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            FPo5.45 MAGNETIC CONFINEMENT OF AN EXPANDING LASER-PRODUCED PLASMA M. S. Tillack, S. S. Harilal, F. Najmabadi and J. O’Shay UC San Diego, Center for Energy Research 9500 Gilnan Drive, mail stop 0438 La Jolla, CA 92093-0438 [email protected] High energy ions from IFE target explosions threaten the survival and lifetime of dry chamber walls. Magnetic fields have been proposed as a possible means to divert or extract energy from the expanding plasma. We have performed experimental studies to characterize the expansion dynamics of laser ablation plumes into several magnetic field configurations, including fields aligned with or transverse to the expansion direction, and a curved field with the axis aligned with the expan- sion direction. Plasma was produced using pulses from a Q-switched Nd:YAG laser supplying power density in the range of 5–50 GW/cm 2 . Significant changes were observed in the plume dynamics, including enhanced emission, confinement of the plasma, and guiding of the expansion along field lines. I. INTRODUCTION The idea of using magnetic fields to confine or divert high-energy ions emanating from IFE target explo- sions has been considered from the early days of IFE power plant research 1 . It has been postulated 2 that a cloud of laser-produced plasma will be stopped by a magnetic field B in a distance R~B -2/3 . In the diamag- netic limit, applying such simple estimates indicates that a 200 MJ fusion reaction could be confined to a b =1 bubble of radius just under 5 m using a magnetic field of 1 T. In addition to confinement, the presence of a mag- netic field may lead to ion acceleration, enhanced emis- sion intensity, and various kinds of instability. Further research is needed in order to assess the feasibility of this concept and to better understand the various options and issues for magnetic confinement of IFE target emissions. Considerable work has been performed previously on the interaction of an expanding plasma cloud with a magnetic field. Dimonte and Wiley 3 investigated the expansion of plasma across a transverse magnetic field (B=0.35 T) and found that the plasma is contained within the magnetic cavity up to the point of peak diamagnet- ism. Later, the magnetic field was observed to diffuse into the plasma anomalously fast compared to classical diffusion rates. This is believed to be caused by insta- bility as the plasma is decelerated, and is evidenced by observations of flute structures. Mostovych, et. al. 4 investigated the expansion of laser-produced plasma in 0.5-1 T transverse magnetic fields, and reported flows that were collimated into two dimensional jets that became focused and driven un- stable by the field. Even though the magnetic pressure P B =B 2 /8p exceeded both the plasma ram pressure P r =nMV 2 /2 and the thermal pressure P t =nkT, the jet’s tip velocity was not reduced. The profile of the plasma jet in the plane normal to the magnetic field became wedge-shaped and exhibited an asymptotically narrow- er and denser tip. Ripin et. al. 5,6, studied sub-Alfvenic plasma expan- sion in the limit of large ion Larmor radius and reported that the magnetic confinement radius R b followed the expected B -2/3 dependency within ±20% error at inter- mediate magnetic field values. Before the plasma reached R b , the leading edge developed distinct flute structures or spikes that projected out from the main plasma body into the magnetic field. The onset of the instability curiously occurred at about the same distance and time regardless of field strength, and the wave- lengths appeared to be insensitive to the field strength as well. The experimental linear growth rate of this instability is consistent with that of the large-Larmor- radius instability theory developed by Huba et. al. 7 , and is nominally 6 times faster than the conventional MHD Rayleigh-Taylor growth rate. II. EXPERIMENTAL SET-UP Details of our experimental set-up are given in a recent publication 8 . 1.06 m m pulses from a Q-switched Nd:YAG laser (8-ns pulse length) were used to create an aluminum plasma in a stainless steel vacuum chamber. The chamber was pumped to a base pressure ~10 -8 Torr. The laser beam was focused onto the target 
        

    





                                            

                

            

        


        
            
                
                
                
            

            
                

                

                
                    
                     Match case
                     Limit results 1 per page
                    

                    
                    

                

            

        
    


    
        
                            
                    


        

            
                
                    

                    
                    
                

                
                    
                    1

4
                    
                

                
                    
                    100%
Actual Size
Fit Width
Fit Height
Fit Page
Automatic


                    
                


                
                
                    
                    Embed
                
                
            


        

        

    




        

            

        
            
                
                    
                        
                            Home
                        

                        
                                            


                    
                        FPo5.45 MAGNETIC CONFINEMENT OF AN EXPANDING  · PDF fileFPo5.45 MAGNETIC CONFINEMENT OF AN EXPANDING LASER-PRODUCED PLASMA M. S. Tillack, S. S. Harilal, F. Najmabadi

                        Feb 06, 2018

                        
                                                                                        Download
                                                        Report
                        


                        
                            Category:
                            
                                Documents
                            

                        


                                                    
                                Author:
                                doancong
                            

                        

                        

                        
                    



                    

                                    

            




            
                
                    
                                                    Welcome
                        
                                                    
                                Comments
                            
                        
                                            




                                            
                            Welcome message from author

                            This document is posted to help you gain knowledge. Please leave a comment to let me know what you think about it! Share it to your friends and learn new things together.
                        

                    

                                            
                                                            
                            
                            

                        

                    

                                    

            

        


                    
                
                    
                        Transcript

                        
                            Page 1
                        

FPo5.45MAGNETIC CONFINEMENT OF AN EXPANDING LASER-PRODUCED PLASMA
 M. S. Tillack, S. S. Harilal, F. Najmabadi and J. O’ShayUC San Diego, Center for Energy Research
 9500 Gilnan Drive, mail stop 0438La Jolla, CA 92093-0438
 [email protected]
 High energy ions from IFE target explosionsthreaten the survival and lifetime of dry chamber walls.Magnetic fields have been proposed as a possible meansto divert or extract energy from the expanding plasma.We have performed experimental studies to characterizethe expansion dynamics of laser ablation plumes intoseveral magnetic field configurations, including fieldsaligned with or transverse to the expansion direction,and a curved field with the axis aligned with the expan-sion direction. Plasma was produced using pulses froma Q-switched Nd:YAG laser supplying power density inthe range of 5–50 GW/cm2. Significant changes wereobserved in the plume dynamics, including enhancedemission, confinement of the plasma, and guiding of theexpansion along field lines.
 I. INTRODUCTION
 The idea of using magnetic fields to confine ordivert high-energy ions emanating from IFE target explo-sions has been considered from the early days of IFEpower plant research1. It has been postulated2 that acloud of laser-produced plasma will be stopped by amagnetic field B in a distance R~B-2/3. In the diamag-netic limit, applying such simple estimates indicates thata 200 MJ fusion reaction could be confined to a b=1bubble of radius just under 5 m using a magnetic field of1 T. In addition to confinement, the presence of a mag-netic field may lead to ion acceleration, enhanced emis-sion intensity, and various kinds of instability. Furtherresearch is needed in order to assess the feasibility of thisconcept and to better understand the various options andissues for magnetic confinement of IFE target emissions.
 Considerable work has been performed previouslyon the interaction of an expanding plasma cloud with amagnetic field. Dimonte and Wiley3 investigated theexpansion of plasma across a transverse magnetic field(B=0.35 T) and found that the plasma is contained withinthe magnetic cavity up to the point of peak diamagnet-ism. Later, the magnetic field was observed to diffuse
 into the plasma anomalously fast compared to classicaldiffusion rates. This is believed to be caused by insta-bility as the plasma is decelerated, and is evidenced byobservations of flute structures.
 Mostovych, et. al.4 investigated the expansion oflaser-produced plasma in 0.5-1 T transverse magneticfields, and reported flows that were collimated into twodimensional jets that became focused and driven un-stable by the field. Even though the magnetic pressurePB=B2/8p exceeded both the plasma ram pressurePr=nMV2/2 and the thermal pressure Pt=nkT, the jet’stip velocity was not reduced. The profile of the plasmajet in the plane normal to the magnetic field becamewedge-shaped and exhibited an asymptotically narrow-er and denser tip.
 Ripin et. al.5,6, studied sub-Alfvenic plasma expan-sion in the limit of large ion Larmor radius and reportedthat the magnetic confinement radius Rb followed theexpected B-2/3 dependency within ±20% error at inter-mediate magnetic field values. Before the plasmareached Rb, the leading edge developed distinct flutestructures or spikes that projected out from the mainplasma body into the magnetic field. The onset of theinstability curiously occurred at about the same distanceand time regardless of field strength, and the wave-lengths appeared to be insensitive to the field strengthas well. The experimental linear growth rate of thisinstability is consistent with that of the large-Larmor-radius instability theory developed by Huba et. al.7, andis nominally 6 times faster than the conventional MHDRayleigh-Taylor growth rate.
 II. EXPERIMENTAL SET-UP
 Details of our experimental set-up are given in arecent publication8. 1.06 mm pulses from a Q-switchedNd:YAG laser (8-ns pulse length) were used to createan aluminum plasma in a stainless steel vacuumchamber. The chamber was pumped to a base pressure~10-8 Torr. The laser beam was focused onto the target
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surface at normal incidence using a plano-convex lens toachieve an average intensity of 5 GW/cm2 over a 0.7-mmdiameter spot or 50 GW/cm2 over a 0.3-mm spot.
 Plasma emission begins on the target surface soonafter the laser photons reach the surface. Plume imagingwas performed using an intensified CCD camera placedorthogonal to the plasma expansion direction. Visibleradiation from the plasma was recorded integrally in thewavelength range 350-900 nm with 2-ns minimum gatetime. A programmable timing generator was used tocontrol the delay time between the laser pulse and theimaging system with overall temporal resolution of 1 ns.For clarity, all of the images given in the figures arenormalized to the maximum intensity in that image.They are not necessarily representative of the total fluxbecause a part of the plume is nonluminous.
 An iron-core magnetic trap was fabricated toprovide transverse and axial magnetic fields (see Fig. 1).NdFeB magnets (5¥2.5¥1.5 cm3) were used to generatethe field in the gap. For the transverse expansion case,the separation between the magnets was kept at 1.5 cmand the target was placed 1 cm from the pole edges. Inthis case, the magnetic field is nearly uniform along thedirection of the plume expansion with a measuredmaximum of 0.64 T. In the radial direction the field isless uniform.
 Figure 1. Schematic of the magnetic trap used for trans-verse and axial field experiments.
 For the axial expansion case, the beam was intro-duced at an angle 30˚ with respect to the target plane.The separation between the magnets was kept at 3 cm,which provides a relatively constant 0.4 T magnetic fieldalong the plume expansion direction.
 Figure 2. Schematic of the magnetic trap used forcurved field experiments.
 Figure 2 shows a schematic of the magnet used tostudy curved magnetic field configurations. We usedthe same neodymium magnets as above, but switchedthem into an opposing orientation to set up a cusp-likefield. The target is mounted on a disk magnet whichhelps to intensify the field strength in the vicinity of thelaser plasma. Plasmas were created at the center of thedisk as well as 5-mm off axis.
 III. PLASMA PARAMETERS
 Achieving prototypical ion energies and plasmaconditions which exist following an IFE target explo-sion requires an ignited, high-gain target facility. How-ever, valuable information can be obtained by studyingthe expansion dynamics of laser ablation plumes if theparameters are similar to those of IFE expansions.
 Using planar targets with beam diameter muchlarger than the initial plasma thickness, the expansionof a laser plasma in the absence of a magnetic field isnearly one-dimensional8. After termination of thepulse, adiabatic expansion is the dominant mechanismby which the plasma cools. The thermal energy isconverted into directed kinetic energy of the ions, andthe electron density is observed to decay exponentially.Similar behavior is seen in IFE target explosions wherethe initially hot (50–100 keV) dense (1025/cm3) plasmaexpands into a spectrum of high-energy ions. As theexpansion proceeds, the density and temperature fallrapidly, as does the plasma beta when a magnetic fieldis applied. During this latter stage of the plasmaexpansion it is possible to simulate the expansiondynamics with laser plasma sources.
 Due to the highly transient non-equilibrium natureof the plume, assignment of dimensionless parametersto describe the behavior is limited in validity. Never-theless, we have examined several similarity parametersin order to show relevance to the IFE case. Table Isummarizes parameters obtained from spectroscopicmeasurements at 1-mm from the target surface.
 Table I. Maximum parameters achieved in an Al laserplasma formed from 8-ns, 5 GW/cm2 pulses in a 0.64 Ttransverse magnetic field
 Electron plasma frequency 2.4 x 1013 HzElectron cyclotron frequency 1.13 x 1011 rad/secElectron Larmor radius 1 mmDebye length 20 nmND 10Al+ cyclotron frequency 2.3 x 106 rad/secAl+ Larmor radius 1.30 cmAlfvèn velocity 4x105 cm/s
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One of the most important parameters for expansioninto a magnetic field is the plasma beta. After the initialconversion of thermal energy into directed energy, thedirected b (bd=4pnMV2/B2) is used. For our data in thepresence of a transverse magnetic field, bd is seen to varyby over an order of magnitude within the first 20 ns ofspectral line emission (see Figure 3). Only after theplume has evolved 280 ns does b d approach unity,indicating that the displaced magnetic field energy isapproximately equal to the kinetic energy of the expan-ding plasma.
 Figure 3. Time evolution of plasma beta 1 mm from thetarget surface
 In the early phase of the plume expansion, bd is onthe order of a few thousand, which is in the regime ofdiamagnetic expansion.9 Diamagnetic currents excludethe magnetic field from the interior of the plume, andmay interact with the steady state magnetic field throughthe J¥B force. This dynamic will simultaneously accel-erate and decelerate different regions of the plumedepending on the direction of the diamagnetic currents.10
 In the latter phase of the plume expansion, or non-diamagnetic limit, the plasma cools and the field is ableto diffuse across the boundary relatively fast compared tothe time scale of the experiment.
 IV. RESULTS
 IV.A. Transverse Magnetic Field
 Figure 4 shows plume images at various times bothwith and without a transverse field applied. In the pres-ence of magnetic field, plume propagation is consid-erably slowed and confined in a direction perpendicularto the target surface. The magnitude and effect of themagnetic field interaction mainly depends on the prop-erties of the outer layer of the plume, which shields theinterior of the plasma from the magnetic field11. Whilethe kinetic pressure of the plasma is greater than themagnetic pressure, the plasma penetrates through theregion occupied by the magnetic field. As the plumeexpands, the pressure decreases and hence the resistanceoffered by the magnetic field increases. Plasma confine-
 ment and stagnation take place when the kineticpressure and plasma pressure balance. The confine-ment increases the collision frequency of the chargedspecies both by confining them to a smaller volume andby increasing their oscillation frequency. Hence theconstraint of the cross-field expansion by the magneticfield results in thermalization and a higher pressure inthe confined plasma.
 Figure 4. Plume images in the presence and absence ofa transverse magnetic field.
 Plume expansion in the transverse direction issignificantly higher in the presence of the magneticfield, although the radial expansion velocities are muchlower than the axial direction. Particles with velocitycomponents directed only along the magnetic axis willbe unaffected by the magnetic field, however we alsoobserved transverse pressure-driven expansion acrossfield lines. In the present studies, the lateral expansionof the plume is more pronounced at later times com-pared to expansion normal to the target surface.
 Figure 5 shows the position-time (R-t) plotobtained from the imaging data. The symbols representexperimental data points and the curves represent thebest fit. Without magnetic filed the plume frontexpands adiabatically with a linear behavior with time(the straight-line fit in the graph corresponds to Rµt).
 Figure 5. R-t plots obtained from plume images withand without a transverse magnetic field.
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The expansion velocities of the plasmas are meas-ured from the slopes of the displacement–time graph.The estimated expansion velocities of the plume in thefield free case is 6.6¥106 cm/s. When we introduce themagnetic trap, the plume expansion velocity dropped to4¥106 cm/s in the initial times and much slower at times>150 ns. The plume is never fully stopped by themagnetic field, indicating that the plume front penetratesinto the magnetic field and propagates slowly.
 IV.B. Axial Magnetic Field
 Figure 6 shows the plume expansion in an axialmagnetic field. The power density of the laser in thiscase was 50 GW/cm2. With the axial magnetic fieldguiding of the plasma along the field lines are observed.The images also show a collimating effect on theexpanding plasma. The estimated expansion velocity ofthe magnetically confined plasma from the images is ~4¥106 cm/s. A secondary plasma formed on theopposing magnet also visible in the images. This may becaused by fast moving ions (velocity ~107 cm/s) whichescaped without interacting with the magnetic field.
 Figure 6. Plume images with an axial magnetic field.
 IV.C. Curved Magnetic Field
 Images of the expanding plasma with a curvedmagnetic field are given in Figures 7 and 8. The powerdensity in these cases was 5 GW/cm2 and the spot sizewas 0.7 mm The images indicate that the plasma isdirected along the field lines.
 Figure 7. Images of plume expansion along thesymmetry axis of a curved field.
 Figure 8. Images of plume expansion 5-mm off thesymmetry axis of a curved field.
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