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Abstract 

Energy confinement time and thermal transport have been investigated in NBI heated hydrogen (H), 

deuterium (D), and mixture (H&D, H&D&He) plasmas in a large-scale stellarator-heliotron LHD. 

Comparison of H and D plasmas has not shown significant mass dependence in energy confinement 

time, which is not consistent with unfavourable mass dependence predicted by a gyro-Bohm model. 

Nonetheless, different aspect emerges when the scaling expression of energy confinement is 

rephrased into dimensionless parameters. The expression in dimensionless parameters 
0.99 2.98

, *
scl
E th i M   suggests co-existence of a clear mass dependence and gyro-Bohm nature. 

Comparison of thermal diffusivity for dimensionally similar H and D plasmas in terms of *, *, and 

 has clearly shown robust confinement improvement in deuterium to compensate unfavorable mass 

dependence predicted by the gyro-Bohm model. Whichever mixture plasmas of H and D, or H,D, and 

He lie on the scaling derived from H and D plasmas. Even regression analysis of energy confinement 

time including M and Zeff of extended dataset including mixture plasmas has shown significant 

dependence on neither M nor Zeff.  

 

1. Introduction 

      It has been widely recognized that plasma confinement in tokamak [1] as well as 

stellarator-heliotron [2] is dominated by turbulent transport beyond collisional transport. 

Many studies have demonstrated that a gyro-Bohm model is a key reference for discussing 

the characteristics of energy confinement time and thermal transport. A gyro-Bohm model is 

described by 3
*E i   in dimensionless expression [1]. It should be also noted that a 

gyro-Bohm model predicts degradation of confinement in D compared with H because of its 

larger* due to heavier mass. Nonetheless, major experimental observations have indicated 

confinement improvement in D (or even more in T) [e.g., 3,4], which is not consistent with 

gyro-Bohm nature.  This isotope effect has been an unresolved issue for a long time. Recent 

start of deuterium experiment on Large Helical Device (LHD) [5] has enabled the first 

detailed investigation of isotope effect in stellarator-heliotron plasmas. This study is 
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complementary to studies of tokamak plasma, and discussion of similarity and difference 

between stellarator-heliotron and tokamak is expected to lead to comprehensive 

understanding of physics of isotope effect. 

 

2. Properties of investigated plasmas 

NBI heated plasmas without any peculiar temporal and spatial bifurcation have been 

investigated in this study. It should be noted that only tangential NBI with accelerating 

voltage of 180 keV is employed here and that consequently electron heating is dominant and 

hence Te > Ti for all cases.  Table I summarizes parameter regimes in the dataset subject to 

this study. 

 

Table I  Parameter regimes of H, D and mixture plasmas. 

 H D H+D H+D+He 

B (T) 1.64 - 2.75 1.375 - 2.75 2.75 2.75 

en (1019m-3) 0.67 - 4.32 0.64 - 5.70 1.05 – 3.93 0.89 – 4.47 

Pabs (MW) 1.8 - 11.7 1.5 - 12.5 3.7 – 9.2 2.1 – 10.9 

Pabs
e / Pabs

i 1.02 – 9.30 1.51 – 11.3 2.77 – 5.40 1.78 – 7.91 

Te0 / Ti0 1.07 – 3.09 1.16 – 2.44 1.45 – 1.70 1.10 – 2.08 

D

H D

n

n n
 0 – 0.12 0.91 – 0.98 0.42 – 0.67 0.35 – 0.56 

H D

H D He

n n

n n n


 

 0.90 – 0.97 0.80 – 0.93 0.90 – 0.93 0.18 – 0.72 

Zeff 1.11 – 1.88 1.21 – 1.90 1.68 – 2.33 1.75 – 2.38 

 

     Power deposition of NBI and local thermal diffusivity has been assessed by means of 

numerical codes (FIT3D [6] and TASK3D-a [7] ) which are compatible with 3-D equilibrium 

reconstructed by VMEC [8]. 

 

3. Experimental results  

3.1  Characterization of H and D plasmas 

Thermal stored energy is evaluated from profile measurement by Thomson scattering 

and charge exchange recombination spectroscopy. Ion dilution by major impurities such as 

helium and carbon is also taken into account. Statistical regression analysis of energy 

confinement time gives the following expression (see Fig.1) : 
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0.00 0.02 0.84 0.02 0.76 0.01 0.87 0.01
, 0.072scl

E th e absM B n P        ,            (1) 

where M is simply set at 1 for H and 2 for D 

since the purity of isotope is secured (see 

Table I). 

Difference between H and D, namely, 

effect of mass M, has not been identified. 

Although this feature seems to contradict the 

prediction by a gyro-Bohm model 

( 1/E M  ), when this expression is 

rephrased into dimensionless parameters, a 

different aspect emerges: 
0.99 2.98

, *
scl
E th i M     (2) 

which suggests co-existence of unknown 

mass dependence and a gyro-Bohm nature. 

Comparison of thermal diffusivity for dimensionally similar H and D plasmas in terms 

of *, *, and  [9] has clearly shown confinement improvement in D plasma compared with 

H plasma. This improvement is pronounced in electron loss channel and the improvement 

factor robustly stays at around 2. While electron heat flux decreases with the increase of * 

through enhancement of electron-ion energy transfer, this trend is less pronounced in H 

plasmas than in D plasmas since the density is set at one-half for H plasma to match 

dimensional similarity. Therefore, electron heat flux remains a major loss channel even at 

high *. The improvement of electron thermal diffusivity compensates unfavorable mass 

dependence predicted by the gyro-Bohm 

model as seen in (2). 

 

3.2  Characterization of mixture plasmas 

    Mixture plasmas of H and D, and H,D 

and He have been documented in addition 

to comparison of H and D plasmas 

discussed in the previous section. Figure 2 

shows the comparison of energy 

confinement time of mixture plasmas with 

the scaling (1) as a function of effective 

mass. Here effective mass is evaluated from 
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Fig.1  Comparison of energy confinement 
time in experiment with prediction by 
the scaling (1) 
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Fig.2  Deviation from the scaling (1) of 

mixture plasmas as a function of 
effective mass. 
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spectroscopic measurement of neutral lines. Deviation of the energy confinement time of 

mixture plasma from the prediction by the scaling (1) is not significant and a systematic trend 

is not identified, either. 

    Indeed, statistical regression analysis including effective mass as well as Zeff for extended 

dataset including mixture plasmas gives the following scaling expression 
, 0.01 0.02 0.05 0.04 0.85 0.02 0.75 0.01 0.85 0.01

, 0.071scl mix
E th eff e absM Z B n P         .    (3) 

    Power laws for B, en , and Pabs are 

essentially the same as in the scaling (1) and 

distinct dependences on M and Zeff  have not 

been identified. 

    The energy confinement of NBI-heated 

plasmas in LHD exhibits peculiar invariance 

regardless the ion mass under the condition 

that electron heating is dominant and Te > Ti. 

Further exploration of local transport and 

turbulence measurement are planned in order 

to clarify the inevitability of these invariant 

characteristics. 
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Fig.3  Comparison of energy confinement 
time in experiment with prediction 
by the scaling of mixture plasma (3) 
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