elling to the edge fuelling has been investigated and the 
confinement times of the center and edge fuelled particles 
are separated. 

2. Analysis of global particle balance 

2. l. Method of  analysis 

The particle balance equation can be expressed using 
the particle confinement time (~'p) as follows. 

dUe Ne 
-{- S R "~- SGp -[- SNB , ( 1 )  

dt ~-p 
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where N~ is the total electron number in the main plasma, 
S R, Sop and SNB are the particle fuelling rate in the main 
plasma due to wall recycling, gas-puffing and NBI, respec- 
tively. 

The values of S R and SGp were estimated through the 
calculation of the neutral particle penetration rate into the 
main plasma using the neutral particle transport simulation 
code DEGAS [4]. Details of this method have already been 
reported [5]. Here, its essential features are summarized as 
follows. The electron density, the electron temperature and 
the ion temperature at the divertor region and SOL were 
calculated using an interpretative simple divertor code [6]. 
This code solves 1D fluid equations along the magnetic 
field. The measured values of the electron density and 
temperature at the divertor plates using Langmuir probes 
were used as the boundary condition. The Da  emission 
profile calculated with DEGAS was fitted to the measured 
profile so as to determine the absolute value of S R. The 
Dc~ emission intensities were measured with a fiber array 
which cover the whole poloidal cross-section. The neutral 
particles were released only at the divertor plates, because 
the wall source is much smaller than the divertor source. 
The absolute value of S~p was determined from the gas 
flow rate through the gas-puffing port. The absolute errors 
in S R and SGp were estimated to be about 40% and also 
the relative errors were estimated to be 10%. These errors 
mainly come from uncertainty of the probe data. The value 
of SNB was estimated from the injection power and the 
beam energy and its distribution was calculated using the 
orbit following Monte-Carlo (OFMC) code [7]. 

In the analyses we assumed that Z~ff = 1. If we take the 
density of fully stripped carbon and oxygen in the main 
plasma to be 2 -3% of the electron density (Zen. < 4), as is 
observed in typical NBI heated plasmas of JT-60U, ~-p 
becomes smaller by 30-40%. 
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Fig. 1. Particle source distributions calculated with DEGAS and 
OFMC. Solid line shows particle source due to wall recycling and 
dashed line shows particle source due to NBI. 

calculations. In the DEGAS calculation for the ELMy 
H-mode plasma, the density and temperature at the diver- 
tor plates, which are the boundary condition for the simple 
divertor code as mentioned in Section 2.1, were estimated 
using the data of the Langmuir probes during the periods 
between ELM pulses. The averaged values of Da  emis- 
sion intensity in the ELMy phase were used to determine 
the absolute value of S R. The particle flux to the divertor 
plates is larger during the ELM pulse than between the 
ELM pulses, hence, the divertor density must be larger 
during the ELM pulse than between the ELM pulses. 
Then, Sr~ might be overestimated because the penetration 
rate of the neutral particle into the main plasma is smaller 
during the ELM pulses than between the ELM pulses due 
to strong shielding effect of the high density in the divertor 
region. If the Dc~ emission intensities during the periods 
between ELM pulses were used, S R becomes smaller by 

2.2. Results of analysis 

The analyses were performed for the L-mode, ELM-free 
H-mode and ELMy H-mode plasmas with a wide range of 
SNB/(SR + So, p), Fig. 1 shows an example of the particle 
source distributions for the L-mode plasma with plasma 
current lp = 2 MA, magnetic field B T = 3.5 T line aver- 
aged density fie = 2 × 1019 m - 3  and net heating power 
P,e~ = 5 MW. The fuelling rate of wall recycling was 
substantial in the peripheral region of r /a  > 0.95, while, 
the fuelling rate of NBI was relatively flat and was domi- 
nant in the central region of r /a  < 0.4. 

In Fig. 2, the values of SNB are plotted against S R + S~p 
for the L-mode plasmas with I v = 1.8-3 MA, B T = 3-4  
T, h~= 1 - 4 ×  10 I9 m -3 and Pne t=5-16  MW, for the 
ELM-free H-mode plasmas (lp = 2 -3  MA, B T = 4 T, 
h e =  1-3 x 1019 m 3, Pne,= 13-18 MW) and for the 
ELMy H-mode plasmas (lv = 1.2 MA, B T = 2 T, h~ = 2 -  
3 X 10 m m-3,  P,~t = 13-20 MW). The error bar shown in 
this figure shows the absolute error of S R, SGp and SNB 
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Fig. 2. Relationship between SNB and S R + S(;p. Open circles, 
closed circles and cross symbols show the dam for L-mode, 
ELM-free H-mode and ELMy H-mode plasmas, respectively. 
Solid lines show constant values of SN~/(S R +Scw). 
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Fig. 3. Correlation between rp and SNB/(S R + SGp). Open circles 
and open squares show the data of L-mode plasma for Ip = 1.8-2 
MA and lp = 3 MA, respectively. Closed circles and closed 
squares show the data of ELM-free H-mode plasma for Ip = 2 
MA and lp = 3 MA, respectively. Cross symbols show the data of 
ELMy H-mode of  lp = 1.2 MA. 

30-50%. The ratio of SNB/(S  R + SGp) is estimated to be 
0.05-0.6 for the L-mode plasmas, 0 .5-2 for the ELM-free 
H-mode plasmas and 0.1-0.5 for the ELMy H-mode plas- 
mas. 

The relationship between rp and SNB/(S R q-SGp) is 
shown in Fig. 3. The error bar shows the uncertainty in rp 
and SNB/(S  R + SGe) due to the relative errors of S u and 
SGp. The values of rp increase with SNB/(S R -}-SGp) for 
the L-mode plasma, both for Ip = 1.8-2 MA (open circles) 
and Ip = 3 MA (open squares), and rp seems to depend on 
lp. In the previous analyses in JT-60U, rp decreased with 
increasing h e for the low power NBI heated L-mode 
plasma and rp increased with ne for the high power NBI 
heated L-mode plasma [5]. However, this difference can be 
understood in terms of the dependence on SNB//(SR q- SGp). 

In the ELMy H-mode (Ip = 1.2 MA), rp also tends to 
increase with SNB/(S  R + See). The values of rp for the 
ELMy H-mode plasmas are smaller than those for the 
L-mode plasmas, even though the overestimation of S R as 
mentioned above was taken into account. One of the 
reasons could be the Ip dependence of rp. As another 
reason, we point out the effect of the edge density on the 
separatrix. The edge density of the ELMy H-mode plasma 
was smaller than that of the L-mode plasma for the same 
value of fie. The edge density affects the main plasma 
density, because the edge density is a boundary condition 
of the density profile in the main plasma. Even if there is 
no particle source in the main plasma, the electron number 
in the main plasma becomes finite when the edge density 
is not zero. Therefore, rp becomes large when the edge 
density is high. This effect has to be clarified in further 
work. 

In the ELM-free H-mode plasma, the dependence of rp 
on SNB/(S R -{- SGp) is not obvious. For the data of lp = 3 
MA (closed squares), it seems that rp depends on 
SNB/(S  R + SGp), however, for the data o f  Ip = 2 MA 

(closed circles), this dependence is not clear. The depen- 
dence of rp on fie was reported for ohmically heated 
plasmas in four tokamaks [8]. They showed that rp in- 
creased with fie up to a certain threshold value of f~ and 
decreased with fie above this value. The dependence of rp 
on ne for the high Fie region was explained by the particle 
source distribution localized at the plasma edge. When 
central fuelling is comparable with edge fuelling, the de- 
pendence of rp on the source distribution might become 
weak and a dependence of rp on the plasma parameters 
might be observed. In fact, there is good correlation be- 
tween rp in the ELM-free H-mode analyzed here and fe 
as reported in Ref. [9]. It is noted that the ranges of the 
plasma parameters analyzed here are different for the 
L-mode, ELM-free H-mode and ELMy H-mode plasmas. 
Systematic investigations have to be performed for many 
more cases of the plasma parameters in future. 

In many plasma experiments, the dependence of rp on 
the plasma parameters such as  Ip,  h e and P was investi- 
gated so as to establish the scaling law of rp as well as 
energy confinement time. The results obtained here show 
that the dependence of rp on the source distribution must 
be taken into account. In Section 3, the particle balance 
considering the difference between the central and edge 
fuelling was discussed. 

3. Separation of confinement times of center and edge 
fuelled particles 

3.1. Method o f  separation 

We consider the particle balance for the particles sup- 
plied by NBI (central fuelling) and by wall recycling and 
gas-puffing (edge fuelling), separately, as follows; 

aN y U£ 
d'--"7- - rpC +SNB' (2) 

dN? Ne E 
dt r E + SR + SGP' (3) 

N e = N £ + Ne E, (4) 

where Ne c and N E are the electron numbers contained in 
the main plasma supplied by central fuelling and edge 
fuelling, respectively. Zp c and r E are the confinement 
times of the center fuelled particles and the edge fuelled 
particles, respectively. 

During a steady state, Eqs. (2)-(4) are rewritten as 
N e = rpe(SR + SGp) + rCSNB . This equation means that 
when there are some data points with the same values of 
rp E and r c ,  a straight line fitted to the data plots of 
Ne/(SR + SGe) against SNB/(S  R + SGp) gives r c from its 
gradient and rp e from its intercept. 
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3.2. Numerical simulation of  particle transport 

In order to clarify the meaning of the separation of the 
particle confinement times, the particle transport was simu- 
lated using the following equations: 

On e 
- v . r + s ,  (5) 

at 

1"= - D "  Vn e - v "ne, (6)  

where F is the particle flux across the magnetic surface, s 
is the particle source, D is the particle diffusion coefficient 
and t, is the inward pinch velocity. The inward pinch 
velocity can be expressed as v = D .  Cv • 2 r / a  2. The val- 
ues of D and C v were assumed to be spatially constant, 
for simplicity. The following results are obtained for D = 
0.5 m 2 / s  and Cv = 1, which values were observed in the 
gas-puff modulation experiment for the ohmically heated 
plasma in JT-60U [10]. The boundary condition of ne(a) 

0 is used in this simulation. 
Fig. 4(a) and (b) show the calculated electron density 

profile and the particle source distribution used in the 
calculations during a steady state phase for the central 
fuelling and for the edge fuelling, respectively. The vol- 

ume integrated source r a t e s  Scentra I and Sedg e is  assumed to 
be the same value of 1 × 1021/s. The values of rp were 
estimated to be 0.40 s and 0.045 s for the central and edge 
fuelling, respectively. They are different for the same 
transport coefficients due to different source distributions. 
Then, the calculation was performed for the various ratios 

of S~ntr~l/S~dg ~. Fig. 5 shows Ne/Sedg e as  a function of 
Sce,,~JS~dg e. The gradient of the straight line fitted to the 
data of N~/S~dg ~ expresses rp for the central fuelling, and 
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Fig. 4. Calculated electron density profiles (solid line) and source 
distributions used in the calculations (dashed line) for central 
fuelling (a) and for edge fuelling (b) in the case of D = 0.5 m2/s 
and C v = I. 
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Fig. 5. Calculated N~/S~d~ as a function of S~mr~l/S~dg ~. 

intercept expresses rp for the edge fuelling, as mentioned 
in Section 3.1. 

3.3. Experimental results and discussion 

In order to separate rp c and r E, the value of SNB/(S R 
+ SGp) was scanned systematically for the L-mode plasma 
(1 v = 1.8 MA, B T = 3 T). The electron density was kept 
constant (fie = 2.4 × 1019 m 3) using the feedback control 

system of gas-puffing rate during the scan of NBI power 
(4 -13  MW). The evaluated rp decreased with increasing 
P, et in the range of the low P.ep however, 7p increased 
with P.et in the range of the high P,,et. This data set 
cannot be understood in terms of the dependence of 7p on 
heating power only. 

We try to separate the confinement times of the center 
and edge fuelled particles according to the method men- 
tioned in Section 3.1. Because the NBI power was scanned 
in this data set, the dependence of r o and To E on the 
heating power must be considered. We assumed the same 
dependence of Tp c and rE on the net heating power as 

7"pC'EO(Pnet a. Therefore, the data plots of No/(SR+ 
SGp)/(P.et/8 MW) -~  against SNB/(S R + Sc; p) are ex- 
pected to lie on the same straight line. When the value of 
a was taken to be 0.3, the sum of squared errors between 
the experimental values and the best fitted straight line 
becomes minimum. When the errors of data were taken 
into account, the range of a = 0.2-0.4 gives acceptable 
fits. The dependence of rp on the heating power in JT-60 
has been reported in Ref. [3] as rp ct p-O.5. The depen- 
dence obtained here is weaker than that in Ref. [3]. Fig. 6 
shows the experimental data plots and the best fitted 
straight line. The best fitted line gives 1.0 s for rC(Pnet = 8 
MW) and 0.33 s for roE(P,I~t = 8 MW), respectively and 
the ratio of rpC/roE is estimated to be about 3. The dashed 
lines in Fig. 6 show the extent of uncertainty in the fitting 
process when the relative error of S R and the uncertainty 
of c~ are taken into account. This extent yields the ranges 
of the uncertainty of rt,c and roe as _+ 30%. If we take the 
density of fully stripped carbon and oxygen in the main 
plasma to be 2 - 3 %  of the electron density, as in Section 
2.1, both of rp c and rp E become smaller by 30-40%.  It is 
shown that the data set can be understood in terms of the 
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Fig. 6. [Ne/(S R + SGp)/(Pnet(8 MW)-'~I-[SNB/(SR + SGp)] 
plot. Solid line shows the best fitted line with o~ = 0.3, and dashed 
lines show the extent of uncertainty due to relative errors of S R 
and a. 

heating power dependence and the source distribution de- 
pendence. 

The value of zp can be roughly expressed as Tp = 
a h / D ,  where a is a minor radius, h is a penetration depth 
of the neutral particles and D is a diffusion coefficient. 
Because the penetration depth of the neutral particles 
supplied by NBI is about 10 times longer than that sup- 
plied by wall recycling, the ratio of r c / ' r ~  can be roughly 
estimated to be 10, as in the simulation result of Section 
3.2. The experimentally obtained value of rc /~-~  is 
smaller than this value. This small value comes from the 
boundary conditions. The out flux across the separatrix 
from the main plasma to SOL gives the SOL density and 
this density in SOL raises the base of the density in the 
main plasma. This raised base of the density gives the 
small ratio of ~.c/~.pE. 

In order to clarify the effects of the source distribution 
and the boundary conditions described above, a local 
transport analysis is useful. A preliminary analysis of the 
local transport showed ~'f and ~.pE obtained here agree 
with the values obtained by the local analysis. This will be 
discussed in a separate paper. 

4. C o n c l u s i o n s  

The effects of edge and central fuelling on global 
particle confinement was investigated. It was found that 

the particle confinement time increased with the ratio of 
the central fuelling to the edge fuelling for the L-mode and 
ELMy H-mode plasmas, while, for the ELM-free H-mode 
plasma, the dependence of the particle confinement time 
on this ratio was not obvious. The confinement times of 
the center fuelled particles and the edge fuelled particles 
were separated for the L-mode plasma for the first time. It 
was shown that the data set, which can not be understood 
in terms of heating power dependence only, can be under- 
stood in terms of heating power dependence and source 
distribution dependence. It was also found that the confine- 
ment times of the center and edge fuelled particles were 
estimated to be 1.0 s and 0.33 s, respectively and the 
confinement time of center fuelled particles was 3 times 
longer than that of the edge fuelled particles. A database of 
the particle confinement should include the source distribu- 
tion and the edge density for the systematic understanding 
of the particle confinement. 
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