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Abstract

Theeffect of neutralbeaminjection (NBI) in a field-reversedconfiguration(FRC)plasmahas
beeninvestigatedby usinganewly developedThomsonscatteringelectrontemperaturemeasurementsys-
tem. Experimentalresultshav shown that the FRC plasmawith the NBI had10-20eVhigherelectron
temperatureandlongerflux confinementtime thanthosewithout the NBI. The observeedflux confine-
menttimeshow positivedependency ontheelectrontemperaturewith ������� 	�
 ��� , whichsuggeststhatthe
FIX-FRChasacrossfield diffusivity with classical-likedependency on � � . Theseresultsmayexplain the
anomalouslifetime extensiondueto theNBI.

1 Introduction

A field-reversedconfiguration(FRC) is a compacttoroidal plasmawith extremely high beta
value[1]. The FRC hasno toroidal field coils which are interlinked to the plasmaandhasthe
potentialfor axial translationof the plasma. In the FIX (FRC Injection Experiment)research
project,severaladditionalheatingexperimentson thehigh-betaFRCplasmahave beencarried
outby usingthis translationtechnique.

A neutralbeaminjection(NBI) is anattractivecandidatefor FRCsustainment,suchasplasma
currentdrive, heatingandfueling. Recently, NBI experimenthasbeenperformedon the FIX
deviceandit ledto someinterestingresults[2]. Remarkableextensionof theFRCplasmalifetime
wasobserved 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
confinementimprovementcausedby NBI, e.g.improvementby electronheating,stabilizationof
plasmaglobalmovement,or controllingthescrape-off plasmacondition.

TheNB effect on theedgeplasmalayerhaspreviously beeninvestigatedby anendlossflux
measurement,but nosignificantevidencewhichsuggeststheNB effectonedgeplasmacondition
hasbeenfound[3]. On the otherhand,the stabilizationeffect of NBI hasbeenexperimentally
identifiedby magneticmeasurementof plasmamovement[4], althoughquantitative relationship
betweenthestabilizationeffect andtheconfinementimprovementhasnot beenanalyzedyet.

To investigatethemechanismof beam-plasmainteraction,spatialprofile measurementof the
FRCplasmaparameteris essential,andespeciallytheelectrontemperaturemeasurementis re-
quiredto analyzeboth theelectronheatingeffect andthe mechanismof confinementimprove-
ment.



This
�

article presentsthe resultsof electrontemperaturemeasurementperformedon the NB-
injectedFRC plasmain the FIX device. The electronheatingeffect and the confinementim-
provementareanalyzedanddiscussed.

2 Experimental Setup

2.1 The FIX Device and the NB Source

Theschematicview of theFIX device[5] is shown in figure1 togetherwith thecalculatedtrajec-
tory of asamplehighenergy beamion. TheFIX devicehasaformationsectionwhichconsistsof
aquartzvacuumvesselwith adiameterof 27cmandthetapinchcoils,andastraightconfinement
sectionmadeof ametalvacuumvesselwhichservesasa flux conserver.
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ajectory of a beam ion.

A FRCplasmais producedby thefield-reversedthetapinch(FRTP)methodwith deuteriumgas
puffing systemin theformationsectionandimmediatelytranslatedinto theconfinementsection
by a magneticpressuredifference. Typical field strengthis 0.7T in the formationsectionand
0.04Tin theconfinementsection.Theconfinementsectionhasa pair of mirror coils locatedon
thebothend.Themirror coilsarespaced3.4mapart,andthemirror field strengthis 0.08-0.40T.
Thereforethemirror ratiocanbechosento be2-10.

NB injectorswith concave electrodesaremountedon thetaperedpartof theFIX confinement
chamber. Theimpactparameteris 100mmandthebeaminjectionaxis is inclined19.25= to the
geometricaxis. This NB sourcecan provide neutralhydrogenbeamwith injection power of
up to 320 kW (14keV, 23A) andpulsewidth of 10msec.The injectedH > neutralsareionized
mainly throughthecharge exchangereactionwithin 1m from theseparatrixandtrappedin the
FIX confinementchamberby strongmirror field asshown in fig.1.

Theenergy relaxationtimebetweenthebeamionsandtheplasmaelectronsis expressedas

?A@ �BDC EGF�H IJF$K 
>MLONPLRQ

	6ST� U �VST�W �MXZY\[^]`_ acbedgfgh$iMjZk (1)

for W � Cmlon bPf
	qpsrt�
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km/sec(correspondsto H � ion with energy of 13keV).
Therefore,themajorpartof theNB power is expectedto beabsorbedby plasmaelectronsduring
theFRCdischarge.



2.2� Diagnostics

The axial profile of the separatrixradiusis calculatedfrom the excludedflux measurementby
using35 magneticprobeslocatedjust insidethemetalchamberwall. Typical separatrixlength�9�

is about3.2mandis almostconstantduringtheequilibriumphase.Separatrixradius � � of the
FRCplasmajust after the translationcompletionis about0.2m,andseparatrixvolumeis about
0.4

r �
.

A Thomsonscatteringmeasurementsystemis installedonthemidplane(z=0)of theFIX-FRC
device. Thesystemconsistsof severalcomponents,suchasa Nd:YAG laser(1064nm)andlaser
optics,light collectionoptics,polychrometersandadataacquisitionsystem.Thescatteredlights
at � C 0.1, 0.15,0.2marefocusedby collectionlensesandintroducedinto the polychrometers
with 4 wavelengthchannelsby opticalfiber bundles.

A multicoard �`�  laser interferometer(10.6h m) and an impurity line (O� :278.1nm)spec-
troscopy areemployedto measureelectrondensitiesandion temperatureat � C f:�"� m apartfrom
themidplaneof theFIX confinementsection.Typicalplasmaparametersin theconfinementsec-
tion are;electrondensityW � a l ��f n bPf

	qp�r
Q
�
, totalplasmatemperatureU\�����M����U �P� U vq� acb l f eV.

3 Experimental results
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Figure
a

2 showsthetypicalwaveformsof FRCdischargewith andwithout theNBI measuredin
theFIX confinementsection.Theexperimentalconditionsare;mirror ratio is setto bdc C d a e

,
13keV energy and

I fåf'a I l f kW power of NB is injected.Wehavecheckedtheaxial symmetry
of the FRC plasmaby usingthemultichordinterferometer, andchosentheoperatingcondition
to keepgoodplasmasymmetryevenin thecasewithout theNBI in orderto investigatetheNB
effect on the coreplasma.In this experiment,we observedno significantchangescausedby a
plasmadisplacementor a deformationbetweentheFRCplasmaswith andwithout NBI. Sowe
supposewecouldexcludethepossibilityof theconfinementimprovementdueto thestabilization
effectof theNBI.

Figure2(a)shows theseparatrixradius � � and(b) shows the separatrixvolume f N calculated
from magneticprobesignals.An FRC is producedby field-reversedthetapinchmethodin the
sourcesectionat about g C d l h secandthentranslatedinto theconfinementsection.After the
translationphaseis completedat aboutg C bP�åfGh sec,theFRCbeginsto decay.

The FRC plasmawith the NBI wasobserved to have a longer lifetime thanthat without the
NBI. The plasmavolumelifetime wasextendedfrom ?6h C b i fgh secto 240h secby NBI. Fig.
2(c) shows evolutionsof trappedfluxesof theFRCplasmawith andwithout theNBI. Theflux
lifetime wasalsoextendedfrom ? � C b fåfgh secto 170h secby theNBI. Sincethetotalenergy loss
from theFRCplasmawithout NBI is in theorderof severalMW, theNBI with the input power
of lessthan300kWis notenoughto explain theobservedlifetime extension.

Theseresultsindicatethat theelectronheatingcausedbetheNBI maybring this extensionof
theplasmalifetime, sowecarriedout theThomsonscatteringelectrontemperaturemeasurement
at thetimeandpositionshown by blackcirclesin Fig2(a). Thespatialprofileof electrontemper-
aturewasachievedin onedischarge,andthetimeevolutionof electrontemperaturewasobserved
by changingthe laserfiring timing shotby shot. Figure3 shows the radial profilesof electron
temperatureof theFRCwith andwithout theNBI measuredat g C 150,200,and250h sec.The
radialpositionis normalizedto theseparatrixradius.

The NB-injectedFRCshave U � of about bPfRa I f eV higherthantheFRCswithout the NBI.
Sincethis temperatureincrementwasobservedevenbeforethetranslationwascompleted(t=150

h sec),thebeampower maybeabsorbedmoreefficiently duringthetranslationphasedueto the
higherdensity. Theelectronstemperatureshowssignificantincreaseat innerregion( �kjG� � a f:� l )
andaroundtheseparatrixdueto theNBI, althoughtheelectrontemperatureof theFRCwithout
theNBI showsaflat gradientalongtheradialdirection.This resultsuggeststhatthebeampower
depositionmaybelocalizedprobabrydueto thenonuniformdistributionof thehighenergy beam
ions.

Figure4 shows thetime evolutionsof (a) electrontemperatureat r=0.1mand(b) ion tempera-
tureof theFRCplasmaswith andwithout theNBI. Theelectrontemperatureof theNB-injected
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FRC� keepsb f a I f eV higherthanthatof theFRCwithout theNBI, whereastheevolutionsof
theion temperaturedonotshow any remarkablechanges.Here,thetotal thermallosspowerfrom
plasmaelectronsandionsarecalculatedas ��� � ���	� � C bPfåf a E fåf kW and �
� � �6��� v C b'aybg� l MW,
thereforetheNBI with power of 300kWhasa potentialto increaseor sustaintheelectrontem-
peraturein theFRCplasma.

TheNBI alsobroughttheextensionof theflux lifetime shown in fig.1. Timeevolutionsof the
flux confinementtimeareshown in figure4 (c). Improvementof flux confinementwasobserved
in parallelwith theincrementof electrontemperatureby theNBI.

4 Discussion

In figure 5(a), the flux confinementtime is plottedasa function of electrontemperature.The
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flux confinementtimewasfoundto haveadependency ontheelectrontemperature,proportional
to Y[Z.\ ].^_ , which indicatesthe flux confinementtime is almostproportionalto the inverseof the
classicalresistivity, althoughthe magnitudeof the flux confinementtime is muchshorterthan
thatexpectedfrom theclassicalresistivity.

On thecontrary, theflux confinementtime of theFIX-FRC doesnot agreewith theempirical
scalingby `�a@bdcfe g;h , shown in fig. 5 (b). TheFIX-FRChastheflux confinementtime ikjml times
longerthantheempiricallaw[6].

Basicdiffusivity n7o in a FRC is expressedas n7oqpr` ^a b�s�tduBv for a rigid rotor profile anda
uniform resistivity. According to the equation,the diffusivity of the FIX-FRC is about10-30w ^ b�x , and is found to be approximatelyproportionalto Y[y Z_ . Figure 6 shows the crossfield
diffusivities calculatedfrom classicaldiffusivity n7o5zT{|p~};o5zT{�bd�?� , Bohmdiffusivity n7o,�5������p� Y _ b<��s�t X��R� , and the empirical scaling law obtainedin LSX experiment[6] are plotted as a
functionof thediffusivity derivedfrom theFIX experimentby n7o�p�` ^a b�s�tdu$v .

The diffusivity of the FIX-FRC locatesjust betweenthe classicaldiffusivity and the Bohm
diffusivity. It is about2-3 timessmallerthanthe empiricalscaling,but the dependency looks
different.Thediffusivity on theFIX-FRC hasnegativedependency on theelectrontemperature,
similar to theclassicalone.Althoughfurther investigationof otherpossiblemechanismsfor the



confinementimprovementwill berequired,theseresultsmayimply a goodinterpretationof the
confinementimprovementdueto theNBI.

5 Summary

Theelectronheatingeffectandtheconfinementimprovementmechanismhavebeeninvestigated
on the NB-injectedFRC plasma. The NBI broughta significantextensionof plasmalifetime
whichmaybecausedby someimprovementof confinementof thebulk plasma.

ThomsonscatteringY _ measurementhasbeencarriedout on NB-injectedFRCs,andselective
heatingof plasmaelectronsdueto theNBI wasobserved. This electronheatingmaycontribute
to theconfinementimprovementby theNBI. Theflux confinementtimeandthediffusivity in the
FIX-FRC wasfoundto haveadependency on theelectrontemperature.
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