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Abstract 

In LHD, significant increases in the central ion temperature 𝑇௜௢ are observed in low density plasmas having a non-

monotonic rotational transform profile produced by high energy neutral beam injection. The phenomena realize 𝑇௜௢ 

~ 𝑇௘௢ሺcentral electron temperature) under the strong electron heating condition. The 𝑇௜௢-increases disappear by a 

factor of two increase in electron density. During the 𝑇௜௢-increases, turbulent density fluctuations in the core plasma 

region are not suppressed but are enhanced slightly. The 𝑇௜௢-increases are caused by an addition of non-collisional 

ion heating, but not by confinement improvement due to reduction of turbulent transport. The ion heating power 

estimated from the 𝑇௜௢ evolutions is much higher than the collisional ion heating by NBI. Ion Landau damping of 

standard GAM and coupled multiple GAM like modes induced by energetic ion driven geodesic acoustic modes 

(EGAMs) is the most likely candidate mechanism of the observed 𝑇௜௢-increases.  

 

1. INTRODUCTION  

In a future D-T burning plasma, energetic alpha particles dominantly heat electrons through the slowing 

down process. Bulk ions are heated via Coulomb collisions with electrons heated by alpha particles. For 

this reason, electron temperature 𝑇௘ is usually higher than ion temperature 𝑇௜. In the past and present 

tokamak experiments, plasmas with 𝑇௜>𝑇௘show highly improved confinement because of a suppression 

of ion temperature gradient drift wave turbulence [1]. Therefore, high 𝑇௜ is desirable for high fusion 

output, instead of high 𝑇௘. In a burning plasma, various auxiliary heating methods such as neutral beam 

injection (NBI) and radiofrequency (RF) waves heating are applied for ion heating in addition to plasma 

control. Alternative ion heating scenarios based on non-collisional processes are also studied theoretically. 

One of them is an idea called “alpha channeling” where direct energy transfer of alphas and energetic ions 

(EPs) to bulk ions using sophisticatedly designed waves is attempted to establish a path toward a hot-ion-

mode reactor [2,3]. The other interesting scenario is based on ion Landau damping of energetic ion driven 

geodesic acoustic modes (EGAMs) [4-6]. It is interesting and important to establish the non-collisional 

ion heating scenario for realizing a 𝑇௜ ≳ 𝑇௘ plasma under dominant electron heating.   

In LHD, significant increases in the central ion temperature 𝑇௜௢ are recently observed in low density 

plasmas having a non-monotonic rotational transform (-) profile produced by counter injection of high 

energy neutral beams. The phenomena have realized a 𝑇௜௢ ~ 𝑇௘௢ሺcentral electron temperature) plasma 
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for the first time, under dominant electron heating condition by the NBI. This paper presents the details of 

the 𝑇𝑖𝑜-increase phenomena and discussions of the physics mechanisms. In Sec. 2, the experimental setup 

and plasma behaviors where the characteristic increases of ion temperature take place or do not are 

described. In Sec.3, possible candidate mechanisms of the 𝑇௜௢-increase are verified for consistency. In 

Sec.4, characteristics of energetic ion driven modes observed in the plasmas are described. In Sec.5, the 

additional ion heating power density is estimated by a simple power balance of bulk ions. In Sec.6, likely 

mechanisms of the observed non-collisional ion heating are discussed. This paper is summarized in Sec.7. 

 

2. Experimental setup and plasma behaviors  

In this experimental campaign, plasmas are 

produced in the magnetic configuration that the 

magnetic axis position in the vacuum is 𝑅௔௫=3.75 

m at low toroidal field 𝐵௧=1.3-1.4 T. In order to 

modify the 𝜄-profile considerably, tangential NBIs 

with ~140 keV hydrogen beams are injected in the 

counter direction to reduce the rotational transform 

generated by external coils. A small amount of neon 

is puffed to minimize an electron return current by 

raising the effective charge of 𝑍௘௙௙~ 4 to 5, so 

large toroidal plasma current is driven by NBI up to 

~150 kA. Line averaged electron density is adjusted 

in low density range less than 1x1019 m-3 to achieve 

higher beam ion beta for strong drive of EGAMs 

and maintain an anisotropic distribution function of 

EPs. On the plasma conditions, a reversed magnetic 

shear (RS) configuration is produced. The 

rotational transform profile has an off-axis 

minimum 𝜄௠௜௡ at  ~ 0.5 (: normalized minor 

radius). The reversed magnetic shear Alfven 

eigenmodes (RSAEs) were identified by 

comparison of the observed frequency and radial 

mode location with the numerical calculations [7], 

where the -profiles measured by the motional stark effect diagnostic (MSE). Since the MSE is not 

applicable in the present experiment, the main parameters of the RS -profile are predicted by the 

technique of the Alfven spectroscopy with help of the observed RSAE and the global Alfven eigenmode 

(GAE) frequencies [8]. The central ion temperature 𝑇௜௢ is obtained reliably from the Doppler broadening 

of the ArXVII spectral line by a crystal spectrometer, where a tiny amount of argon is doped in a plasma 

[9]. For limited shots, the radial profiles of ion temperature were measured by an X-ray imaging crystal 

spectrometer (XICS) [10]. Microturbulence density fluctuations in the plasma core region are monitored 

by a CO2 laser phase contrast imaging. Radial profiles of plasma potential fluctuations and stationary 

potential are measured by a heavy ion beam probe (HIBP). Rapid electron temperature changes and the 

fluctuations are monitored with an electron cyclotron emission (ECE) spectrometer.   

In Fig.1, time evolutions of the central ion temperature 𝑇௜௢, line averaged electron density <𝑛௘ ൐ and 

 

Fig.1 Time evolutions of the central ion and electron 

temperatures( 𝑇௘, 𝑇௜), the line averaged electron 

density (<𝑛௘>), total absorbed NBI power (𝑃ே஻௧௢௧) 

and NB-driven plasma current (𝐼௣) in low 

(#178464) and higher (#178441) density plasmas. 

The 𝑇௘௢ data (green circles) are obtained by 

Thomson scattering, and the time-average is 

indicated with a solid line among the data points. 
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NBI absorbed power are shown for two typical shots 

having low (<𝑛௘>~0.35x1019 m-3) and high 

(<𝑛௘>~0.8 x1019 m-3) density. In the low density 

shot, intermittent increases in 𝑇௜௢ are observed, 

while 𝑇௜௢ in the high density shot evolves smoothly 

without the characteristic increases. The 𝑇௜௢-

increases realize a plasma of 𝑇௜௢~𝑇௘௢ under 

dominant electron heating. Note that the NBI 

absorbed power in the high density shot is by about 

1.7 times higher than that in the low density one. 

The ion temperature profiles were measured by the 

XICS diagnostic in the similar shot with the 𝑇௜௢  

increase in the past campaign, as shown in Fig.2. 

The fairly flat ion temperature profile evolves to a 

centrally peaked one, while electron temperature and 

density profiles remain unchanged during the 𝑇௜௢-

increase.  

 

3. Possible physics mechanisms of the ion temperature increases 

Following mechanisms are thought as possible candidates of the 𝑇௜௢-increases: (1) Ion confinement 

improvement due to suppressed microturbulence, (2) transition of the neoclassical transport in a helical 

plasma from “ion root” to “electron root”, and (3) addition of ion heating by non-collisional processes. 

The candidate (1) can be checked by the correlation between the 𝑇௜௢-increases and the temporal behaviors 

of microturbulence density fluctuations in the plasma core region, since the ion temperature increase takes 

place in the plasma core region of 𝜌 ≲ 2/3 as 

seen from Fig.2. In Fig.3(a), time evolutions of 𝑇௜௢ 

and microturbulence density fluctuation amplitude 

integrated over the plasma core region of 𝜌 ≲ 2/3 

are shown for the low density shot. The fluctuation 

amplitude increases noticeably during each 𝑇௜௢-

increase phase, and quickly decays just after the 

phase. Moreover, H emission shown in Fig.3(b) is 

noticeably enhanced during the 𝑇௜௢-increase, while 

the line averaged electron density remains 

unchanged. This indicates the degradation of 

particle confinement. It is concluded from the time 

behaviors of microturbulence and H emission that 

the 𝑇௜௢-increases are not caused by the ion 

confinement improvement. The above phenomena 

have a marked difference with a typical 

observation of ion temperature increases due to 

suppression of microturbulence in LHD [11]. For 

the candidate (2), when neoclassical transport from 

 

 
Fig.2 𝑇௜ radial profiles measured by the XICS at 

two time slices indicated with the arrows in the 

upper traces, together with 𝑇௘ and 𝑛௘-profiles. The 

𝑇௜௢ evolution is obtained by a crystal spectrometer. 

 
Fig.3(a) Time behaviors of turbulent density fluctuation 

amplitude and 𝑇௜௢. (b) Time evolution s of line averaged 

electron density and H emission. Each 𝑇௜௢-increase phase 

is highlighted with a yellow zone. Note that the NBI power 

breaks down in the interval from t~7.7s to 7.8s.  
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the so-called “ion root” characterized with nearly zero or negative radial electric field 𝐸௥  is changed to 

the “electron root” with positive radial electric field, particle and energy transport of ions should be 

reduced considerably. Actually, in LHD the ion temperature increase due to reduction of the ion thermal 

diffusivity was observed in the transition to the electron root in the plasma peripheral region with high 

helical ripple [12]. In the present plasma shots, however, the stationary plasma potential profile has a 

shallow convex structure in the central region, that is, 𝐸௥ ≲ 0. The plasma shots are in the ion root 

regime, so the transition to the electron root does not take place. The candidate mechanisms (1) and (2) 

are ruled out. In conclusion, the observed 𝑇௜௢-increases are caused by an addition of non-collisional ion 

heating power to the low collisional ion heating by NBI. At present, ion heating via ion Landau damping 

of EGAM is thought to be the most likely for the observed 𝑇௜௢-increases in the RS plasmas obtained on 

the present experimental condition.   

 

4. EGAMs and characteristic Alfven eigenmodes destabilized by counter NBIs 

The pitch angle distribution of energetic ions 

(EPs) generated by tangential NBIs has a peak 

at Λ௢ ~ 0.125 and the width ΔΛ~0.175, where 

the distribution is assumed to be a form of exp[-

ሼሺΛ െ Λ௢ሻ/ΔΛሽଶሿ with the pitch parameter Λ ൌ

𝜇𝐵/𝐸., where , B and E are respectively the 

magnetic moment, total magnetic field strength 

and particle energy. In the low density shot 

shown in Fig.1, the deflection time of EPs is 

comparable to the NBI pulse duration of 5 s. 

The -profiles in a net current free LHD plasma 

have a monotonic convex shape. Counter 

current drive by NBIs in a neon doped plasma 

can produce a reversed magnetic shear -profile 

having an off-axis minimum 𝜄௠௜௡ in the 𝑅௔௫ = 

3.75 m configuration. Characteristic RSAEs 

having m=3/n=2, m=2/n=1 and m=3/n=1 are 

excited sequentially in time by EPs, as seen 

from the spectrogram of magnetic fluctuations 

shown in Fig.4(a), where m and n stand for 

poloidal and toroidal mode numbers, 

respectively. The RSAE frequency is swept in 

time, responding to the temporal evolution of the -profile. The frequency takes the minimum at the time 

that 𝜄௠௜௡ passes the rational values, i.e., 1/2 or 1/3. In the shots, the n=0 GAEs are also detected at 

around 200 kHz and the frequencies decrease to ~ 100 kHz at the plasma current peak. The observed 

frequency agrees well with the eigenfrequencies calculated by the AE3D code [13]. The frequency is in 

proportion to the 𝜄(0), but is insensitive for the changes in 𝜄௠௜௡. Reliable information about 𝜄ሺ0ሻ and 

𝜄௠௜௡ is obtained from the observed frequencies of RSAE and n=0 GAE. In low frequency range less than 

~20 kHz, an n=0 magnetic fluctuations having nearly constant frequency is strongly excited during the 

counter NBIs. The mode has a standing wave structure poloidally with m=2. The mode having the m~1 

 
Fig.4(a) Spectrogram of poloidal magnetic fluctuations, where 

EGAM, RSAEs and n=0 GAEs are identified. (b) Time evolution 

of 𝑇௜௢  and electron temperatures 𝑇௘_ா஼ா  measured at 

R=3.87-4.33m by an ECE spectrometer. The times of 𝜄௠௜௡=2/3, 

1/2 and 1/3 are indicated by vertical broken lines and arrows. 
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structure begins to rotate poloidally in the latter phase of the plasma. Moreover, this mode accompanies 

with large amplitude potential fluctuations of the order of ~ 1 kV. The mode frequency of the observed 

EGAM is about half of the standard GAM frequency. The n=0 mode shows the characteristic features of 

EGAM clearly [14]. More importantly, the frequency does not respond to the 𝑇௜௢ increase, as seen from 

Fig.4(a) (and also Fig.5(c) shown below). The EGAM and GAEs with n=0 observed in the RS plasmas 

are destabilized by the positive gradient in the velocity space due to an anisotropic distribution function as 

mentioned above. Strong mode couplings between EGAM and RSAEs, and also EGAM and n=0 GAEs 

generate a multitude of coupled modes, as seen 

from Fig.4(a). In Fig. 4(b), the time evolutions of 

𝑇௜௢ and electron temperature. 𝑇௘_ா஼ா  at several 

radial positions measured by the ECE spectrometer 

are compared with those of the mode frequencies of 

RSAE, n=0 GAE and EGAM. Each strong 𝑇௜௢-

increase starts just after the time that 𝜄௠௜௡ passes 

the rational values such as 1/2 and 1/3. Note that the 

𝑇௘_ா஼ா data in the central region show small and 

but sharp dips at the times of 𝜄௠௜௡ =1/2 and 1/3. 

These dips may be induced by double tearing 

modes (DTMs) in a current carrying helical plasma, 

since the stability index of tearing modes, Δᇱ(0) at 

two rational surfaces are positive, that is, the DTMs 

are unstable [15, 16]. The RSAEs, n=0 GAE and 

EGAM are also excited in the high density plasma 

shown in Fig.1. However, the 𝜄(0) decreases more 

quickly than the low density one.  

The time evolution of the EGAM amplitude and the 

radial profiles are measured successfully in some 

shots, by applying the 10 Hz radial sweeping of the 

HIBP probe beam. The EGAM potential profiles are 

obtained every 0.05 s. Time evolution of the root-

mean squared amplitude of the EGAM potential 

fluctuations 𝜙௥௠௦ாீ is shown in Fig.5(b), which 

are derived from the traces of the profiles near the 

plasma center 𝜌 ≲ 0.2. This figure is compared 

with the time evolutions of 𝑇௜௢ (solid circles) and 

𝑇௜௢_௖௢௟ (broken curve) predicted for the condition 

with only collisional ion heating, in Fig.5(a). 

Moreover, the evolutions of (0) and 𝜄௠௜௡ predicted 

from the AE frequencies are shown together with 

the observed EGAM frequency in Fig.5(c). Figure 

5(d) shows the evolutions of magnetic fluctuation 

amplitude of RSAEs. As seen from Fig.5(b), the 

𝜙௥௠௦ாீ exceeds ~ 1 kV and decreases clearly 

 

 

Fig. 5 Time evolutions of (a) 𝑇௜௢ and 𝑇௜௢_௖௢௟, 

(b) the root-mean-squared EGAM amplitude 

𝜙௥௠௦ாீ, (c) 𝜄ሺ0ሻ, 𝜄௠௜௡ and the EGAM 

frequency with the spectral width, and (d) the 

RSAE amplitude. The 𝑇௜௢-increase phases are 

highlighted with the yellow bands. Radial 

profiles of 𝜙௥௠௦ாீ just before (e1) and after 

(e2) the 𝑇௜௢-increase Phase. 
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during the 𝑇௜௢-increase phase. The 𝑇௜௢-increases take place in the upward sweeping phase of the RSAE 

frequency.   

 

5. Estimation of additional ion heating power density from the time evolution of Tio 

Using the data 𝑇௜௢ and 𝑇௜௢_௖௢௟shown in Fig.5(a), the additional ion heating power density can be 

estimated from the following simple power balance of bulk ions, taking into account of the power 

degradation in the ion energy confinement time as 𝜏ா௜ ∝ 𝑃௜௧௢௧
ିఈ , where 𝑃௜௧௢௧=〈𝑝ே஻௜〉 ൅ 〈𝑝௘௜〉+〈𝑝௜௔ௗௗ〉 and 

𝛼 is a positive parameter. That is, 

 〈
ௗ௪೔
ௗ௧
〉+ <𝑤௜>/𝜏ா௜= 〈𝑝ே஻௜〉 ൅ 〈𝑝௘௜〉+〈𝑝௜௔ௗௗ〉                        (1) 

Three terms in the right-hand side of eq.(1) are 

respectively the volume-averaged power density of the 

collisional ion heating by NBI, that from electron to ion 

through collisions and a predicted non-collisional ion 

heating. Here, <𝑤௜ ൐＝ 𝑤௜ሺ0ሻ𝑓௣௥௢௙_௪௜, <𝑝ே஻௜ ൐=
௉ಿಳ೔
௏

 

and <𝑝௘௜ ൐=𝑝௘௜ሺ0ሻ𝑓௣௥௢௙_௘௜, where V is the plasma 

volume. The parameters 𝑓௣௥௢௙_௪௜ and 𝑓௣௥௢௙_௘௜ are the 

profile shape factors estimated from the 𝑇௜, 𝑇௘ and 𝑛௘ 

radial profiles. In the case 〈𝑝௜௔ௗௗ〉 =0, the other terms in 

eq. (1) are evaluated using the experimental data shown 

in Fig.5(a), except the 𝑇௜௢ is replaced with 𝑇௜௢_௖௢௟. In this 

shot, the averaged electron density is <𝑛௘>=0.33x1019 m-

3. In the case 𝜏ா௜ is replaced with 𝜏ா௜_௖௢௟. The power 

degradation of 𝜏ா௜_௖௢௟ has been crudely estimated using 

the data of 𝑇௜௢_௖௢௟ and other experimentally obtained 

data, as shown in Fig. 6(a). From the least-square fitting, 

𝜏ா௜_௖௢௟/𝑛௘଴.ହ is in proportion to 𝑃௜௧௢௧
ି଴.଺଻. The results 

indicate a slightly stronger power degradation for the 

ISS04 scaling of the global energy confinement time [17]. 

In Fig.6(b), time evolutions of the additional ion heating 

power density estimated by eq.(1) are shown for = 0.6 

same as the ISS04. A weaker degradation case of = 0.3 

is also shown for the comparison. The calculated values of ൏ 𝑝௜௔ௗௗ > results are nearly independent of 

the profile shape factors, while they sensitively depend on . The ൏ 𝑝௜௔ௗௗ > for α=0.6 reaches the range 

of 50–80 kW/m³ in all shots that clear 𝑇௜௢-increases are observed, which is much higher than the 

collisional ion heating power by NBIs ( ≲ 10 kW/m3).   

 

6. Discussions 

In the initial growing-phase of EGAM, the 𝜄(0) is ~0.65, i.e., low q(0) ~1.5 and 𝑇௘௢/𝑇௜௢~2.5. Noticeable 

 
Fig.6 (a) Dependence of ion energy confinement 

time on total ion heating power density on 

assumption of the same density dependence as 

the ISS04, (b) Additional non-collisional ion 

heating power density for the degradation of 

=0.6 (red curve). The power density at the 

=0.3 case is also shown with a blue curve in 

Fig.(b) for the comparison. 
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damping rate of GAM is expected and the related 

ion heating might be triggered in the 𝑇௜௢-increase 

phase. The observed EGAM potential fluctuations 

decrease obviously, but stay a finite value during 

the first increase phase of 𝑇௜௢, as seen from 

Fig.5(b). The EGAMs might be damped as same as 

the standard GAMs in a helical plasma [18, 19]. As 

mentioned in Sec.4, however, the observed EGAM 

frequency is about half of the GAM frequency 

derived by a gyrokinetic theory [18]. Moreover, the 

frequency is nearly independent of the 𝑇௜௢-

increases, as seen from Figs.4(a) and 5(c). The real 

part of the normalized complex angular frequency 

𝜔ෝ௥ defined as the ratio of the wave phase velocity 

to the ion thermal velocity is in the range of ~1.5 to 

~2.5 for the experimental data. The normalized damping rate 𝛾ොௗ  estimated simply by an analytic equation 

in ref. [18] is comparable or larger than 𝜔ෝ௥ . Therefore, the equation is not applicable to the estimation of 

the EGAM damping rate. Instead, the GAM dispersion relations 𝐹ௗ௜௦(𝜔ෝ) given in ref. [18] should be 

solved by a full complex analysis. In Fig.7, the magnitude of 1/𝐹ௗ௜௦(𝜔ෝ) is plotted on the complex plane of 

𝜔ෝ for the experiment parameters. The effect of the finite orbit width effects can be neglected because of 

low 𝑘௥(=8 m-1). Moreover, the helical field effects slightly enhance the damping rate for that in a 

tokamak. Many peaks corresponding to the standard GAM and GAM like modes are found in Fig.7. 

Certainly, the real part 𝜔ෝ௥ for the standard GAM is ~3.5, and the normalized damping rate 𝛾ොௗ  is 0.30. 

The result of 𝜔ෝ௥>> 𝛾ොௗ indicates the typical character of the GAM. On the other hand, the 𝜔ෝ௥ evaluated 

for the observed EGAM frequency is ~ 1.63, and does not hit the pole of the GAM. In this situation, the 

EGAM oscillations can be regarded as an external wave source. The function 1/𝐹ௗ௜௦(𝜔ෝ) corresponds to 

the response function of the electric field fluctuations to the external radial current density induced by 

EGAM [19]. Many GAM-like multi-modes having large damping rates may effectively interact with the 

EGAM oscillations through nonlinear mode coupling among them, and absorb the EGAM wave energy. 

Thus absorbed energy may be transferred to bulk ions via ion Landau damping. In the present shots where 

the EP pressure is by a factor of 10 higher than the bulk plasma pressure, large growth rate 𝛾௛ of EGAM 

is expected [14]. Loss cone due to helical ripple and/or charge-exchange losses in low density plasma 

may further enhance the growth rate, so the situation 𝛾௛ ≳ 𝛾ௗ may be realized as in the experiment. 

So far, the rapid decay following the 𝑇௜௢-increase phase is not fully understood. The second 𝑇௜௢-decay 

shown in Fig.5(a) synchronizes with the re-enhancing phase of the RSAE activities shown in Fig.5(d). 

The enhanced RSAE may facilitate the radial transport of the EP density, and suppress the EGAM 

 

Fig.7 Contour plot of the 1/𝐹ௗ௜௦(𝜔ෝ) on the complex 

variables plane for the experiment conditions: 

𝑇௜=1.0 keV, 𝑇௘=1.5 keV, 𝜄(0)=0.56, the EGAM 

frequencyൌ 17 𝑘𝐻𝑧, R=3.75 m and  𝑘௥=8 𝑚ିଵ. 

There are many poles corresponding to eigenmodes 

which can respond to EGAM. The standard GAM is 

indicated with an arrow, where the damping rate is 

small as 𝜔ෝ௥>> 𝛾ොௗ. The red frame indicates the 

predicted range of 𝜔ෝ௥ for the observed EGAM, since 

the q value varies over the EGAM profile.   
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activities noticeably. However, the correlation between the first decay of 𝑇௜௢ and the RSAE activities is 

unclear. The phase overlaps with the unstable phase of strong m=2 DTM. The m=2 DTM may play a role 

in the first decay. Microturbulence fluctuations, of course, have no correlation with the decay, as seen 

from Fig.3. The quantitative estimation of the ion heating power caused by the EGAM damping and the 

understanding of the characteristic decay following the significant 𝑇௜௢-increases are left for the future 

important research targets. 

 

7. Summary 

In low density plasmas sustained by high beam pressure, strong and intermittent increases in 𝑇௜௢ have 

been observed with good reproducibility. The 𝑇௜௢-increases do not result from improved confinement due 

to suppression of microturbulence but rather enhance turbulent fluctuations and Hα emission. Under the 

same power degradation in the ion energy confinement time with the ISS04 scaling, the 𝑇௜௢ -increases 

correspond to an addition of large non-collisional ion heating power in the range of ~50-80 kW/m3, much 

higher than the collisional one (~10 kW/m3) by NBI. Correlation between the 𝑇௜௢-increase and the 

EGAM potential fluctuation amplitude is clearly observed. The quantitative evaluation of the non-

collisional ion heating power density by EGAM is left for the future important research target. 
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