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An impurity accumulation density window in 
long-pulse LHD discharges
Impurity accumulation with a long time scale (~10 s) 
was observed in a narrow plasma density region 
[ ] for neutral beam injection-
heated long-pulse discharges. Spectroscopic and 
bolometric measurements showed a remarkable tem-
poral increase of core radiation due to metallic impuri-
ties. The main features of the impurity transport were 
consistent with neoclassical predictions. ................ 1

Diagnostic development and plasma recon-
struction for low-aspect-ratio stellarators
The accurate magnetic analysis of stellarator plasmas 
using external diagnostic loops is envisioned to be an 
essential part of the U.S. low-aspect-ratio stellarator 
program. Such analysis is important for controlling the 
shape of the plasma during the discharge, because 
substantial internal bootstrap currents are expected to 
develop. Shape control during the discharge evolution 
is necessary for generating plasmas with good stabil-
ity and transport properties. In combination with other 
diagnostic output, detailed magnetic analysis will pro-
vide additional information about the internal pressure 
and rotational transform profiles that will be useful for 
assessing plasma stability and transport properties.5

ne 1 3–( ) 1019×  m 3–∼

An impurity accumulation 
density window in long-pulse 
LHD discharges

Impurity control is one of the important issues for realiz-
ing a fusion reactor. In particular, impurity behavior during 
steady-state operation is of special concern because neo-
classical convection may cause strong inwardly directed 
drift velocities. Long-pulse discharges on the Large Heli-
cal Device (LHD) enable us to investigate impurity behav-
ior with a long time scale in high-confinement stable 
plasmas without sawtooth crashes or edge-localized mode 
(ELM) activities. In a variety of long-pulse discharges [1–
3], we found that metallic impurity accumulation was 
observed in hydrogen-only discharges in a narrow density 
window around  [4]. Spectroscopic and bolo-
metric measurements showed a remarkable temporal 
increase of core radiation due to metallic impurities in 
constant-density discharges. In this report, the impurity 
behavior in hydrogen long-pulse discharges heated by neu-
tral beam injection (NBI) is described, and the density 
dependence is compared with neoclassical predictions.

Impurity accumulation in constant-density 
discharges
In LHD, long-pulse discharges have been mainly carried 
out with helium gas, including a small amount of hydro-
gen for ion cyclotron radio frequency (ICRF) H-minority 
heating or hydrogen beam particles from NBI heating. In 
these discharges, there was no fatal impurity accumulation 
and the impurity level was maintained constant until the 
end of the discharge [3]. However, impurity accumulation 
behavior was first observed when extending the discharge 
duration in long-pulse operation with hydrogen gas puff-
ing. Figure 1 shows a typical constant-density discharge 
with impurity accumulation. The NBI heating power is 
about 1.7 MW, and the plasma density is kept constant at 

. In this case, the radiated power density 
Srad at  = 0.945 and the impurity line emissions (Fe XVI, 
C III) originating from the peripheral region of the plasma 
remain almost constant during the discharge, while at  = 
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ρ

ρ

0,  Srad increases and the central electron temperature 
decreases, thereby leading to a reduction of the stored 
energy. A remarkable change of impurity behavior was 
seen in a density scan. Figure 2 shows the time evolution 
of the central radiated power density and the most promi-
nent metallic emission (Fe XXIII), which originates from 
the central region of the plasma, for discharges with differ-
ent plasma densities. Remarkable temporal increases of 
the central radiation and the iron line emission occurred 
only for the discharge with . For 
other discharges, all observable quantities remained 
almost constant during the discharge (  = 10 s).
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Impurity density profiles
Assuming that the radiation in the core region is due to 
iron impurities only, we calculated the impurity concentra-
tion and the radial profile by coupling a one-dimensional 
(1-D) impurity transport code (MIST) with measured 
plasma density and temperature profiles. Figure 3 shows 
the analyzed discharge waveform and the central iron den-
sity estimated by the MIST code for a density ramp-up dis-
charge. The central radiated power density increases 
remarkably with density and then decreases in the high-
density region, even though there is no significant change 
in Srad at the peripheral region. The central iron density in 
Fig. 3(d) was estimated by the radiation emissivity at the 
plasma center from bolometry measurements, assuming a 
radially constant diffusion coefficient of 0.1 m2/s, as 
observed in several helical devices [5]. The central iron 
density nFe(0) increases after the average electron density 
exceeds about  and reaches a maximum of 

 at around . Thereaf-
ter, nFe(0) decreases with increasing electron density.

On the other hand, no significant change in the brightness 
of the Fe XVI spectral line, originating from the peripheral 
plasma, was observed during the increase in nFe(0). The 
impurity emission increases because of the reduction of 
the electron temperature, in spite of the decrease of iron 
density in the central region.

The iron density profiles were estimated by fitting the cal-
culated and measured radiated power density profiles as 
shown in Fig. 4. In this calculation, the diffusion coeffi-
cient was constant (D = 0.1 m2/s) and the convection 
velocity dependence on radius was adjusted so that the 
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radiation profile from bolometry measurements was repro-
duced in the core region [V(r) = 0–2 m/s]. In this figure, 
one can see clear evidence of impurities accumulating and 
diffusing out. In the initial stage of the discharge (t = 2 s), 
the radiation profile is hollow, as seen in short-pulse dis-
charges [6], and the iron density profile is nearly flat. 
However, the radiation profile becomes peaked with time 
or with increasing density, and strong core radiation is 
observed at t = 7.3 s [Fig. 4(a)]. On the other hand, a 
strong peaking of the iron density is observed at t = 5.5 s, 
and the profile becomes flat at t = 7.3 s [Fig. 4(b)]. Thus, 
the MIST code analysis shows that metallic impurities 
accumulate in the density range of 

 and diffuse out of the plasma 
core at higher density.

Density window of impurity accumulation
As described above, the impurity behavior in long-pulse 
discharges largely depends on the operational plasma den-
sity. Figure 5 shows the dependence of the central iron 
density on the line-averaged electron density in both den-
sity ramp-up discharges and constant-density discharges 
with PNBI = 1.5 MW. From this figure, we can find a den-
sity window of impurity accumulation for NBI-heated 
pure hydrogen discharges. In the low-density region 
( ), there is no sign of impurity accumu-
lation even for long-pulse discharges lasting more than 10 
s. When the plasma density exceeds  a sig-
nificant increase in central radiation due to metallic impu-
rities is observed, and impurity contamination becomes 
severe with increasing density. However, as the plasma 
passes through the density window of 
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Fig. 1. A typical constant-density discharge with impurity 
accumulation. The plasma density is kept constant by a 
gas puffing system with a feedback loop.
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Fig. 2. Time evolution of (a) central radiation and (b) 
Fe XXIII emission for the discharges with constant densi-
ties. Remarkable increases are observed only for the dis-
charge with the density of .
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, the accumulated impurities dif-
fuse out and the impurity density decreases remarkably. In 
the high-density region ( ), there is again 
no sign of impurity accumulation, as in the low-density 
region. The density range of impurity accumulation 
shifted slightly to a higher-density region with increasing 
NBI power.

Impurity transport regimes
In order to understand the density dependence of impurity 
accumulation, we tried to distinguish the impurity behav-
ior in a n-T diagram, taking into account the various impu-
rity transport regimes of neoclassical impurity transport 
theory [7, 8]. In Fig. 6, plasmas in a variety of long-pulse 
discharges are plotted according to their density and tem-
perature at the plasma center, and classified by the impu-
rity behavior. The solid line represents the transition 
between the plateau regime and the Pfirsch-Schlüter (PS) 
regime for iron impurity. The dashed line represents the 
transition between the electron root and the ion root for the 
background plasma. Neoclassical analysis shows that the 
radial impurity flux is dominated by the convection com-
ponent, which changes sign (inward or outward) for differ-
ent impurity transport regimes. On the whole, the observed 
impurity behavior is in qualitative agreement with neoclas-
sical impurity transport. In the low-density and high-tem-
perature region, high-Z impurities may be expelled by the 
positive radial electric field or diffuse out because of 

ne 1 2.7–( ) 1019×  m 3–∼

ne 4 1019×  m 3–>

nearly zero electric field. As indicated in Fig. 6, it is not so 
easy to obtain the electron root in the plasma core, but it is 
possible to obtain it in the peripheral region [9]. Further-
more, small positive electric fields were observed even in 
the density range of the ion root near the transition to the 
electron root [9, 10]. The boundary of impurity accumula-
tion in the low-collisionality regime may be shifted to a 
higher collisionality regime. In the intermediate regime 
with negative radial electric field (ion root), the high-Z 
impurities are accumulated in the central plasma because 
of the electric field in the 1/  regime or the temperature 
gradient in the plateau regime. When impurities enter in 
the PS regime, they are screened by the dominant contri-
bution of the temperature gradient term on account of the 
flat density profile and the parabolic temperature profile, 
which are usually observed in LHD plasmas.

ν

Fig. 3.Time evolution of plasma parameters and the central 
iron density in a density ramp-up discharge (shot 17090). 
The plasma density increases with time as a result of con-
stant gas puffing. The central iron density nFe(0) was esti-
mated by the impurity transport code MIST.
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Fig. 4. Radial profiles of (a) radiated power density from 
bolometry measurements and (b) iron density from MIST 
code simulations at various times for shot 17090. The 
metallic impurities accumulate\d until 5.5 s and then dif-
fuse\d out, leading to a flat profile.
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Fig. 5. Density window of impurity accumulation for NBI-
heated hydrogen plasmas with PNBI = 1.5 MW. The central 
iron density is plotted as a function of the density for both 
density ramp-up discharges and constant-density dis-
charges.
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Fig. 6. Impurity behavior in long-pulse discharges. The 
solid circles indicate plasmas with impurity accumulation. 
The open squares indicate plasmas without accumulation. 
The open circles indicate plasmas with a decrease of impu-
rities or without impurity accumulation.
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Diagnostic development and 
plasma reconstruction for low-
aspect-ratio stellarators

A group of theoreticians and experimentalists with back-
grounds in stellarator and tokamak physics has assembled 
to begin development of a new stellarator reconstruction 
and data analysis code. This code will provide capabilities 
for stellarator diagnostic analysis ([ncluding magnetics 
and motional Stark effect (MSE) diagnostics] that will be 
comparable to those presently provided for tokamaks by 
the world-renowned EFIT [1] code. Because of its three-
dimensional (3-D) character, the code will also provide a 
capability for analysis of departures from axisymmetry in 
tokamak plasmas. 

The capability for equilibrium reconstruction from experi-
mental data is used routinely for tokamak plasmas with 
presumed axisymmetry. However, only a limited capabil-
ity exists to perform such analysis for non-axisymmetric 
configurations [2,3]. As  rises in stellarators, and for 
compact (low-aspect-ratio), hybrid configurations with net 
plasma current, such as envisioned for the National Com-
pact Stellarator Experiment (NCSX), Quasi Poloidal Stel-
larator (QPS), and the Compact Toroidal Hybrid (CTH) 
experiments, this capability will become increasingly 
important for accurate equilibrium analysis. Previous 
study of discharge evolution in the proposed NCSX device 
has shown that active control of the helical field, in addi-
tion to the poloidal field, is required to maintain attractive 
quasi-symmetry and stability properties as the plasma 
pressure and current depart from the vacuum state. This 
will require magnetic diagnostics with the capability to 
detect non-axisymmetric changes in the plasma boundary 
shape. The code now under development will be structured 
to interface readily to stellarator data acquisition systems 
and is envisioned to become a cornerstone of experimental 
analysis in a way analogous to the worldwide use of EFIT 
on tokamaks. 

As a first step, we have begun to generalize the magnetic 
diagnostic analysis capabilities of EFIT into three dimen-
sions. In general, we wish to compute the flux ψi through a 
diagnostic  flux loop (labeled i) in response to external coil 
currents  (labeled j) and internal plasma currents (Jp). 
Using Stokes’ theorem, we can write:

(1)

β
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p
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c
j
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dd
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∑
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Here, A is the vector potential, aj
c is the vector potential 

due to unit current in the jth external coil, and Ap is the 
vector potential due to the plasma current. The contribu-
tion to the flux from the external coils can be written in 
terms of the mutual inductance matrix:

This is a generalization to three dimensions of the induc-
tance matrix previously computed for an axisymmetric 
plasma [4]. It follows from the symmetry with respect to 
interchange of the observation and source points of the 
geometric part of the Biot-Savart kernel, , that Lij is 
a symmetric matrix. Thus, the flux enclosed by the jth 
external coil, due to a virtual unit current in the ith diag-
nostic loop, is the same as the flux in the ith diagnostic 
loop due to a unit current in the jth external coil. We can 
use this reciprocity to compute Lij in the following equiva-
lent form:

Here, ai
d is the vector potential due to unit current in the 

ith diagnostic coil. The integration path in Eq. (2b) is over 
the jth closed external coil. The physical interpretation of 
Eq. (2b) is that the flux through each diagnostic loop can 
be uniquely, and completely, characterized by its vector 
potential ai

d.

To efficiently evaluate Lij, we have developed a fast 
numerical routine for computing aj

d
 for arbitrary diagnos-

tic loops approximated by multiple connected straight-line 
segments. The calculation is based on a simple analytic 
expression for the vector potential of a unit current 
straight-line current filament:

Here, e is the unit vector in the direction of the coil seg-
ment, Lseg is the length of the coil segment, and Ri,f is the 
distance between the observation point x (where aseg is 
computed) and the initial (i) [or final (f)] point on the coil 
segment.

The routine is capable of computing vector potential con-
tributions to the line integral in Eq. (2) at a rate of up to 

 segments per second on a Pentium 4-class PC. 
The use of a Taylor or Padé approximation for the evalua-
tion of the natural logarithm is being tested and initial indi-
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cations are that the code performance is improved to 
nearly  segments per second.

Using the Biot-Savart law to express Ap in terms of the 
internal plasma currents, a formula has been derived from 
which the plasma flux response (for a given equilibrium 
current) can be readily obtained:

Here, aj
d is the same vector potential appearing in 

Eq. (2b). It is given explicitly as follows:

In Eq. (5), r(li) represents the boundary curve of the ith 
flux loop. Since the plasma current in Eq. (4) is anticipated 
to be computed from a flux-coordinate based equilibrium 
code, such as VMEC [5], we evaluate the volume integral 
in Eq.(4) in flux coordinates as follows:

Here, the primes on the cylindrical components of the vec-
tor potential denote sums over the self-similar field peri-
ods of the stellarator. This reduces the toroidal angle 
integration in Eq. (6) to a single field period. Since these 
cylindrical components of aj

d are independent of the 
plasma equilibrium, they may be precomputed and stored 
on a uniform R,ϕ,Z mesh (limited to a single field period, 
reducing the storage requirements when Np > 1) for subse-
quent use (via interpolation) in the rapid calculation of the 
flux responses for various plasma equilibria. Observe that 
the coefficients of the current density components in 
Eq. (6) can be interpreted physically as distributed induc-
tance coefficients by comparing with Eq. (2a).

The flux response in Eq. (6) has been written in anticipa-
tion of future reconstruction capabilities of this code, for 
which regression analysis will be used to determine the 
flux-signal dependence on the internal plasma profiles 
(pressure and rotational transform). If only the external 
flux response is required, then Eq. (4) can be converted 
(using the virtual casing principle [6]) into a surface inte-
gral (which is more efficient to evaluate numerically) over 
the plasma-vacuum interface:

(4)

(5)

(6)
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An alternative, but equivalent, expression for the flux 
response can be obtained from Eq. (4) of Ref. 2.

Previous comparison of external magnetic fields using 
relations similar to Eqs. (4) and (7) have been made at 
large aspect ratio (A ~ 7). We plan to extend this compari-
son to the lower aspect ratios characterizing the new stel-
larator devices presently under construction or 
development in the United States. In particular, this com-
parison will be useful in assessing the accuracy with which 
numerical 3D-equilibria need to be computed at low 
aspect-ratios to provide accurate external flux responses. 

A first application of this new code will be the design of 
magnetic diagnostics for NCSX, QPS, and CTH. For 
NCSX, these will be capable of providing the real-time 
plasma shape control needed for stable evolution of the 
discharge to high β. 
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