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In lower hybrid current drive experiments on tokamaks, the parallel wavenumber of lower hybrid waves is 

an important physics parameter that governs the wave propagation and absorption physics.  However, this 

parameter has not been experimentally well-characterized in present-day high density tokamaks, despite the 

advances in the wave physics modeling. In this paper, we present the first measurement of the dominant 

parallel wavenumber of lower hybrid waves in the scrape-off layer (SOL) of the Alcator C-Mod tokamak 

with an array of magnetic loop probes. The electric field strength measured with the probe in typical C-

Mod plasmas is about one-fifth of that of the electric field at the mouth of the grill antenna. The amplitude 

and phase responses of the measured signals on the applied power spectrum are consistent with the 

expected wave energy propagation. At higher density, the observed k|| increases for the fixed launched k||, 

and the wave amplitude decreases rapidly. This decrease is correlated with the loss of LHCD efficiency at 

high density, suggesting the presence of loss mechanisms. Evidence of the spectral broadening mechanisms 

is observed in the frequency spectra. However, no clear modifications in the dominant k|| are observed in 

the spectrally broadened wave components, as compared to the measured k|| at the applied frequency. It 

could be due to (1) the probe being in the SOL and (2) the limited k|| resolution of the diagnostic.  Future 

experiments are planned to investigate the roles of the observed spectral broadening mechanisms on the LH 

density limit problem in the strong single pass damping regime.  

On tokamaks, lower hybrid (LH) waves are used to drive toroidal plasma current [1], and 

their application on reactor-relevant tokamaks as a current drive actuator is an active 

research area [2-6]. On the Alcator C-Mod tokamak [7], the lower hybrid current drive 

(LHCD) system [8] at f0 = 4.6 GHz operates at ITER- and reactor- relevant conditions 

with relatively low temperatures (Te0 ≈ 2 keV in L-mode plasmas, as opposed to 15 keV 

in ITER). As a result, the LH waves launched at the outer mid-plane are weakly absorbed 

on a single-pass, and the waves may undergo multiple parasitic edge loss mechanisms [9, 

10, 11, 12, 13] at the plasma edge before being absorbed via electron Landau damping 

(ELD) in the plasma core. In particular, the wave-power reaching the high field side 

(HFS) of the C-Mod tokamak was found to decrease as density increases above �̅�𝑒 =

1.0 × 1020 m−3 [14]. Further, a recent ray-tracing modeling study [15] indicates that 
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collisional absorption could explain the observed anomalous decrease in hard X-ray 

count rates (thus fast electron populations) in high density plasmas, consistent with the 

experimental observation of the enhanced ionization rate in the active divertor region 

with the applied LH power [2].  In the single-pass damping regime, e.g. in ITER, these 

parasitic loss mechanisms are expected to be mitigated because the waves will be 

absorbed strongly on the first pass via ELD, which will also be beneficial in driving off-

axis current. However, the waves will still need to propagate across the edge/scrape-off-

layer (SOL) plasma from the launcher to the plasma, which is about 12 cm in ITER [16] 

as opposed to 2 cm in C-Mod, where waves could be susceptible to various loss 

mechanisms depending on the details of plasma conditions. Thus, the wave propagation 

on the first pass needs to be fully characterized to predict LHCD performance in future 

tokamaks.  

Our goal in this paper is to develop a diagnostic to characterize wave propagation, in 

particular the parallel refractive index (𝑛|| ≡ 𝑐𝑘||/𝜔0) of LH waves. Here, 𝑐 is the speed 

of light, 𝜔0 is the angular frequency of the wave, and 𝑘|| ≡ �⃗� ∙ �⃗� /|𝐵| is the parallel 

wave-number along the background magnetic field. The n|| is an important physics 

parameter determining wave propagation and absorption — not only Landau absorption 

but also additional parasitic absorption mechanisms, such as collisional damping [17] and 

parametric instabilities [18]. The n|| quantification is also important from a viewpoint of 

modeling the LH physics as several recent modeling works propose the importance of the 

ponderomotive force [10,19], and the redistribution of the power spectrum on the first 

pass before crossing the separatrix [4, 20, 21].  

In this paper, we report our first proof-of-principle measurements of the parallel 

wavenumber of lower hybrid waves in the SOL of the C-Mod tokamak near the launcher 

using a magnetic probe array. As compared to the use of a single probe that is often 

placed outside the vacuum vessel, this approach allows us to examine the n|| and 

coherence at a known wave polarization near the plasma, in addition to the frequency 

spectrum of the wave. In the remainder of this paper, we first describe the experimental 

setup developed on C-Mod. Then we discuss the phase and amplitude responses of the 

measured signals as a function of the applied spectrum at the launcher. Finally, we 
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investigate the dependences of the measured amplitude and phase on density, and present 

evidence of spectral broadening mechanisms in high density plasmas. 

As shown in Figure 1(a), the probe array consists of the two rows of three magnetic 

probes. The probes in the top row are sensitive to the magnetic signals that oscillate in the 

poloidal direction (or y-direction), and the probes in the bottom row are sensitive to the 

magnetic signals that oscillate along the background magnetic field. The diameter of the 

loop probe is 1.2 mm. A slit covered with a ceramic plate allows the wave to propagate 

toward the loop probe while preventing direct electrostatic coupling [22]. In each row, 

the probes are separated by ∆𝑧  = 6.5 mm along the background magnetic field direction, 

which allows us to discern the 𝑛|| = (𝑐∆𝜑/∆𝑧)/𝜔0 up to ~5.5. With the three magnetic 

probes in a row, the dominant n|| can be determined from the least square fitting of the 

relative phases found from the cross spectral analysis. In this paper, we focus on the 

signals measured with the probes in the top row as they are the dominant magnetic field 

component of the slow LH wave.  The probe array is located 20 cm below the midplane, 

and about 108 degrees toroidally away from the LH grill launcher, and it is magnetically 

mapped to the launcher for a wide range of plasma currents (Figure 1(b)). The radial 

location of the probe head is about 2 cm behind the separatrix.  

The signals measured at 4.6 GHz are directly digitized by frequency down-converting to 

25 MHz with the use of two frequency mixing stages [23]. A high-speed, high-resolution 

digitizer is triggered to sample 8192 data points at a rate of 100 mega-samples/sec for 

every 10 milliseconds. In the analysis, the data sampled in each trigger event are divided 

into 6 segments to perform a cross spectral analysis to deduce (1) the auto-power, (2) the 

dominant n||, and (3) the magnitude squared coherence (𝛾2) spectrograms as functions of 

time and frequency. Care was taken to calibrate out the relative phase difference among 

the channels by using a slotted waveguide and a network analyzer.  

The LH waves launched from the grill antenna are expected to propagate toward the 

probe head on the first pass along and nearly parallel to the background magnetic field 

lines due to their electrostatic nature [24]. The power spectrum launched with the grill 

antenna has a finite width in the n|| space due to a finite number of radiating elements 

along the toroidal direction.  Based on the absolute power calibration with a slotted 
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waveguide, we find that the parallel wave electric-field is measured to be |𝐸∥| ≈ 30 kV/m 

with typical experimental parameters (�̅�𝑒 = 1.1 × 1020 m−3, Ip = 1.1 MA, PLH = 300 kW, 

and the peak 𝑛|| in the launched power spectrum = 1.6), assuming that |𝐸𝑥|/|𝐸∥| =

√𝑃/𝑆 ≈ √𝜔𝑝𝑒 𝜔0⁄  = 3.7 with 𝑛𝑒 = 0.5 × 1020 m−3, and |𝐵𝑦|/|𝐸𝑥| ≈ 𝑆/(𝑛∥𝑐) ≈

1/(𝑛∥𝑐) from the Maxwell-Ampere equation neglecting the cross-coupling term in the 

cold plasma dielectric tensor (i.e. 𝐷 = 0) with  𝐷, 𝑃 and 𝑆 defined following Stix’s 

notation [25].  As compared to |𝐸∥| ≈ 140 kV/m in the grill antenna that is found by 

considering the wave impedance [26] and the power flow within a single grill antenna, 

this value appears to be reasonable as the probes are not expected to directly intercept the 

resonance cone, as indicated by a ray-tracing model shown later. When the background 

magnetic field and plasma current is reversed, the LHCD system is configured such that 

the waves propagate in the opposite toroidal direction. In that case, as compared to the 

measurements above, (1) the measured peak power is lower by two orders of magnitude, 

(2) the standard deviation of the measured phase is about ten times higher, and (3) the 

measured squared coherence is lower by 60%, all of which strongly suggest that the 

probes detect the coherent wave-fields directly leaving the launcher in the standard field 

configuration.  

A detailed ray-tracing study using GENRAY [27] shows that the wave-fields with the 

low n|| end of the launched power spectrum will be dominantly measured with the probe. 

Figure 2 shows the poloidal projection of the ray propagation paths from the launcher to 

the toroidal location where the probe head is located at two different initial launched n|| 

values. To estimate the poloidal spreading, the rays at four different poloidal locations are 

initiated to simulate the four rows of the grill antenna. Assumed parameters in the 

simulation are �̅�𝑒 = 1.2 × 1020 m−3,  and Ip = 1.1 MA. In the SOL, both density and 

temperature profiles are assumed to exponentially decay across the flux surface. It is 

important to note that the details in the ray trajectory will be dependent on plasma density, 

magnetic field, and plasma current. In Figure 2(a), the n|| generally down-shifts on the 

first pass due to the angular dependence of the evolution in the poloidal mode number 

[28]. Figure 2(b) shows that, when the initial n|| is low enough, the rays could propagate 

along the LCFS in front of near the probe head.  The ratio of the perpendicular to parallel 



5 
 

group velocity of a ray increases with n|| according to the equation: 
𝑣𝑔⊥

𝑣𝑔∥
≈

𝜔0

𝜔𝑝𝑒
√1 −

1

𝑛∥
2. It 

is also seen that if n|| does not meet the accessibility condition, the ray is trapped at the 

boundary between the mode-conversion and cut-off layers.   

This ray-tracing simulation is consistent with a controlled experiment in which the 

applied n|| spectrum is varied at the fixed plasma parameters (�̅�𝑒 = 1.1 × 1020 m−3, Ip = 

1.1 MA). For example, Figure 3(a) shows two power spectra launched with the peak n|| at 

1.6 and 1.9. Figure 3(b) shows that the dominant n|| measured at 4.6 GHz nearly remains 

at a constant value (n|| = 1.6 in this particular case), independent of the change in the 

applied spectrum. Thus, the probe system detects the same spectral component of the 

wave-field in moderate-density plasmas at the fixed plasma parameters. As shown in 

Figure 3(c), the measured wave power decreases exponentially with the increase in the 

applied peak n||. This is consistent with the decrease in the spectral power content at n|| = 

1.6 in the applied spectrum as the applied peak n|| increases from 1.6 to 2.4. In all cases, 

𝛾2 remains high above 90%.  

Figure 4(a) shows the dominant n|| measured both at 4.6 GHz and 4.57 GHz as a function 

of plasma density at three different plasma currents. The signals at 4.57 GHz are a result 

of the onset of ion cyclotron parametric decay instabilities, which may be linked to the 

observed LHCD density limit problem [14]. Given the frequency separation, this 

instability is expected to occur at the LFS edge on the first pass from the launcher to the 

plasma. As shown in Figure 4(a), the dominant n|| measured at 4.6 GHz is found to 

increase as density increases. Regardless of plasma current, density is found to be a 

strong parameter in determining the measured n||. The peak in the applied n|| spectrum is 

fixed at 1.6. As density increases, this peak n|| component will undergo multiple 

reflections between the mode conversion and reflection layers because of the accessibility 

condition: nacc ≈ 5x10
19

 m
-3 

at the low-field-side (LFS) edge (4.1 T). If it is a fast wave at 

the probe location, it may not be detected with the probe of interest. Further, this increase 

in the measured n|| is qualitatively consistent with the radially outward-shift of the 

resonance cone as the waves will have a limited radial penetration with the increase in 

plasma density (
𝑣𝑔⊥

𝑣𝑔∥
≈

𝜔0

𝜔𝑝𝑒
√1 −

1

𝑛∥
2).  
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Figure 4(a) also shows that the dominant n|| measured at 4.57 GHz tracks that of the main 

signal at 4.6 GHz.  A previous growth rate calculation shows a higher growth rate at a 

higher n|| of the sideband LH wave [14]. Further, in the previous laser scattering 

experiment on Alcator C, the ion cyclotron sideband LH wave are measured to have high 

n|| components in the plasma core [29, 30]. Thus, it is possible that the probes are not 

placed at the region where instabilities occur near the launcher, and those high n|| 

components could have radially propagated inward, or away from the probe head by the 

time they pass by the toroidal location where the probe head is located.  Note that one 

caveat in the experimental result presented is that unless the averaged n|| is significantly 

changed, it would not be possible to identify such a shift in n|| in the present study 

because only the dominant n|| is deduced in the analysis.  

Figure 4(b) shows that the peak power measured both at 4.6 GHz and 4.57 GHz. The 

peak power measured at 4.6 GHz decreases by two orders of magnitude as density 

increases. It is interesting to note that the fall-off rates in the measured wave power is 

dependent on the magnitude of plasma current, which correlates with a weaker fall-off 

rate of the hard X-ray emission at higher current [14]. For example, the wave power 

measured at  �̅�𝑒 = 1.1 × 1020 m−3 in the Ip =0.8 MA case is higher by an order of 

magnitude than that in the Ip = 0.6 MA case.  In low current plasmas, parasitic loss 

mechanisms are expected to aggravate as the SOL width broadens [31]. Since not much 

power is deposited in the core at high density [2], this power decrease in the LFS SOL 

may hint at the presence of SOL/edge power loss mechanisms. Note that the measured 

wave component at high density with n|| ≈ 2 is accessible to plasma core. 

Figure 4(b) also shows that the onset of the sideband LH wave at 4.57 GHz is dependent 

on plasma current. With the onset, the wave power at the source frequency starts to 

decrease, suggesting that the wave power could have partly been depleted due to the 

observed instability. However, the sideband power remains to be lower by an order of 

magnitude, and starts to decrease at high density concurrently with the decrease in the 

wave power at 4.6 GHz. It is possible that both waves suffer from collisions. This 

observation also motivates to investigate in future studies whether the parametrically 

excited sideband LH wave with high n|| components could generate enough fast electrons 

at the plasma edge that could act as a target for the relatively low n|| wave at the source 
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frequency, which could subsequently limit the wave penetration. As shown in Figure 4(c), 

the magnitude squared coherence at 4.6 GHz decreases below 90% above the density at 

which the sideband power is peaked. Taking γ
2
 as a measure of the phase consistency, 

this may indicate the effects of wave scattering or a longer wave propagation path.  

Figure 5 shows the measured decrease in wave power as a function of density (or the 

measured n|| based on the observed dependence of the measured n|| on density in Figure 4) 

at two different applied peak n||: 1.6 and 2.0. Note that in the peak n|| = 2.0 case, the 

measured n|| exhibits a similar density dependence to the n|| = 1.6 case (Figure 3). The 

measurements are compared to the change in the spectral power components at the 

measured n|| in the launched spectra, indicated by dotted lines. In the n|| = 1.6 case, the 

measured wave power scales to the decrease in the spectral power deduced from the 

applied spectrum as a function of the measured n||. On the other hand, in the n|| = 2.0 case 

in which the launched spectrum is accessible, the measured power decreases rapidly at 

high density, whereas the spectral power found from the antenna spectrum increases by 

an order of magnitude as n|| → 2. Thus it proves to be difficult to ascertain that the 

observed wave-field at high density is solely due to the wave-field leaving the launcher. 

To identify which wave components are measured, a more detailed modeling study will 

be necessary, in particular at high densities (>1.2x10
20

 m
-3

) where the measured power is 

found to be insensitive to the launched power spectrum.  

In summary, the dominant n|| of the LH waves has been successfully measured in the 

SOL of the Alcator C-Mod tokamak with an array of magnetic loop probes. Given that 

the LH waves will be strongly absorbed by the plasma in future reactors, it is important to 

study the wave propagation study on the first pass in the SOL. At moderate densities, the 

observed power and n|| responses on the applied power spectrum are consistent with a 

ray-tracing picture, suggesting that the probes dominantly measure the wavefield leaving 

the launcher. However, at high density, coherence decreases below 90%, and the 

measured wave power rapidly decreases, which may indicate the roles of the accessibility 

condition and/or parasitic loss mechanisms, which are sensitive to edge plasma 

conditions, as indicated by the observed plasma current dependence. While the onset of 

ion cyclotron parametric instabilities that is expected to occur on the first pass is observed, 

no strong modification in the dominant n|| is observed in those wave components, which 
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is likely due to (1) the limited n|| resolution in the diagnostic and/or (2) the measurement 

location being in the SOL. Thus, in this experiment, no clear causality is identified 

between the observed ion cyclotron parametric instabilities and the anomalous loss of 

LHCD efficiency. Roles of these spectral broadening mechanisms on the loss of 

efficiency will be further clarified in future experimental studies in which the launched 

LH wave will be strongly single pass absorbed. In addition, as it is critical to establish 

that the probes can directly detect the wavefield launched from the antenna even at high 

density, a new probe array will be placed closer to the LH launcher (36° toroidally vs. 

108°), so that the probes could be more sensitive to the primary resonance cone. It is also 

planned to increase the number of probes to perform a Fourier analysis of the measured 

signal in the n|| space.   

 

 

Figure 1: (a) CAD drawing of a probe head that holds two rows of three magnetic loop 

probes. (b) Magnetic field-line tracing starting from the probe array location at three 

different plasma currents (0.6, 0.8, and 1.0 MA).  
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Figure 2: The poloidal projection of the LH ray trajectories from the grill antenna to the 

probe head location with the initial ray 𝑛|| at (a) 2.1 and (b) 1.7. The negative 𝑛|| in the 

color bar indicates that the rays are propagating in the opposite direction to the plasma 

current. The black stars show that the rays are terminated at the toroidal location where 

the probe is placed. Assumed parameters are: �̅�𝑒 ≈ 1.2 × 1020 m−3, Ip = 1.1 MA.  

 

 

Figure 3: (a) An example of the applied power spectra at the grill antenna with the peak 

𝑛|| at 1.6 and 1.9. The corresponding spectral power contents at 𝑛||  = 1.6 ± 0.1 are 

marked with the red and blue colors, respectively. (b) The dominant 𝑛|| is measured as a 

function of the applied peak 𝑛||. (c) The peak wave power is measured as a function of 

the applied peak 𝑛||. The dotted line refers to the spectral power content at 𝑛||  = 1.6 ± 0.1 

in the applied power spectrum with different 𝑛|| peaks. Experimental parameters are 

�̅�𝑒 = 1.1 × 1020 m−3, Ip = 1.1 MA, PLH = 300 kW, and the launched peak 𝑛|| = 1.6.  
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Figure 4: (a) the dominant 𝑛||, (b) the wave power, and (c) the magnitude squared 

coherence measured as a function of the line-averaged density (�̅�𝑒) at three different 

plasma currents (▲: 0.6 MA, ■: 0.8 MA, and ●: 1 MA). In (a) and (b), the filled symbols 

represent the measurements at 4.6 GHz and unfilled ones at 4.57 GHz. In (a), the dotted 

line indicates the least square fitting of the dominant n|| measured at 4.6 GHz as a 

function of density in the Ip = 0.8 MA case.  
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Figure 5: The peak power measured at 4.6 GHz as a function of �̅�𝑒 (or n||, measured) at two 

different applied n|| peaks: 𝑛||,𝑝𝑒𝑎𝑘 = 1.6 (▲) and 𝑛||,𝑝𝑒𝑎𝑘 = 2.0 (■). Plasma parameters 

are identical to the 0.8 MA case in Figure 4. The dotted lines denote the spectral power 

content found from the applied antenna spectrum (e.g., Figure 3(a)) by identifying the 

fractional spectral power content in the range (n||,measured – 0.1, n||,measured + 0.1) in the 

applied antenna spectrum.  
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facility, and supported by US DoE Cooperative agreement DE-FC02-99ER54512 and 

Japan/U. S. Cooperation in Fusion Research and Development. The authors would like to 

thank the Alcator C-Mod team for supporting this experiment.  
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