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Abrupt flushing of central density occurs in internal diffusion barrier (IDB) plasmas in the Large Helical
Device (LHD), where a super dense core (SDC) of the order of 1020 m−3 is formed inside; this event is called
“core density collapse (CDC).” CDC must be suppressed as further increase of the central pressure is inhibited.
Since CDC is always accompanied by a large Shafranov shift of the plasma center, it has been supposed that
mitigation of the Shafranov shift might affect CDC. Vertical elongation of the plasma shape (κ > 1) is effective
in mitigating the Shafranov shift, and κ can be controlled with the quadrupole magnetic field BQ. To examine
the impact of plasma shape control on CDC, BQ scan experiment has been performed in the LHD. The large
Shafranov shift in IDB plasmas is mitigated by increasing κ. As a result, CDC is suppressed and high central β
values of approximately 7% have been achieved in vertically elongated plasmas. The optimum κ varies with the
magnetic configuration. Beta gradients greater than those at CDC in the κ = 1 configuration are observed without
CDC in vertically elongated plasmas.
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1. Introduction
In toroidal plasmas, the vertical component of a dipole

magnetic field induced by the Pfirsh-Shlüter (PS) current
BPS

z causes the shift of the magnetic axis from Rax to
Rax +∆, where Rax is the major radius of the magnetic axis
in vacuum. This is called the Shafranov shift. Since the
PS current is proportional to the pressure gradient, ∆ is de-
termined by the central plasma beta β0 [1]. Especially in
helical plasmas, a large Shafranov shift exceeding a half of
the plasma minor radius a for example, may cause destruc-
tion of magnetic surfaces leading to loss of confinement.
From this point of view, it is expected that there exists an
equilibrium beta limit of ∆ ∼ 0.5a in helical plasmas [2].
Mitigation of Shafranov shift is therefore an important is-
sue to achieve high β0.

A discovery of internal diffusion barrier (IDB) plas-
mas in the Large Helical Device (LHD) [3] makes it pos-
sible to realize a high central plasma pressure of 1.3 atm
[4, 5]. IDB plasmas are produced by hydrogen ice pel-
let injection and characterized by a strongly peaked den-
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sity profile with relatively low density in the edge region,
which is called “mantle.” The low mantle density enables
deeper penetration of heating beams reaching the plasma
center. As long as the central heating power is kept con-
stant, the central pressure increases with the density, fol-
lowing the preferable density dependence of the global
confinement scalings, such as ISS95 and ISS04 [6]. IDB
plasmas are also characterized by a large Shafranov shift
due to high β0. Recently, a deteriorative phenomenon has
been found in IDB plasmas. This phenomenon occurs
when the Shafranov shift of the plasma center exceeds a
threshold position. Then, the density in the core region is
flushed into the mantle region within < 1 ms [7]. We call
this event “core density collapse (CDC)” [4,5]. CDC must
be suppressed since it prevents further increase of the cen-
tral pressure and the fusion triple product. Since CDC is
always accompanied by a large Shafranov shift, its mitiga-
tion might affect CDC.

At least three methods are effective for Shafranov shift
mitigation, i.e., 1) plasma position control with the ver-
tical magnetic field that compensates BPS

z , 2) increase of
the rotational transform (ι), and 3) vertical elongation of
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the plasma shape. The first method is straightforward and
will be effective only if it is applied with the feedback con-
trol. Use of a strong vertical field from the beginning of
a discharge is not preferable, because the initial magnetic
configuration shifts strongly inward and MHD instabili-
ties are expected to be unstable in such configurations [8].
Unfortunately, feedback control of the vertical field is not
yet equipped on the LHD, although it is under discussion
as a future program (available magnetic field strength is,
however, expected to be low). As for the second method,
this works as reported in [9]. The PS current (and there-
fore BPS

z ) is inversely proportional to ι and as a result,
∆ ∝ BPS

z /ι ∝ 1/ι2. In the LHD, ι can be controlled by
changing the magnetic configuration, and increases with
the aspect ratio of the torus. However, the maximum mag-
netic field strength in high aspect ratio configurations is
limited to ∼1 T. Therefore, the third method of vertical
elongation is the only possible solution available at the
maximum magnetic field strength of ∼3 T.

The plasma shape control has been usually applied
in tokamaks and the majority of modern and future toka-
maks have vertically elongated cross sections. The plasma
shape control is also effective in helical plasmas, as was
shown in the Advance Toroidal Facility (ATF) [10,11] and
LHD [12]. In ATF, the bootstrap current was controlled
by changing the plasma shape [11]. The effects of plasma
elongation and rotational transform on the Shafranov shift
were already investigated in LHD [12]. The experiment
was conducted using plasmas with relatively flat pressure
profiles, in an inward shifted magnetic configuration of
Rax = 3.6 m. Therefore, high beta plasmas with strongly
peaked pressure profiles, such as IDB plasmas observed in
the outward shifted configurations (Rax > 3.70 m), were
not covered in [12].

In this paper, experimental results of the elongation
scan and its impact on CDC are reported. The method of
plasma shape control is described in Section 2. A brief
review of CDC is provided in Section 3. Experimental re-
sults of the plasma shape control aimed at CDC suppres-
sion are provided in Section 4. Possible causes of CDC are
discussed in Section 5. Section 6 is a summary.

2. Plasma Shape Control by the
Quadrupole Magnetic Field
In toroidal plasmas, the PS current induced cancels

the charge separation due to variation in the magnetic field
strength ∆B on flux surfaces, which is proportional to 1/R.
Therefore, vertical elongation, which reduces the charac-
teristic length of the torus in the major radius direction
∆R, is also effective in reducing ∆B ∝ ∆R and the PS
current. The magnetic surfaces in heliotron plasmas with
a pole number of l = 2 as in LHD can be approximated
by a rotating ellipse, i.e., horizontally and vertically elon-
gated ellipses appear alternately as the toroidal angle in-
creases. Plasma elongation κ is defined as the toroidally

Fig. 1 Relation between the quadrupole magnetic field BQ and
the effective plasma elongation κeff in low beta plasmas of
Rax = 3.75 m (filled squares) and 3.85 m (circles). LCFS
elongation estimated from the vacuum magnetic data for
Rax = 3.60 m, except the point at BQ = 150% where κeff
is measured , is also shown (crosses).

averaged ratio of the minor radius in the vertical direc-
tion to that in the major radius direction of the last closed
flux surface (LCFS). In LHD, we measure two kinds of
line density, nLFIR and nLMMW, passing through the “ma-
jor axes” of vertically and horizontally elongated ellipses,
using a far-infrared (FIR) interferometer and a millimeter
wave (MMW) interferometer, respectively. Here, we de-
fine an effective elongation κeff ≡ nLFIR/nLMMW. Note
that these line densities include the information outside the
LCFS (called ergodic region), and therefore, κeff is an ap-
proximation of κ.

Both in helical plasmas and tokamaks, κ is controlled
by the quadrupole magnetic field BQ [1]. In the stan-
dard configurations of LHD, the quadrupole component
generated by two helical coils is 100% cancelled by the
quadrupole field generated by poloidal coils and therefore
κ = 1. Hereinafter, BQ that results in κ = 1 is called
“BQ = 100%.” When BQ is decreased to < 100%, κ be-
comes larger than 1, i.e., the plasma is vertically elongated.
The relation between BQ and κeff in low beta plasmas at
Rax = 3.75 m and 3.85 m is shown in Fig. 1. The elonga-
tion of the LCFS estimated from the vacuum magnetic data
for Rax = 3.60 m is also shown in Fig. 1 (the point at BQ =

150% is measured). Although κeff includes the information
of the ergodic region, it approximates the elongation of the
LCFS well.

Theoretically, ∆ is expressed as [13]

∆ =
R0β0

4(ι/2π)2 f (κ)
, (1)

for low beta, shearless (flat ι), and fixed boundary case,
where ι = 2πι is the rotational transform, κ is the plasma
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Fig. 2 Typical waveforms in an IDB discharge, where (a) the
diamagnetic stored energy Wdia

p and the Hα intensity, (b)
the central electron density ne0, the central electron pres-
sure pe0, and the line-averaged electron density, (c) posi-
tions of the plasma center Rh

0 and the inboard (outboard)
side plasma edge Rh in

90 (Rh out
90 ), where β = 0.1 β0, on the

equatorial plane of a horizontally elongated cross section,
are shown from top to bottom. CDC occurs at t ∼ 1.13 s.

elongation (κ > 1 for vertical elongation), and f (κ) is given
by

f (κ) =
1
2

(
κ +

1
κ

) √
κ. (2)

The Shafranov shift can be effectively mitigated by in-
creasing the rotational transform and/or plasma elongation,
as can be seen in Eq. (1).

3. Core Density Collapse Event
A super-dense core of the order of 1020 m−3 is formed

inside the IDB during the recovery phase of the central
pressure after pellet injection in LHD, which is called as
“reheat” [3, 4]. Waveforms in a typical IDB discharge are
shown in Fig. 2. A large Shafranov shift of the plasma
center measured on a horizontally elongated cross sec-
tion, Rh

0 = Rax + ∆, is observed during the recovery phase
(t = 0.95-1.12 s) and the shift ∆ reaches approximately
50 % of the plasma minor radius. An abrupt flushing of
the central density is observed at t ∼ 1.13 s, which is called
CDC. This event finishes within < 1 ms, according to the
fast soft X-ray measurement [7] (not shown). At CDC, Rh

0

Fig. 3 Temporal change of the plasma beta profile on the equato-
rial plane of a horizontally elongated cross section, mea-
sured by Thomson scattering, in the discharge shown in
Fig. 2. Vertical lines denote radial positions of the in-
board (outboard) side LCFS Rh in

1 vac (Rh out
1 vac) and the mag-

netic axis Rh
0 vac in vacuum.

exceeds ∼4.1 m. This threshold position is insensitive to
the initial magnetic configuration, at least for Rax = 3.75-
3.90 m.

Radial profiles of the plasma pressure (beta) before
and after CDC are shown in Fig. 3, which are measured by
Thomson scattering and obtained from the same discharge
in Fig. 2. The plasma center shifts outward (from left to
right in Fig. 3) as the central beta increases from ∼4.5%
(t = 1.0 s) to ∼5.5% (t = 1.1 s). At the same time, the in-
board side plasma edge also shifts outward (see also Rh in

90
in Fig. 2(c), which denotes the inboard side radial position
of β = 0.1β0). Immediately after CDC (t = 1.134 s), both
the plasma center and the inboard side edge move inward,
and the pressure profile changes from strongly peaked to
approximately parabolic. It should be noted that the tem-
perature profile is hardly affected by CDC [4,7]. This is the
reason why we call this “density collapse.” Compared with
the plasma center position, which is difficult to be strictly
determined (in this study, Rh

0 is given as the average posi-
tion of the ten points with the highest beta in the Thomson
profile data), it is easier to determine Rh in

90 due to the steep
slope around there. Hereinafter, both Rh

0 and Rh in
90 will be

used to measure the Shafranov shift.

4. CDC Suppression by Vertical Elon-
gation
As was explained in Section 2, plasma elongation is

controlled by the quadrupole field BQ. Vertical elongation
with BQ < 100%, which results in κeff > 1 (see Fig. 1), mit-
igates the PS current and thus the Shafranov shift. In Fig. 4,
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Fig. 4 Shafranov shift dependence on κeff in low beta plasmas
for (a) Rax = 3.75 m and (b) 3.85 m, measured by Thom-
son scattering. Rh

0 is the magnetic axis position measured
at a horizontally elongated cross section and lines denote
the theoretical prediction of Eq. (1). ιvac

0 inside the figure
corresponds to the minimum ι in the κeff ∼ 1.0 configura-
tion in vacuum.

the Shafranov shift dependence on κeff in low beta plas-
mas is shown, where the theoretical prediction of Eq. (1) is
also plotted. Note that a flat ι profile is assumed in Eq. (1).
On the other hand, ι increases monotonically from the cen-
ter (< 0.5) to the edge (> 1) in low beta plasmas of the
LHD. Therefore, ιvac

0 , which is the rotational transform at
the plasma center in vacuum, corresponds to the minimum
ι that has a large influence on the Shafranov shift. In spite
of the difference in the ι profile, the theoretical prediction
agrees well with the experimental results. In other words,
the Shafranov shift is indeed mitigated in vertically elon-
gated plasmas as predicted by the theory. This effect is also
recognized in high beta plasmas shown in Fig. 5, where ra-
dial beta profiles of BQ = 100% (κeff ∼ 1.0), which are
identical to that shown in Fig. 3 (t = 1.1 s), and BQ = 25%
(κeff ∼ 1.2) are depicted. Although β0 of ∼5.5% is sim-

Fig. 5 Comparison of the plasma beta profiles measured by
Thomson scattering on the equatorial plane of a horizon-
tally elongated cross section, in two discharges with BQ

= 100% (κeff ∼ 1.0) and BQ = 25% (κeff ∼ 1.2). Verti-
cal lines denote radial positions of the inboard (outboard)
side LCFS Rh in

1 vac (Rh out
1 vac) and the magnetic axis Rh

0 vac in
vacuum.

ilar for both the cases, the Shafranov shift of the plasma
center is smaller in the case of BQ = 25%. The impact of
vertical elongation is clearly observed at the positions of
the plasma center and the inboard (left-hand) side plasma
edge, while the position of the outboard (right-hand) side
plasma edge is fixed.

Shafranov shift dependence on β0 at various BQ is
shown in Fig. 6(a). A large difference between BQ = 100%
and 25% is recognized at high β0 of over 3%. Compared
with β0 ∼ 5.5%, Rh

0 reaches∼4.15 m and CDC occurs in the
case of BQ = 100%, while Rh

0 is below 4.1 m and no CDC is
observed in the case of BQ = 25%. Also shown in Fig. 6(a)
is the data obtained in an intermediate case of BQ = 53%,
where B0 is decreased to 1.0 T to achieve higher β0 under a
limited heating power condition of ∼10 MW. In this case,
Rh

0 is ∼4.1 m at β0 ∼ 5% and reaches ∼4.15 m at β0 > 6%.
The highest β0 of ∼7% is achieved without CDC in this
configuration. The influence of vertical elongation is also
recognized for the inboard side plasma edge position Rh in

90 ,
as shown in Fig. 6(b). CDC occurs when Rh in

90 reaches
∼3.35 m at β0 ∼ 5.5%, in the case of BQ = 100%. In cases
of small BQ, Rh in

90 remains less than 3.35 m even with high
β0 of > 6%. It is expected that CDC will also occur in
vertically elongated plasmas as in the case of BQ = 100%,
but at higher β0. However, the higher β0 regime of > 7%
remains to be explored in a future study.

Results of the BQ scan experiment are summarized in
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Fig. 6 Central beta dependence of (a) the plasma center Rh
0 and

(b) the inboard side plasma edge Rh in
90 , where β = 0.1 β0

on the equatorial plane of a horizontally elongated cross
section. The magnetic field strength B0 is 1.5 T in the
cases of BQ = 100% (circles) and 25% (squares), and
B0 = 1.0 T in the case of BQ = 53% (crosses with hori-
zontal error bar). Filled circles denote the data just before
CDC.

Fig. 7, where the κeff dependence of the inboard side edge
position Rh in

90 is shown for various sets of different β0. At
low β0 (< 2%), Rh in

90 increases monotonically with κeff , re-
flecting the vertical elongation effect. A nonlinear response
of Rh in

90 is recognized in high beta datasets of β0 > 2%.
The optimum κeff to keep Rh in

90 apart from the CDC thresh-
old in high beta plasmas varies with the initial magnetic
configuration, e.g., it is ∼1.2 for Rax = 3.75 m and ∼1.3 for
Rax = 3.85 m. It would be better to avoid excess elongation
than the optimum κeff , because the confinement volume be-
comes smaller.

Fig. 7 Parametric plots of Rh in
90 versus κefffor (a) Rax = 3.75 m

and (b) Rax = 3.85 m, where β0 is used as the parameter.
Crosses denote the position where CDC occurs.

5. Discussion
It has been shown that plasma elongation is effective

for Shafranov shift mitigation. No CDC is observed as
long as the shift of the plasma center (or the inboard side
plasma edge) is kept apart from the threshold position. In
this sense, CDC seems to be related to the equilibrium
limit. On the other hand, it is widely believed that the equi-
librium limit will appear as a “soft limit” as seen in [2],
where no fast event such as CDC is expected. From this
point of view, MHD instabilities should be considered as
the cause of CDC. Basically, the ideal interchange mode
frequently observed in the inward shifted configurations
(Rax < 3.65 m) [14, 15], which is independent of the mode
numbers, is being stabilized in the outward shifted configu-
rations [7,16], where IDB plasmas are easily formed. This
stability increases with the Shafranov shift due to the self-
formation of the magnetic well [3]. In vertically elongated
plasmas, however, the Shafranov shift is mitigated and the
self well formation effect becomes weak, resulting in sta-
bility degradation. Therefore, the ideal interchange mode,
which can be destabilized in vertically elongated plasmas,
is not the cause of CDC that is stabilized by vertical elon-
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Fig. 8 The normalized beta gradient |dβ/dρ| at Rh out
HM , where β =

0.5 β0 in the outboard side of a horizontally elongated
cross section, versus κeff for (a) Rax = 3.75 m and (b)
Rax = 3.85 m. he beta gradient |dβ/dR| is estimated from
the profile data of the Thomson scattering and then nor-
malized by (Rh out

98 −Rh
0) as |dβ/dρ| = |dβ/dR|× (Rh out

98 −Rh
0),

where Rh out
98 is the position of β = 0.02 β0 in the outboard

side of a horizontally elongated cross section. CDC oc-
curs in the hatched region.

gation.
There still is a possibility of CDC being caused by

other instabilities, such as the resistive [17] and balloon-
ing modes, which have not yet been considered in detail
under realistic conditions. The instability, if it really ex-
ists, should have a characteristic that it is stabilized in ver-
tically elongated configurations. High β0 of ∼7%, which
is higher than that observed at CDC, is achieved in ver-
tically elongated plasmas without CDC. It should also be
noted that in vertically elongated plasmas, the maximum

pressure gradient observed in the experiment, which might
be the energy source of this instability, is larger than those
at CDC in the κeff ∼ 1 configurations, as shown in Fig. 8.
In the figure, the maximum beta gradient at Rh out

HM , where
β = 0.5 β0 at the outboard side on a horizontally elongated
cross section, is plotted against κeff . Especially in the case
of Rax = 3.85 m shown in Fig. 7(b), the beta gradient at
CDC increases with κeff , and finally, no CDC is observed at
κeff > 1.18. This suggests that the instability causing CDC
has thresholds in both the beta gradient and κeff , i.e., the
CDC should have been stabilized in vertically elongated
plasmas with κeff larger than the threshold.

6. Summary
Shafranov shift mitigation by plasma shape control

has been performed in LHD. The CDC event that pre-
vents further increase of the central pressure in IDB plas-
mas has been stabilized in vertically elongated configura-
tions, where the Shafranov shift is mitigated. As a result,
high central beta values of ∼7% are achieved in IDB plas-
mas. It has also been shown from the results of the elon-
gation scan experiment that there is an optimum value of
plasma elongation depending on the initial magnetic con-
figuration. Although the physics scenario describing CDC
is not concluded here, it is suggested that the instability
causing CDC, if exists, may have the following charac-
teristics: 1) the critical beta gradient activating the insta-
bility increases with the elongation, and 2) the instability
becomes stabilized in vertically elongated plasmas with κ
larger than the threshold, which varies with the magnetic
configuration.
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