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The STEP (Spherical Tokamak for Energy Production) program is the UK’s Spherical Tokamak (ST) reactor 

design endeavour. In the first tranche (2022-2024), the program aims to produce a concept design for a steady 

state ST reactor, producing ~100 MWe. As such, the auxiliary current drive system is a critical user of 

recirculating power. Due to the technological advantages of microwave systems, the present STEP concept uses 

microwave techniques exclusively for the heating and current drive (HCD) system.  

Electron Cyclotron Current Drive (ECCD) will be the primary mechanism for current drive due to the relative 

maturity and flexibility of the technique. Electron Bernstein Wave Current Drive (EBCD) is adopted as the 

secondary technique, due to the promise of higher overall current drive efficiency and the ability to operate at 

high density. Due to the relative uncertainty and reduced flexibility of an EBCD system, two plasma concepts 

are being developed, one which uses ECCD exclusively and one 

which uses a combination of EBCD and ECCD, where a balance 

is found which plays to the relative advantages of the two 

techniques.  

To optimise the EC configuration for current drive efficiency 

for the STEP concepts, a number of candidate launcher 

positions were selected, as can be seen in Fig. 1. GRAY was 

then used in single ray configuration to scan the frequency over 

fundamental, 2nd and 3rd harmonics (70 – 240 GHz), and toroidal 

and poloidal angles from each launcher for X and O mode  [1]. 

The result was a rich dataset for the operational space of the 

ECCD system for that plasma concept, a selection of which is 

shown in Fig. 2. The efficiency 𝜁𝐶𝐷  [2] is comparable to the 

optimal values found for EU-DEMO  [3], and the most efficient 

launchers over a wide range of radii are E, F, G and M.  

The STEP EBW concept is still under development, so here we present the analysis approach and some 

preliminary results of this analysis. A low-field side (LFS) coupling to the EBW via the O-X-B process was 

chosen, similar to the schemes demonstrated in W7-AS and TCV  [4,5] as coupling from the high-field side 

(HFS), such as was demonstrated in  [6], is limited in density by the left-hand X-mode cut-off, presenting too 

Fig. 1: The plasma equilibrium and candidate launch 

locations for the SPR-045 concept. Harmonics, X-

mode cut-off and upper hybrid resonance are shown 

for 180 GHz (left) and 210 GHz (right) 
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strict a density limitation. Direct X-B tunnelling from the LFS is also not appropriate as the overall coupling 

efficiency is very sensitive to the density gradient and is only efficient at 𝑘0𝐿𝑛 values far below what is expected 

for any of the STEP concepts. 

For the assessment of the efficiency of EBCD in these 

scenarios, GENRAY  [7] was used for the ray-tracing 

component and the bounced averaged, relativistic Fokker-

Planck code, CQL3D  [8], was used for the radiative 

transport and current drive calculations. For each of the 

concepts, the EBWs are launched between the 

fundamental and second harmonics as normally access at 

higher harmonics is not possible as the presence of an O-

mode cut-off is required. The launch angles are restricted 

to the critical angles required for coupling and the height 

and frequency are scanned over the relevant ranges. 

Exceptional current drive efficiencies were found, as 

shown in Fig. 3, with normalised efficiencies up to 1.5, three times higher than the ECCD in a similar region. 

This makes EBCD a very promising avenue and would significantly lower the re-circulating power requirements 

for the reactor. Access to radii less than ρtor ≃ 0.5 is limited primarily by a combination of Doppler broadening 

of the resonance and the non-monotonic B-field profile typical of the high-β ST reactor  [9]. The radial 

restriction was approximately the same across the ST 

concepts we examined. The coupling to EBW from the low 

field side has also been examined. The acceptable beam 

steering tolerance is critically dependent on the density 

gradient, but preliminary estimates show > 95% coupling for 

±1𝑜 and a beam width 𝑤0 ≳15 cm  [10]. 

There are many physics challenges to be addressed 

before EBCD can become the default choice for current 

drive for STEP. Although there has been experimental 

evidence of efficient EBCD of ζCD ≃ 0.4 on the 

stellarator  [4], a more extensive validation of the current drive models for EBWs on STs is required. 

Furthermore, there has never been an experimental validation for the predictions of highly efficient current drive 

on STs of ζCD > 1  [11,12], which are also seen in our calculations for STEP. It has been shown that high-

efficiency coupling from the LFS to EBW can be achieved  [13,14], but the effect of density perturbations and 

non-linear effects require more extensive investigation.  

To provide an experimental basis for the use of EBCD on the spherical tokamak, an EBCD system will be 

installed on MAST Upgrade with two dual frequency gyrotrons (28 and 34.8 GHz), capable of 900 kW (3s) and 

800kW (4.5s). The aim of this system is to provide an experimental test of the EBCD efficiency on an ST, 

Fig. 2: A selection of the configurations and their 

normalised current drive efficiency. Launch points are 

represented by letters and the colour denotes the launch 

frequency 

 

Fig. 3: normalised current drive efficiencies for the three 

different plasma concepts 

 



examine open issues regarding the LFS coupling scheme, such as the linear coupling behaviour and 

turbulence  [15], examine collisional damping and non-linear effects  [16] and extend the original MAST 

experiments into EBW based solenoid-free start-up  [17,18]. A preliminary engineering design of the system 

can be found here  [19]. This is paired with a theory and modelling effort for STEP and MAST-Upgrade to 

develop the physics basis for the use of EBCD on a reactor. 

In order to operate an EBW system on a modern experimental tokamak, it is necessary to show that the 

power can be efficiently coupled to the plasma and that the stray radiation can be kept to a reasonable minimum. 

Fig. 4 shows the expected reflectivity for MAST parameters for 34.8 GHz, 𝑤0 = 5.5 cm. One can see that the 

high-density L-mode and H-mode are either side of the minimum in reflectivity, where the low-density L-mode 

shows a reflectivity of around 25%. Fig. 4 also shows there is a potential that if the density gradient in H-mode 

is increased from the estimated value here, the reflectivity could potentially rise significantly. Protective 

“interceptor” plates are placed in the reflected beam path and are designed to scatter the reflected beam to lower 

the power density and limit the danger of the reflected beam to the machine components. These plates are 

monitored for heating and used to quantify the reflected power and thus the coupling efficiency (Fig. 4 left).  

GENRAY and CQL3D were also used to examine the current drive efficiency in order to set the power 

requirements for the system. A maximum efficiency of 0.14 A/W (𝜁𝐶𝐷 = 0.63) is seen for near axis absorption 

(𝜌𝑡𝑜𝑟 = 0.09), providing good current localisation 𝛿𝜌 <  ±0.05. Under these conditions, the MAST Upgrade 

EBCD system would be capable of driving significant plasma current. The system is designed with a flexible 

launcher system to allow either co-, counter- or simultaneous co and counter current drive for balanced heating 

to help experimentally disentangle heating effects. The system can also launch above the midplane to allow for 

off-axis absorption at the same gyrotron frequency. 

In summary, the STEP spherical tokamak reactor will use microwave techniques for all heating and current 

drive requirements. ECCD is anticipated to be the primary source of auxiliary current drive due to its maturity 

and flexibility. However, EBCD is a planned opportunity due to its promise of high current drive efficiency at 

Fig. 4: Left: The analytical reflectivity as a function of scale length for MAST Upgrade parameters. dashed lines represent 

the expected scale lengths for 34.5 GHz in H-mode, high-density, and low-density L-modes. Right: A schematic plot of the 

poloidal cross-section of the beams from the midplane launcher for Ip = 800kA (green) and Ip = 2000 kA (blue). The dashed 

lines represent the beam reflected from the plasma after coupling. Thick black lines represent “interceptor plates”. 

 



high density. GRAY was used to optimise the launch configuration for SPR scenarios finding efficiencies 

comparable to similar optimisations for ITER and EU-DEMO. EBCD was analysed using GENRAY and 

CQL3D and current drive efficiencies of around 3 times higher than ECCD were found, but this is limited to 

off-axis current drive as the penetration is limited by Doppler broadening and relativistic effects. The coupling 

to EBW was analysed using known analytical expressions, and the coupling was found to require large diameter 

beams to maintain high efficiency. The role of non-linearities and density perturbations remain to be 

investigated.  

To provide a firm experimental basis for the use of EBCD, and solenoid free start-up, a 1.8 MW EBCD 

system will be installed on MAST Upgrade. The system is designed to give co-, counter- and balanced current 

from the midplane launcher, and could achieve greater than 10% of the total plasma current based on efficiency 

estimates using GENRAY/CQL3D. A launcher above the midplane will give off-axis deposition at the same 

frequency and magnetic field. A high coupling efficiency is expected, >96%, and interceptor plates are placed 

in the path of the reflected beam to decrease the power density of the stray radiation and serve as a measure of 

the coupling efficiency. 

Acknowledgement 

This work has been part-funded by the EPSRC Energy Programme [grant number EP/W006839/1] and the STEP 

program. To obtain further information on the data and models underlying this paper please contact: 

PublicationsManager@ukaea.uk 

References 

[1] L. Figini, Electron Cyclotron Current Drive Efficiency in the STEP Device, EPJ Web Conf. under review (2022). 
[2] T. C. Luce, Y. R. Lin-Liu, R. W. Harvey, G. Giruzzi, P. A. Politzer, B. W. Rice, J. M. Lohr, C. C. Petty, and R. Prater, Generation of 

Localized Noninductive Current by Electron Cyclotron Waves on the DIII-D Tokamak, Phys. Rev. Lett. 83, 4550 (1999). 

[3] E. Poli, G. Tardini, H. Zohm, E. Fable, D. Farina, L. Figini, N. B. Marushchenko, and L. Porte, Electron-Cyclotron-Current-Drive Efficiency 
in DEMO Plasmas, Nucl. Fusion 53, 013011 (2013). 

[4] H. P. Laqua, H. Maassberg, N. B. Marushchenko, F. Volpe, A. Weller, and W. Kasparek, Electron-Bernstein-Wave Current Drive in an 

Overdense Plasma at the Wendelstein 7-AS Stellarator, Phys. Rev. Lett. 90, 075003 (2003). 
[5] A. Mueck, L. Curchod, Y. Camenen, S. Coda, T. P. Goodman, H. P. Laqua, A. Pochelon, L. Porte, and F. Volpe, Demonstration of Electron-

Bernstein-Wave Heating in a Tokamak via O−X−B Double-Mode Conversion, Phys. Rev. Lett. 98, 175004 (2007). 

[6] V. Shevchenko, Y. Baranov, M. O’Brien, and A. Saveliev, Generation of Noninductive Current by Electron-Bernstein Waves on the 
COMPASS-D Tokamak, Phys. Rev. Lett. 89, 265005 (2002). 

[7] A. P. Smirnov and R. W. Harvey, The GENRAY Ray Tracing Code, https://www.compxco.com/Genray_manual.pdf. 

[8] R. . Harvey and M. . McCoy, The CQL3D Fokker-Planck Code, https://www.compxco.com/cql3d_manual.pdf. 
[9] T. Wilson, Electron Bernstein Wave (EBW) Current Drive Profiles and Efficiency for STEP, EPJ Web Conf. under review (2022). 

[10] S. J. Freethy, Microwave Current Drive for STEP and MAST Upgrade, EPJ Web Conf. under review (2022). 

[11] G. Taylor, P. C. Efthimion, C. E. Kessel, R. W. Harvey, A. P. Smirnov, N. M. Ershov, M. D. Carter, and C. B. Forest, Efficient Generation of 
Noninductive, off-Axis, Ohkawa Current, Driven by Electron Bernstein Waves in High β, Spherical Torus Plasmas, Phys. Plasmas 11, 4733 

(2004). 

[12] J. Urban, J. Decker, Y. Peysson, J. Preinhaelter, V. Shevchenko, G. Taylor, L. Vahala, and G. Vahala, A Survey of Electron Bernstein Wave 
Heating and Current Drive Potential for Spherical Tokamaks, Nucl. Fusion 51, 083050 (2011). 

[13] G. Taylor, P. C. Efthimion, B. P. LeBlanc, M. D. Carter, J. B. Caughman, J. B. Wilgen, J. Preinhaelter, R. W. Harvey, and S. A. Sabbagh, 

Efficient Coupling of Thermal Electron Bernstein Waves to the Ordinary Electromagnetic Mode on the National Spherical Torus Experiment, 
Phys. Plasmas 12, 052511 (2005). 

[14] H. P. Laqua, V. Erckmann, H. J. Hartfuß, and H. Laqua, Resonant and Nonresonant Electron Cyclotron Heating at Densities above the 

Plasma Cutoff by O-X-B Mode Conversion at the W7-As Stellarator, Phys. Rev. Lett. 78, 3467 (1997). 
[15] A. Koehn-Seemann, Numerical Investigations of the O-X Mode Conversion Process in MAST Upgrade, EPJ Web Conf. under review (2022). 

[16] M. Senstius, Nonlinear Degradation of O-X-B in MAST Upgrade, EPJ Web Conf. under review (2022). 

[17] V. F. Shevchenko, M. R. O’Brien, D. Taylor, and A. N. Saveliev, Electron Bernstein Wave Assisted Plasma Current Start-up in MAST, Nucl. 

Fusion 50, 022004 (2010). 

[18] V. F. Shevchenko et al., Long Pulse EBW Start-up Experiments in MAST, EPJ Web Conf. 87, 02007 (2015). 
[19] H. Webster, MAST Upgrade Microwave Heating and Current Drive System - Engineering Design Overview, EPJ Web Conf. under review 

(2022). 

 


