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Abstract. A fusion reactor concept on the basis of a linear trap is developing in BINP. These studies incorporate multiple-mirror sections which should reduce significantly longitudinal plasma losses from a confinement zone. In the paper, physics on the multiple-mirror confinement relevant to plasma behavior at reactor conditions will be discussed. Basic results were received in the GOL-3 multiple-mirror trap in which plasma of 1021 m-3 density was heated by a high-power electron beam up to 2 – 4 keV temperature. The key milestones were: the demonstration of effective plasma heating by the electron beam due to collective effects, the achievement of theoretically predicted level of energy confinement time under optimal conditions, and finally, the discovery of a bounce instability that improves longitudinal confinement. Direct demonstration of a confinement improvement by multi-mirror sections in the magnetic configuration relevant to the reactor one will be done in the GOL-NB facility that will be created in BINP. In addition, a new plasma device SMOLA with a helical multiple-mirror magnetic field for an active confinement control is discussed.

INTRODUCTION

A variety of different magnetic configurations were proposed in attempts to avoid weak points of classical mirror confinement devices that were independently invented in the first half of 1950s by R. Post in the USA and G. I. Budker in the USSR. Some of those ideas were extensively tested in different experiments and others are still lacking the detailed physical knowledge bases. The scheme of multiple-mirror confinement originates from the early 1970s. After the initial proposals, this idea was quickly tested in two tabletop experiments with Q-machines. It worked. We will briefly overview the idea and first experiments in the next section. However, further efforts with larger experiments were quite limited. We attribute this to highly challenging plasma parameters in proposed visions of multiple-mirror reactors, mainly to the requirement of plasma collisionality that at fusion temperatures actually means that density must be far above that in other usual magnetic confinement approaches. This and a short plasma lifetime in a multiple-mirror device demanded an extremely high power plasma heating system that far exceeded similar systems for other types of plasma devices. Nevertheless, the GOL-3 experiment was built and successfully operated in Novosibirsk. It demonstrated a significant growth of the energy confinement time at transition from a simple solenoidal magnetic field to a multiple-mirror configuration. It was the first open trap that reached a sub-fusion electron temperature. Later in the paper, we will discuss the main findings from GOL-3 experiments.

Current understanding of physics of open magnetic confinement systems significantly affected the prospects of multiple-mirrors. The project of the GDMT next-generation open trap [1] considers multiple-mirror sections as an important element that significantly improves confinement properties of a central gasdynamic trap. The key difference with the initial proposals is in the plasma properties that fills the multiple-mirror sections. Plasma in GDMT is two-component. The fast ion population produces fusion reactions; these particles decelerate down to thermalization in the central trap. The second component is warm plasma that provides stability of the system. Only warm plasma with much less temperature escapes through mirrors. This makes the design requirements for such magnetic systems much more feasible than for a pure system with truly Maxwellian fusion plasma.
GOL-3 performed in the multiple-mirror configuration much better that it was initially expected. However, plasma in that device was highly turbulent with complex physics that makes predictions for other experimental parameters tricky. New physical knowledge base for GDMT-relevant configurations and physics is required for a robust design of GDMT multiple-mirror sections. The same knowledge base is required for codes benchmarking. This task should be solved by a new GOL-NB device that is a deep modification of GOL-3. The main new elements are a gasdynamic central trap and neutral beam injectors (NBI) as the main plasma heating systems. Physics and status of GOL-NB will be briefly discussed.
Recently a new idea of active plasma flow control with helical mirror system was proposed in [2]. In the proposed configuration, rotating plasma experience a force from the magnetic mirrors that are moving in the plasma reference frame. Physics and design of the first concept exploration device SMOLA with helical mirror configuration is presented in the separate section.
The Idea of Multiple-Mirror Confinement and First Experiments

The idea of multiple-mirror confinement was suggested in Novosibirsk and in Berkeley [3,4]. Detailed discussion of the theory can be found in [5,6]. In the simplest configuration, a multiple-mirror system is a set of many regularly-spaced magnetic coils with the common magnetic axis, see Fig. 1. Each pair of coils can be considered as an elementary mirror cell. The main technical parameters of this system are the elementary mirror cell length l, the total number of mirrors N, the full system length L = N × l , values of the magnetic field in maxima Bmax and in minima Bmin and the mirror ratio R = Bmax / Bmin .  
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Figure 1. A multiple-mirror confinement system. Designations are: C – magnetic coils, P – plasma, L – full system length, l – elementary mirror cell length (magnetic field corrugation period).

Physics of plasma confinement in a multiple-mirror configuration essentially relies on the existence of two particle populations, locally-trapped and transiting ones. Theory predicts that effect of magnetic field corrugation will exist for any mirror ratio. Further in the text, we will discuss the medium corrugation regime (R - 1 ~ 1). We will also focus on the axial confinement, because radial losses are much less significant.

The major difference from a classical mirror trap is the requirement of high enough plasma density that should provide small ion free path λ: 


l ≤ λ << L.
(1)

At this condition, fast particle exchange between locally-trapped and transiting populations occur. The “loss cones” in particle distribution function are populated in this case. This provides some immunity to microinstabilities due to more symmetric and equilibrium distribution function. Condition (1) means that a test transiting particle becomes trapped soon into some elementary mirror cell, and then after a few oscillations it becomes transiting again. The movement direction of the test particle after escaping from the cell is random. Therefore, instead of unidirectional movement towards one of the ends, this particle moves in a one-dimensional random walk manner with corresponding increase of the particle lifetime in the trap. In other terms, an effective friction force exists between transiting and locally-trapped populations that uses the locally-trapped population as the mediator that transfers the momentum from directed movement of transiting particles to the magnetic field. The plasma confinement time scales as the square of the system length: 
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In a multiple-mirror system, free plasma expansion along the magnetic field transforms into a slow leak through the corrugated magnetic field. Theory predicts that the best conditions for the multiple-mirror confinement will be at 


l ≈ λ 
(3)

Then, the confinement improvement factor equals to the total number of corrugation cells: 
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. This value can be designed as large as required.

Multiple-mirrors as well as gasdynamic traps are devices with the confinement physics based on collisionality. The condition (3) actually means that for multiple-mirrors, any additional particle scattering is beneficial to some extent, providing that axial losses are still dominant. An anomalous collision rate shortens ion free path length that eases density requirement (3). The additional scattering can be introduced deliberately either by non-adiabatic ion movement [7], by injection of medium-Z impurity [8] or by excitation of turbulence. The latter was realized in GOL-3 experiments. 

The initial idea was soon tested in Q-machines with cesium plasma [9,10]. These pioneering experiments quantitatively confirmed the basic laws of multiple-mirror confinement. Than two significant attempts to build more advanced devices were done. The Berkeley Ten Meter Multiple-Mirror Device had nine 75-cm-long mirrors, used quadrupoles for interchanges stabilization and confined plasma created either by a theta-pinch or a plasma gun [11]. Finally, plasma with sub-fusion parameters was created and confined in the GOL-3 facility in Novosibirsk. 

Physics of turbulent plasma in GOL-3
Multiple-Mirror Confinement of Plasma Heated by Relativistic Electron Beam

GOL-3 was an ambitious project built in the Budker Institute of Nuclear Physics in Novosibirsk under the leadership of D.D. Ryutov. The real hardware was first mentioned in [12] almost simultaneously with the beginning of the experiments in November, 1988. First phase of GOL-3 experiments was devoted to physics of collective plasma heating by a high-power relativistic electron beam. Then the magnetic system was step-by-step converted into a multiple-mirror configuration for confinement studies.
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Figure 2. Layout of the GOL-3 multiple-mirror trap (top) and axial dependence of the magnetic field (bottom). Axial coordinate z is measured from the center of the high-field coil at the beam input side. Arrows at non-regularities of the magnetic structure indicate locations of Thomson scattering system and Diagnostic Neutral Beam Injector.

The GOL-3 layout is shown in Fig. 2. It consisted of 12-m-long magnetic system, electron beam generator U-2 [13], and an exit unit that contained a start plasma creation system and an expander with the beam receiver. The main part of the magnetic system is the solenoid that in full configuration consisted of 110 coils. The solenoid was terminated with single magnetic mirrors with a field of 6-8 T. In the output expander, the magnetic field decreased smoothly down to 0.05 T that provided the safe energy and power loads on the receiver surface. Cold start deuterium plasma with the required longitudinal density distribution in the range of (0.1 – 3)×1021 m-3 was created by a special linear discharge [14]. After that, the relativistic electron beam was injected into the plasma. Experiments were performed with the beam parameters varied as follows: the electron energy was up to 1 MeV, the beam current was of up to 30 kA, the duration was up to 12 μs, the energy content was up to 180 kJ, and the diameter was of 4 – 6 cm (depending on the cathode installed). In respect of the injected beam energy and beam pulse duration, GOL-3 was two orders of magnitude more capable than any other beam-plasma interaction experiment.

Effective Heating of Electrons by Relativistic Electron Beam
Regimes with an effective plasma heating were found [15,16] for uniform plasma density distribution along the axis. Electron temperatures of Te ≥ 3 keV at n ≈ 1021 m-3 were achieved for the first time in a linear system. Mean deceleration of beam electrons reached 40% in the 12-meter-long plasma [17] (Fig. 3) due to collective effects that can be compared to ~3000 km free path length of 1 MeV relativistic electron in plasma of the same density.
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Figure 3. Energy spectrum of electron beam passed through 12 meter plasma column.The beam losses ~40% of initial energy due to collective interaction with plasma.
Turbulent Suppression of Axial Electron Heat Transport 
Unexpectedly high value of electron temperature was explained in [18] with a suggestion of anomalously high scattering of plasma electrons during the beam injection time. Such scattering effectively enhances collisionality that in turn leads to fast thermalization, fast escape of suprathermal electrons and suppression of electrical and thermal conductivity along the magnetic field. The anomality factor of the order of 103 was required to fit simulations [18] to the experimental data. The suggestion of anomalous scattering was not trivial, because primary beam-pumped Langmuir turbulence is too fast to effectively interact with slow bulk electrons and other usual mechanisms for anomalous resistivity [19] should not work at the discussed parameters. Later, special experiments [20] directly demonstrated transport anomalities during the beam injection time. In this experiment, a magnetic well was formed in the central part of the solenoid with uniform magnetic field (Fig. 4). Primary plasma heating by the beam in the well was low due to lower local beam current density. Plasma start accumulation in the well due to pressure gradients from the outside. After the thermal conductivity returned to the classical value, fast pressure growth was observed. Simulations show that the collision rate becomes increases by orders of magnitude up to the beam instability growth rate.
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Figure 4. Configuration with the magnetic well (top) and axial profiles of the magnetic field and pressure for two moments. 
Plasma Stabilization by Sheared Magnetic Field
Anomalous collisionality within the beam-heated cross-section was also the cause for self-organization of radial structure of longitudinal currents with counter-directed currents at the axis and at the edge [21,22]. Longitudinal currents created a sheared helical magnetic field that stabilized the beam-plasma system with Kruskal-Shafranov safety factor q(r=0) ≈ 0.3 in a device with an average “magnetic hill” at the axis [23].
Fast Ion Heating in Multiple-Mirror Trap

In beam-plasma experiments, usually a beam transfers its energy to plasma electrons and ions stay relatively cold. This was the case for our experiments with the uniform magnetic field. In the multiple-mirror configuration, the beam heated electrons as usual, but after a few microseconds electron temperature decreased rapidly from 2 – 3 keV down to 200 – 300 eV at (0.8 – 1)×1021 m-3 density [24]. Simultaneously with this, ions acquired high temperature up to 2 – 4 keV [24,25] that evidenced for a new collective mechanism that exists in the corrugated magnetic field only. Such mechanism was first suggested in [26]; later it was carefully studied in [27]. The key element of it is a collective acceleration of ion flows by electron pressure directed from mirrors towards midplanes of mirror cells at anomalously suppressed thermal conductivity during the beam injection. The presence of pressure gradients in a separate cell of multiple-mirror traps can be seen from Fig. 4. In multiple-mirror system plasma counter streams are formed in each cell. Oppositely-directed ion flows mix in the centers of mirror cells. Neutron emission splash appears at the time of the collision (t ≈ 5 μs in Fig. 5). As the result, fast and effective energy transfer from electrons to ions occurs at optimal conditions. Large axial density gradients were predicted and actually measured by Thomson scattering [27]. 
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Figure 5.. Left, top to bottom: diode voltage Ud, raw diamagnetic signal D measured at coordinate z = 1.43 m, and raw signal Un of local neutron flux detector. Right: fragment of the neutron signal recalculated to neutron flux Φn. 
Enhanced Axial Confinement
In the multiple-mirror configuration, energy confinement time dramatically increased and reached τE ~ 1 ms in best regimes (Figure 5). The τE value was close to that predicted by theory [6], however details of physics turned out to be dramatically different. Measured ion temperatures reached 2 – 4 keV in the hottest part of the plasma column [28]. In deuterium plasma, this yields high enough neutron flux from the D-D reaction. Several types of neutron detectors were used to study the dynamics, power, energy and spatial distributions of neutron emission [29]. Neutron measurements confirmed measurements and conclusions made earlier and found an unexpected new feature of multiple-mirror confinement. In regimes with the best parameters, neutron emission from high-axial-pressure-gradient parts of the plasma column experienced quasiperiodic oscillations like those shown in Fig. 5. Such oscillations were localized within separate corrugation cells and had typical frequency 
[image: image8.wmf]2

Ti

vl

w

»

 and were caused by a small fraction of ions that oscillate in the cell [25]. Later, those oscillations were identified in theory [30] as electrostatic bounce instability of marginally-trapped ions. 

Action of the bounce instability of plasma is more important than just features of neutron signals. This instability increases particle exchange rate between populations of locally-trapped and transiting ions if large enough plasma flow through a specific corrugation cell exists. This makes end sections of a finite-length multiple-mirror system effective even at lower density than required by the condition (3).

GOL-NB Project
A conceptual design GDMT project revealed the need for new data on multiple-mirror confinement in the relevant regimes. The only practical way to complete this task was a deep transformation of the existing GOL-3 facility into a new device. The program of GOL-3 transformation into GOL-NB and physical tasks for it were first introduced in [31]. GOL-NB has a GDMT-like magnetic configuration with a central trap, two solenoids attached to it and two end expander tanks, see Fig. 6. 
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Figure 6. Top: layout of GOL-NB. Bottom: the magnetic field profile at the axis. The right solenoid is shown in the standard multiple-mirror mode, the left one is with the uniform field.
Plasma will be confined in the central trap in the gasdynamic regime. Two neutral beam injectors [32,33] of 25 keV, 750 kW each will provide plasma heating. Unlike the GDT device and the GDMT project, we cannot use the oblique injection into the centerplane. Transverse NBI at displaced axial coordinates with the local R ≈ 1.4 will be used instead. The magnetic configuration of the central trap is created by five coils that in the baseline scenario provide the mirror ratio R = 15 for B(z=0) = 0.3 T. The trap can be considered as the miniaturized GDT device. We expect that all physics known from GDT experiments [34] will work for the central trap too. The main processes we rely to are the following: fast ions from NBI will decelerate due to drag on target plasma electrons; main power losses will be through mirrors along the magnetic field; mean energy of escaping e-i pair will be defined by the ambipolar potential, ε ≈ 8Te; and vortex confinement technique with plasma biasing by annular electrodes will be used for the stabilization.

Multiple-mirror solenoids will be attached to the central trap. Each solenoid consists of 28 coils spaced by 11 cm. Depending on the required configuration (see bottom part of Fig. 6), each solenoid can create either a uniform magnetic field of 4.5 T or a multiple-mirror configuration with 13 elementary mirrors, magnetic field in corrugation maxima of 4.5 T and mirror ratio R ≈ 1.4 (i.e. the same profile as in GOL-3 except the length). Magnetic configuration of the central trap stays almost the same at transition from the uniform to the multiple-mirror field in solenoids. This means that we will be able to discern the effect of magnetic field corrugation from other physical processes that influence the confinement.
End tanks are units in which plasma stream expands in decreasing magnetic field prior to be absorbed by endplates. The expansion ratio must be high enough with R > 30 in order to prevent central plasma cooling by a return flux of cold electrons (see [34] for details). An arc plasma source that will create start plasma in GOL-NB will be mounted in one of the expander tanks. A simplified prototype of the plasma source was tested in the existing part of GOL-3. A low-temperature plasma stream with density at the axis of (1 – 4)×1020 m-3 in the solenoid was transported for more than 3 meters in the experiments that simulated the initial step in the future GOL-NB scenario [35]. Recently, the same was done for the multiple-mirror field in the solenoid [36].
The main physical task for GOL-NB is the multiple-mirror suppression of losses along the magnetic field. This dictated the choice of the parameter space. In GOL-NB, plasma will be heated by quasi-stationary neutral beams, ion free path length should be comparable with the corrugation period, one-component plasma is preferred, and no requirement for long-living fast ions exists. Fast thermalization of beam ions means dense and reasonably warm plasma. The magnetic system provides a short particle lifetime in a gasdynamic configuration. Therefore a special particle balance system will be required to sustain a constant density in experiments. Large particle losses along the axis limit the achievable plasma parameters for the available heating power. However, the same losses make all other plasma processes less important that easies studies of multiple-mirror physics.
Simulations of the baseline scenario was done in [37] with the 1D kinetic code DOL [38]. The code allows simulations of pure gasdynamic systems with NBI heating. Therefore the confinement improvement was introduced phenomenologically as a numerical coefficient above the unity that decreases particle losses through mirrors. The initial plasma density of 3×1019 m-3 was chosen following [31]. Figure 7 shows simulation results for different suppression factors. For a finite number of corrugation periods in the multiple-mirror configuration and the fixed length of an elementary mirror, we expect that only part of the solenoid will effectively restrict the plasma flow. However, Fig. 7 shows that even at modest suppression factors the plasma parameters improvement should be measured.
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Figure 7. Dynamics of plasma parameters at different suppression of plasma flow by multiple-mirror field (indicated by numbers near curves, unity corresponds to no confinement improvement). Top to bottom: total number of electrons in the trap, electron temperature, relative pressure and beam capture efficiency. The particle source of the density control system was 1000 equivalent amperes.
Currently different components and susbsystems of GOL-NB are in the design and manufacturing stages. The initial commissioning will start in GOL-NB-1 configuration [39] without the central trap that will enable earlier start of experiments. Design of GOL-NB allows further advances to a more complex scenarios and higher plasma parameters with additional heating systems if the corresponding proposals will be supported.
SMOLA DEVICE WITH ACTIVE HELICAL MIRROR CONFINEMENT

All multiple-mirror projects that were discussed earlier in this paper rely on fixed magnetic configurations produced by fixed magnetic coils. Such systems provide a passive plasma flow control. Methods of plasma heating and control with fast-changing magnetic fields were studied by several groups in early days of fusion research. The idea of creation of fast-moving magnetic mirrors towards the central trap was briefly mentioned in [40] as infeasible due to technical madness of such design for a fusion-grade system. However, the idea of an active plasma flow control was revived in the recent proposal of helical mirrors [2,41,42]. In this proposal, plasma flows through the magnetic field with large helical component. If plasma experiences rotation due to externally-applied radial electric field, then in the rotating plasma reference frame the magnetic hills of the helical field transform into moving multiple-mirrors. Their velocity could be estimated as 
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where h is the helicity period, r is the plasma radius, Er is the radial electric field and Bz is the longitudinal magnetic field. Depending on the configuration (helicity and directions of magnetic and electric fields) such helical mirror system can either decelerate or accelerate the plasma stream. By use of different helicities for both sides of a magnetic system one can always create a trap that will pump plasma flow back to the central section. Theory predicts exponential dependence of the flow suppression on the magnetic structure length, that is more favorable then the power dependence in passive magnetic systems.
Up to date the idea of helical mirrors was not experimentally tested. The first concept exploration device SMOLA (from Russian Spiral Magnetic Open Trap) is now in the construction stage in BINP [43]. This device will be a fast low-cost effort to model a half of a trap with helical mirrors. It will consist of a tank with a plasma source that will create a plasma stream imitating a steady plasma flow from a central section of a long open trap, a two-layer solenoid that has two independent windings for uniform and helical field components, a set of biasing electrodes that serves for plasma rotation, and an exit tank with plasma receiver (see Fig. 8). The plasma source will be based on the existing design of [44]. Current state of this project is discussed in [45]. 
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Figure 8. Structure of the SMOLA magnetic system (top) and profiles of the magnetic field strength at the magnetic axis and at r = 0.05 m. The calculations were done by A. V. Sudnikov. Two coils of the plasma source at z ≈ -1.7 m are shown at the maximum field.
Two windings of the solenoidal section will be independently powered. This option will give us the possibility of changing the helical to uniform components ratio. The helical winding is made of two spiral conductors with the opposite currents that create a helical field with azimuthal mode number m = 1. The resulting magnetic configuration has helical magnetic axis. 
The important feature of the system is that the magnetic corrugation scales as the square of the distance from the magnetic axis; it becomes zero at the axis (see bottom part of Fig. 8). Therefore the flow suppression will also depend on radius with more efficient plugging of the periphery. Moreover, the most important neoclassical effect for this type of magnetic configuration with properly biased plasma will be an inwards particle pinch [S4] that will counteract usual diffusive processes. The central “hole” in the confinement properties weakens prospects of helical mirrors as the only additional systems for confinement improvement in open-trap-based reactors with collisional plasma. However such sections can be combined with more convenient multiple-mirrors. 
Discussion and SUMMARY

Current generation of open traps demonstrate stable operation regimes at sub-fusion plasma parameters. Solutions of all major problems like MHD stability, microinstabilities, large axial losses were found. These achievements led to a rethinking of the role of multiple-mirrors for fusion reactors. During the previous 20 years the GOL-3 experiment was the only source that provided experimental data on hot plasma behavior in the corrugated magnetic field. GOL-3 operated with very unusual turbulent plasma heated by the high-power relativistic electron beam. This significantly troubles any attempts of achieving robust predictive scalings suitable for designing of a larger-scale facility. 
Simultaneously, natural evolution of modern open traps made systems with two-component plasma more attractive at least as a fusion neutron source or a fusion core of a subcritical fission reactor. In such systems, multiple-mirrors will deal only with a stream of sub-fusion warm plasma that will have lower temperature and produce almost no neutrons. Currently, the next-step GDMT project is in the conceptual design stage in the Budker Institute of Nuclear Physics. This project includes sections with a multiple-mirror configuration for a confinement improvement. The main experimental scalings will be found from experiments in the GOL-NB multiple-mirror trap that will be build in BINP. Simultaneously, new SMOLA device will be built for studies of newly-proposed helical mirror confinement. We hope that both these experiments will build strong physical database that will make proposals of open-trap based fusion reactors feasible.
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