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The isotope effect on energy confinement time and thermal transport has been investigated for plasmas
confined by a stellarator-heliotron magnetic field. This is the first detailed assessment of an isotope effect in
a stellarator heliotron. Hydrogen and deuterium plasmas heated by neutral beam injection on the Large
Helical Device have exhibited no significant dependence on the isotope mass in thermal energy
confinement time, which is not consistent with the simple gyro-Bohm model. A comparison of thermal
diffusivity for dimensionally similar hydrogen and deuterium plasmas in terms of the gyroradius,
collisionality, and thermal pressure has clearly shown robust confinement improvement in deuterium
to compensate for the unfavorable mass dependence predicted by the gyro-Bohm model.
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It has been recognized that thermal transport in a
magnetically confined toroidal plasma is dominated by
the turbulence which has the characteristic scale of an ion
gyroradius. This model is referred to as the gyro-Bohm
model and is successful in many experiments [1,2].
Theoretical studies on drift turbulence also support these
experimental observations. It should be noted that the ion
gyroradius is proportional to the square root of the mass.
Therefore, a plasma with a heavier hydrogenic isotope
would have a larger thermal diffusivity according to this
gyro-Bohm model. However, major experimental observa-
tions have shown better performance and, hence, better
confinement for a deuterium plasma than a hydrogen
plasma (see, e.g., Refs. [3,4]). This isotope effect is not
consistent with the gyro-Bohm model and remains a long-
standing mystery in fusion plasma research. Clarification of
the origin of the isotope effect is a key issue to project a
fusion reactor which uses deuterium and tritium as fuel.

The gyro-Bohm model defines the thermal diffusivity y
scaled by p, . Here p, is the ion gyroradius normalized by
the plasma minor radius a and yp is the Bohm diffusivity,
xs =T/(eB), where T, e, and B are the temperature,
elementary charge, and magnetic field, respectively.
Consequently, the energy confinement time 7z normalized
by ion cyclotron frequency Q; is scaled with p73 [1].
Indeed, a representative scaling for tokamaks, IPB(y, 2) [5]

shows in dimensionless form: TI;B%(“V 2Q; o pz270, which
is close to the gyro-Bohm model. Plasmas confined only by

an external magnetic field such as a stellarator and heliotron
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have exhibited similar dependence such as 755%Q; o p; 27

[6], which suggests a commonality of toroidal plasmas.
Local thermal diffusivity in a stellarator heliotron has also
shown characteristics consistent with the gyro-Bohm model
in a dimensionally similar comparison of hydrogen plasmas
with different magnetic field strengths [7,8]. Unlike the
tokamak, however, a discussion of an isotope effect in a
stellarator heliotron [9,10] remains premature, and a recent
experiment on the Large Helical Device (LHD) [11] has
enabled the first detailed assessment of an isotope effect by
comparing hydrogen and deuterium plasmas [12].

In this study, only uneventful plasmas heated by neutral-
beam injection (NBI) in a quasisteady state without a
dynamical transition and formation of a spatial transport
barrier have been assessed. The surveyed range of physical
parameters such as B, 71, (line averaged density), P
(absorbed heating power), and [, (plasma current) are
summarized in Table I. While the net toroidal plasma
current up to several tens kA is driven by NBI and
bootstrap, its effect on the magnetohydrodynamics equi-
librium property is negligible, since the rotational transform
generated by an external helical field is equivalent to the
plasma current of 2 MA at 2.75 T. Since the used NBI
has an accelerating voltage as high as 180 kV, electron
heating is predominant, i.e., P4, > P!, . Consequently, the
central electron temperature 7', is higher than the central
ion temperature 7';. Data clusters of hydrogen and deu-
terium plasmas are well separated in terms of the isotope
density fraction of np/(ny + np), which is evaluated by
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TABLE 1. Parameter regimes of hydrogen and deuterium
plasmas. Ranges are shown by minimum and maximum, and
ratios are shown by average and standard deviation.

H D
Range
B (T) 1.64-2.75 1.375-2.75
ii, (10" m=3) 0.67-4.32 0.64-5.7
P, (MW) 1.8-11.7 1.5-12.5
1, (kA) —54-440 —50-+26
Ratio
P4 /P 3.76 £ 1.64 4.36 +2.21
T./Ti 1.63 £0.36 1.79 £0.32
np/(ny + np) 0.09 £+ 0.03 0.94 +£0.03
Zeir 1.30 £0.16 1.38 £ 0.09

H, and D, emissions. The radial position of the vacuum
magnetic axis R,, which characterizes the magnetic
configuration in the LHD, is fixed at 3.6 m. Plasma
equilibrium is reconstructed by VMEC [13], and FIT3D
[14] and TASK3D-a [15,16] are used for the analysis of
absorbed heating power and power balance. Fast ion loss
due to energetic-particle-driven instabilities [17] has not
been observed in the plasmas analyzed in this study.
Thermal stored energy has been evaluated by profiles
documented by means of Thomson scattering and charge
exchange recombination spectroscopy. Dilution of ions
due to major impurities of helium and carbon is also taken
into account.

A statistical regression analysis has yielded a scaling
expression in operational parameters:

scl 0.00£0.02 p0.8440.02 570.76£0.01 p—0.87+0.01
ik, = 0.072M B 70 PoO87E001 (1)

where the mass number M is simply set at 1 for hydrogen
and 2 for deuterium. The units of rjflth, B, n,,and P, are s,

T, 10" m™3, and MW, respectively. A comparison of
experiment data with the prediction by this scaling is
shown in Fig. 1. This expression gives a remarkable good
fitting with the root mean square error of only 3%. It is
noted that a dependence on the density and heating power
has been found to be stronger than the previous study [6],
where the absorbed heating power was limited to half
(around 6 MW) of the present dataset. Here no dependence
on the mass of isotopes is identified. This result is similar to
the result of a type I ELMy H mode on the Joint European
Torus [18]. Here it should be noted that the expression of
(1) appears to be inconsistent with the gyro-Bohm model
which accounts for M=% dependence. When the energy
confinement time normalized by the ion gyrofrequency [1]
is assumed to be expressed only by four dimensionless
parameters such as p,, v, (electron-ion collision frequency
normalized by the bounce frequency in a banana orbit), f
(plasma thermal pressure normalized by the pressure of a
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FIG. 1. Comparison of the thermal energy confinement time in
the experiment and the prediction by the scaling. Crosses and
circles are hydrogen plasmas and deuterium plasmas, respectively.

magnetic field) and M, the scaling (1) is rephrased into the
following dimensionless expression:

1 0.99 298 0.19 3-0.30
T w2 & MY p 22200 . (2)

Here a clear mass dependence is identified, which com-
pensates for the unfavorable negative dependence on the
mass in the gyro-Bohm model. At the same time, it should
be emphasized that the gyro-Bohm dependence of p;3
persists.

Then, thermal diffusivity in dimensionally similar plas-
mas is compared in order to clarify the peculiarity of the
isotope effect seen in the energy confinement time. Since
the three operational parameters that are B, 7i,, and P, are
controllable in the experiment, dimensionally similar (more
strongly identical) conditions in terms of p,, v., and f can
be fulfilled for plasmas with different masses, namely,
hydrogen and deuterium plasmas. Provided the gyro-Bohm
nature except for the mass dependence is assumed for the
energy confinement time with using the confinement
improvement factor of a (= 72/7), which is unknown,
the operational conditions to enable a comparison of
dimensionally similar plasmas with hydrogen and deu-
terium are derived by the following relation with the mass
ratio between hydrogen and deuterium of 2 [19,20]:
Bp = 2¥*By, np = 2ny, PR = 23/4q5/2PY  The com-
parison of hydrogen plasmas at 1.64 T with deuterium
plasmas at 2.75 T is highlighted. Since a is unknown,
heating power has been scanned to get temperatures with a
factor of /2 difference. It should be noted that the gyro-
Bohm model corresponds to a of 1/+/2. Figure 2 shows the
(a) electron and (b) ion temperature and (c) electron density
profiles in a typical pair of dimensionally similar plasmas.
These parameters are normalized by the mass ratio to
confirm the matching for dimensional similarity. Here
attention should be paid to the difference of physics
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FIG. 2. Profiles of dimensionally similar hydrogen and deuterium plasmas. r. is the effective minor radius, and the last closed flux
surface is located at o = 0.63 m. The negative and positive signs mean the inboard side and the outboard side with respect to the
magnetic axis, respectively. (a) The electron temperature, (b) ion temperature, and (c) electron density in the top panels. Data of
hydrogen plasma and deuterium plasma are shown by crosses and circles, respectively. (d) The normalized gyroradius, (¢) normalized
collisionality, and (f) normalized pressure in the bottom panels. Data of hydrogen plasma and deuterium plasma are shown by solid and

dashed curves, respectively.

processes in the core and the edge regions. For example,
deeper neutral penetration is suggested in H than in D due
to the larger thermal velocity. The e-folding length of
neutral penetration in the edge region is evaluated at 4.1 and
3.4 cm for hydrogen and deuterium [21], respectively.
However, the density profile matches towards the very edge
fortuitously. Corresponding profiles of dimensionless
parameters are shown in Figs. 2(d)-2(f). Remarkable
matching has been successfully obtained.

The required power ratio P2 /P! “in this pair is 1.71,
which corresponds to a of 0.99, showing no difference
between hydrogen and deuterium. This observation is
consistent with the scaling of energy confinement time
(1). Since these two plasmas are identical in terms of p,, v,
and S, the thermal diffusivity normalized by the cyclotron
frequency should be the same according to whichever
neoclassical, Bohm, or gyro-Bohm models. Since this
study focuses on the magnetic configuration which sup-
presses neoclassical helical ripple transport, turbulent trans-
port is in excess of neoclassical transport.

Figure 3 shows the comparison of thermal diffusivity in
dimensionally similar plasmas shown in Fig. 2. A differ-
ence between hydrogen and deuterium is evident even
considering the range of the error. The electron channel is
improved significantly in the deuterium plasma compared

with the hydrogen plasma. The improvement in the ion
channel is less than in the electron channel. However, a
difference between hydrogen and deuterium is still observ-
able. The improvement in heat diffusivity is robustly seen
in the entire radius, which compensates for degradation
due to the gyro-Bohm factor (1/+/2) in the energy confine-
ment time.

Among the compiled database, 15 pairs of dimensionally
similar plasmas have been investigated. Figure 4(a) shows
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FIG. 3. Comparison of the thermal diffusivity in a pair of

dimensionally similar hydrogen (solid curves) and deuterium
(dashed curves) plasmas shown in Fig. 2. Thermal diffusivity is
normalized by the ion cyclotron frequency. (a) Electron thermal
diffusivity and (b) ion thermal diffusivity.
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the ratio of normalized thermal diffusivity (the ratio of
dashed curves for deuterium to solid curves for hydrogen in
Fig. 3) at p = 2/3 as a function of the collisionality. It is
seen that the ratio of electron thermal diffusivity robustly
stays at around 0.5, which may implicate 1/M. The ratio
of ion thermal diffusivity shows a different trend. Although
it is also less than 1 in the low collisionality regime, it
approaches 1 as the collisionality increases. One important
element in the comparison of thermal transport in hydrogen
and deuterium plasma is the difference in the collisional
electron-ion energy exchange [22]. Heat transfer between
electrons to ions P,; is proportional to n*(T, —T;)/
(M T3/ %). Since T, > T, in plasmas studied here, it is
expected that an enhancement of P,; in hydrogen plasmas
leads to the increase of ion heat flux. Therefore, each
contribution of ion and electron loss channels to the total
heat flux, namely, net confinement, should be assessed.
Figure 4(b) shows the ratio of the electron heat flux ¢, to
the ion heat flux g; at p = 2/3 corresponding to the data
plotted in Fig. 4(a). While the electron heat flux decreases
with the increase of collisionality (v, o n/T?) through the
enhancement of electron-ion energy transfer, this trend is
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FIG. 4. Comparison of the thermal transport in pairs of dimen-
sionally similar hydrogen and deuterium plasmas. (a) The ratio of
thermal diffusivity in a deuterium plasma to that in a hydrogen
plasma at p(= re;/a) = 2/3 as a function of the collisionality.
Open and closed circles are the electron heat loss channel and ion
heat loss channel, respectively. Ellipses are 95% probability.
(b) The ratio of electron heat flux to ion heat flux at p = 2/3 asa
function of the collisionality. Crosses and open circles are
hydrogen and deuterium plasmas, respectively.

less pronounced in hydrogen plasmas than in deuterium
plasmas. This is because the density is set at double for
a deuterium plasma in this comparison and the effect of
mass on the electron-ion energy transfer is canceled out.
The electron loss channel stays dominant, in particular,
in hydrogen plasmas, and the ion loss channel does not
become dominant. Therefore, the improvement of thermal
diffusivity in deuterium shown in Fig. 4(a) leads to the
significant mass dependence (cx M%) seen in the scaling
expression in dimensionless parameters (2).

NBI heated hydrogen and deuterium plasmas in the LHD
do not show different performance at the same operational
parameters under the condition of dominant electron
heating. This observation is not consistent with the pre-
diction by the gyro-Bohm model. The dimensionless
expression of the scaling of the energy confinement time
suggests the persistence of mass dependence and the gyro-
Bohm nature, 7jf, Q; & M%*p;2%8. A clarification of the
underlying physics of this mass dependence is the next
challenge. A careful comparison of thermal transport in
dimensionally similar hydrogen and deuterium plasmas
with different M has shown robust improvement of thermal
diffusivity, in particular, in the electron heat loss channel in
deuterium plasmas, which is consistent with the identified
characteristics of the energy confinement time. While a
theoretical model for an isotope effect is becoming matured
in a tokamak [23], an elaborate comparison of a tokamak
and a stellarator heliotron could lead to a comprehensive
understanding of this elusive but important physics issue.
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