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Abstract. A theoretical model describing a breakdown of a neutral gas and a consequent accumulation of a seed plasma during the electron cyclotron resonance (ECR) heating in a large scale magnetic mirror trap is developed on the basis of recent experiments at the Gas Dynamic Trap (GDT) device.
Basic scenario

In the present paper we develop a theory of ECR assisted start-up recently implemented at the gas dynamic trap (GDT) in the Budker Institute [1,2]. Before proceeding to analysis, let us summarize the essential facts about the ECR assisted start-up. Irradiation of fundamental harmonic ECR surface by a microwave beam with power > 50 kW leads to breakdown of neutral gas and generation of optically thick plasma. For values of incident power above ~150 kW, the linear density evolution is identical and is determined by the initial gas pressure; at lower values, the dependence on microwave power is observed. The seed plasma density goes to the saturated value that is constant until the ECR power is switched-off. The saturated level is roughly proportional to the initial neutral gas density; the density growth rate seems to be also proportional to the gas density, however experimental accuracy does not allow verifying it exactly. Typical microwave pulse duration needed to reach the saturated linear density is ~3 ms. 

To start theoretical interpretation of the experimental findings let us consider limitations on the electron densities and energies implied by available diagnostics, see Fig.1. The electron density may be estimated from the ionization balance equation, 
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 is the known density of neutral atoms, and 
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 is the ionization constant averaged over the electron distribution function. This equation may be solved for unknown electron density 
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 required to maintain the observed (by the dispersion interferometer) plasma density growth rate 
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 at the plasma build-up phase. The result is shown by line (1) in Fig. 1. Here the ionization constant is calculated for two different models of the electron distribution function—Maxwellian distribution function and the quasi-linear plateau formed under strong ECR heating as described below. Assuming that only the electrons contribute to the diamagnetic flux at the plasma start-up, one can estimate the total electron transverse pressure. Limitations extracted from the diamagnetic loop measurements are indicated by the gray strip (2). A typical level of the saturated electron density suggested by the interferometer data is shown by the line (3). 
One can see that constrains (1)-(3) are inconsistent if only one electron fraction is considered. The natural solution that matches both the interferometer and diamagnetic data is based on the assumption that ionization occurs on much more energetic, but less populated electron fraction, indicated with point (c) in the figure. The hot collisionless electrons with a strongly anisotropic distribution function, mean energy ~10 keV, and density ~
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in the main body of the trap, bounce between two opposite ECR layers and ionize the background gas on their passage through the trap. The secondary electrons are accumulated in the main body of the trap and essentially do not reach the ECR zone. Therefore their temperature remains as low as few eVs, but the density can reach the level measured by the interferometer because of high ionization rate provided by the hot electrons. Due to the low temperature, the secondary electrons do not contribute to the diamagnetic flux, which is fully determined by the hot anisotropic electrons. In Fig. 1, the secondary electrons occupy the region between points (a) and (b).  Below we develop a quantitative model to support the above scenario of the plasma start-up. 
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FIGURE 1. Limitations on the density 
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 and characteristic energy E* of electrons set by experimental data. (1) Constrains due to the ionisation balance with density growth rate 
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; the fork at 
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eV corresponds to a transition from the Maxwellian distribution function (upper branch) to the collisionless quasi-linear plateau described by Eq. (1) (lower branch). (2) The parameter region consistent with the diamagnetic loop data. (3) The density level 
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 recovered from the interferometer data

Formation of the hot electron population

The most suitable to GDT conditions theory of ECR breakdown of rarefied gas in a mirror trap was proposed in [3], and later it was verified experimentally in [4]. The theory is based on the following assumptions:

· The influence of the collisional scattering of electrons by particles is negligibly small.

· The electrons are heated stochastically while bouncing along a magnetic field line between magnetic mirrors and passing the localized ECR zone at one trap end. The average change in the kinetic energy of electrons in their passing through the ECR zone is large compared to the energy of electrons leaving the trap.

· The electrons gain presumably the transverse kinetic energy stored in cyclotron gyration, that exceeds by orders of magnitude both the ionization energy and the kinetic energy of the longitudinal motion, 
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All these conditions are valid in the GDT plasma. Then, the formation of a distribution function of the hot electrons is governed by the Fokker–Plank kinetic equation [4-7]. This process occurs in a strongly collisionless regime in which the interaction with microwaves defines both the acceleration of newborn electrons and their escape into a loss-cone. Typical time required for acceleration of a newborn electron up to the maximal energy 
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 is about 1 μs, which is much shorter than all times related to the plasma density evolution and microwave pulse length. Under these circumstances, the distribution function forms the “quasi-linear plateau” in resonant region of the momentum space.  For simplicity we use the one dimensional distribution function over the total kinetic energy, 
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where 
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 is the total number of particles in a flux tube, and index stays for “plateau”, 
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eV is the ionization energy for deuterium, 
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 keV is the electron rest energy, and 
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 is the longitudinal index of refraction for electromagnetic waves. In GDT, the radiation with frequency 54.5 GHz is launched at 
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 to the magnetic field; considering vacuum value 
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Distribution function (1) is applicable at any point along the bounce trajectory since 
[image: image25.wmf]E

 is an invariant of the adiabatic motion. Therefore, this distribution allows determining the quantities averaged over the whole plasma volume (not only inside the heating zone). This way we obtain a volume averaged ionization rate:
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The last relation corresponds to the particular case of deuterium. One can find that in this case the ionization rate weakly varies around 
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 in a wide range of limiting energies 
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 from 1 keV to 100 keV. 

Another important quantity is the loss rate of the hot electrons. In rarefied plasma these losses may be attributed to a particle flux induced by waves into a loss-cone [4, 8] and may be found as follows. First, the quasi-linear plateau is assumed in the whole two-dimensional momentum space including the loss-cone region; then, the corresponding particle flux into the loss-cone is calculated. The result for a long trap in the approximation of high anisotropy of the electron distribution function in the resonance region (
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where  
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 are the magnetic fields at the mirror plugs, the ECR zone and the trap center, correspondingly; 
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 is the mirror-to-mirror length. For the GDT conditions, the loss rate of hot electrons induced by strong microwaves is about 
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0.5 ms.  One finds that the ECR breakdown condition is easily fulfilled in the experiment: 
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. This also might explain the experimentally observed weak dependence of discharge on incident microwave power. However, our case is slightly more complicated than the common avalanche mechanism—the secondary electrons are born outside the ECR zone, so they do not contribute directly into the avalanche. A model of such situation is developed below.

Particle and energy balance 

Here we present rather accurate modeling based on the idea of two-electron-component discharge. We solve the following set of balance equations for the bulk electrons density 
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, the density of hot electrons calculated at the trap center
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It is implied in this model that all bulk electrons lost along the magnetic field line during the microwave pump, finally reach the ECR region and gain energy on a fast time scale. This is modeled by the same term 
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 acting as a sink for the cold electrons and a source for the hot electrons. Here function 
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 models the fast switch-off of gyrotron at time 
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 there is no transfer from cold electrons to hot electrons. Particular value of the bulk plasma confinement time 
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 during the ECR stage is defined by fit to the experimental data—for a known initial gas density and plasma growth rate we determine the required density of hot electrons 
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. When the gyrotron is off, the cold electrons are confined in the gas dynamic regime [9]. Combining these two confinement regimes we propose the following model equation for the cold electron loss rate:
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(6)
with M  being the ion mass. On the other hand, the ionization term acts as a source for the bulk electrons only, so the direct avalanche of the hot electrons is avoided; here 
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 is a constant geometrical factor. Terms in the energy balance for the bulk electrons (6)  are, respectively, the power transfer due to collisional friction of hot electrons, the gain due to newly-born electrons with the mean energy 
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, and the longitudinal losses in the gas-dynamic regime. The results of typical discharge modeling presented in Fig. 2. Our model, actually featuring only one free parameter 
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, can reproduce the experimental data fairly well—compare the bulk and hot densities, 
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 and 
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, correspondingly, with the interferometer and X-ray signals shown in right panel. Plasma density saturation is accompanied by the depletion of the neutral gas; this stage can be maintained as long as microwaves plug the bulk plasma losses. The bulk electron temperature varies from 3 eV to 8 eV, thus being below the 20 eV level required for bulk plasma to be visible in the diamagnetic measurements. 

Although we do not calculate a full power balance for the hot electrons, we can find the main energy losses as
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The terms in the r.h.s. are, consequently, the power for creating the hot electrons with the mean energy 
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 corresponding to the distribution function (1), the energy losses of hot electrons associated to the flux into the loss cone, the losses due to collisional friction of hot electrons with the bulk plasma, the ionization losses and the losses that come to the secondary electrons. The net power consumed by the discharge is of the order of few tens of kWs, which is much less then the injected microwave beam power of 400 kW. This seems to be quite natural for a high-power discharge in a rarefied gas since the formation of the collisionless quasi-linear plateau in the distribution function of hot electrons results in degradation of cyclotron damping and in eventual expansion of energy deposition profile. The rest of the microwave power is most likely absorbed by chamber walls and low density residual plasma that forms at the periphery. Absorption in the residual plasma seems to be important because it provides the only reasonable explanation of the observed drop of a stray radiation level. The same situation was observed previously in occasional not-successful shots in experiments with ECR heating of the main plasma, when no increase of the temperature was detected simultaneously with the stray radiation decrease. The periphery plasma is poorly confined, thus it remains cold, however our estimates show that it can absorb the microwaves provided that the density is greater or comparable to 
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. Another issue that is possible at that density levels is reflection of the gyrotron radiation from the tenuous plasma in the launching port at the parasitic ECR resonance.
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FIGURE 2. Calculated evolution of densities (left) and measured linear plasma density and hard X-ray signal. Parameters of calculations:
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Conclusion

Large collection of experimental data for the ECR plasma start-up at the GDT device allowed us to develop a theoretical interpretation of not only the initial stage of gas breakdown, but also the subsequent accumulation of seed plasma. We propose a two-component discharge concept, in which ECR heating produces a minor fraction of hot electrons (
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) that are fully responsible for gas ionization and plasma pressure at the plasma build-up stage. The secondary electrons produced due to ionization, form a cold and dense seed plasma (
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) characterized by improved confinement during ECRH. Physical mechanism of such confinement is still a challenging question for further research. 
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