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Numerial Investigation of Veloity Map of OutwardEletrons Penetrating in Helial Magneti SurfaesKazutaka NAKAMURA1), Haruhiko HIMURA1), Mitsutaka ISOBE2),Akio SANPEI1), and Sadao MASAMUNE1)1)Kyoto Institute of Tehnology, Department of Eletronis, Matsugasaki, Kyoto 606-8585, Japan2)National Institute for Fusion Siene, Gifu 509-5292, JapanIn order to investigate the formation proess of helial nonneutral plasmas, we numerially performa mapping of veloity spae of outward eletrons whose orbits extend to inward part of losed helialvauum magneti region of the Compat Helial System mahine. Contrary to the experimental ob-servation, the penetrating eletrons exist in quite narrow region on the veloity map, whih are theviinities of initial pith angle � 90Æ.Keywords: Helial nonneutral plasmas, Veloity mapping, Helially trapped partile, Eletron injetion,stohasti magneti region1. IntrodutionResearh on nonneutral plasmas on�ned ontoroidal magneti surfaes has been intensively on-duted in reent years [1, 2℄. Despite the losed mag-neti surfaes, no break-up of those is required whenthe plasmas are produed. In experiments on deviesof the Compat Helial System (CHS) [3℄ and the He-liotron J [4℄, an eletron-gun (hereafter, e-gun) hasbeen installed in the stohasti (or ergodi) magnetiregion (SMR) [5℄ surrounding the last losed ux sur-fae (LCFS) and just ejeted thermal eletrons in theSMR. Then, within the order of 10 �s after the in-jetion, those have penetrated deeply in the helialmagneti surfaes (HMS), spread rapidly in the wholeof the losed surfaes, and �nally formed a helial non-neutral plasma there [6℄.Regarding the mehanism of the inward penetra-tion of eletrons, reent three dimensional orbit al-ulations inluding two experimental �ndings have �-nally outputted some outward orbits that extend toinward part of losed helial vauum magneti region[7℄. Data have learly shown that the pith angle ofeletron injeted into the stohasti magneti regionis sattered onsiderably due to the presene of selfspae potential �s. Eventually, the injeted eletronturns to be a helially trapped partile [8, 9℄, and startan inward movement along one of the jBminj ontours[3, 7, 10℄. One penetrating deeply, the eletron annever esape from the LCFS beause the negative �sats as a potential barrier.However, in the alulations explained above, onlytwo orbits extending to inward part of losed HMS re-gion were disovered. Obviously, this alls for a surveyof the outward orbit with hanging its initial ondi-tions, espeially the pith angle. In this paper, we re-port a veloity map of eletrons injeted into the SMR.author's e-mail: nakamu6t�nulear.es.kit.a.jp

Surprisingly, the penetrating eletrons exist only in anarrow region on the veloity map, whih pith angleartan(v?=vk) is the range between � 75Æ and � 105Æ.In Se. 2, the model employed in this omputation isbriey explained. Data obtained from the alulationand the veloity map are given in Se. 3. Finally, asummary is given in Se. 4.2. Calulation ModelSine experiments have been onduted on CHS,we have used magneti �eld struture of the mahine.In addition, as mentioned in Se. 1, two experimental�ndings have been reently taken into aount in thenumerial ode. Sine those are already desribed inRef. [6℄, we will briey review them in the followingfor reader's onveniene.Firstly, in the SMR, onsiderable �s (down to
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Fig. 1 The modeled self eletrostati potential �s in thestohasti magneti region (SMR) and its viinity.The pro�le is determined from the measured data.
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φ =  Fig. 2 A shemati drawing of three-dimensional strutureof the Compat Helial System (CHS) hamber wallwith projetions of helial magneti surfaes (HMS)and equipotential surfaes (EPS).� �100V) has been observed in experiments. Thisis beause lines of fore in the SMR are haoti, theonnetion lengths of those to the grounded hamberwall are very long. Therefore, thermal eletrons in-jeted from the e-gun are on�ned there. The wholepro�le of �s in the SMR has been model from theexperimental data. The solid urve in Fig. 1 showsthe assumed �s, while the plotted data are typialtime evolution of �s measured in experiments. Then,we have assumed symmetrial equipotential surfaes(EPS) of �s that are exatly the same as the elliptialmagneti surfaes desribed in Fig. 2, exept that theenter of the EPS is shifted from that of the HMS, aswill be explained below.Seondly, reent experimental works have re-vealed [1℄ that the value of �s (equivalently, the ele-tron density ne) is not onstant on magneti surfaes.These results mean that the EPS are never oinidedwith the HMS. Inferring by the obtained data in CHSexperiments, the EPS seems to shift about 2 m forthe ase of magneti axis Rax = 101:6 m and B = 0:9kG. As explained, the SMR ats as quasi-on�nementregion so that suh displaement of the EPS wouldbe in part held even in the SMR, although no perfetlosed HMS exist there. Therefore, in this alulation,we assume the presene of the shifted EPS whih ex-tend to the SMR. Regarding the struture of the EPSin toroidal diretion, we have adopted helial sym-metry. De�ning the ylindrial oordinate as seen inFig. 2, the oordinates of the enter of the shifted EPSan be alulated from the relations ofreps = rhms � 0:02� sin 4�zeps = zhms + 0:02� os 4� � (1)where � is the toroidal angle and the phase of

4� omes from the toroidal mode number (m = 8) ofCHS. In Fig. 2, appearanes of both EPS and HMS inpoloidal ross-setions are also depited.3. Orbit CalulationsOrbits of the eletrons injeted into the SMR havebeen alulated by solving the equation of motion~_v = �e(~v � ~B + ~E)=m with the 6th order Runge-Kutta-Verner method in ylindrial oordinates. Inalulation, we have varied the initial absolute valueof veloity and pith angle of the e-gun. Other param-eters listed below are �xed as follows; the strength ofj ~Bj at Rax = 101.6 m is 0.9 kG and the injetionposition of a single eletron is at  1=2 = 1.0 on theequatorial plane, where  1=2 is the normalized minorradius.
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Fig. 3 Time evolutions of (a) normalized position, (b)toroidal angle, () pith angle, (d) eletrostati po-tential, (e) magneti moment, (f) magneti �eldstrength, and (g) total energy of the injeted ele-tron, for the ase of initial pith angle � 90Æ. It islearly shown that the injeted eletron suessfullypenetrates aross the LCFS.
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K. Nakamura et al., Numerical Investigation of Velocity Map of Outward Electrons Penetrating in Helical Magnetic Surfaces3.1 Penetration orbitIn this subsetion, we explain how the injetedeletron turns to beome helially trapped partile andpenetrates the HMS, shortly. The detail is desribedin Ref. 6, readers an refer it. Figure 3 shows the timeevolutions of all parameters of the injeted eletronwhih penetrates into the CHS, for the ase of initialpith angle � 90Æ. In this ase, the injeted eletronbeome helially trapped partile (HTE), initially.The position of the injeted eletron an be un-derstood from Fig. 3 (a) in whih the time evolution ofthe normalized radial oordinate  1=2 of the partile isshown. As learly reognized, the eletron penetrationhappens at t � 0 �s.For the period of 0 < t < 7 �s, the eletron is om-pletely trapped in bottoms of helial ripples, whih isalso reognized from Figs. 3 (b) and (). Sine no�s exists in the inner part of the HMS, the magnetimoment � of the eletron is preserved there (see alsoFigs. 3 (d) and (e)). Then, the HTE travels inwardlyalong modjBminj ontours where the strength of ~B isweaker ompared to the neighborhood region on eahmagneti surfae, whih is just the same as the mo-tion of HTE of neutral plasmas [5℄. In this alulation,as long as �s is independent of time, total energy isonserved, as seen from Fig.3 (g).After passing through the losest point from themagneti axis Rax at t � 6 �s, the HTE travels out-wardly towards the LCFS. The HTE is lost aross theLCFS in this ase, but then negative �s inreases (seealso Fig.1), it ats as a potential barrier against theoutward drifting partile [7℄. This results in the trap-ping of the HTE in the HMS.3.2 Loss orbitOn the other hand, the injeted eletron does notalways penetrate aross the LCFS. This an be un-derstood from Fig. 4. Data in Fig. 4 are outputtedfrom an eletron launhed from the e-gun with an ini-tial pith angle � 10Æ. The injeted eletron stiksaround the LCFS, as shown in Fig. 4 (a). For thisase, as reognized from Fig. 4 (b), the eletron ro-tates the torus at all times from t = 0�s to the alu-lation end (at t � 12:5�s) . No transition eletron orhelially trapped one an be found for this ase at all.The injeted eletron has been in the state of passingeletron, all the time.The above result an be inferred from the timehistory of the pith angle shown in Fig. 4 (). Al-though the injeted eletron always stays in the re-gion of �nite �s as seen in Fig. 4 (d), the value ofpith angle varies only in the range between � 8Æ and� 14Æ.Atually, the variation is very smaller than that ofthe penetration orbit, as already shown in Fig. 3 ().
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Fig. 4 Time evolutions of all parameters for the ase ofinitial pith angle � 10Æ. Parameters here are thesame as those in Fig. 3, for reader's onveniene.As reognized, no penetration of the injeted ele-tron ours for this ase. The eletron has beenalways in the state of passing partile in the viin-ity of LCFS.In fat, no onsiderable hange in the pith angle isaused for this ase. Consequently, no penetration ofthe injeted eletron ours, beause the transition toa HTE is never happened.3.3 Veloity mappingAs explained above, the inward penetration arossthe LCFS has depended on whether the transition toa HTE ours or not, and moreover, the transition isa�eted muh by the initial pith angle of the injetedeletrons. Thus, we have performed a mapping of theinitial pith angle with hanging its kineti energy Va(equiavalently, beam energy in experiments): Va =� 0.8 kV.Figure 5 shows the veloity map for eletronsejeted from the e-gun. Obrit alulations are on-duted up to 12.5 �s. Two symbols (� and �) on themap represent suessful- and in-suessful penetra-
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Fig. 5 The veloity map for the eletron launhed fromthe e-gun plaed at the point (r; �; z) = (1.0325,67.5, 0.14). The penetration happens (indiated by�) when the value of initial pith angle exists in therange between � 75Æ and � 105Æ, while does notfor all values indiated by �.tion, respetively. As reognized from blak irles,several areas are found on the map for the suessfulpenetration for the ase of Va = � 0.8 kV, whih arethe viinities of pith angle between� 75Æ and� 105Æ.The result of initial pith angle = 80Æ seems to beonsistent with the experimental observation [11℄. Infat, onsiderable �s in the HMS have been quiklyformed even with a small beam urrent Ib of the in-jeted eletrons (see also Fig. 2 in Ref. [11℄). However,in the past experiments, suh a quik formation of �swas also observed for initial pith angle � 150Æ, whileno penetration (inevitably, no formation of �s in theHMS) happens at all in the omputation shown in Fig.5. In fat, in the experiments, �nite �s were alwaysmeasured in the HMS as long as Ib > � 5 mA, regard-less of the pith angle. This disrepany is still underinvestigation, however possibly due to the assumptionof ompletely stati �s in omputation whih is neverthe ase in atual experiments.Sine the eletron penetration has ourred withlower values of jVaj (see also Fig. 1 in Ref. [11℄), wewill examine other ases of jVaj < 0:8 kV.4. SummaryIn order to investigate the formation proess ofhelial nonneutral plasmas, we have numerially per-formed a mapping of veloity spae of outward ele-trons whose orbits extend to inward part of losedhelial vauum magneti region of the Compat He-lial System mahine. In alulations presented here,the magneti axis Rax is �xed to be Rax = 101:6 mand the magneti �eld strength is B = 0:9 kG. Thoseare exatly the same as those in the settings of atualexperiments. And, in this omputation, eletron fullorbits are solved using the 6th Runge-Kutta methodto inlude the e�et of Larmor motion.Data show that the penetrating eletrons having
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