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Abstract

Characteristics of global energy confinement of L-mode diverted hydrogen plasmas with a plasma current Ip of 1
MA in the JT-60SA first plasma operation phase has been investigated. The global energy confinement time is estimated to be
around 100 - 200 ms from the power balance equation and the decay time after heating power turned off. The global energy
confinement time strongly depends on total heating power. At a comparable heating power, τE increases with an increase in
a line-averaged electron density n̄e. The global energy confinement time is compared with the ITERL-96P(th) scaling law,
resulting in τE being on and a little below the scaling. Although the global energy confinement time saturates at n̄e ∼ 4×1018

m−3 in the lower-power ohmic heating case, it does not saturate in the higher-power ohmic heating and ECH heating cases. A
steeper electron temperature gradient is observed with increasing heating power, which may imply that the dominant turbulent
instability remains as trapped electron modes even at high densities.

1. INTRODUCTION

Investigation of the confinement property in a newly developed large tokamak device is an essential issue for
improving the extrapolability of results toward ITER and future DEMO reactors. JT-60SA, currently the largest
superconducting tokamak, features a toroidal magnetic field BT of 2.25 T, a major radius R of approximately 3
m, and a minor radius a of approximately 1.2 m. The device has successfully achieved its first plasma operation
and a plasma current Ip of 1.2 MA [1].

Empirical L-mode scalings, such as ITERL-96P(th) scaling [2], typically include explicit size-dependent terms of
R, a, and an ellipticity. These relations are derived from existing datasets, and their extrapolation to reactor-scale
conditions remains a critical issue. Although plasma density is generally considered to have a weak influence on
global energy confinement, an increase in confinement time with increasing density has been observed in relatively
low-density plasmas, such as those generated in the first operation phase of JT-60SA [3]. The confinement scaling
in this region agrees with the neo-Alcator scaling and reaches the L-mode scaling as the density increases [4]. It
is also known that local heating by electron cyclotron resonance heating (ECH), which peaks the electron temper-
ature profile, causes the onset of saturation to occur at a higher density because the dominant turbulent instability
remains as trapped electron modes even at high densities [5]. As the density increases, this linear dependence
transitions to a regime where the confinement time becomes less sensitive to density. Such a transition in density
dependence may become relevant in interpreting the confinement behavior observed in JT-60SA plasmas.

In the first operational phase, only limited diagnostics were available [6]. Nevertheless, a systematic study of
the global energy confinement characteristics was conducted for hydrogen (H) plasmas at Ip = 1 MA. The con-
finement time τE was evaluated from the energy balance, and its dependence and comparison with the existing
scalings were investigated.

2. EXPERIMENTAL SETUP AND RESULTS

For all discharges analyzed in this study (E101160, E101162, and E101163), the toroidal magnetic field was fixed
at 2.0 T, and the plasma was configured in an upper single-null geometry. Plasma-facing components included an
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upper divertor and inner first wall made of carbon, and outer limiters made of stainless steel. Wall conditioning
was performed by baking the vacuum vessel up to 200 ◦C and by glow discharge cleaning. The 110 GHz ECH
(the second-harmonic X-mode EC wave) was used as the auxiliary heating system during the analysis windows
[7]. The line-integrated electron density neL was measured using a two-color CO2 laser interferometer along a
tangential chord [8, 9]. Although this interferometer had the tangential chord, it was designed to pass close to
the inner wall, so that the path length in the peripheral region was slightly longer but essentially uniform. The
electron temperature Te was obtained from a double-filter soft X-ray (SX) system with 7 µm and 50 µm filters,
the 16 chords of which covered the core to edge regions [10]. Although the electron density ne profile was not
available, Te profile was able to be evaluated from the ratio of soft X-ray (SX) emission profiles obtained by
detectors equipped with 7 µm and 50 µm filters. These SX emission profiles were reconstructed using Tikhonov–
Philips regularization. The magnetic flux surfaces were calculated using the SELENE MHD equilibrium code,
which was employed both for determining the interferometer path length and reconstructing the SX radial profile
[11]. Visible spectroscopy measured the Hα line emission along the same tangential chord as the interferometer.
Stored energy Wst was obtained from diamagnetic measurements [12]. Due to the limitations of diagnostics,
quantities such as impurity content were not evaluated.

The engineering and operational parameters are summarized in Table 1. While the plasma size and shape are
nearly constant, the line-averaged electron density n̄e, Te at normalized minor radius ρ = 0.1, and Wst are varied
by adjusting the gas flow rate GP and ECH injection power P inj

ECH. Here, ρ is defined as ρ(R,Z) = (Ψ(R,Z) −
Ψ0)/(Ψfs − Ψ0), where Ψ(R,Z), Ψ0, and Ψfs are poloidal magnetic flux at (R, Z), the minimum value of Ψ,
and Ψ at magnetic flux surface, respectively. The safety factor q95 is evaluated from the empirical equations as
follows,

q95 = q
1 + κ2(1 + 2δ2 − 1.2δ3

2

1.17− 0.65ϵ

(1− ϵ2)2
, (1)

q =
5a2BT

RIp
, (2)

where δ, κ, and ϵ are the triangularity at the separatrix, the ellipticity at the separatrix, and the inverse aspect ratio
of a/R, respectively [13].

The time traces of the H plasma are shown in Fig. 1. The plasma start-up is assisted by 82 GHz ECH (the
fundamental O-mode EC wave) and 110 GHz ECH. After Ip reaches 0.5 MA, the plasma configuration changes
from a limiter configuration to a divertor configuration. Simultaneously, Hα emission intensity decreases as shown
in Fig. 1(b). Then, Ip increases up to 1 MA. In this discharge, the ECH was switched off, and a decrease in the
core temperature (Te(0.1) : Te at ρ = 0.1) is observed in Fig. 1(c). Here, T SXch11

e in this figure is Te estimated
from the central chord of the SX measurement (ch 11). Only the prefill gas is used in this discharge, whereas in the
other discharges, n̄e is varied by changing the gas flow rate. At the timing of ECH switching off, Wst decreases is
also observed, the variation of which is qualitatively consistent with the behavior of n̄e and Te(0.1).

The operation regime of n̄e and Te(0.1) in the target discharges is summarized in Fig. 2(a). The line-averaged
electron density n̄e achieves ∼ 6.5 × 1018 m−3 by the H2 gas injection of 8.8 ×1020 s−1 at maximum, where
the Greenwald fraction fGW is ∼ 0.3. Although the discharges analyzed in this study are in a quite low-density
regime, helium plasmas reaching near fGW ∼ 1 are achieved at 500 kA [14]. Due to the coil voltage limitation
in the first operation phase, a slow ramp-up of Ip was required. Additionally, due to the limited operational time
of the ECH system, the plasma had to be maintained without auxiliary heating. As a result, an edge cooling due
to gas fueling could reach the rational surface, triggering MHD instabilities and leading to radiative disruptions
[15]. To avoid this instability, the fueling rate had to be significantly restricted, which consequently prevented the
achievement of high density in the 1 MA discharge. The core Te reaches 1.8 keV during ECH injection (t = 5.0
s in Fig. 1), then decreases to 1.3 keV after ECH is turned off (t = 5.5 s in Fig. 1), where n̄e is approximately
constant of 4 × 1018 m−3. In Fig. 2(b), the change of Te profile and the ECH deposition profile are shown. The
beam power deposition is concentrated on ρ ≈ 0.1, where the EC beam intersects the resonance layer of the 110
GHz wave, leading to a rise of Te in the core region while having negligible effect on the edge region. Here,
the beam power deposition and the absorption power P abs

ECH are evaluated under the assumption of a cold plasma
approximation. The beam trajectory of the EC wave is evaluated by a quasi-optical beam tracing code, PARADE
[16]. Because the electron density ne profile is required in this calculation, the shape of ne profile is fixed by
assuming ne = ne0

[
0.9(1− ρ16) + 0.1

]
, where ne0 is the density at ρ = 0. Because approximately 80–90% of

the injection power is absorbed in the single-pass trajectory, absorption due to multiple reflections at the wall is
not taken into account.
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TABLE 1. Engineering parameters and operational parameters.

Engineering Parameter Value Operational parameter Value
R 3.07 – 3.09 m Ip 1 MA
a 1.26 – 1.28 m Wst 66 – 225 kJ
BT 2.0 T POH 0.48 – 0.82 MW
P inj
ECH 0 or 0.49 MW P abs

ECH 0 or 0.40 – 0.45 MW (82 – 92%)
GP 0 – 8.8×1020 s−1 /s n̄e 2.5 – 6.5 ×1018 m−3

Te(ρ = 0.1) 0.8 – 1.8 keV
δ 0.38 – 0.41
κ 1.49 – 1.53
q95 13.1 – 13.6

FIG. 1. Example of the time evolution of the H plasma discharge. (a) Ip (red), P inj
ECH of 82 GHz (black) and P inj

ECH

of 110 GHz (blue), (b) Hα emission (red) and gas flow rate (blue) (c) neL (red), TSXch11
e (blue), and Te(0.1)

(cyan) (d) Wst. The analysis time window is shown as the yellow hatched area. In this experiment, only prefilled
gas is injected before t = 0 s. The black dotted line indicates when the plasma configuration changed from limiter
to divertor.

3. ENERGY CONFINEMENT EVALUATION

The global energy confinement time τE of the plasma is evaluated based on the energy balance equation as follows,

τE =
Wst

POH + Paux − dWst

dt

, (3)

where POH and Paux are the power of the ohmic heating and the auxiliary heating, respectively. The ohmic heating
power is evaluated from the loop voltage and Ip. In the first operation phase, since the auxiliary heating system is
only the ECH, Paux equals P abs

ECH. Figure 3 shows the time evolution of POH, P abs
ECH, Wst, and τE evaluated by Eq.

3. When the ECH is turned off, Wst decreases; however, since the total heating power also drops, τE increases.
Although POH decreases with time, Wst decreases simultaneously, so τE remains nearly constant at about 0.13
s. The decay time after turning off the ECH is also plotted in the figure. It is obtained as the time constant of an
exponential fit applied to the period from t = 5.025 to 5.3 s. The evaluated value is 0.14 ± 0.01 s, which is in
good agreement with the value estimated from the energy balance.

To investigate the dependence of τE on the other plasma parameter, τE dependence on Ptotal and n̄e, which are
scanned in the experiments and are also included in the scaling, is investigated. Here, Ptotal is the sum of P abs

ECH

and POH. In Fig. 4 (a), showing the relationships between τE and Ptotal, τE tends to decrease with increasing
Ptotal, which is a commonly observed in L-mode plasmas. At comparable heating power levels, however, τE

3
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FIG. 2. (a) Operational regime of n̄e and Te(ρ = 0.1) [14]. (b) Te profiles with ECH (red) and without ECH
(blue), and the power deposition profile of ECH (black).
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FIG. 3. (a) Time evolution of Wst (red), P abs
ECH (blue), and POH (black). (b) Time evolution of τE evaluated by Eq.

3 (blue). The red square indicates the decay time of Wst between t = 5.025− 5.3 s.

scatter by approximately a factor of 2. Notably, outliers are found in ohmic plasmas with 0.6–0.8 MW and in ECH
plasmas with 1.1–1.4 MW of Ptotal. Figure 4(b) shows the relationship between between τE and n̄e. When n̄e

increases, τE tends to increase nearly linearly with n̄e and tends to saturate around n̄e of 4 × 1018 m−3 in lower
POH case (Ptotal = 0.4–0.6 MW). On the other hand, in higher POH case (0.6–0.8 MW) and ECH case (1.1–1.4
MW), a linear dependence on n̄e is observed.

4. COMPARISON WITH L-MODE SCALING

To compare τE of the JT-60SA plasma in the first operation phase with other devices, the evaluated τE is compared
with the ITERL-96P(th) scaling as follows,

τ
ITERL−96P(th)
E = 0.023I0.96p B0.03

T κ0.96R1.89a−0.06n̄0.40
e M0.20

eff P−0.73. (4)

Here, Meff and P are the effective atomic mass in atomic mass units, and the estimated total heating power [W]
corrected for the time derivative of total plasma energy [J] and for charge exchange and unconfined orbit losses,
but not for radiated power [2]. Regarding plasma size, R has a significant impact, whereas a has a negligible
influence, and κ exhibits a moderate effect. The data of the ohmic heating plasma may not match the scaling
due to the scaling being derived from L-mode discharges with external heating, excluding purely ohmic cases.
However, the data from both ohmic and ECH-heated L-mode discharges are overplotted for comparison to assess
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FIG. 4. (a)Relationship between τE and Ptotal. (b)Relationship between τE and n̄e. Blue, green, and red squares
indicate the cases of Ptotal = 0.4–0.6 MW, Ptotal = 0.6– 0.8 MW, and Ptotal = 1.1–1.4 MW, respectively. Black
dashed lines indicate the neo-Alcator scaling in this experimental condition.
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FIG. 5. Comparison of τE of JT-60SA with the ITERL-96P(th) scaling. The black dotted line indicates τE =

τ
ITERL−96P(th)
E . Red dots indicate the ITER L-mode database version 3.2 (red dots). Green and blue squares

indicate the ECH plasma and ohmic plasma in the JT-60SA first operation phase, respectively.

consistency with other devices. This scaling shows that τE has a negative dependence on the heating power, which
is consistent with the result shown in Fig. 4(a). Although τE has a weak dependence on n̄e in this scaling, the result
shown in Fig. 4(b) is the more significant n̄e dependence than the scaling. The standard behavior of the energy
confinement in the ohmic heating plasma is characterized by a linear increase in τE with increasing density -
referred to as the linear ohmic confinement (LOC) regime - followed by a saturation known as the saturated ohmic
confinement (SOC) regime. The neo-Alcator scaling τnAE = 0.07n̄eq

√
κaR2, which is used as a comparative

reference in ref. [4], explains the experimental data well, suggesting that the ohmic discharges may lie in the
LOC regime. Here, the averaged values of q, κ, a and R in the dataset are applied. In particular, in low-power
discharges, τE appears to saturate around 4 × 1018 m−3, indicating a possible transition near the LOC–SOC
boundary. In contrast, high-power ohmic and ohmic+ECH-heated plasmas exhibit a linear increase of τE with
density, extending to higher densities. The detail is discussed in Sec. 5.

In the case of the JT-60SA plasma in the first operation phase, Meff = 1, and P = POH + Paux − dWst/dt
are applied. Figure 5(a) shows existing L-mode data with additional JT-60SA data plotted on the ITERL-96P(th)
scaling. In order to distinguish between ohmic and ECH-heated discharges, the JT-60SA data points are plotted
with different colors. In the JT-60SA first operation phase, τE of the ECH plasma matches the scaling at higher
densities, while it falls below the scaling at lower densities. A similar tendency is also observed in the ohmic
plasmas. These results indicate that τE of JT-60SA during the first operation phase is well represented by scaling
laws established from previous tokamak experiments.

5
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FIG. 6. Comparison of τE with the neo-Alcator scaling in the cases of (a) Ptotal = 0.4–0.6 MW, (b) Ptotal = 0.6–
0.8 MW, and (c) Ptotal = 1.1–1.4 MW. Black dashed lines indicate τE = τnAE .

5. ENERGY CONFINEMENT TIME DEPENDENCE ON DENSITY

In Sec. 4, a linear dependence of τE on n̄e is observed, suggesting that the ohmic discharges may be in the LOC
regime. Figure 6 compares the experimental results with the neo-Alcator scaling. To clarify the influence of
heating power and to separate ECH-heated discharges, the data are shown in separate panels according to heating
power. As has already been described, in the low Ptotal case (Ptotal = 0.4-0.6 MW), τE follows the neo-Alcator
scaling and then saturates. In the higher Ptotal cases, τE is lower than the neo-Alcator scaling, and its linear
dependence expands to the higher density region than the low Ptotal case. According to Fig. 14 in ref. [4], the
product of the critical density ncrit for the LOC-SOC transition, q, and R remains within a certain range at a given
BT. For JT-60SA, where BT is 2 T, a value of ncritqR is in the range of 1.2–1.7× 1020 m−2. Thus, the estimated
value of ncrit is 2.9−4.2×1018 m−3. This corresponds to τnAE in the range of 160–230 ms, where τE is saturated
in the low Ptotal cases.

In contrast to the low Ptotal cases, plasmas with higher Ptotal and ECH show τE is shorter than predicted by the
neo-Alcator scaling, and maintains a linear dependence on density in higher n̄e in this dataset. In ref. [5], it is
explained that a large Te gradient due to core ECH injection sustains trapped electron mode (TEM) turbulence,
resulting in an extension of the density range where τE increases linearly. Figure 7(a) shows that plasmas with
similar n̄e exhibit a wide variation in the Te gradient, defined here as Te(0.1)−Te(0.5), within this dataset. Figure
7(b) shows the relation between the Te gradient and τE. The negative dependence of τE on the Te gradient appears,
which is qualitatively consistent with the results in ref. [5]. Furthermore, this result indicates that the variation
observed at the same density under low heating power conditions can be explained from the aspect of the Te

gradient. In order to consider the impact of the Te gradient on τE, the collisionality at ρ = 0.1 is included because
the Te gradient is mainly determined by Te(0.1). Here, the collisionality is defined as νeff ∼ 0.1ZeffneR/T 2

e ,
where Zeff is assumed to be 3. The relationship between τE and νeff is summarized in Fig. 8. As a function of n̄e,
τE exhibits significant scatter depending on Ptotal. However, τE dependence of νeff exhibits improved consistency
across different heating powers. As νeff increases, τE begins to saturate around νeff ≈ 0.1 in the low Ptotal cases,
whereas it continues to increase in the high Ptotal cases. A comparison between ECH and the higher ohmic heating
discharges around 6×1018 m−3 shows that, although they appear to have different τE at the same n̄e, the increase
in νeff of the higher ohmic heating case is likely responsible for the improved confinement. It is known that, as νeff
increases, the dominant instability shifts from TEMs to the ion temperature gradient (ITG) mode, which leads to
saturation in the linear increase of confinement time [17, 18]. Thus, it is qualitatively inferred that this transition
occurs in the low Ptotal cases, whereas the TEM-dominated regime extends to higher n̄e ranges in the high Ptotal

cases.

6. SUMMARY

The global energy confinement time τE was evaluated for the JT-60SA plasma in the first operation phase with
the line-averaged electron density n̄e = 2.5–6.5 × 1018 m−3 and the electron temperature Te = 0.8–1.8 keV,
yielding values of approximately 100–200 ms. The global energy confinement time decreased with increasing
heating power, consistent with previous findings. On the other hand, its dependence on n̄e appeared nearly linear,
which represented a stronger dependence than that predicted by the ITERL-96P(th) scaling. When the results were
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FIG. 7. (a) Relationship between n̄e and Te gradient. Relationship between the Te gradient and τE. The blue,
green, and red squares are defined as in Fig. 5.

FIG. 8. Relationship between τE and νeff in (a) the lower Ptotal case, and (b) the higher Ptotal cases. The red
dotted lines are eye guides. The blue, green, and red squares are defined as in Fig. 5.

overplotted on the ITERL-96P(th) scaling, the data at higher densities matched the scaling, while those at lower
densities deviated by up to a factor of two below it.

Comparison with the neo-Alcator scaling revealed LOC–SOC-like behavior under lower ohmic heating conditions.
However, in higher ohmic heating plasma and ECH plasma, only the linear dependence was observed. A decrease
in τE with an increase in the electron temperature Te gradient was observed. These results are consistent with
previous findings. This trend suggests that turbulent transport in these plasmas may remain dominated by trapped
electron modes (TEMs) even at high densities. The dependence of τE on the collisionality νeff shows reduced
scatter compared to n̄e, indicating a common confinement behavior across heating powers. At low Ptotal, τE
tends to saturate around νeff ≈ 0.1, while in high Ptotal discharges, τE continues to increase with νeff , implying a
possible persistence of TEMs dominance at higher densities.
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