

    

        


        
        
                        
                
            
                    


        
            	
                    votram
                
	
                    
                        Home
                    
                
	
                    
                        Comments
                    
                


        


        
    
    

    
        
            
                
                    
                                                    
    
        

        


        
            P/2501 USSR Thermal Insulation and Confinement of Plasma with a High-Frequency Electromagnetic Field By A. A. Vedenov, T. F. Volkov, L. I. Rudakov and R. Z. Sagdeyev (theory) and V. M. Glagolev, G. A. Yeliseyev and V. V. Khilil (experiment)* At the Institute of Atomic Energy (Academy of Sciences, USSR) we have studied the problem of creating and thermally insulating a plasma by means of high frequency electromagnetic fields. Electro magnetic alternating fields which do not penetrate into plasma set up a pressure difference on the plasma boundary. There may be various ways of exciting alternating fields. One of the'ways, most convenient from the radio engineering standpoint, is the setting up of a standing electromagnetic wave in a volume resonator partly filled with plasma. Such electro magnetic oscillations can be excited between the conductive walls of the resonator and the surface of plasma in such a way that the electromagnetic pressure, averaged over the high frequency oscilla tions, with geometry specially selected, is the same at every point of the plasma surface. (For example, see Ref. 1.) If the amplitude of the high frequency electromagnetic field is sufficiently large, its pressure may balance the pressure of the plasma. However such a method of plasma containment is unsuitable, as the power required to maintain a large amplitude over the whole surface of the plasma would greatly exceed the thermonuclear reaction energy yield in the plasma, assuming reasonable resonator quality Q. Those systems appear to be more realizable in which the high frequency electromagnetic field plays only an auxiliary role; viz., balancing the plasma pressure at individual (most "dangerous") sections of its surface while the plasma is, in the main, balanced by the steady magnetic field. An example of such an arrangement may be a system with a longitudinal magnetic field, which provides for thermal insulation of plasma across the magnetic lines of force, with volume resonators at the butt ends. Plasma spreading along the Unes of force would be limited by the effect of the alternatingfieldsin the resonator. THEORY Single Particle Problem A strict theoretical analysis of the problem should be made within the framework of a kinetic equation. 2 The free path of particles in hot plasma is long, and Original language: Russian. * Academy of Sciences of the USSR, Moscow. collisions may be considered to be so rare that their effect on the movement of particles inside the transi tion region may be neglected, while interaction be tween the particles is effected by a self consistent electromagnetic field. It is therefore necessary, first of all, to consider the motion of a particle in a given electromagnetic field. The movement of a charge in a high frequency field of arbitrary geometry is very complicated, even when the spatial gradients of the fields are small. We shall therefore confine ourselves to a special case where there is a plane standing electromagnetic wave with circular polarization Е„ = E n .(z)(ei sin O i e 2 cos Oí) Н„= Я. (z) (ei sin Oí—62 cos Oí) and a steady magnetic field Ho, which may have spatial gradients (here eo, ei, e 2 are orthonormal vectors: 60 = Н0/Я0). The net magneticfieldat every point precesses with frequency О about the direction of the steady field, remaining constant in value. The full movement of a particle in the prescribed field consists of a fast oscillating motion with fre quencies ш св and Q (w ce = eH/mc) and of a slow motion during time periods longer than l/w ee and I/O. Such a subdivision is possible if the conditions R ce <^ L,a ^ L are fulfilled, where i? C e is the Larmor radius of the particle, a is the displacement of the particle during I/O, and L is the characteristic length in which the magnitudes of the fields change sub stantially. A particle in a non uniform field is acted upon by a force whose time average is (JA • V)H where (t = (е/2с)<г х v>. In the simplest case when the frequency and the amplitude are small (О <^ ш се , ff~ <^ Ho), the particle, being attached to the pre cessing magnetic line of force, will move as follows: V = Г =^o(v t — sin +t) x (ei cos <u ce t—e z sin co ce i) + v ñr(*i sin O í - e 2 cos Oí), •"0 and consequently its magnetic moment is (1) 239 
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P/2501 USSR
 Thermal Insulation and Confinement of Plasma with aHigh-Frequency Electromagnetic Field
 By A. A. Vedenov, T. F. Volkov, L. I. Rudakov and R. Z. Sagdeyev (theory) andV. M. Glagolev, G. A. Yeliseyev and V. V. Khilil (experiment)*
 At the Institute of Atomic Energy (Academy ofSciences, USSR) we have studied the problem ofcreating and thermally insulating a plasma by meansof high-frequency electromagnetic fields. Electro-magnetic alternating fields which do not penetrateinto plasma set up a pressure difference on the plasmaboundary. There may be various ways of excitingalternating fields. One of the'ways, most convenientfrom the radio engineering standpoint, is the settingup of a standing electromagnetic wave in a volumeresonator partly filled with plasma. Such electro-magnetic oscillations can be excited between theconductive walls of the resonator and the surface ofplasma in such a way that the electromagneticpressure, averaged over the high-frequency oscilla-tions, with geometry specially selected, is the same atevery point of the plasma surface. (For example, seeRef. 1.) If the amplitude of the high-frequencyelectromagnetic field is sufficiently large, its pressuremay balance the pressure of the plasma. Howeversuch a method of plasma containment is unsuitable,as the power required to maintain a large amplitudeover the whole surface of the plasma would greatlyexceed the thermonuclear reaction energy yield in theplasma, assuming reasonable resonator quality Q.
 Those systems appear to be more realizable inwhich the high-frequency electromagnetic field playsonly an auxiliary role; viz., balancing the plasmapressure at individual (most "dangerous") sectionsof its surface while the plasma is, in the main, balancedby the steady magnetic field. An example of such anarrangement may be a system with a longitudinalmagnetic field, which provides for thermal insulationof plasma across the magnetic lines of force, withvolume resonators at the butt ends. Plasma spreadingalong the Unes of force would be limited by the effectof the alternating fields in the resonator.
 THEORY
 Single Particle Problem
 A strict theoretical analysis of the problem shouldbe made within the framework of a kinetic equation.2
 The free path of particles in hot plasma is long, andOriginal language: Russian.* Academy of Sciences of the USSR, Moscow.
 collisions may be considered to be so rare that theireffect on the movement of particles inside the transi-tion region may be neglected, while interaction be-tween the particles is effected by a self-consistentelectromagnetic field. It is therefore necessary, firstof all, to consider the motion of a particle in a givenelectromagnetic field. The movement of a charge in ahigh-frequency field of arbitrary geometry is verycomplicated, even when the spatial gradients of thefields are small. We shall therefore confine ourselvesto a special case where there is a plane standingelectromagnetic wave with circular polarization
 Е„ = En.(z)(ei sin O i - e 2 cos Oí)Н „ = Я . (z) (ei sin Oí—62 cos Oí)
 and a steady magnetic field Ho, which may havespatial gradients (here eo, ei, e2 are orthonormalvectors: 60 = Н0/Я0). The net magnetic field at everypoint precesses with frequency О about the directionof the steady field, remaining constant in value.
 The full movement of a particle in the prescribedfield consists of a fast oscillating motion with fre-quencies шсв and Q (wce = eH/mc) and of a slowmotion during time periods longer than l/wee andI/O. Such a subdivision is possible if the conditionsRce <^ L,a ^ L are fulfilled, where i?Ce is the Larmorradius of the particle, a is the displacement of theparticle during I/O, and L is the characteristic lengthin which the magnitudes of the fields change sub-stantially. A particle in a non-uniform field is actedupon by a force whose time average is (JA • V)Hwhere (t = (е/2с)<г х v>. In the simplest case whenthe frequency and the amplitude are small (О <̂ шсе,ff~ <̂ Ho), the particle, being attached to the pre-cessing magnetic line of force, will move as follows:
 V = Г =^o(vt — sin+ t ) x ( e i cos <ucet—ez sin cocei)
 +vñr(*i sin Oí - e2 cos Oí),•"0
 and consequently its magnetic moment is
 (1)
 239
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240 SESSION A-9 P/2501 A. A. VEDENOV et al.
 Furthermore, in a standing circularly polarizedwave E has a constant component directed along therevolving line of force of the net magnetic field H.Its projection on H equals
 Eeî = E sin(H~, H) s EH „/Ho. (3)
 The total force acting on the particle in the directionof the steady field Ho equals the sum of the expres-sions eo-Cf '̂V)!! and eEet, and the equation ofmotion along the magnetic lines of force is as follows:
 An exact solution of the problem, without theabove limitation of the amplitude and frequency ofthe alternating magnetic field, but retaining the condi-tions 2?ce <^ L a <^ L, results in the following equa-tion for a slow motion:
 where:
 g = Мб2 X
 ••{-
 mK = («/c)RxHo+«g
 ) X
 2 (1+COS0)2 i7±
 2(l-COS0)2
 4 íü+Ü + 4 ' л +
 _ _jff.
 £U/20+i2
 £2 sine
 (5)
 COS
 еН0
 Let us consider by way of illustration the movementof a particle along the lines of force of a non-uniformmagnetic field Ho with Q -̂ wce and Я „ ^ HOl
 neglecting the effect of the electric field (which ispermissible in plasma with a large dielectric constant).If H^ changes in space much slower than Ho, Eq. (4)is integrated as follows:
 <«сеО
 where Ног is the magnetic field at the turning point ofthe particle, and e is the kinetic energy of the particle.The magnitude of the relative drop of the magneticfield (Hor—Ho)¡Hor sufficient to retain particles ofany energy with па>ее0 < О is determined from thecondition
 (Hor-Ho)IHOr = *-i In (1 +*) (6)where x =
 Plasma Problem
 When there are no collisions, the distributionfunction depending on the variables defining slowmotions corresponds to a kinetic equation having
 the equations of motion as its characteristics.2 Theelectric and magnetic fields are determined fromMaxwell's equations, account being taken of the factthat a current of charged particles is set up both bythe "slow" and "fast" motion. Such a system ofequations permits one to consider the problem ofequilibrium between a standing plane wave andplasma in the presence of a steady uniform magneticfield (directed along the z axis) perpendicular to theboundary of plasma. If the frequency of the alter-nating field is considerably greater than the Larmorfrequency of ions, the effect of the alternating field onthe movement of ions may be neglected.
 The ions are acted upon only by the longitudinalelectric field Ez resulting from the separation of thecharges (obtained with due consideration for quasi-neutrality). We are interested in a solution in whichthere is only plasma at z -> + oo and there is a stand-ing electromagnetic wave at z —>• — oo.
 The character of the changes in the electric andmagnetic fields inside the transition region is definedby the equations:
 Й 2 £ Г4тге2 Г¿г2 [шс 2 J
 Q21 _. .
 dETz
 Qс ' (7)
 where Fo(e) is the limiting value of the energydistribution of ions as z -> + oo, and the boundaryconditions
 E =asat 0
 are imposed. Here 2 = 0 corresponds to the returnpoint for the ions having maximum energy; plasmaoccupies the half-space z > 0.
 Equations (7) define the behaviour of solutions forE and H as z -> 0 and z -*• oo:
 •оо (8)
 dFo, ,ejnax\l^r(emax)—JJ »
 'ce emax2n0
 X Eo—
 Here <up is the Langmuir plasma frequency. It shouldbe noted that from the first integral of Eqs. (7)it is possible to obtain the condition for the balanceof pressures of plasma and the standing electro-magnetic wave
 (9)
 For this it is necessary to put E = Eo (H = Ho)where Eo is the electric field of the wave at the return
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 Measurement of plasma concentration
 To magnetrongenerator
 To magnetrongenerator
 Generator of 3or 0.8 cm waves
 Measurement ofthe amplitude of theelectromagnetic field
 [To the vacuum system2501.1
 Figure 1. Schematic of apparatus for stud/ of plasma confinement by e-m fields(1) Measurement of plasma concentration. (2) Generator of 3 or 0.8 cm waves. (3) Measuringresonator. (4) To magnetron generator. (5) Measurement of the amplitude of the electromagnetic
 field. (6) Receiver. (7) To the vacuum system
 point for the ions with the maximum energy «max, sothat e m a x = e2Eo2/2mQwee. The averaging we havemade use of is applicable if the spatial gradients ofthe field are small. In any self-consistent problem,the characteristic size is the width 8 of the transitionregion. From (8) 8 ~ (с/шр)(сосе/и)", so that thecriterion RCe <̂ L appears as follows: г>2/сосе
 2 ^(с2/шр
 2)шс в 'и. With Яо2/&т ~ щТ this coincideswith the condition О <̂ wc e formerly accepted by us.
 If the distribution function for energies e < е ш а х
 approximates the Maxwellian one with temperatureT, then emax/Г = шр2/(<осеО). Collisions in plasma,however rare they might be, lead to the appearanceof particles with e > emax, which pass through theeffective potential barrier e22fo2/(2mQwCe). If, how-ever, Qwce/iup2 <̂ 1, there will be few such particles,and the leakage determined by the exponential factorof the Maxwellian distribution exp[—шр2/(Ошсе)],will be small.
 We have considered here a case where the magneticfield has no gradients, i.e., in the force (4) there is noterm with {t-V#. Analysis of the movement of asingle particle indicates (see Eq. (4)) that in a non-uniform magnetic field forces appear which mayconsiderably increase the potential barrier.
 Proceeding from the analysis of a kinetic equationwithout collisions, we have shown that in the range offrequencies cuoei < О < £ocee the pressure of an electro-magnetic wave with a wave vector directed along asteady magnetic field may balance the pressure ofplasma. In this case the plasma may be localized in alimited volume provided there are no particles with
 energy exceeding the height of the effective potentialbarrier.
 StabilityLet us now consider the stability of the boundary
 of plasma whose pressure is partly or completelybalanced by the time average of the pressure of anelectromagnetic field. We shall attempt to solve theproblem in a hydrodynamic approximation, con-sidering the plasma merely as a high conductivityfluid. Let us assume that the skin-effect is so strongthat the electromagnetic field does not penetrateinside the plasma to a considerable depth (i.e., thewave lengths of the perturbation should be muchgreater than the thickness of the transition region).Let us consider a two-dimensional problem, all themagnitudes being a function of x and z. Let thex axis be directed along the plane surface of theplasma and the z axis be normal to it. The plasmaoccupies region z > I. The plane z = 0 is assumed tobe rigid and ideally conductive.
 The electric field (with frequency O) is determinedfrom the equation:
 0. (10)
 The electric field is to vanish both on an ideallyconductive wall and on the surface of the plasma.If a travelling electromagnetic wave is excited in thecavity 0 < z < I between the wall and the plasma,we obtain from Eq. (10) :
 Ey(0) = Eo sin (nzjl) sin (Qi+ кх),2
 * ~ 2

Page 4
                        

242 SESSION A-9 P/2501 A. A. VEDENOV et al.
 2501 2
 Figure 2. Photograph of apparatus
 A steady and uniform magnetic field # 0 may beapplied outside the plasma along its surface. Thefollowing conditions must be satisfied on the surface(with* = I):
 8ттП0Т = (H)The symbol < > denotes in this case an average intime. Let us consider perturbations of the electro-magnetic field caused by the movement of the plasmasurface. Suppose the perturbed surface is defined bythe equation z = l + фо exp i(KX + wt), \фо\ < I. Letus assume that the perturbed motion of the surfaceis slow compared to the frequency of the electro-magnetic field. In determining the perturbations ofthe electromagnetic field EyW, we shall thereforeassume the surface stationary and regard time as aparameter. For EyQ) we have an equation similar to(10). The electric field Ey should vanish on thedisplaced surface. Expanding ф0 in a series we obtain
 = —фо ехр Í(ü)t-\-KX)-dx
 at z = I. (12)
 Then, taking the motion of the surface as beingprescribed, we determine the movement of theplasma on which no volume forces act, fields beingabsent inside the plasma in the given case of a strongskin-effect. The boundary condition is obtained fromthe requirement that the normal component is equalto the velocity of plasma at the velocity of the surface
 itse]f. Assuming that the deformation is small, we have
 vx = шфоехр г(кх + а>1), at z = I.
 On the surface z = / we have a boundary conditionfor the perturbed quantities:
 8ттп^)Т = ( HJ^HJ1) > (13Ï
 The magnetic field is determined from the knownelectric field with the aid of Maxwell's equations. Ondetermining the perturbation of the plasma density(regarding the process, for the sake of simplicity, asbeing isothermal) we obtain from boundary condition(13):
 /,»2
 = AB(k), (14)
 where
 B(k) =
 The quantity
 K)*-q2 coth
 q = Q/c,
 (15)
 = T/M
 10-6Evc
 2
 />Z2i22
 (Ev is the amplitude of the electric field in volts/cm,p is the plasma density in g/cm3).
 It can be seen from (14) that the sign of со2 coincideswith the sign of B(k). Now B(k) is negative provided
 2K < k < 2K+A, (16)
 where Д is some positive quantity which is easy toobtain numerically from (14) and (15) for given D.
 In case KI >̂ 1 (i.e., the plasma is far away from thewall) we obtain:
 2#c (17)
 &* /1-&J
 The perturbations whose wave numbers are outsidethe range determined by (16) or (17) are stable. Theirpropagation velocity is a function of the amplitude ofa high-frequency electromagnetic field.
 Now let us consider the case of plasma oscillationin the field of a standing electromagnetic field whenE(°) = EQ sin (TTZ/I) sin £lt. The dispersion equationfor such a case is obtained from (14) when d vanishes.It is easy to prove that in this case the oscillations areunstable if
 (тг2//2) (18)
 Instability appears when the length of the perturba-tion wave becomes comparable to the distance be-tween the plasma and the ideally conductive wall.Short-wave perturbations remain stable.
 We can see that surface oscillations of plasma (ormore generally of any conductor, even an incom-pressible fluid) in the field of a travelling or standingelectromagnetic wave possess instability of a resonant
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 nature with respect to the wave lengths. Instabilityarises because during deformation of the surface theelectromagnetic field increases near the points con-cave into the plasma, and decreases near the convexones.
 Consequently the presence of a high-frequencyelectromagnetic field may in some cases reduce thestability of the plasma. To retain stability, the regionwhere the plasma contacts the electromagnetic fieldshould not be too long. This factor should be takeninto account when designing installations in whichplasma contacts wave fields. Leaving out of considera-tion the possibility of damping, instability exists atany amplitude of the external electromagnetic field.If, however, the plasma is partly confined by an ex-ternal magnetic field, the oscillations excited as aresult of the above instability may remain small.
 It is easy to prove that the criteria of instability soobtained are also valid in the case when there is asteady magnetic field inside the plasma. It should alsobe noted that analysis of a cylindrical case leads tothe similar result.
 EXPERIMENTS
 To check the conclusions of the theory of the pos-sible confinement of plasma by means of alternatingelectromagnetic fields, experiments were conducted,whose preliminary results are outlined in this chapter.Electromagnetic fields excited in volume resonatorswere used in the experiments. Plasma was producedin a longitudinal magnetic field inside a straightquartz tube (15 mm in diameter, 400 mm long),rectangular volume resonators being placed along itsbutt ends. The apparatus is shown in Fig. 1(2).
 The ends of the tube were set into the resonators15 mm deep through openings. Electromagneticoscillations of the TEioi type were excited from apulsed magnetron generator in the ten-centimetrerange, supplying high-frequency pulses lasting 120microseconds with a power up to 400 kw. An adjust-ment of the generator power over a wide range wasprovided. The maximum amplitude ôf the high-frequency magnetic field in the resonators attained60 gauss. The longitudinal magnetic field wasvaried in a range from 0 to 2000 gauss. The experi-ments were carried out on various gases (argon,nitrogen and hydrogen) at pressures ranging from5 x 10-5 to 5 x 10-3 mm Hg.
 Measurements of the concentration in time weremade both by measuring the shift of the character-istic frequency of the measuring resonator and bymeasuring the cut-off frequency for electromagneticwave transmission (the waves being from 3 to 0.8 cmlong).
 During the magnetron pulse, the amplitude of theelectromagnetic field in the resonator was oscillo-graphed. The measurements made it possible todetermine approximately the position of the plasmainside the resonator, and consequently provided ananswer to the main question: whether the electro-
 Figure 3. Oscillograms of e-m field amplitude in resonator
 (a) H = 60 gauss without discharge(b) H = 30 gauss; p = 3 x 10"4 mm Hg(c) H•= 60 gauss; p = 3 x 1 0 " 4 mm Hg(d) H = 60 gauss; p = 1 x 10~3 mm Hg
 magnetic field of the resonator insulates the plasmafrom the butt end of the tube.
 The oscillograms of the field amplitude for variousconditions are presented in Fig. 3.
 When oscillations were excited in the resonator, ahigh-frequency discharge was struck at the ends of thetube, and the resulting plasma, spreading along themagnetic field, filled the whole tube. At the initialstage of the process, the formation of plasma in theparts of the tube located inside the resonator, leads toa considerable detuning of the resonator and to areduced amplitude of oscillations.
 Further development of the process depends on theamplitude of the field in the resonator and the con-centration of the plasma formed in it. For example,at a concentration of 1013 cm~3 (argon, pressure3 x 10~4 mm Hg) and a field amplitude amounting to30 gauss, the resonator remains highly detunedduring a part of the pulse (Fig. 36).
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 With an increase in the amplitude of the field(60 gauss), the shape of the pulse changes drasti-cally. Beginning with a certain moment, the detuningis abruptly reduced and the amplitude of the fieldapproximates the initial one (Fig. 3c).
 In this case the concentration of the plasma in thetube, measured near the resonator, increases, reaching
 • a maximum value (~ 1013 cm"3). As the pressureincreases, the concentration of the plasma grows,accompanied by a new intensive detuning of theresonator throughout the pulse (Fig. 3d).
 The nature of the process does not change in experi-ments with other gases (nitrogen, hydrogen).
 Reduced detuning of the resonator during continuedgrowth of the concentration in the tube indicates that,the plasma is forced out of the resonator by the electro-magnetic field.
 Control measurements of the shift of the naturalfrequency of the resonator by a plasma which com-pletely fills the end of the tube entering it, made at asmall amplitude of the field, have shown that themagnitude of the shift at a concentration of 1010 cm-3
 exceeds the transmission band of the resonator. Hence,it may be stated that the concentration of the plasmaoutside the resonator exceeds 1013 cmr3, it is muchless than 1010 cm"3 inside the resonator. This proves
 that the plasma is practically forced out of the reso-nator by the electromagnetic field.
 An electromagnetic field with an intensity H mayconfine plasma with a pressure nT = < Я 2 >/8тг.With Я = 60 gauss we have nT x 70 dyn/cm2,which agrees qualitatively with a pressure correspond-ing to the measured concentration of ~ 1013 cm-3
 and a temperature of electrons estimated in time bythe afterglow of plasma (~ 5 ev).
 Preliminary experiments point to the possibility ofconfining plasma by means of electromagnetic fieldsof large amplitude.
 ACKNOWLEDGEMENT
 The authors wish to make grateful acknowledge-ment to Academician M. A. Leontovich who took partin discussing most of the problems raised in the paper,and who gave much helpful advice.
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