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Abstract

The effect of neutralbeaminjection (NBI) in a field-reversedconfiguration(FRC) plasmahas
beeninvestigatedy usinga newly developedThomsonscatteringelectrontemperaturéneasuremersys-
tem. Experimentalresultshar shavn that the FRC plasmawith the NBI had 10-20eV higher electron
temperatureandlongerflux confinementime thanthosewithout the NBI. The obseneedflux confine-
menttime shaw positive dependengontheelectrontemperaturavith 7,, oc 7,232, which suggestshatthe
FIX-FRC hasa crossfield diffusivity with classical-like dependengonT,. Theseresultsmayexplainthe
anomaloudifetime extensiondueto the NBI.

1 Introduction

A field-reversedconfiguration(FRC) is a compacttoroidal plasmawith extremely high beta
value[]. The FRC hasno toroidal field coils which areinterlinked to the plasmaandhasthe
potentialfor axial translationof the plasma. In the FIX (FRC Injection Experiment)research
project,several additionalheatingexperimentson the high-betaFRC plasmahave beencarried
outby usingthis translationtechnique.

A neutralbeaminjection(NBI) is anattractve candidatdor FRC sustainmentsuchasplasma
currentdrive, heatingandfueling. Recently NBI experimenthasbeenperformedon the FIX
deviceandit ledto someinterestingesults[3. Remarkablextensionof theFRCplasmdifetime
was obsered dueto the NBI, andthis extensionof the lifetime wasfound to be muchlonger
than expectedfrom the NBI power of about300kW. Therefore,it may be attributed to some
confinementmprovementcausedy NBI, e.g.improvementby electronheating stabilizationof
plasmaglobalmovement,or controllingthe scrape-df plasmacondition.

The NB effect on the edgeplasmalayer haspreviously beeninvestigatedoy an endlossflux
measuremenbut no significantevidencewhich suggestsheNB effecton edgeplasmacondition
hasbeenfound[3. On the otherhand,the stabilizationeffect of NBI hasbeenexperimentally
identifiedby magneticmeasuremeraf plasmamovement[4, althoughquantitatve relationship
betweerthe stabilizationeffect andthe confinementmprovementhasnot beenanalyzedyet.

To investigatethe mechanisnof beam-plasmanteraction,spatialprofile measuremenf the
FRC plasmaparameters essentialand especiallythe electrontemperaturaneasuremens re-
quiredto analyzeboth the electronheatingeffect andthe mechanisnof confinemenimprove-
ment.



This article presentghe resultsof electrontemperaturaneasuremenperformedon the NB-
injectedFRC plasmain the FIX device. The electronheatingeffect andthe confinemenim-
provementareanalyzedanddiscussed.

2 Experimental Setup

2.1 TheFIX Device and the NB Source

Theschematiwiew of the FIX device[5] is shovn in figure 1 togethewith the calculatedrajec-
tory of asamplehighenegy beamion. TheFIX device hasaformationsectionwhich consistof
aquartzvacuumvesselwith adiameterof 27cmandthetapinchcoils, andastraightconfinement
sectionmadeof a metalvacuumvesseWwhich senesasaflux conserer.
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fig.1 Schematic view of the FIX device with NB sources and the calculated trajectory of a beamion.

A FRCplasmas produceddy thefield-reversedhetapinch(FRTP) methodwith deuteriungas
puffing systemin the formationsectionandimmediatelytranslatednto the confinementsection
by a magneticpressurdifference. Typical field strengthis 0.7T in the formation sectionand
0.04Tin the confinemensection. The confinemensectionhasa pair of mirror coils locatedon
thebothend. Themirror coils arespace®.4mapart,andthe mirror field strengthis 0.08-0.40T
Thereforethe mirror ratio canbe choserto be 2-10.

NB injectorswith concae electrodesaremountedon thetaperedpartof the FIX confinement
chamber The impactparameters 100mmandthe beaminjectionaxisis inclined 19.25 to the
geometricaxis. This NB sourcecan provide neutralhydrogenbeamwith injection power of
up to 320kW (14keV, 23A) and pulsewidth of 10msec.The injectedH® neutralsareionized
mainly throughthe chage exchangereactionwithin 1m from the separatrixandtrappedin the
FIX confinementhambetby strongmirror field asshavn in fig.1.

Theenepy relaxationtime betweerthe beamionsandthe plasmaelectronds expresse@s
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for n, = 5 x 10"m?® and7, = 50eV, andthe relaxationtime betweenthe beamions andthe
plasmaionsis
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for n, = 5 x 10”m? andv, = 1.6 x 10° km/sec(correspond$o H* ion with enegy of 13keV).

Thereforethemajorpartof theNB poweris expectedo beabsorbedy plasmaelectronsiuring

the FRCdischage.

~ 2bmsec (2)



2.2 Diagnostics

The axial profile of the separatrixradiusis calculatedfrom the excludedflux measuremenby
using 35 magneticprobeslocatedjust insidethe metalchambemwall. Typical separatridength
l; iIs about3.2mandis almostconstanturing the equilibrium phase Separatrixadiusr; of the
FRC plasmajust after the translationcompletionis about0.2m,andseparatrixvolumeis about
0.4m3.

A Thomsorscatteringneasuremerdystems installedon themidplane(z=0) of the FIX-FRC
device. The systemconsistf severalcomponentssuchasa Nd: YAG laser(1064nm)andlaser
optics,light collectionoptics,polychrometersinda dataacquisitionsystem.The scatteredights
atr =0.1,0.15,0.2marefocusedby collectionlensesandintroducedinto the polychrometers
with 4 wavelengthchannelsy opticalfiber bundles.

A multicoard CO, laserinterferometer(10.6:m) and an impurity line (Oy:278.1nm)spec-
troscopy areemplgyedto measureslectrondensitiesandion temperaturet z = 0.6m apartfrom
themidplaneof the FIX confinemensection.Typical plasmgparametergs theconfinemensec-
tion are;electrondensityn, ~ 5.0x 10°m~3, total plasmaemperaturd,;(~ T, +T;) ~ 150eV.

3 Experimental results
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fig.3 Radial profiles of electron temperature
in FRCs with the NBI (lower) and

1.2 Time evolutions of (a) separatrix radius, (b) separatrix volume,
fig /(@) sep (b) sep without the NBI (upper).

and (c) trapped flux of the FRC plasmas with the NBI (solid
line) and without the NBI (dashed line).



Figure2 shavsthetypical waveformsof FRCdischagewith andwithoutthe NBI measuredh
theFIX confinemensection.Theexperimentakonditionsare;mirror ratioissetto Ry, =7 ~ 9,
13keV enegy and200 ~ 250kW power of NB is injected.We have checledthe axial symmetry
of the FRC plasmaby usingthe multichordinterferometerand chosenthe operatingcondition
to keepgoodplasmasymmetryevenin the casewithout the NBI in orderto investigatethe NB
effect on the coreplasma.In this experiment,we obsened no significantchangesausedy a
plasmadisplacemenbr a deformationbetweerthe FRC plasmaswith andwithout NBI. Sowe
supposeve couldexcludethepossibilityof theconfinemenimprovementdueto thestabilization
effectof the NBI.

Figure 2(a) shaws the separatrixadiusr, and(b) shavs the separatrixvolumeV, calculated
from magneticprobesignals. An FRC is producedby field-reversedthetapinch methodin the
sourcesectionat aboutt = 75usecandthentranslatednto the confinemensection. After the
translationphasdas completedat aboutt = 160usec,the FRCbeginsto decay

The FRC plasmawith the NBI wasobseredto have a longer lifetime thanthat without the
NBI. The plasmavolume lifetime was extendedfrom r, = 180usecto 240usecby NBI. Fig.
2(c) shaws evolutionsof trappedfluxesof the FRC plasmawith andwithout the NBI. The flux
lifetime wasalsoextendedrom 7, = 100usecto 170usecby theNBI. Sincethetotalenegy loss
from the FRC plasmawithout NBI is in the orderof several MW, the NBI with the input power
of lessthan300kWis not enoughto explain the obsenedlifetime extension.

Theseresultsindicatethatthe electronheatingcausede the NBI may bring this extensionof
theplasmdifetime, sowe carriedoutthe Thomsonrscatteringelectrontemperatureneasurement
atthetime andpositionshovn by blackcirclesin Fig2 (a). Thespatialprofile of electrontemper
aturewasachievedin onedischage,andthetime evolution of electrontemperatur@vasobsened
by changingthe laserfiring timing shotby shot. Figure 3 shavs the radial profiles of electron
temperaturef the FRC with andwithout the NBI measuredtt =150, 200,and250usec. The
radial positionis normalizedto the separatrixadius.

The NB-injectedFRCshave T, of about10 ~ 20eV higherthanthe FRCswithout the NBI.
Sincethistemperaturéencrementvasobsenedevenbeforethetranslatiorwascompletedt=150
usec),the beampower may be absorbednoreefficiently duringthe translationphasedueto the
higherdensity Theelectrongemperatureshows significantincreasetinnerregion (r/rs ~ 0.5)
andaroundthe separatrixdueto the NBI, althoughthe electrontemperaturef the FRC without
theNBI shovsaflat gradientalongtheradialdirection. Thisresultsuggestshatthe beampower
depositiormaybelocalizedprobabrydueto thenonuniformdistribution of thehighenegy beam
ions.

Figure4 shavs thetime evolutionsof (a) electrontemperaturatr=0.1mand(b) ion tempera-
ture of the FRC plasmaswith andwithoutthe NBI. Theelectrontemperaturef the NB-injected
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fig.4 Time evolutions of (a) electron temperature, (b) ion temperature, and (c) flux confinement
time of the FRCs with th NBI (solid line) and without the NBI (dashed line).



FRCkeepsl0 ~ 20eV higherthanthatof the FRC without the NBI, whereaghe evolutionsof
theion temperaturelo notshaov ary remarkablehangesHere thetotalthermallosspowerfrom
plasmaelectronsandionsarecalculatedas P o5 . = 100 ~ 300KW and P, = 1 ~ 1.5MW,
thereforethe NBI with power of 300kW hasa potentialto increaseor sustainthe electrontem-
peraturen the FRCplasma.

TheNBI alsobroughtthe extensionof theflux lifetime showvn in fig.1. Time evolutionsof the
flux confinementime areshaowvn in figure4 (c). Improvementof flux confinementvasobsenred
in parallelwith theincrementof electrontemperaturdy the NBI.

4 Discussion

In figure 5(a), the flux confinementime is plotted asa function of electrontemperature.The
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fig. 5 Flux confinement time versus electron temperature (left)
and the empirical law r4Jp, . (vight)

flux confinementime wasfoundto have adependengontheelectrontemperatureproportional
to 732, which indicatesthe flux confinementime is almostproportionalto the inverseof the
classicalresistvity, althoughthe magnitudeof the flux confinementime is much shorterthan
thatexpectedirom the classicakesistvity.

Onthe contrary the flux confinementime of the FIX-FRC doesnot agreewith the empirical
scalingby r,/4,/p;, shavnin fig. 5 (b). TheFIX-FRC hastheflux confinementime 2 ~ 3 times
longerthantheempiricallaw[6].

Basicdiffusivity D, in aFRCis expressedas D, = r2/16r, for arigid rotor profile anda
uniform resistvity. Accordingto the equation,the diffusivity of the FIX-FRC is about10-30
m?/s, andis found to be approximatelyproportionalto 7;!. Figure 6 shavs the crossfield
diffusivities calculatedrrom classicaldiffusivity D, = 1./ 10, Bohmdiffusivity D gopm =
kT,/(16eB) , andthe empirical scalinglaw obtainedin LSX experiment[§ are plotted as a
functionof thediffusivity derivedfrom theFIX experimentby D = r2/167.

The diffusivity of the FIX-FRC locatesjust betweenthe classicaldiffusivity andthe Bohm
diffusivity. It is about2-3 timessmallerthanthe empirical scaling,but the dependeng looks
different. Thediffusivity onthe FIX-FRC hasnegative dependengon the electrontemperature,
similar to the classicalone. Althoughfurtherinvestigationof otherpossiblemechanismsor the



confinementmprovementwill berequired,theseresultsmayimply agoodinterpretatiorof the
confinementmprovementdueto the NBI.

5 Summary

Theelectronheatingeffectandthe confinementmprovementmechanisnhave beeninvestigated
on the NB-injected FRC plasma. The NBI broughta significantextensionof plasmalifetime
which may be causedy someimprovementof confinemenbf the bulk plasma.

Thomsonscatteringl, measuremerttasbeencarriedout on NB-injectedFRCs,andselectve
heatingof plasmaelectronsdueto the NBl wasobsened. This electronheatingmay contribute
to theconfinementmprovementby the NBI. Theflux confinementime andthediffusivity in the
FIX-FRC wasfoundto have adependengontheelectrontemperature.
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