Plasma heating and improvement of lower hybrid current drive efficiency by electron cyclotron waves on EAST
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Abstract. The electron cyclotron (EC) system on EAST consists of four gyrotrons with a frequency of 140 GHz (second harmonic of the extraordinary mode), each of which is expected to deliver a maximum power of 1.0 MW and be operated at 100-1000 s pulse length. Significant progress in long-pulse operation has been achieved recently, including the pulse duration up to 1056 s with EC power injected into plasma of 0.55 MW and the pulse duration of 310 s with EC power of 1.6 MW (output by 3 gyrotrons). High electron temperature (Te >12 keV) plasma measured by Thomson scattering was produced with the combination of EC and lower hybrid (LH) waves. It is found that the plasma heating effect depends on the EC power location greatly. By adjusting the EC power location, the plasma current profile can be modified. As a consequence of the increment of electron temperature by electron cyclotron resonance heating (ECRH), the lower hybrid current drive (LHCD) efficiency is improved, benefiting for the long-pulse operation. In addition, a synergy effect between EC and LH current drive was observed in steady-state operation on EAST. 


Introduction
Electron cyclotron resonance heating (ECRH), as a highly efficient and controllable heating tool, has been widely used in tokamak magnetic confinement devices [1]. Usually, the EC power can be injected as narrow Gaussian beams, which gives rise to highly localized power deposition. Consequently, ECRH and electron cyclotron current drive (ECCD) are considered to be an effective tool to locally control the electron temperature and current profile in plasmas. An electron temperature (Te) of up to 26 keV was achieved in JT-60U by injecting EC power of 2.9 MW into the centre of a reversed shear plasma produced by the lower hybrid (LH) waves [2]. EAST has four units of EC systems (No. 1– No. 4), each of which has one gyrotron with a frequency of 140 GHz (see Fig. 1) [3 - 5]. Additional two gyrotrons system is under development. However, the No. 1 gyrotro is currently undergoing repair (air leakage issue). EC waves are injected from the lower field side of the torus as an X-mode. In line with the long pulse operational capability of EAST, it is designed for a pulse length up to 1000 s. There are two high power lower hybrid current drive (LHCD) systems on EAST with different operating frequencies (2.45 GHz /4 MW, referred as LH1 [6] and 4.6 GHz /6 MW, referred as LH2 [7]). Both of the EC and LH systems are the main electron heating and current drive source for the long-pulse operation on EAST. 
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Fig. 1. Layout of ECRH system
Experimental results and analysis
0. progress in long-pulse and high Te operation 
The first EC system was installed on EAST in 2015 with one klystron and the EC wave injected into plasma was ~ 0.5 MW. Thanks to the continuous increase in the number of EC systems and the improvement of the system, significant progress in high-power and long-pulse operation has been achieved recently. As shown in Fig. 2, the pulse duration has been extended to ~ 1056 s with PEC ~ 0.55 MW, corresponding to the EC energy injected into the plasma ~ 0.58 GJ. During this discharge, the EC power was shut down at 550 s, but it restarted automatically to work after 10 s (see Fig. 3). High power as 1.6 MW (output by 3 gyrotrons) injected into H-mode plasmas with pulse duration ~ 310 s has been achieved. The increase in available input power made it possible to produce plasmas with high Te of up to 12 keV, which is measured by Thomson scattering diagnostic (see Fig. 4). The peak electron temperature was increased from 6.5 keV to 12 keV when 1.4 MW EC adding to the plasmas sustained by 2.3 MW LH power.
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Fig. 2. Advances in the EC power injected into plasma and in their pulse duration on EAST.
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Fig. 3. A typical long-pulse discharge with duration up to 1056 s sustained by EC and LH waves.
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[bookmark: OLE_LINK1]Fig. 4. Comparison of Electron temperature profiles measured by Thomson scattering with ECRH and without ECRH.
0. [bookmark: _Hlk106215787]Effects of EC power location on plasma heating and current density profile
Each of the EC antennas consists two mirrors located at the same port, one fixed focusing mirror and one movable plane mirror. The launching angle can be continuously varied with range of over 30 degrees in poloidal direction and ± 25 degrees in toroidal. Fig. 5 shows the increment of the plasma stored energy (WMHD) and the central electron temperature when EC power injected into ohmic plasmas with different power deposition location realized by changing the poloidal angle. It is seen that an on – axis power deposition is critical for effective heating.
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[bookmark: OLE_LINK2]Fig. 5. The increment of plasma stored energy and central electron temperature after EC power injection versus EC power deposition location.
Shaping of the current density profiles by adjusting the EC power deposition is demonstrated. As shown in Fig. 6, when the EC power shifts from  ~ 0.03 to 0.3, the internal inductance (li) is decreased by ~ 0.3, indicating an off-axis ECRH is helpful to broaden the current profile. The power density profiles calculated by TORAY code are plotted in Fig. 7. This conclusion is further verified by the polarimeter /interferometer (POINT) measurement [8, 9] as illustrated in  Fig. 8.
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Fig. 6. Waveform of current density profiles modified by adjusting the EC deposition in LHCD sustained plasmas.
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Fig. 7. Normalized power density profiles calculated with TORAY code 
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Fig. 8. Faraday angle versus channels measured by POINT diagnostic. The optical layout of the 11 channels is also shown. 
0. LHCD efficiency improved by ECRH
LHCD efficiency defined by
                      (1),
[bookmark: _Hlk106445339]is recognized as a key factor for dimensioning an LH system, where ILH is the plasma current driven by LH wave, and R is the major radius of the plasma. According to the CD theory [10], LHCD efficiency is predicted to increase with <Te>, and the experimental results also demonstrated that the LHCD efficiency is a significantly increasing function of <Te> [11, 12].
[bookmark: _Hlk106628361][bookmark: _Hlk106636605][bookmark: _Hlk106628372]    Fig. 9 shows a typical discharge of LHCD efficiency improved by ECRH. With the EC power of 0.3 MW heating in the plasma core, the central electron temperature is increased by ~ 1.6 keV (see Fig. 10), leading to a higher CD efficiency indicated by a lower loop voltage (~ 30 mV). Moreover, a higher internal inductance (li) indicates that the LH current shifts to the inner region for the case with ECRH. Fig. 11 shows the LHCD efficiency with and without ECRH versus plasma density. Qusi-steady-state (Vloop < 100 mV) discharges are selected and the LH driven current is calculated by ILH = IP – IEC – IOH – IBS. It is seen that for similar densiy the LHCD efficiency in the plasmas with ECRH is higher by ~ 20% than that without ECRH. Besides, good CD effect ( ~ 0.9  1019A/W/m2) is obtained with the combination of LHCD and ECRH even when density increases up to 5.4  1019/m3.
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Fig. 9. Typical waveform of LHCD efficiency improved by ECRH.
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Fig. 10. Comparison of electron temperature profiles with and without ECRH.
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[bookmark: OLE_LINK3]Fig. 11. Comparison of LHCD efficiency with and without ECRH.
[bookmark: _Hlk106640520][bookmark: _Hlk106638672]It is well known that the interaction mechanism for EC waves with electrons is cyclotron damping, which accelerate electrons mainly in perpendicular direction; while for LH waves, it is dominant by Landau damping, which accelerate electrons mainly in parallel direction. When these two waves injected simultaneously, if the particles accelerated by the EC waves reach the lowest limit velocity of the LH waves, or the EC power absorbed by the fast electron tail driven by the LH waves, a synergy effect between LHCD and ECCD will be created [13, 14]. This synergy effect was quantitatively demonstrated in steady-state experiments on Tore-Supra for the first time [15]. On EAST, the synergy effect between ECCD and LHCD is also observed in steady-state operation. The results obtained are well illustrated by the time history of discharge #106904, shown in Fig. 12. During this experiment, the LH power is feedback controlled by the magnetic flux consumption with constant plasma current (Ip = 320kA) and constant density (ne = 1.8  1019/m3), which is similar to the previous experiment on Tore Supra [16]. Due to the faulty algorithm, the magnetic flux consumption is not controlled constantly during the LH alone phase. However, from phase 1 and phase 2, we can infer that for fully non-inductive LHCD (Vloop = 0), it needs LH power of (PLH) 1.28 MW approximately with parallel refractive index N|| ~ 2.04. During the application of 0.55 MW ECCD with N|| ~ 0.34, the LH power drops (PLH) by approximately 0.3 MW (from 1.28 MW to 0.98 MW). The bootstrap current (IBS) calculated by Sauter model [15] is about 71 kA and the EC driven current calculated by TORAY code is in the range of 26 - 29 kA based on the measured electron and density profiles. Since the plasma current is kept constant and the loop voltage is zero, the additional current I, driven by the EC waves in the presence of LH waves can be obtained by the formula
                        (2).
For discharge #106904, the additional current I is ~ 59 kA. Consequently, the synergy factor defined as Fsyn = I / IEC is estimate to be ~ 2.1  0.1. It is worth mentioning that the large drop of LH power in the ECCD phase is not due to an increase of the LHCD efficiency resulted by the temperature increase, since the ECE electron temperature is in the same level during ECCD and before ECCD phase (see Fig. 13).
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Fig. 12. The time history of a discharge during which the synergy effect between LHCD and ECCD is observed.
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Fig. 13. Electron temperature measured by electron cyclotron emission (ECE) at various positions.
Summary and next work
[bookmark: _Hlk106644481]With optimization of the operation conditions and improvement of the system, significant progress in long-pulse and high-power operation has been achieved with EC system, including pulse duration extended to ~ 1056 s with PEC ~ 0.55 MW, and pulse duration ~ 310 s with PEC up to 1.6 MW. High Te0 ~ 12 keV plasmas was maintained for 100 s by the combination of 1.4 MW EC and 2.3 MW LH power. Thanks to a higher electron temperature in the plasma core with ECRH, the LH power deposition shifts to the inner region, thus giving a higher LHCD efficiency. A synergy effect between ECCD and LHCD was observed in steay-state plasmas. TORAY modeling predicts that the ECCD current can be > 80 kA at low density as shown in Fig. 14. Next work will investigate the ECCD efficiency and the synergy effects with different N|| of LH waves.
[image: ]
Fig. 14. Predicted ECCD current with different electron temperature and density.
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