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Electromagnetic (EM) waves propagating in a plasma can non-linearly excite plasma oscillations, other EM waves and transfer energy to the plasma, especially at plasma resonances. Raman and Brillouin scattering, where two EM waves, coupled via a Langmuir or ion-acoustic wave respectively, are relevant to intense laser plasma interactions [1-4]. The Brillouin interaction can arise in plasma up to the critical density, whilst the faster growing Raman coupling arises and tends to dominate in plasma below quarter critical density. In magnetised plasma, beat-waves may couple to hybrid and cyclotron resonances of the electrons and ions. This may be useful in delivering energy in over-dense magnetically confined fusion plasma. Similar dynamics are known to arise in ionospheric experiments using powerful radio waves [5]. Microwave beams can be formed at normalised intensities comparable to those used for some laser plasma interactions, and can interact in tenuous, cool and accessible plasmas potentially enhancing diagnostic access and insight into the non-linear plasma dynamics. 
In magnetised plasma, beat-waves may couple to hybrid and cyclotron resonances of the electrons and ions. This may be useful in delivering energy in over-dense magnetically confined fusion plasma. For example, in spherical aspect tokamaks, the high plasma density achieved for a given magnetic field means it is difficult to couple energy in at the lower harmonics of the electron cyclotron frequency where current drive is reasonably efficient. Coupling of two high frequency waves to both electron and ion cyclotron oscillations in the plasma and hybrid resonances offer a route to mitigate this difficulty [6,7]. This can also address problems in very dense fusion plasma where the evanescent gap between the antenna and the plasma makes it difficult to introduce lower frequency signals to directly modulate the ions.
Prior research into the phenomenon of Auroral Kilometric Radiation [8,9] has enabled the design and construction of a new cylindrical plasma experiment to investigate a range of multi-frequency microwave interactions in plasma. The final configuration of the planned apparatus is shown in Figure 1 along with a photograph of the apparatus as currently configured. Six magnet coils will generate an almost completely axial magnetic field having a high degree of uniformity, over a region 2m in length and 0.5m in diameter. The overall dimensions of the main vacuum envelope are 3m in length and 1m in diameter. 
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[bookmark: _Ref74744432]Figure 1: Illustrates the distribution of the ports and their alignment with the magnet coils and helicon antenna. Microwave beams may be directed both across and along the apparatus to study parametric scattering of O, X, R and L modes with plasma oscillations subject to differing degrees of magnetisation. Also shows an image of the experimental apparatus.
Using currents of up to 300 A, the magnitude of the magnetic field will be adjustable up to at least 0.085 T. At this field level it will be possible to operate the apparatus in a cyclotron resonant mode with 2.45 GHz microwave sources. The plasma will be excited by inductive coupling or a helicon wave launched from an antenna [10-12] of the flat-spiral ‘m = 0’ configuration through a borosilicate glass window. The antenna will be driven by a flexible 2-30 MHz RF source boosted by an amplifier to several kW average power and coupled via an RF matching network, with the antenna closed in a Faraday cage. Helicon systems of similar types have realised large volume 0.2-0.3 m3, dense (ne up to 1019 m-3), cool Ti << Te ~ eV plasmas with a potentially high ionisation fraction ~ 10%. In the first instance we seek plasmas in the density range 1015 m-3.
The apparatus will imminently be used in inductive mode with plasma frequencies around a few hundred MHz to study Raman and beat wave electron cyclotron coupling. Numerical simulations of both of these types of microwave interactions have been carried out using CST Particle Studio demonstrating the excitation of electrostatic waves. Simulation results are shown in Figure 2 for Raman scattering in a PiC simulation using two counter propagating EM beams with intensity approximately 5 kW/cm2 at 9.22 GHz and 20 kW/cm2 at 9.5 GHz in plasma with fpe = 280 MHz, corresponding to ne = 1015 m-3. After 30 ns elapsed time, strong electrostatic density fluctuations can be seen on the left hand side of Figure 2. The right hand plot shows the axial electric field associated with this density fluctuation. This strong coupling is observed when the frequency difference between the two waves is small (within 10%) of the plasma frequency. 
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[bookmark: _Ref74744471]Figure 2: PiC simulation of Raman scattering at 30 ns. On the left is the electron distribution. The right is the corresponding electric field caused by the beating input waves and the interaction with the plasma..
High power microwaves will be launched between a pair of horn antennae, which form a Gaussian beam, at ~ 9.5 GHz, into the plasma. The antennae have been fabricated and will be compared to numerical predictions. In the first instance the microwaves will be generated by compact magnetron oscillators (up to 25 kW) and tuneable TWT amplifiers (up to 7 kW). The amplifiers are tuneable to provide steady state signals in the range 9-10 GHz allowing the selection of single tones with frequency differences corresponding to plasma resonances. The amplifiers can equally be configured to develop a chirp over this bandwidth, or a transform-limited microwave pulse driven by an arbitrary waveform generator. Higher microwave power may be provided in the future and in the same spectral range with signals of ~ 1 MW from fast wave amplifiers. Short pulse and very high power research will be enabled by combining these amplifiers with dispersive pulse compressors to raise the peak power by up to a factor of 25. The apparatus is configured to allow launching of waves across the magnetic field in both the X and O modes, and along the magnetic field in the R and L modes to study the parametric scattering processes between modes subject to various degrees of magnetisation. 
An inductively coupled plasma has been achieved at 14 MHz over a range of powers (5-200 W), pressures of 5x10-4-1x10-1 mbar, in both helium and argon. Axial and radial scans of the 200 W inductively coupled mode in argon at 10-2 mbar using an RF compensated Langmuir probe [13] have recently been completed. The results indicate ne ~ 1.5×1015 m-3 with Te < 1 eV at radial centre and approximately 30 cm from the RF antenna; this co-ordinate corresponds with the planned location for the initial microwave coupling experiments. The next step in commissioning the apparatus is operating with a bias magnetic field using two of the field coils in a Helmoltz pair to allow investigation of the helicon mode of operation. For the wave-plasma interaction and interferometry, a pair of horns have been fabricated to launch the Gaussian microwave beams. These have been bench tested and are in the process of being mounted. 
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