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more than twenty years and also shows that the requirements

of theITER-NBI in abeamcurrent, beamdivergent angle, and

co-extracted electron fraction can be simultaneously ful lled

in real plasmaexperiments. This fact strongly encouragesthe

use of N-NBI in the ITER. The tritium massbalancestudy is

also an important contribution of the LHD deuterium experi-

ment, because the LHD is the only toroidal plasma con ning

devicewhich canmonitor the tritium amount contained in the

whole vacuum exhaust, not only from the torus but also the

peripheral deviceswhich connect to the torus, except theJET

wheretritium canbeusedasafuelinggas. Investigationof tri-

tium distribution in the torus is also important to examineEP

behavior in thedevice, becausethe initial energy of tritium by

thedeuterium–deuterium (D–D) fusion reaction is very high,

i.e. ∼ 1MeV.
In this paper, recent research activities on the LHD are

reported. The extension of the temperature domain of LHD

plasmasisreported insection2. Theexplorationof thephysics

related tohydrogenisotopesisreportedinsection3.Control of

theEIC and theeffect of theEIC on EPtransport is discussed

in section 4. Realization of both divertor heat load mitigation

and good core con nement properties with an RMP induced

H-modeare shown in section 5. In section 6, contributions to

fusion reactor development are shown from the engineering

point of view, where the research and development activities

for N-NBIs and tritium mass balance studies are discussed.

Section 7 is thesummary.

2. ExtensionofhightemperaturedomainofLHD

plasmas

Recent activities in extending thehigh temperaturedomain of

LHD plasmasaresummarized in gure1(a). Asshown in this

gure, theachievedhighTi domainwassuccessfully expanded

to thehighTe region in thedeuteriumexperiment. Theexpan-

sion of highTi plasmas to the highTe region becomes pos-

siblemainly due to the suppression of the EIC, which causes

signi cant lossof EPs, by an increaseofTewith thesuperposi-

tion of electroncyclotronheating (ECH) with high-Ti plasmas

[17]. Presently, wesuccessfully achieved theTi = 10 keV and

Te = 6.6 keV with mitigation of the EIC by ECH. Themain

mechanism of EIC mitigation by ECH is reduction of resis-

tivity, which leads to narrowing the width of the EIC mode

structure [18]. The detail of the EIC mitigation mechanisms

is discussed in section 4.1 and can also be found in [18, 19].

Conversely, if the increase inTe by ECH is signi cant, the

thermal ion con nement property degradeswith the increase

of theTe/Ti ratio [4, 5, 17]. Figure 1(b) shows the depen-

dence of the normalized scale length ofTi on theTe/Ti ratio

at anormalizedminor radius(reff /a99) of 0.17. Here,reff is the

effectiveminor radius de ned as the radius of the equivalent

simple toruswhich encloses the same volume as the toroidal

ux of interest anda99 is the effective minor radius which

encloses 99% of the total electron pressure [20]. This gure

indicates that the existence of a threshold value in theTe/Ti
ratio at ∼ 0.75 where the thermal ion con nement property is
degraded and that the attening of theTi -pro leoccursabove

the threshold. These results show that the control ofTe at

Figure1. (a) Temperaturedomain achieved in LHD.
(b) Dependence of normalized scale length ofTi onTe/Ti at
normalized minor radiusof reff /a99 = 0.17. (Reproduced with
permission from [17].)

a moderately high value, i.e.Te = ∼ 0.75Ti, is important in
achievinghigh-Ti plasmasto simultaneously mitigatetheEIC

and avoid con nement degradation of thermal ions [5, 17].

Figure2 shows the radial pro leofTe,Ti and thermal dif-

fusivities for electrons(χe) and ions (χ i) for high temperature

dischargeswith and without on-axisECH superposition [17].

Applying theECH superposition, theTe gradient increased at

the center region and the reduction of χe, especially in the

region reff /a99 < ∼ 0.4 due to electron ITB formation, was
observed. For the ion thermal con nement, theχ i re ects the

tendency of theTi gradient and χ i with the ECH case was

smaller thanthatwithout theECHcase, especially in theregion

aroundreff /a99 = 0.6–0.8. Here, we have to note that the EP

lossesby theEICswerenot includedin thepower balanceanal-

ysisbecausean adequatesimpleEP lossmodel, which can be

used for theanalysis, wasnot constructed, yet. Thus, the ion-

heatingpowerwasoverestimatedin thepower balanceanalysis

when theEIC wasexcited. This leads to an overestimation of

χ i when theEIC isexcited. TheEICoccursasaresult of inter-

action between helically trapped EPs and the resistive inter-

change (RIC) modeat iota= 1 surface, which usually locates

3

Ion heating 

through 

electrons

D-T burning Alpha particles

MHD wave

Ion ITB

Hot-ion mode

Collisional 

energy 

transfer

Collision-

less energy 

transfer

Ion heating

Electron heating

Direct ion heating is necessary in the burning plasma

ITB disappear 

when the Te/Ti 

ratio exceeds 0.75 

The critical value of Te/Ti ratio below 1 suggest 
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Discharge with transit-time damping  

Transit-time damping is 

characterized by a very 

short magnetic field 

perturbation at the onset 

of the MHD burst.

The wave packet is short 

and comparable to one-

cycle oscillation (solitary 

wave).

The toroidal mode 

number is 1

The increase of effective 

thermal velocity M2
1/2  is 

transient 3~4 ms. 
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Discharge with Landau damping 

Landau damping is 

characterized by a 

magnetic field 

perturbation lasting 

more than 2 ms with 

frequency chirping down.

The wave packet is more 

10 cycles.

The toroidal mode 

number is 1

The increase of effective 

thermal velocity M2
1/2  is 

transient but longer 5~6 

ms. 
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FFT spectrum of magnetic 

fluctuation (B) shows 

chirping down

Displacement of 

isothermal surface () is 

observed at reff/a99 = 0.8 

(resonance location)

Finite skewness of ion 

velocity indicates 

distortion from 

Maxwellian distribution

Landau damping of solitary wave and coherent wave are observed

Solitary wave

coherent

9 kHz

1 ms 2 ms

Solitary coherent

coherent wave 

Solitary 

Transit-time damping Landau damping
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Dynamics of ion velocity distribution function f(v) measured with 
fast charge exchange spectroscopy (10kHz)

Ion velocity distributed function is well fitted with Gaussian + derivative of a hyperbolic tangent 

function as f(v) = f0(v) + f(v) =  a0*exp(-(v-v0)
 2/ 

2) + a1*(1-tanh2((v-v1)/))

Gaussian profile deformation • The flattening of f(v) 

is detected as the 

drop of |df(v)/dv|

• The flattening of f(v) 

are evidences for the 

Landau and time-

transit damping

• These damping 

occurs at the 

resonance and edge 

not in the plasma 

core (reff/a99 = 0.55)  

resonancecore edge

+ ++



Time evolution of gradient of velocity distribution function df(v)/dv 

• The fattening of f(v) 

disappears within the ion-

ion collision time scale of 1 

– 1.5 ms at the resonance 

location and edge.

• The time period of f(v) 

flattening is longer in the 

discharge with Landau 

damping where the 

magnetic perturbation is 

larger

• There is no f(v) flattening 

in the plasma core (reff/a99 

= 0.55)

core

resonance

edge

perp



Increase of kinetic energy is 20 – 30%

• Kinetic energy E = ∫v2f(v)dv is 

evaluated from the f(v) measured.

• At the resonance and plasma edge, 

(reff/a99 = 0.79 and 0.97) : kinetic 

energy jump (increase rapidly) at 

the onset of MHD burst within 

0.1ms

• At plasma core (reff/a99 = 0.55) : 

kinetic energy keeps increasing 

after the onset of MHD burst 

The 20% increase of kinetic energy 

is observed in the plasma core, 

while the transit-time and Landau 

damping occur near the plasma 

periphery. 

core

resonance

edge

core

resonance

edge

perp perp



Phase space Dynamics

Dynamics in velocity space

• Acceleration of parallel velocity is 

observed within 0.4 ms 

immediately after the onset of 

MHD burst.

• Thermalization is seen in the time 

scale of ion-ion collision time scale 

(~ 1ms).

Dynamics in real space

• Energy increase is most significant 

at the resonance 

• Gradual increase is observed in 

the core

• Kinetic energy at the plasma edge 

decreases.

core

core
edge

resonance

edge

resonance

parallel

perpperp

parallel



Conclusion

• Kinetic energy E = ∫v2f(v)dv is evaluated 

from the ion velocity distribution function 

f(v) measured with the 10kHz fast charge 

exchange spectroscopy.

• Kinetic energy jump (increase rapidly) at 

the onset of MHD burst within 0.1ms at 

the resonance and edge

• Kinetic energy keeps increasing and 

reaches 120% after the onset of MHD 

burst in the plasma core 

The increase of ion kinetic energy in the core due to the Landau and transit-time damping of 

energetic-particle driven  MHD wave near the plasma periphery is observed in the Large Helical 

Device using fast charge exchange spectroscopy. 

This experiment demonstrates that the wave-particle interaction, such as Landau and transit-time 

damping of EP-driven MHD wave, can be a candidate for the ion heating scenario in the burning 

plasma, where no direct ion heating by alpha particles is expected.



Backup



Phase space energy gain > energy loss

→ Net energy flow is  wave to particle 

phase space 

energy gain

phase space 

energy loss

Deformation of ion velocity 

distribution (Bipolar signature) is 

observed in laboratory plasma

Resonant velocity decreases from  240 km/s to 100 

km/s, which is consistent with the chirping down of 

wave frequency from 9 kHz to 4 kHz Good 

agreement of two velocities.

The toroidal velocity of pivot point is the resonant 

velocity of wave-particle interaction

Maxwellian

Deformed 

Maxwellian

Bipolar signature of phase space energy gain 

and  phase space energy loss is clearly 

observed at reff/a99 = 0.79. 
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Improvement from the previous analysis

In the previous analysis

The difference in the velocity distribution function 

between before and after the onset of MHD burst 

f(v,t) = f(v,t)- f(v, t0) is analyzed. (t0 < 0)

It is difficult to distinguish the flattening of f(v) 

and shift of f(v) in f(v,t), for the case at the 

plasma boundary (R=4.5m)

Positive peak due to shift of f(v) 

Positive peak due to flattening of f(v)

1.  Gradient of velocity distribution function 

df(v,t)/dv is derived from the f(v) measured.

f(v,t) df(v,t)/dv

2. Kinetic energy E = ∫ v2f(v) dv is evaluated as 

well as zero cross velocity v0 where f(v0,t) = 0 

is derived from the f(v) measured.

v0 for f(v0,t) = 0 E = ∫ v2f(v)



Energy flow from energetic particle 
to bulk ions

Energetic particle

(beam ions)

Carbon 

impurity

1.5%

MHD burst

Bulk 

ions

98.5%

Landau/transit-time damping

Inverse Landau damping

Collisional energy transfer

14 kJ

0.7 kJ (5%)

Particle 

diffusion loss

28 kJ

Collisionless 

energy transfer

13 kJ (95%)

Collisionless energy transfer from energetic particles to 

carbon impurity is observed as simultaneous increase of 

stored carbon energy and decrease of stored beam energy 

at the onset of MHD burst within s.00 micro-seconds

Neutron emission

Carbon energy gain 
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