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Abstract. A new discharge startup scenario has been developed for the Gas Dynamic Trap (GDT) magnetic mirror experiment. The primary neutral beam injection (NBI) plasma heating system requires a sufficiently dense plasma target with a degree of ionization, which is compatible with accumulation of fast ions. In the reported experiments, instead of the conventional axial plasma injection, a high-frequency radiation is used to produce such a target directly in the central cell. One of the microwave beams generated by GDT`s electron cyclotron resonance heating (ECRH) system is used to ionize a portion of neutral gas, which is admitted to vacuum vessel. The ECR absorption of incident power supports further ionization and eventually builds up a plasma target suitable for NBI capture. With application of the NBI a steady accumulation of fast ions is observed, resulting in a discharge with aggregate fast ion energy, plasma temperature and other parameters similar to the conventional regime with the arc plasma generator. First part of the paper presents the particulars of discharge scenario and experimental data on plasma evolution during ECR heating, along with the dependencies on incident microwave power, magnetic configuration and pressure of neutral gas. The characteristics of high-power NBI discharge are described and differences to the conventional scenario are discussed.
Introduction
The usual discharge sequence in the gas dynamic trap (GDT) employs an arc plasma generator to fill the central cell with a relatively dense and cold plasma, which serves as an initial target for high-power neutral beam injection (NBI). Being the most simple and straightforward way to initiate a discharge in an open-ended magnetic plasma confinement device, this technique has its drawbacks. One of them is the necessity to couple the magnetic flux between the plasma generator and the confinement region, which somewhat contradicts the basic requirement to provide enough space for free expansion of magnetic field lines behind the magnetic mirror. Although mainly important for a pulsed experiment, the second downside of plasma injection is the residual neutral gas from plasma generator, which affects the vacuum conditions in the region of magnetic field expansion and might contribute to the longitudinal electron heat flux. Therefore, a discharge startup scenario not relying in direct plasma injection is highly desirable.
In the present study we implement such a discharge scenario using the GDT`s electron cyclotron resonance (ECR) heating system to initiate the breakdown of a gas and build up the density of plasma. We focus a 400 kW / 54.5 GHz / X-polarized microwave beam at the fundamental EC resonance surface near the machine axis. After a prompt breakdown of neutral gas, a steady accumulation of plasma is observed and at a certain point, the ECR-generated plasma becomes dense enough for the NBI to take over. Compared to most previous magnetic mirror experiments, where ECR-generated plasma was to be treated by ICRF heating, see e.g. [1], in the GDT conditions such plasma target has to be dense enough for a self-sustained NB capture, which must overcome electron drag, charge exchange losses and cover the ionization expenses.
This part of the study focuses on experimental conditions for ECR breakdown and describes the influence of magnetic configuration, microwave power and pressure of a neutral gas on the evolution of plasma sustained purely by ECR heating. After the optimum conditions for plasma buildup have been found, the ECR-generated plasma is compared to the one supplied by the arc plasma generator in a full-power NBI discharge. Second part of the study proposes a theoretical interpretation of observed data at the breakdown and plasma accumulation stages during the ECR heating [2]. 
GDT is a large-scale axially symmetric magnetic mirror device with 7-m-long central cell terminated at both ends by high-field mirror coils. Ratio between maximum and minimum values of magnetic field (the on-axis mirror ratio) is R ~ 30. A high-energy fraction of GDT plasma is represented by anisotropic fast ions bouncing between the reflection points and sustained by 5 MW NBI (see e.g. [3,4]). The fast ions are slowed down in the collisional and isotropic bulk plasma with temperature ~200 eV (in a pure NBI discharge). For additional heating of bulk plasma, GDT is equipped with a two-channel ECRH system operating at 54.5 GHz with total power of 0.8 MW [5,6]. Detailed description of GDT physics and experimental goals may be found in Refs. [7,8].
ECR breakdown and plasma buildup
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	Figure 1. (a) – Optimum magnetic configuration for ECR breakdown experiment; (b) – Stray radiation signal (top) and line density of plasma sustained by ECRH (bottom)


A typical scenario of ECR breakdown experiment begins with a 10 ms gas feed pulse, which fills the central cell vessel is with neutral D2. To the end of the gas feed pulse the volume average D2 density reaches ~1.5∙1012 cm-3. ECRH starts at t = 1.5 ms and ends at t = 4.0 ms. High-power NBI (this regime is discussed in the next section) begins at t = 3.6 ms and ends at t = 8.2 ms.
Each of the two available ECRH channels was found to be capable of breakdown. However, to simplify the analysis, further experiments were limited to only one heating line with maximum power of 400 kW. 
The magnetic field near the ECR region is adjusted such that the microwave beam intersects the first harmonic ECR surface approximately on the axis of the machine, see Fig. 1(a). By coincidence, such configuration is not different from the one used for the main plasma heating at the developed stage of a discharge (despite entirely different beam path in plasma). It allows, in principle, the discharges with ECR breakdown and additional ECR heating with the other available gyrotron during the developed stage of a discharge. However, for technical reasons such advanced scenario is not yet available.
As it is shown in [2], available microwave power far exceeds the breakdown threshold of a neutral gas at the fundamental harmonic. Indeed, the ECR breakdown is found in a very broad range of experimental conditions. As a typical example, Fig. 1(b) shows the line averaged plasma density measured at the midplane by a dispersion interferometer (DI) and stray radiation signal measured by a microwave antenna diode. According to stray radiation signal, after a short ~100-300 μs period of poor microwave absorption, plasma becomes optically thick and stays such until the gyrotron switch-off. At the very moment of the breakdown and at least 100 μs later, the line density of plasma is below the detection limit of the DI diagnostic, which is ~2·1013 cm-2. After that, the density grows linearly for 1-2 ms and then halts at a certain saturated value. When the microwave power is switched off and no NBI heating is applied, plasma decays within 3-5 ms.
The values of electron density and temperature yielded by Thomson scattering (TS) at the density saturation stage exhibit high shot-to-shot fluctuations, caused by limited TS resolution and possible issues with a seed plasma stability. The only conclusive data provided by the TS diagnostic is that the local electron density measured at radial positions of 0, 3 and 6 cm does not exceed ~3·1012 cm-3. 
An insight into energy confinement of ECR-generated plasma might be given based on diamagnetic flux measurements. Overall, the signals measured by diamagnetic loops are ~ 5 times weaker than usual noise of the diagnostic and are about 1-2% of those in a full power NBI discharge. Figure 2(a) shows average signals measured by R = 1 and R = 2 loops in a series of discharges with line density of 2·1014 cm-2. The difference between the diamagnetic fluxes, which is a difference in transverse plasma pressure, suggests an anisotropic distribution function of plasma components.
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	Figure 2. (a) – Diamagnetic signals of ECR-generated plasma measured by R=1 (bottom) and R=2 (top) loops; 

(b) – Diamagnetic signals of fast ions (bottom), NBI power captured in plasma (top) and calculated gasdynamic energy loss rate (center)


A series of discharges with variable magnetic field was performed to determine the influence of ECR layer position on the plasma build-up. The general conclusion is that, with some exceptions, the exact position of the intersection between the microwave beam and the ECR surface does not affect the plasma buildup at all. In an extreme case of microwave beam completely missing the resonance field, no accumulation of plasma is observed. This fact confirms that the first pass absorption at ECR layer is crucial to seed plasma generation and sustainment, as opposed to indirect ionization by scattered wave field in the vacuum vessel.
Another series of discharges was performed with variable gyrotron output. It is observed that the line density is nearly identical for values of incident power > 150 kW. At lower values, the saturation level starts gradually decreasing, although the delay before the plasma build-up stays the same. 

All reported results have been obtained with microwave beam polarization, which would correspond to the extraordinary plasma wave. A series of discharges with the orthogonal polarization (the ordinary wave) has demonstrated much weaker plasma build-up. Full power in the ordinary mode was equivalent to about 10% of microwave power in the extraordinary mode. At power levels below 40 kW (10%) no accumulation of the seed plasma is observed, while such threshold for the extraordinary mode is beyond the experimental accuracy.

To determine the influence of the initial density of a neutral gas on the ECR breakdown, a series of discharges with variable gas feed duration was carried out. The valves were shut off at t = 1 ms, but the opening trigger was shifted allowing to scan through gas feed durations from Δt = 4 ms to Δt = 40 ms. Saturated level of line plasma density displays monotonic dependence on initial neutral gas pressure. The highest achieved line density equaled to ~2.5·1014 cm-2, which corresponds to average D2 number denity of ~2.5·1012 cm-3.
high-power nbi discharges initiated by ecrh
The goal of the ECR startup is to build up a plasma with sufficient density, which enables accumulation of fast ions during NBI. In this section we test how suitable is the ECR-generated plasma target in GDT conditions using the 5 MW NBI heating system. 

The main tool used for measurement of accumulate fast ion energy is the diamagnetic loop encircling the fast ion reflection point. Typical diamagnetic signal of fast ions with ECR-initiated discharge is compared to a gun-initiated one with similar experimental conditions in Fig. 2(b). As follows from the captured NBI power in plasma (top panel) and from the diamagnetic signal, the first 1-2 ms are very different from the gun discharge. With the start of NBI, the captured power fraction starts with a small value < 10% and gradually arrives at a stationary value of ~40%, whereas for the gun-initiated discharge plasma thickness usually starts at ~50% and falls off further.
With a dedicated series of discharges we tried to estimate the threshold for accumulation of fast ions. Starting from the optimum regime of the ECR plasma breakdown, the gyrotron pulse was gradually shortened, effectively limiting the density of ECR-generated plasma target. The gas feed scenario was maintained to provide identical conditions for plasma support during NBI. The decrease in initial plasma density at first leads only to prolongation of discharge transition to stationary conditions (with respect to the absorbed NBI fraction). However, after a borderline density value of ~0.5·1014 cm-2 plasma can decay entirely, even before NBI pulse termination. The fraction of NBI power captured in plasma in this borderline case is ~5% or ~250 kW. The values slightly above the threshold in principle allow a reliable discharge startup, but with the NBI pulse available for the GDT experiment such delayed startup is not acceptable. Raising the line density value to at least 1.5·1014 cm-2 leads to reasonably short transient stage, which is similar to the standard gun discharge.
The general plasma parameters with ECR breakdown are similar to a gun-initiated discharge. On-axis electron temperature is typically within 180-200 eV, which is somewhat lower than usual 200-250 eV (without ECRH). In compared discharges (e.g. Fig. 4) plasma energy content is ~10% higher with ECR breakdown, but the actual NBI energy absorbed by plasma is ~15% lower. A slight on-axis temperature difference and equal energy loss rate (Fig. 4, center), indicate a difference in plasma density and temperature profiles. The fact about effectively improved energy confinement is explained by excessive energy loss during the transient stage in the gun-initiated discharge. 

Conclusion

A new discharge startup scenario has been developed for the GDT magnetic mirror experiment. The initial plasma target is generated from neutral gas with a help of a high-power microwave beam available from the ECR plasma heating system. The approach was extensively tested in the conditions of a large-scale axisymmetric magnetic mirror machine with neutral beam injection. In the experiments we scanned the ECR layer with the microwave beam, studied the dependence on the incident microwave power, polarization and initial neutral gas pressure. It was found that the seed plasma density saturates at a certain level depending on the amount of neutral gas initially admitted to the vessel, in case the power is sufficiently high. Below a certain value, the incident microwave power becomes a limitation to plasma density. Positioning of the microwave beam relative to the ECR layer does not affect the plasma buildup, as long as the beam intersects the first harmonic ECR surface. 
The transition from ECR-generated plasma to purely NBI-supported discharge was shown to be sufficiently short and even more energy saving than the conventional startup with arc plasma generator. After the transition, the discharge becomes essentially similar to a one initiated by the plasma gun. It can be concluded that a sufficiently dense plasma target in GDT may be generated using a 50 kW microwave beam directed at the fundamental EC resonance with the minimum duration of ECRH pulse of ~ 3 ms. Finally, our experience with ECR-initiated discharges leads us to conclusion that such startup scenario will be easily achieved in a next-generation magnetic mirror machine based on similar physics. It should be stressed that despite the lack of external stabilization against the interchange modes during the ECRH pulse, the transverse energy transport does not seem to be extraordinary high, leaving a significant power budget to spare and allowing a reliable plasma startup in each discharge.
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