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ABSTRACT  

Conditions for cross－fieLd propagation of alow－be亡a，   

large－gyrOradius pla・Sma have been studied experimen亡a11y  

by use of anintense neutralizedion beam・＝n particular，  

itis made clear 亡ha亡 亡he cross－field propagation of such a  

plasmais causedbyan喜×壱drift due to a polariza亡ion  

electric field and occurs when the plasmais dense enough   

to have a dielec亡ric cons亡an亡 Of grea亡er than100．A   

SPaCe－Charge－neu亡ralized and currenトneutralized beam of  
8 

pro亡OnSWi亡hanaveragevelocityuoof3・6Ⅹ10cm／s，a  

velocityspreadofO・25uo・aCurren亡densi亡yof18A／cm 2  

and a duration of200－300nsis produced by a reflex亡riode  

andisinコeCtedin亡O a magnetic field寧⊥ Of up to 3kG  

applied in the direction transverse to the beam axis over a 

distance of about15 cm．The beam has passed through the  

magne亡ic field wi亡hout deflec亡ion・The polarization elec亡ric  

field E is observedin the beam to sa亡isfy the relation   
y  

E ＝－uoB⊥Which agrees with a theoreticalexpectation for  y U ⊥      〕       O  

the beam with亡he velocity spread・工tis observed that the  

bea皿is deflec亡ed by the Lorentz force whenthe p01arization  

electric fieldis completely short－Circuited by a me亡al  

Plate．This resul亡 also confirms 亡hat 亡he polarization  

electric fieldis essentialfor the cross－field propagation．   
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1． 工NTROl〕UCT工ON  

The mo亡ion of a plasma stream across a magne亡ic field  

has been one of 亡he mos亡importan亡PrOblems of  

magnetohydrodynamics and has been a method of filling  

magne亡ic containment devicesin亡hemonuclear fusion  

experimen亡S With plasmas■ Therefore，the cross－field  

PrOPagat＝ion of plasma streams has been studied both  

1－11）  theoretica11y and experimen亡ally by manyinvestigators・   

工n these studies，Plasma were dense enough to have the  

4 dielectricconstantK＝1＋山／nof10－10and亡hes亡re孤  

veLoci亡iesrangingfromLO6cm′s亡0107cm′s，Whereuiisthe  

ion plasma frequencyand n・is theion gyrofrequency・The l  

coⅢnOn reSult from those experiments was the penetration of  

亡he plasmain亡O the magnetic field over a distance mlCh  

longer thantheiongyroradius pi・．Of course，this result  

can not be explained from the simple single－Particle picture  

sinceindividualpar亡icles of the plasmain］eC亡edinto the  

magne亡ic field can no亡 travelfurther than one to two  

gyroradiiwithoutinterparticle collisions・Therefore，SOme  

co11ec亡ivein亡eractions between亡he plasma and the magnetic  

field have to be expec亡ed・Candidates for the collective  

interactions are a岳 follows：   

1） thein亡era．ct：ion concerned wi亡h the plasma diamagnetism，  

2） 亡heinterac亡ion associated with an electricノfield  

genera亡ed by 亡he plasma．  

工n t＝he mos亡Of亡hose experiments，亡he plasma kinetic pressure  
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is sma11compared wi亡h the pressure of the magne亡ic field  

（10W β），亡ha亡 土s，  

mnu2＜ 
i ，  

く1）  

SO that 亡he diamagnetic effect can not explain this  

C01lec亡ive pene亡ration of the plasmainto亡he magnetic fieldI  

Where m・is 亡heion mass，n the plasma densi亡y，u the l  

Stream Velocity，旦L t：he component of亡he magnetic field  

PerPendicular to亡he streamandいois亡he permeability of  
vacuum . ト5・ll）（1tiswellknomthat theplasmaexcludes  

the magnetic field fromitsin亡erior and penetrates a  

transverse magnetic field when the plasTnais completely  

2 6‾8）  

diamagne亡icandsatisfiestheconditionminu／2＞B／2v。・  
工n our study，howeverJ亡his effectis notimportant because  

the condition（1）is wellsatisfied．）  

scbmidt12）firs亡developeda亡heoreticalmodelfor the  

non－diamagne亡ic motion of a plasma streamin a curved   

magnetic fieldJunder assump亡ions that the plasmais dense  

enough to be K：＞＞land亡he motion of plasma particles  

＿Satisfies the adiaba亡ic condition 13）  

喜偉けn＜＜1・  

He used the guiding center approximation to describe the  

motion of plasma particles and a self－COnSistent field   

t＝rea亡ment t＝O describe the electromagnetic field generated by  
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the plasna・The above condition ofIdB／d亡lパほ＜＜1can be  

expressed for 亡he stationary field as  

。烏 ‾1＜＜ B／庫汗  （2）  

Equation（2）indicates tha亡the adiabaticity of motion of a  

Plasma particleis assured only when a dis仁ance 亡raveled by  

亡he particlein one gyroperiodn－1is much smaller than the  

SCaleleng亡h of spacialvariationin the magne亡ic field  

Streng亡h B・The use of the guiding center approximationis  

justified aslong as the adiabatic condition（2）is satisfied．   

The modelof Schmid亡 Predic亡ed the rec亡ilinear motion of t：he  

Plasmain亡he curved magnetic field by the f01lowing  

mechanism：As the plasma with亡he velocity這enters a curved  

region of亡he magnetic field京，guiding cen亡ers ofions and  

electrons shift due t：O the curvature and grad－B driftsin   

OPPOSite directions 亡O eaCh other，PerPendicular to both  

う・ directions of the velocity u and the transverse component軋  

of the magnetic field喜．These shifts of guiding centers  

glVe rise to the accumulation ofions and electrons on plasma   

boundaries of opposite sides t：O eaCh other andinduce an  

electric field喜in亡he plasmain the direction opposi亡e to  

亡he Lorentz force q這×音．such a charge separation of the  

Plasmais oft＝en Called polarization and theinduced electri  

field called the polarization electric field・The  

p0larization electric field蕾亡hen makesit possible for亡he  

Plasma to TnOVe Straightirrespective of the curvature of the  

magnetic field by means of亡he茸x富drift．The drift  
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Velocity of亡he plasmais kep亡 equaltoi亡Sini亡ialvelocity  

う・ u aslong as the condi亡ion K ＞＞lis sa亡isfied．  

There are two 亡ypes of plasmas which are usedin the   

Study on cross－field propagation of plasma streams．The one  

is t＝he plasma which has been produced with a・Variety of  

Plasma guns and has been usedin studies so far・The ot＝her  

is theplasma as anintenseneu亡ralizedionbeam14）whichis  

usedin the present study，  

Theintense neutralizedion beamis a new type ofion  

beam which has been developed rapidly since its first 

discovery 15）in1974・This beamhas the followingfea亡ures  

which are not seenin conventionalion beams：First，亡he   

intense neutralizedion beam has alarge electricalpower of  

108－1012w and a short dura亡ion of100－500ns．Theion  

energy of a few MeV and the beam current of severalhundred  

kAhave alreadybeenachieved・ 16）second，theintense  

neutralizedion beamis space－Charge and curren亡neutralized  

by elec亡rons dragged along from the beam source・The charge  

neu亡rality of the beam means that the beamis composed of  

ions and electrons wi亡h the same nuInber density so tha亡no q  

electric field of the space charge existsin the beam・Then，  

the beam canPrOPagatein vacuunWithou亡the slgnifican亡  

expansion caused by the electric field・The current  

neutrality of the beammeans thations and electronsin the  

beam have the same velocity so that the beam does not carry  

a net current． 工n亡hese senses，the beam can be regarded as  

a plasma streamwith alarge forwardmomentum・We sha11  

4   



＞・l  

ロ  
r」▼て）   rロ   

rJ  U   U   
・J   再 ・J   ・J   

1」 「・」   ロ 叫   r－」 しH   

・J   ・I」  ∽   J （乃   
勺 ＜   u〕・J   

ロ ＜   レ ．U   
0   d  再   

U ・J        こ玉 山  

再   
U  ヒ   ∑ ∽   ∽   

トヽしH  
UO  
・J   rロ   勺   

U fコ ∽   
U   qJ   

・J   ・J   

揖 ・J  J   ⊥」 しH   l吊   

再 ．LJ U   ○  ∽   （乃   

：乙 ・J   ・J  

．U   l」   

召 昌玉            ・J     レ   再   吋   
「コLH 再  ∽   

亘 O P．  

（  （  

h  
ヰ」  
・Jrロ  

⊂）   ⊂）  

JU（d   r」  ∨   
r」 ∨   

心 ∧～   

句  ○  心  亡氾   
†1IJ  h   h  ⊂）   

畠 山 払   
再          貞 ㌔   

再 コ   
＜已 ＞ ∽  

く】  
J ＜l  

）   

）  

q）  
U  

ロ qJ   rl   qJ   

rJ b凸   b8   
再  h   

亡d   

h   

・J  qJ  

再   

再・J  
J   

由一－ロ   

ぐ√）   卜、  

h  r」   l・」   

h ⊥J   ⊂⊃  （   ⊂〕 ／－＼   

qJ・J   r」ぐYl   r」⊂つ   

，エ】 ∽   
t l   l l   

E rロ   
r」  百   

⊂⊃  ）   

N  ∈  
⊂） ）  

r」   r」   

31 
U   ロ■l   「－   

・J   

⊂⊃  （   ⊂）  （   
9   r」  〔乃   r」 （乃   

qJ （⊃   1 、、   t   ＼   

h＋r」   

u  qJ   
0〇  己   、£  ∈  

r」  ）   r」 ヽ－′  

「コ  
■〔】  U  

qJ   
N   U     コ  

▼■ロ  
・J     む J  再   ○  
∽ d  心   h d  

ロ ト ，凸   
」」 コ ロ   

仏 日  

l  ∽       口 頭  

仁 山 ○   コ rt  
＝ ロ・J   U 払   

．
s
∈
村
山
ト
リ
S
再
∈
S
再
一
d
叫
O
 
u
O
霊
亘
訝
d
O
h
d
 
p
J
U
d
l
S
S
O
h
U
 
望
も
 
 
 

合
n
霊
○
リ
 
S
u
悪
日
心
ぷ
ぃ
 
S
巾
村
己
S
ヱ
d
 
p
む
U
コ
p
O
已
・
u
コ
如
む
雲
p
u
再
 
 

焉
U
q
 
u
O
吊
p
U
N
コ
票
室
賀
U
S
u
U
岩
石
じ
雲
u
山
中
き
山
心
q
 
u
O
S
呈
已
日
O
U
 
 

H
 
山
一
q
相
ト
 
 
 

5  



however，Stick to the 亡ermion t）eam because of 亡he way the  

beamis produced． Theintense neutralizedion beamis   

PrOduced with anion diode coupled to a Marx generator・  

Theion diodeis a vacuumdiode composed of an anode of  

17）  

Plastic and a c01d cathode・By亡he application of a posi亡ive  

high voltage 亡0 亡he anode from the Marx generator，亡he anode  

isionized andis covered with a dense pla．sma．Ionsin the   

Plasma are 亡hen acceLerated outward and form anion beam．   

Ln general，SOme desLgnS are Perforned to theion diode to                                                                                              ●  

1∠l，15，16，18－20）  
improve 亡he efficiency ofion beam production．   

The propert：ies of theintense neutralizedion beam are   

COmPared with those of 亡he gun－PrOduced plasmain Table 工．  

＝ntense neu亡ralizedion beams，because of 亡heir features   

described above，PreSent neW aPPrOaChes to realize   

thermonuclear fusion reactors such as，  

l）inertialfusions drivedbyionbeams， 
1ん，21・22）  

2）reverse－fieldionrings orlayers， 
14，23－25）  

3）therapidhea亡ing ofmagne亡ically confinedplasmas． 
14・26，27）  

Among them，the applications to magnetic confinement fusions，  

for e丈ample，t＝O the formation of reverse－fieldion rings are  

attractive since reverse－fieldion rings have a possibility  

of realizing compactand economicalfusion reac亡OrS． 23）  

The presen亡Paper rePOrtS reSults of the experiment＝  

which studies the collective motion of an intense neutralized 

ionbeamacross amagne亡ic field． 28，29）Theuse of the  

in亡ense neutralizedion beaminstead of the gun－PrOduced  

Plasma亡O Study the cross－field propagation of plasma  

6   



streams has substan亡ialmeanings coming from differencesin  

their properties shoⅥユin Table工‥ Firs亡，theintense  

neutralizedion beamis more advan亡ageous to study the  

cross－field propagation than the gun－PrOduced plasma・The  

reason for thisis that the radialdivergence and the axial  

velocity spread of the particles are smallin theintense  

neutralizedion beam compared wi亡h thosein the gun－PrOduced  

plasma，SO tha亡 亡his beamis regarded as a nearly  

one－dimensionals亡ream of a coLd plasma・Such a plasma  

stream can be well analyzed with the help of a simple 

one－dimensionalmodel．Second，the adiabatic condit：ion（2）   

and 亡he condition K：＞＞l are well satisfiedin s亡udies   

carried ou亡Wi亡h use of gun－PrOduced plasmas，SO that the  

resuLt of those studies，thatis，the penetration of the  

PLasma through t＝he magnetic fieldis successfully explained  

with 亡he model of Schmidt：． 工n the in亡ense neu亡ralized ion   

beam，On 亡he other hand，the adiaba亡ic conditionis no亡   

Sa亡isfied a亡 a11because oflarge gyroradiiof 亡heions so   

亡ha亡 the adiabatic modelof Schmidt can not be applied any   

longer．  

工亡has already been verifiedin our previous study that   

thein亡ense neutralizedion beam canPrOPaga亡e across the  

magnetic field without deflection bu亡 the mechanism of the  

propaga亡ionhas notbeenidentified．30，31）tnthepresent  

PaPer，Observation of the polariza亡ion electric fieldin the   

intense neu亡ralizedion beamis describedin detail，Which   

is veryimpor亡ant toidentify亡he mechanism of 亡he propagation  

7   



Of 亡he beam across the magne亡ic field．As a result of 亡he  

PreSent S亡udy，in particul．ar，itis made clear tha亡 the beam  

passes through the magne亡ic field by means of the己×富drift  

due to the p01ariza亡ion elec亡ric field亘in the beamwhen  

the condi亡ion K ＞100is satisfied． Theoreticalmodels have  

been developedby SinelnikovandRutkevich32）andindependen亡Iy  

byPe亡erandRos亡Oker33），Whichanalyzethenon－adiabatic  

mo亡ion of a plasmain］eC亡edinto a transverse magne亡ic field  

and mee亡Our eXPerimen亡alcondition・They used  

One－dimensionaltwo－fluid equa亡ionsincluding a seLf－COnSistent  

eLectric field to describe the motion of the plasna and  

assuned that the transverse magnetic field rose rapidly from   

ZerO tO a SPaCially constant value at the field boundary．   

Their models predic亡ed theundefLected propagation of the  

plasma across the magnetic field by the same mechanism as in 

the adiabatic modelof Schmidt（亡hatis，the吉×喜drift due  

亡O the polarization elect：ric field）．In particular，Peter  

and Rostoker 33）showed亡hat the condition for cross－field  

propagationoftheplasmanowbecameK＞＞（mi／me） l／2stronger  

than K：＞＞lin the adiabatic case because of the failure in   

the adiabaticity of mo亡ion of plasma particles at the field  

boundary． t亡 Should be noted亡hat this condition of  

K＞＞（ml′me） 
1／2  is written as K ＞＞ 43 for a hydrogen plasma  

asln Our CaSe． Results of the present study show good   

agreement with theoreticalpredictions of their models．  

Effects of a metalpla亡e placedin the magne亡ic field on the   

PrOPagation of the beam are also studied sinceitis  

8   



an亡icLPa亡ed that the metalplate short－Circuits 亡he  

P0larization electric fieldin the beam； 亡he short circui亡   

Of the polariza．tion electric fieldis found亡0 0CCur Only  

When the metalpla亡eis pla－Ced so as to comein con亡act wi亡h  

亡he beam； 亡hen，亡he beamis deflected according 亡O  

Single－Particle orbi亡S Of bea，mions under the Loren亡Z force．  

These resul亡S Of the present s亡udyindica亡e that 亡he direct＝  

inコeCtion ofin亡ense neutra・Lizedion beaminto a・magnetic  

field across 亡he fieldlines（cross－fieldinjection）is  

PrOmising as a method of creating reverse－fieldion rings or  

heating magne亡ically confined plasmas・tn Section2，a  

Simplified modelof cross－field propaga亡ion of亡he beamis  

PreSen亡ed・The experimenta・lappara亡us and diagnostic t00ls  

are describedin Section3・Experimentalresults are glVen  

in Sec亡ion 4． Section 5is devoted to the discussion of the  

results・Concluding remarks are presen亡edin Section6．  
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2． TⅡEORET工CAL MODEL  

We consider the mo亡ion of an in亡ense neutralizedion   

beam as a plasma stream across a magnetic field，uSing a  

simplified modelshownin Fig・1・Auniform magnetic field  

B⊥Oriented to＋Ⅹis appLiedin亡he reglOn Z ＞0■ A beam，  

composed of ions and electrons with the same velocity ug and 

densi亡yno・enterS themagne亡ic field at z＝0・The beamis  
boundedin the y direction andis extendedinfini亡elyin the  

x direction． tons and electrons of 亡he beam are deflected   

t00PPOSite directions to each other along 亡he y axis by the  

Lorentz force． 工ons accⅧmユ1ate on亡he upper boundary（＋y  

direction）of the beam and produce a positive chargelayer，  

While elec亡rons accumulate on thelower boundary  

（－y direction）and produce a negative chargelayer・These  

positive and negative charge layers are responsible for the 

P0larization electric field E in the direction transverse  
y  

to the beam axis． The accumLation of charges continues   

tmtilthe elec亡ric force due 亡O the p0lariza亡ion electric   

field and 亡he Lorentz force are balanced． This el畠ctric  

in turn makes the beam propaga亡e across 亡he magnetic  

means。f the吉×喜drift．  

fleld   

fleld   

Ⅴ
ノ
 
Ⅴ
ノ
 
 

E
 
I
D
 
 

The model equations have been developed and solved by 

sinelnikovandRutkevich，32）andindependentlybyPeter and  

Ros亡Oker． 33）Themodelequations are composedof亡he  

equations of motion and the equations of continui亡y forions  

（subscripti）and electrons（subscrip亡 e）and are givenin  
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亡he form  

土 ＋（古土・苛）苗i＝孟．（亘＋苗1×喜）＋訪（苗e一言i），（3）                            1                 1  

諾苗e・（苗e・守）苗e＝一芸（宕・言ex喜）－ V（苗e一言i），（4）  
e  

∂ 託n土＋苛・（nl苗i）＝ 0，  （5）  

∂ 諏ne＋亨・（ne苗e）＝ 0，   （6）  

Where苗■＝（0，Vj，uj）andn■arethevelocityvectorandthe ］］  
density ofions（j＝i）and electrons（j＝e），mi（me）亡he  

ion（electron）mass，e 亡he elementary charge and vis the   

effective co11ision frequency betweenions and electrons・  

工neqs・（3）and（4），亘＝（0，Ey・Ez）is亡hepolarization  

electric field and喜＝（Bi，0，0）is themagne亡ic field  

applied externally．Here，We COnfine ourselves 亡O the  

Steady－Sta亡e s01utions of the modelequations（3）－（6），   

following Sinelnikov and Rutkevich，s approach．This means  

from eqs．（5）and（6）that theion and electron currents are  

taken亡O beindependent of time・Then，allphysical  

Variables，SuCh as velocity and density，are regarded as a  

funCtion of z only・The complete descrip亡ion of the general  

S0lutions of eqs．（3）－（6）willappearin Appendix A・  

工n thelimi亡ing case of v＝0，eqS．（3）－（6）reduce 亡0  
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dv  
u召言  孟eEy＝eu，   （7）  

du  
u  

召言  
＝－nⅤ，  （8）  

（9）  Ⅴ ＝  Ⅴ・－Ve，          1  

（10）  ue ＝uo（no／n），／n），  u  u．  1  

Where ni＝鱒⊥／miand ne＝eB⊥／me・In eqs・（7）－（10），亡he  

quasiqneu亡rality of the・beam（ni＝ne＝n）in themagnetic  

fieldis assumed and terms of orderme／mi＜＜1are neglect巳d・  
We・Can S0lve eqs・（7）－（10）forl－u／uo＜＜lby substituting  

E of 亡he form   
y  

（11）  

血ere Eois the permi亡tivity of vacuumand6y＝yi－ye is  

the relative displacement ofions to elect：rOnSin the y  

direction．As a result，亡he beam velocity uis derived as  

u＝uo［1－吉（1－C。瑞）］，  （12）  

亡he relative displacemen亡 6yis glVen by・  

C。S），  6y＝（1－ （13）   

and the polarization electric field E becomes  
y  
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1   

E＝一埴（トcos）（ト言COS），                          y  （1∠り  

whereK＝1・u／nis亡hedielectricconstantof亡hebeam，  

Pi ＝miuO／eB⊥theion gyroradius・Pe ＝meuo／eB⊥亡he elec亡ron  

gyroradiusandph＝（piPe） 1／2isthehybridgyroradius・  

Equations（12）－（14）areillus亡ratedin Fig．2．Af亡er  

averaging ou亡 the spacialoscillationsin eqs．（12ト（14），   

we ob亡aln  

u＝u。（1一），  （15）  

Pi  
6y＝一首，  （16）  

E ＝－uo軋（1＋左）・  y  
（17）  

工n the case of v ＞ 0，itis shom that the spacial  

OSCilla亡ions observedin eqs．（12ト（14）are damped outin a  

distance zえ2uo／V or，are suppressed completely・Then・u・  

6yandEapproachasymp亡0亡ica11y亡hevalues glVenby  
y   

eqs．（15ト（17），reSpeCtively（Appendix A）．  

From eqs．（15）－（17），亡he fo1lowing conclusionis derived：  

1n thelimit oflarge K，the polarization electric field  

E ＝－uoB⊥is set upin亡he beam and cancels out the Lorentz  y  
force，and the beam can propagateundeflected across B⊥Wi亡h  

itsinitialveloci亡yuobymeans ofthe吉×喜drif亡・  
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This conclusionis valid only when the quasi－neutrali亡y  

assumPtionni＝ne h01ds・The validity of the assu町Ptionis  
Checkedin Sec亡ion 5，Whereitis shom that the condition   

Of K StrOnger than K ＞＞lmust be satisfied for the   

quasトneutrality of the beam t01⊃e PreSerVedin the magnetic  

f土eld B⊥．  

Effects of 亡he beam thicknessin the y direction on 亡he  

PrOPaga亡ion of亡he beam can no亡be亡rea亡edin the above model  

Since 亡his modelis one－dimensionaland亡akes allphysical   

Variables as a・function of z onLy．A more complete modelin   

Which t：he veLocity and densi亡y of the b巳am are treated as   

funCtions of bo亡h y and zis necessary 亡Oinvestigate these  

effects． Such a 亡WO～dimensional亡rea亡men亡is of亡en difficul亡   

to do analytica11y．Here，We derive requirements to the  

beam thickness from simple considera亡ions，aSSuming K ＞＞l．   

First，the thickness of the polarization chargelayers  

6y＝yi－ye muSt be much sma11er than the beam亡hickness w 
to keep 亡he bulk of the beam charge－neutral，SO that 6y ＜＜ w・  

From eq．（16），this requirement can be expressed as  

P土  

K  ●  （18）  W  ＞＞  

Equation（18）gives alowerlimi亡On the beam thickness．  

Nex亡，the potentialdifference between the positive and  

negative chargelayers should no亡 exceed theini亡ialenergy  

。fbeamions・ThisleadstoeEw＜miu呂／2，Orfr。meq・（17），                             y  
亡0  
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1  

言Pl・  （19）  W  ＜  

Equa亡ion（19）shows an upperlimi亡On the beam thickness．  

（The applicability of eq．（19）stiLlleaves room for  

discussion fromthe side of experiment． 34））  
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3． EXPER＝MENTAL APPARATUS  

A schematic drawing of t＝he experimen亡alapparatusis  

ShoⅥnin Fig．3． For convenience，We define the coordina亡e   

SyS亡em x，y，Z aS Shownin亡he figure． Theintense  

neu亡ralizedionbeamis producedbyareflextriode 18）  

COuPled to a Marx generator．The Marx genera亡Or Can S亡Ore  

the energy of2・2kJin maximumand genera亡e the open vol亡age  

Of400kVin maximumin亡he positive polari亡y．The outpu亡  

Of the Marx genera亡Oris direc亡Iy connected to the anode and  

no pulse fominglineis used．The anode（the source of beam  

ions）is a・亡hin Mylar shee亡 Of4リmin亡hickness and3 cmin  

diame亡er． The ca亡hode，made of stainLess s亡eel，has a   

diameter of2．5 cm andis placed a亡 2 cm apart from the anode．   

A pin made of stainless steel（a cathode pin）is attached on   

亡he ca亡hode to accelerate 亡he production of the anode plasma．   

An axialmagnetic field B of 6kGis applied to the triode Z  

by 亡he discharge of a capaci亡Or bank亡O elimina亡e the  

electronloss to the anode suppor亡 and to make 亡he beam   

PrOduc亡ion reproducible．The 亡riode reglOnis surrounded by  

a 亡hin，Stainless－S亡eeL shee亡Whichis electrically grounded．  

The beaneXtraCted from亡he anode propagates about  

50 cm doms亡reamin a vacuunVeSSel・An aperture，2・5 cmin  

diame亡er and made of stainless steel，is placedin the   

VaCu⊥皿VeSSela亡 35 cm downs亡ream from the anode to prevent  

亡he contact of 亡he beam with the vesselwall． The vacul皿   

VeSSelis composed of Pyrex 亡ubes wi亡h a diameter oflO cm  
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andis evacuateddown亡02Ⅹ10－5Torr（2．7Ⅹ10－3pa）by  

Oildiffusion pumPS before each sho亡．The transverse  

magnetic field鱒1Which has 亡he s亡rength of up 亡0 3kG a亡  

the cen亡er of the B⊥ region（Ⅹ＝y＝Z ＝0）and the duration  

OflO msis produced by a pair of mirror coils energlZed by  

a capacitor bank・The streng亡h of B⊥is cons亡ant within an  

accuracy of about10％in the region－4＜ Ⅹ＜ 3 cm and  

－5 ＜ Z ＜ 5 cm as shownin Fig．4．The 亡ime sequenceis  

adjus亡ed so tha亡 the Marx genera亡Or may be fired at 亡he peak  

Of B and B⊥ fields．      Z  

Diagnostic 亡001s usedin亡he present experimen亡are as  

f01lows：  

er－Sul  ha亡e vol亡a  e d土vlder  

The anode voltageis at亡enua亡ed by a combination of a  

COPPer－Sulpha亡e divider and a high一亡ension resistive divider  

andis displayed on an oscilloscope・The copper－Sulpha亡e  

divider consists of a plastic cylinder filled wi亡h  

COpPer－Sulpha亡e solution，in which a disc electrode made of   

COPPerisimmersed to pick up 亡he voltage dropin the  

SOlu亡ion・One end of the cylinderis connec亡ed亡O the ou亡Put  

of the Marx generator and the other end is grounded. The 

time response（less t：han10 ns）and亡he attenua亡ion ratio  
4 （lt03・lx10）ofdividers arecalibratedforsquarepulses  

With a100－nS duration and a few nano－SeCOnd rise 亡ime   

（pulse generator：HP 80L5A）．  
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Ro ow宰垂1c011  

A Rogowskicoilis se亡 around亡he ca亡hode support to  

measure 亡he diode curren亡．The outpu亡Of亡he coilis  

terminated by alow－inductance shun亡resistor made of   

titaniunribbon・The signalis self－in亡egra亡ed by a  

RL－integrating circuit composed of 亡he coilinductance L and   

the resistance R of亡he shun亡．This sel．f－integrating  

Rogowskicoilis found superior 亡O a POPular，RC－in亡egrating  

Rogowskicoilin the measurement of s亡rong and rapidly  

Varylng Curren亡S becausein the fomer 亡he coilinductance L  

SerVeS aS an element of 亡heintegra亡Or，Whilein thela亡ter   

theinductance L degrades 亡he time response of the coil．   

The Rogowskicoilis calibra亡ed by measuring an osci11a亡ing   

Current With 亡he knom strength and frequency．  

One一亡urn loo  

Signals from one－turnloops are fed to RC－integra亡ing   

Circui亡S With a 亡ime cons亡ant of100 ms to measure t：he   

Streng亡h of B and B⊥ fields・                 Z  

つ  

ne亡ic anal  

A1800 deflection magnetic analyzeris used to glVe   

momentunSPeC亡ra of beamions．The analyzeris equlPPed wi亡h  

an entrance sli亡（0．3 cmin width）and fifteen Faraday cups  

（0．75 cmin diam．）as de亡ec亡OrS．Faraday cups are arrayed  

at intervals of l cm． The momentun reSOlution is less than   

5％．A neutralpressurein the analyzeris kep亡below  
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5Ⅹ10－5Torr（6．7Ⅹ10－3pa）．  

robe  

The polariza亡ion electric fieldin the beamis measured  

by a pair of specialLangⅡ氾ir probes・Schematic drawing of  

亡he probeis shoⅥnin Fig・5・The probe contains resis亡OrS，  

a series of ten resistors of 6 kn and a 50－n termination   

resistor，in a Pyrex sleeve with a diame亡er ofl．2 cm． The   

PO亡entialpicked up by t：he smallelectrode（0．05 cmin dia皿．）  

Of 亡he probeis divided by 亡he resis亡OrS（50 s？／60kn）andis  

displayed on an oscilloscope・The use ofinsulatorins亡ead  

Of metalas 亡he sleeve materialis essen亡ial to reduce 亡he   

input capacitance of亡he probe a・nd therefore 亡Oimprove the  

frequency response of the probe・Toinves亡igate whether亡he  

PrObe really measures 亡he floating poten亡ialin亡he beam，  

theinpu亡 resis亡ance of 60 kE？was decreased tolO kn．1f  

the probe皿eaSured亡he saturation curren亡，the slgnal  

（亡he po亡en亡ialon亡he probe electrode）for LO kn would be  

l／60f tha亡for60kE2．The slgnal，however，reduced by only  

10 ％when 亡he resistance was decreased from 60 kE？to10 kE2．   

Therefore，亡heinput resistance of60knis sufficien亡 亡O   

measure 亡he floating poten亡ialin the beam．  

Calor土me亡er  

Totalbeam energyisinferred from亡heincrease of   

tempera・ture Of a thin copper disc（8．4 cm diam．x O．OIcm）  

by亡he exposure to the■beam・Theincrease of temperatureis  
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detec亡ed by a・COPPer－COnS亡antan亡hermocouple attached on the  

Cen亡er of the disc．The heat capacity of the discisl．9J／K．  

e collec亡Or  Char  

Charge collec亡OrS are utilized to measure 亡heion  

Current density・The basic structure of亡he charge collec亡Or  

is shownin Fig．6，亡Oge亡her with a bias circui亡．（The  

Charge collector of亡his type has been called S．E．D so far．）  

A mesh de亡ec亡Or made of stainless steeland with a   

transparency T of O．6islocatedin a shield case． A  

grounded mesh（T＝0．6）is placedin front：Of the de亡ector  

a亡a dis亡ance of O・5 cm・The shield case and亡he grounded  

mesh are aLso made of stainless s亡eel・A negative bias of  

－300Vis applied亡O the detector through the bias circuit  

to repellelectrons dragged by theions・Charges entering  

into 亡he de亡ector flow through aload resis亡Or（1n）．The  

voltage drop on the resistor is fed to an oscilloscope as 

亡he sLgnal．  

To measure radialprofiles of亡heion current densi亡y，  

a 7－Channelcharge co11ectorin which mesh detectors are set  

in array atin亡ervals ofl・2 cmis used・Four slgnals from  

SeVen detec亡OrS are Observed simultaneously at one firing of  

亡he beam．A single－Channelcharge c01lector（T＝0．6，2．5 cm  

in diam・）is employed toinfer the beam velocity from亡he  

time－Of－fligh亡method．The ne亡Current：density（亡he suTn Of  

ion and electron current densi亡ies）is also measured with  

use of亡his device・Then，the bias voltage亡O the de亡ector  

20   



is se亡 to zer0．  

A possibility亡hat secondary electrons emi亡ted from亡he  

detector by bo血ardment with theions contribute considerably  

亡O the sLgnal，Can be denied from the following argunent：  

A transverse magnetic field BI used in the present experiment 

also serves 亡O SuPPreSS the flow of secondary electrons from  

the detec亡Or by magneticinsuLa亡ion・The cri亡icalstrength  

B of the magnetic field required for theinsulation of亡he C  

electrons is given by 

Bc＝d－1（2meV／e）1／2【l＋（eV′2mec2）］1／2，  （2O）  

where dis 亡he spacing be亡Ween the de亡ector and亡he ou亡er  

shieldcaseandVis亡hebias voLtage． 19）恥entypicaL  

parameters，d＝0・5 cm and V＝300V are substi亡uted to  

eq・（20），We Ob亡ainBc＝120G・This valueis easily  

achievedin the present experiment by use of亡he B⊥field・  

工n the absence of旦L，亡he secondary elec亡ron current  

can belimited by the Child－Langmuirlaw to the negligibLe  

level（space－Charge－1imited current）．A11the bias circuits  

of charge collectors are ca・1ibrated for square pulses wi亡h  

a dura亡ion of 200 ns and a rise 亡ime of a few nano seconds   

（pulse genera亡Or：KP 8015A）・  

Framin  Camera  

Framing pictures of亡helight from亡he anode plasma・are  

taken by use of aimage converter camera（Hadla・nd Photonix，  
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工MACON790）toinvestigate 亡he亡ime evolution of亡he anode   

Plasma． A photocathode（S－20）of the camerais sensitive to  

亡helight wi亡h a wavelength over亡he range O．3－0．8um  

（maximm sensi亡ivity at O．42リm）．The opera亡ion of亡he  

Camerais triggered by theanOde voltage・工Tmediately a・f亡er  

a certain delay from the trigger，the shut亡eris opened and  

a series of events around the anode are recorded on a film  

（PolaroidT－410）at the framing speedof2Ⅹ107fr弧eS Per  

second． The nu血ber of frames recorded on 亡he filmis   

adjus亡able from8 to16．The dela．y亡ime canbe adjus亡ed so  

亡ha亡 亡he camera may opera亡ein the period of the anode plasma  

forma亡10n Of 土n亡eres亡．  

Signals from these diagnos亡ic devices are observed with  

two duaトbeam oscilLoscopes（Tek亡ronix7844）and a storage  

OSCi1loscope（Tektronix 7834）in a screen r00m and are   

recorded on films（Polaroid T－410）of attached cameras  

（Tektronix C－5L and C－27）．A11the signal．cables（3D2W）  

have 亡he sa＝nelength（20m）within an accuracy ofless 亡han  

50 cm．  
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4． EXPERIMENTAL RESULTS  

A． Production of 亡he ion beam  

Charaeteristics of tshe Yeflex triode and the ion beam 

extracted wereinves亡igat＝ed・The reflex triode was operated  

a亡 an output vol亡age of 260kV of the Marx genera亡Or．  

Oscillograms of t＝heanOde voltage and the diode current are  

shown in Fig. 7. The anode voltage rises rapidly to 200 kV 

inless than40ns af亡er亡he firing of the Marx generator  

and stays at this value for150ns（highimpedance phase）．  

工n this period，亡he diode curren亡isless thanlkA．  

Simul亡aneously with a sudden fallin the anode volatge to  

100 kV，亡he diode current starts to rise． While the diode   

Currentincreases 亡Oi亡S Peak value of15 kAin 250 ns after   

its rise，the anode voltage decreases gradually and comes to  

ZerO at the peak of 亡he diode curren亡（ion flow mode）．  

Signals of the anode voltage and the diode curren亡Were  

reproduced within an accuracy of10％．A more detailed  

S亡udy of the reflex亡riode，including framing photogra・Phy of  

the anode plasma，is describedin Appendix B・  

The 亡ime－Of－flight method was applied to measure the  

Velocity of theion beam・nleion current detected by a  

Charge collector on亡he z axis rose uplinearly toits peak  

in200ns and decayedlinearly to zeroin 200－300ns  

thereafter・The peak of 亡heion curren亡PrOpagated at a  

velocityof（3．＝．1）Ⅹ108cm／s．The emission timeofbeam  
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ions from亡he anode was found to occur during 亡heion flow   

mode．  

Figure 8 shows radialprofiles of theion current  

density observed at z ＝ 0．The beam has anion curren亡  

densityof18A／cm2a亡亡hepeakanda circular cross sec亡ion  

Of 5．O cm FWMin diame亡er．A half divergence angle of 亡he   

beam is calculated 亡O be 4．o from the observation 亡ha亡 亡he   

diame亡er of the beam increases from 2．5 cm to 5．O cmin 亡he   

COurSe Of propagation from z ＝ －35 cm亡O Z ＝ 0・The tot：al   

ion currentis calculated from Fig．8 to be 350A．The ne亡  

2 curren亡densityat z＝00nthez axiswas abou亡4A／cm・  

From亡hese fac亡S tha亡 亡he beam propaga，teS a dis亡ance of 50 cm  

Without the slgnifican亡loss of theions and亡he ne亡 Curren亡  

densi亡y of4A／cm2is aboutl／50f theion curren亡densityof  
2 

18A／cm，thebeamisinferredtobe space－Charge－neutral  

and al．mos亡 Current－neu亡ral．  

Momentumanalysis of beamions by means of the magnetic  

analyzer showed that momen亡umS Of 亡heions were ranglng from  

4.6 x 10 －19kg・Cm／s to7．5ⅩLON19kg・Cm／s a亡thepeakof亡he  

ion current．Combined with da亡a from the time－Of－fligh亡  

TneaSurement，this shows that theions are doTninated by  

PrOtOnS．Otherion species constituting theanOde，tha亡is，  

carbon and oxygen were not detected in the beam. Once 

COTnPOnentS Of beamions areiden亡ified，We Can Ob亡ain a  

Veloci亡y distribution funC亡ion of亡heions from data of  

momen亡umanalysis・The resul亡is shoⅥnin Fig・9・The  

distributionis nearly a shifted Maxwellianwith the average  
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Table 工工  

TypICalbeam parame亡ers．  
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8 veLocityuoof3・6Ⅹ10cm′s（whichisequivaLent亡070keV  
8 inenergy）andwiththevelocityspread△uoofO・9Ⅹ10cm／s・  

This distribution appeared not to vary wit＝hin the diameter  

of the bea，m because ion currents observed at differen亡 radii   

Started to rise and reached亡heir peaks a亡 the same 亡ime．  

Paramet：erS Of the beam arelis亡edin Table ＝＝．  

B．Propaga亡ion of 亡he beam across a magnetic field  

（i）Undeflected penet：rationin亡O the magnetic field  

Theion beam wasinコeCted along 亡he z axisin亡0 亡he   

亡ransverse magnetic field軋 Of up 亡0 3kG appliedin the  

＋Ⅹdirec亡ion・By 亡he application of B⊥，Slgnals from charge  

COllectors suffered high frequency noises with frequencies  

around30旺Hz・Amplitudes of noisesincreased withincreasing  

the B⊥ S亡reng亡h，While those of slgnals decreased wi亡h  

incr．easing the B⊥ Strength・Electros亡atic shieLding of  

Slgnalcables was dcne carefully to eliminate noises；alL  

signal cables were bundled together and were put in a copper 

PLPe With a thickness of O・2cm・As a result of the shielding，  

We COuld ol⊃亡ain reliable data even at B⊥＝ 3kG．  

RadiaL profiles of亡heion current density of亡he beam  

Observed a亡 Z＝ O and z＝ 6 cm for B⊥＝ 2kG are shownin  

Figs・10and11，reSPeC亡ively・工f onl・y the Lorentz force  

acted on 亡heions，亡he beam would be deflected and亡he peak  
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Of theion current density would shift to y＝ん．6 cm（a亡  

Z＝ 6 cm for B⊥ ＝ 2kG）．The slgnificant shif亡Of the  

Current Peakis，however，nOt Observedin Fig．1land was not  

Observed for B⊥＝ 3 kG either．The reason for 亡hi＿Sis tha亡  

the electric fieldis formedin亡he beam along 亡he y axis by  

亡he polarization，Which makes the beam go straight across B⊥  

by the亘x壱drif亡．  

FigureslO andllalso show that the beam expa・nds along  

旦⊥ fieldlinesin the course of propagation．The width of  

the profile along B⊥fieldlinesisincreased from6 cm FWHM  

t0 9 cm FWHM wi亡hincreasing the axialdistance from z＝＝ O  

to z ＝ 6 cm，While 亡ha亡 t：ranSVerSe tO B⊥fieldlines remains  

4．0－4．5 cm FWHMindependent of the axialdistance・This  

means 亡hat the cross sec亡ion of the beamis deformed to   

ellipse from circle（5．O cmin diam、）a亡乳L＝ 0・The  

expansion of the beam was no亡so apparent a亡軋＝1kG as at  

B⊥＝ 2kG．工n this case，the width of the profile of theion  

Current density was ∠ト・5 cm FWHM at z＝ O and5・5 cmこ門mM at  

Z＝ 6 cTn along B⊥fieldlines，Whileit was キcm FⅥ恥Ia亡  

Z＝O and4・5cm FW肌at z＝6cm across B⊥fieldlines・  

As a resul亡，the expansion of the beamincreased with  

increasing亡he B⊥ S亡reng亡h or the axialdis亡ance tO be  

traversed. This phenomenon had been also observed in the 

previous experimen亡， 30，31）where亡hereductionin亡heion  

Current densityin the magnetic field B⊥had been studiedin  

COnneCtion with the expansion of thel⊃eam・  

The processleading to亡he expanSionis explained  
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quali亡a亡ively as f01lows：As a cylindricalbeam en亡ers 亡he  

magnetic field B⊥，the component E of亡he polariza亡ion X  

electric field along B⊥fieldlinesisinduced on亡he surface  

Of the beam・This situationisillus亡ratedin Fig．12・  

＝ons and electrons on亡he surface are freely accelerated  

OutWard from the beam along the fieldlines by Ex・On t＝he  

Otherhand・theelectrostaticforceqEandtheLoren亡Z force  
y   

quOBl are balanced in the direction transverse to BI field 
lines and the acceleration of ions and electrons in this   

direction does not occur．As a whole，亡he beam expands only  

in the direction of the B⊥field・  

（ii）Fomation of the polarization electric field  

Toidentify the mechanism of the beam propagation，  

observation of亡he polariza亡ion electric fieldis essen亡ial・  

When the beam has the velocity spread of 亡heions，亡he  

expression of亡he polarization electric field differs from  

E ＝－uoB⊥andis derivedas f01lows：The drift velocity y  

ud＝－Ey／B⊥Oftheplasmastreaminwhichthevelocityspread  
of t：heionsis not s01arge compared with the drif亡Velocity  

asin our case，is gLVenin ref・5 as  

m．n  
l  

ud＝uo ’  

where Kis exac亡1y of亡he fom  

（21）   
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山 
2  

山 
2  

．  

K＝1＋講＋請・  
e  l  

（22）  

工neq・（22），山川1ssmaller亡hanu≡佃≡byafact。rOf  

me／miand can beneglec亡ed・For cases ofinterest，  

u／n＞＞l・Asaresult，eq・（21）reducestoud＝u。and  

the p0larization electric field to be observedis expressed   

aS  

E ＝－uoB⊥・  y  
（23）  

A pair of Langmuir probes a亡 floating poten亡ialwas  

insertedinto the beam to measure 亡he p0lariza亡ion electric  

field directly・The upper andlower probes arelocated at  

y＝l．O cm and y＝ －0．5 cm on亡he y axis，reSPeCtively．The  

electric field E was evalua亡ed from the po亡entialdifference  
y  

△ゆbe亡ween the probes and 亡he probe separa亡ion △y as  

E ＝ －△¢／△y．  
y  

A slgnal．of floating potentialde亡ected by each probe  

rose 亡Oits peakin LOO－150ns after the arrivalof the beam  

fron亡 and decayed 亡O ZerO Within the duration of亡he beam  

（300－キ00ns）．工n the absence of卑⊥，Slgnals from亡he upper  

andlower probes wereidenticalandindica亡ed 亡he presence  

Of auniform po亡entialof about500V within the diameter of  

the beam・On亡he other hand，the sLgnalfrom the upper probe  

WaS SuPeriorin amplitude to 亡hat from亡helower probe  

Whenever B⊥WaS aPPliedin the＋Ⅹdirec亡ion・This shows the  
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PreSenCe Of an electric fieldin亡he－y direc亡ion．This  

direction of the electric fieldis opposi亡e to 亡hat of the  

Lorentz force ac亡ing on亡heions，aS Predic亡ed by亡he亡heory・  

TypLCaloscillograms oftheelec亡ricfieldE・tOgether  
y  

With 亡he oscillogram of 亡heion curren亡Pulse，are Shownin  

Fig・13・（Throughou亡亡he presen亡PaPer，We adopt as the  

typical value of the electric field the one at the time when 

theion currentreachesitspeak［5］・）The s亡rengthE＝暮Eyl  

Of 亡he electric field E increaseslinearly from3．6 kV／cm  
y  

to 7・5kV／cm withincreasing the B⊥S亡rength fromlkG to  

2kG（［2］and t3〕）andis nullat B⊥＝0（［l］）．The  

direction of the electric field reverses on reversaL of the   

direction of B⊥，butits strength does no亡 Change（［互］）・  

The osci11atorybehavior of the electric fieldEappearing  
y  

in eq．（14）was not observedin亡he present experiment．The  

reason for t＝hisis not clear yet；however，We SuSPeCt that  

effective collisions between ions and electrons or the phase 

mixing due to亡he veloci亡y spread ofionsis responsible for  

this． 35）（See alsoAppendixA．）  

Figure14shows t＝he elec亡ric field strength E as a  

function of the B⊥Streng亡h・The solidlinein the figure  

represents the strength of the polarization elec亡ric field，  

E＝uoB⊥Predicted theore亡ica11yfromeq・（23）for  
8 

UO ＝3・6Ⅹ10cm／s・Agreementbetweentheexperimental  

result and the 亡heoreticalpredictionis good・Therefore，  

i亡 Can be concluded tha亡 the mechanism of 亡he cross－field   

propaga，tion of亡he beam with the velocity spreadis the  
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菖×すdriftoftheions andelectronsbythepolarization  

electricfieldEy＝－uoB⊥・Thedielectricconstant KOfthe  
beam was evaluated a亡 Z ＝ O fromion current densit：ies and  

8 
uo＝3・6Ⅹ10cm′s亡○もe2300（B⊥＝1kG），500（B⊥＝2kG）  

and140（B⊥＝3kG）．  

（iii）Dis亡ribution of亡he polarization elect：ric field along  

B⊥f土eldl土nes  

The distribution of亡he elec亡ric field strength Ein  

the beam along寧⊥fieldlines was measured by the scan of  

the probes along the x axis. The results are presented in 

Fig・15for B⊥＝1kG and寧⊥＝2kG．工n the figure，S01id  

lines denote theore亡icaldis亡ributions ofE＝uoB⊥and are  
8 calculatedfromuo＝3・6Ⅹ10cm／sandtheprofileofthe  

B⊥Strength on the x axis shoⅥユin Fig．4．The s亡rength of  

一●  

B⊥is no亡 COnStant along 亡he x axis（excep亡for the－vicini亡y  

Of x＝ 0）but monotonicallyincreases withincreasinglxI  

Since 寧⊥is produced by mirror coils．  

工n the reglOn X＜ 4．5 cm，亡he elec亡ric f主eldis formed  

in the beam so as to satisfyloca11y the・relationE＝uoB⊥  

in accordance with the spacialvariationin the B⊥Strength  

for both cases of B⊥＝1kG and B⊥＝ 2kG・1n the reglOn  

X＞ 4．5 cm，On the other hand，亡he electric field streng亡h  

decreases rapidlyin spite of theincreasein亡he B⊥Strength  

andis far below tha亡required for 亡he propagation of the   

beam．Theion current was detectedin the region x＞ 4．5 cm  
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as wellasin the regLOn X＜互・5cm thoughi亡Sintensi亡y  

decreased withincreasing x．  

C． Cross－field propagation of the beam near a metalplate  

Effects of a metalplate whichis set perpendicular to  

B⊥ fieldlines on the propaga亡ion of 亡he beam across the  

magnetic field B⊥Wereinvestiga亡ed．The metalpLate made  

Of s亡ainless s亡eeL（0．OIcm thick x12 cm wide x9 cm high）   

WaS Placedin the vacuu皿VeSSelwithits surface parallelto  

the beam axis and perpendicular to B⊥fieldlines・Excep亡   

for the metalplate，the experimentalarrangemen亡is not  

changed from Fig・3・＝亡WaS a・n亡icIPa亡ed that such a metal  

pla亡e short－Circuited the polarization elect＝ric fieldin the  

beam and viola亡ed the undeflected propagation of the beam  

by the吉×喜dr土ft．  

（i）Relation of the electric fieldin the beam with the  

POSition of the metalplate  

The electric field and the radialprofile of theion  

current density were measuredunder the si亡uation where the  

metalpla亡e was moved along B⊥fieldlines from x＝2・5cm  

亡0 Ⅹ＝12．5 cm．（To set 亡he metalplatein亡he region  

4．0 ＜Ⅹ＜12．5 cm，it was cut to circle wi亡h the diame亡er of  

9．5 cm．）  
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Firs亡，the metalplate was placed at x＝ 2．5 cm． 工n  

this arrangemen亡，a Part Of beamions wasincident obliquely  

On the met＝alplate・Figure16 shows the electric field  

Strength E as a funCtion of亡he B⊥Strengthin the range of  

O 亡0 3kG．The electric field s亡rengthislkV／cm orless  

independent of亡he B⊥Strength・This clearly shows tha亡 the  

elec亡ric fieldin the beamis shorted out by the metalpla亡e・  

1t made little difference to the electric field whether the   

metalpla亡e was electricallyisola亡ed（the casein the  

PreSen亡 experimen亡）or grounded．工n contrast to 亡he electric  

field，the floating poten亡ialin the beam rose up froTnJlkV  
l  

to 9kV withincreasing the早⊥S亡rength froTn O・5kG to 2kG・  

Furthermore，this fLoating po亡en亡ialof 9kV at B⊥＝2kG  

reduced to 2kV when亡he metalpla亡e was grounded wi亡h a  

low－induc亡ance conduc亡Or． Profiles of 亡heion current and   

亡he net current densitiesin the y direction observed at  

6 cm are shoⅥnin Fig．17for軋＝2kG・The peak of  

ion current densi亡yis shifted to y＝ 3－4 cm，Which  亡he  

almost agrees with y＝4・6 cm calculated from single－parヒicle  

orbits of theions under the Lorentz force（Sec亡ion 5．E）．  

2 Theioncurren亡densityat thepeakamountS tOlOA／cm・  

This valueis about twice asmuch as4．5A／cm20bserved at  

B⊥＝2kGin the ca・Se Without the me亡alplate（Fig・ll），and  

is comparableto11A／cm2at軋＝0・Thenet curren亡density  

is nearly equalto theion current densi亡y・  

Second，亡he metalpla亡e was placed at x＝10 cm，Where  

the B⊥St：rength became max加皿‡軋（Ⅹ＝10cm）＝2・6軋（Ⅹ＝0）1・  
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工n this case，the eLectric field proportionaL to the B⊥  

Strength was observedin the beam・工ts value at草⊥＝2kG  

was 5．5－6．8 kV／cm，Which was close to 亡he theoreticalvalue  

E＝uoB⊥＝7・2kV／cm・The profiLe of theion curren亡densi亡y  

Observed at z＝6cm for B⊥＝2kGis shownin Fig・18，Which  

fits wi亡h the onein the case wit＝hout 亡he me亡alplate  

（Fig・ll）．This shows 亡hat the me亡alplate placed at  

X＝10 cm has no effect on the beam propagation across the  

magne亡ic field．  

Finally，the relation be亡Ween the electric field   

S亡rength E and the posi亡ion x of 亡he metalplate was   

inves亡iga亡ed over a range of x from2．5 cm to12．5 cm． The   

result for B⊥＝2kGis shownin Fig・19．The elec亡ric  

field streng亡h of 5．0－7．1kV／cm close to the theore亡ical  

Value E＝7■2kV／cmis observedin亡he range7三Ⅹ三12・5cm・  

工n the range2．5 ＜ Ⅹ ＜ 7 cm，On the o亡her hand，the electric  

field streng亡h decreases rapidly亡0less 亡hanlkV／cm with  

decreasing x・・Similar observations were also ob亡ained at  

B⊥＝1kG（Fig・19）：The electric field strengthincreases  

gradua11y from3・2kV／cm to3．8kV／cm wi亡hincreasing xin  

亡he range5・0 ＜Ⅹ＜12・5 cn・These values of the electri  

field strength agree with亡he亡heore亡icalvalue E＝3．6kV／cm  

at早⊥＝1kG・In the range2・5＜Ⅹ＜ 5cTn，however，the  

electric field strengthislkV／cm orless．tiere，it should  

be no亡ed that the beamis expanded along B⊥fieldlines from  

x＝3－4cm at軋＝O to x＝6－8cm when B⊥＝2kG and no  

metalplateis placediIlthe magnetic field（Sec亡ion4・B・（i））・  
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Thus，亡he f01lowing conclusion can be derived froTn亡he above   

experimentalresul亡S：The short circui亡 Of the polarization  

elec亡ric field occurs only when the metalpla・teis placed so  

CIose as to comein con亡ac亡 With the beam； Otherwise，the   

POlarization electric fieldis re亡ainedin the beanand the   

beam crosses the magne亡ic field without deflec亡ion．  

（ii）Axialdistribution of 亡he electric field near the  

en亡rance to 亡he short－Circui亡reglOn  

The probes were fixed a亡 Z＝ O while the metalpla亡e   

WaS made movable along the z axis on亡he plane x＝2．5 c皿，   

as shownin Fig．20．The electric field strength Ein the  

beam was measuredunder the condition tha亡 亡he posit：ion z of  

亡he upstream edge of the metalplate was varied from－6 cm  

to 6 cm．This experimen亡WaS Carried out at both B⊥＝lkG  

and B⊥＝2kG・The purpose of this experimentis to  

investigate the distributionin the z direc亡ion of the  

electric field strength near the entrance（z＝0）亡O the  

short－Circuit reglOn・The shorトCircuit reglOnis defined  

as a reglOnin the vacuum vesselwhere B⊥fieldlines which  

arein亡ersected by亡he metalplate fi11・Obtained data of  

the electric field strength were arranged and Dlo亡ted  

as a function of the relative posi亡ion z of the probes to r  

the metalpla亡e・ 工t shouldbe noted亡hat zr＝－Z・ The  

results are shownin Fig・21・The beam proceeds toward＋zr  

in亡he figure・工n the regLOn Zr三0・B⊥fieldlines are  
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in亡ersected by the metalpl．ate at x＝ 2．5 cm and define the   

Short－Circui亡 reglOn．  

When革⊥＝lkG，the electric field strength of  

3・4－4・2kV／cmis observedindependen亡Of z in亡he region r  

－6三Zr 三－3cmt These values of the elec亡ric field strength  
agreewith the theoreticalprediction E＝uoB⊥＝3・6kV／cm・  

On the other hand，the electric fieldis short－Circuited by  

亡he metalpla亡e andits strengthis decreased亡OlkV／cn or  

lessin the reglOn2三Zr三6cm・Similar features are  
Observed at B⊥＝ 2kG：The electric field s亡rength reaches  

5．7－6．9 kV／cm close 亡O the theoreticalvalue E ＝ 7．2 kV／cn   

in 亡he region －6 ＜ z ＜ －1cm，Whileit decreases to  
－ r－  

1・5kV／cm orlessin the regionl三Zr三6cm・These  
results clearly show亡hat the short circuit of the electric   

field occurs onlyin 亡he short－Circui亡 reglOn，thatis，in  

the reglOn Z ＞ 0．                r －  

A w土dth △z of                    r  亡he transi亡ionlayer fromE巴uoB⊥tO  

E 雲Ois abou亡4⊂皿at＝B⊥＝1kG andl－2cm at B⊥＝2kG・  

This 皿eanS 亡hat △z decreases wi亡hincreasing the strength r  

Of軋・The reason for亡his may be that△zris related with  

gyro－mOtions of beamions and elec亡rons・Gyroradiipi，Pe  

andph＝（PiPe） l／2  

veloc土亡土es of 3．6 Ⅹ  

are evaluated from ion and elec亡ron  
8 

10cm／sandB⊥＝lkGtobe36cm，  

0・02 cm and O・8cm，reSpeCtively・At B⊥＝2kG，a11the  

abovevalues of pi，Pe  and ph arehalved・工亡is not clear  

yet what determines △z  
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5． DISCUSS工ON  

A・Applicability of the steady－State mOdelto 亡he experiment  

The modelfor beam propagation presen亡edin Section2  

assumeS 亡he beam currentinjectedinto the magnetic field to  

beindependent of 亡imein order to derive the s亡eady－State  

SOlu亡ions・This assunPtion，however，aPPearS nOt tO be  

Satisfiedin the present experiment because the beam curren亡  

Varies with 亡imein the experiment．  

First，Weintroduce  the scale time for the beam to  

COmPlete the polariza亡ion andT b； the scale time of variation  

in 亡he beam curren亡． We nex亡imagine that the beamis  

dividedin亡O elements at everytime－WidthT・Then，the  
p  

beam current can be regarded亡O be constant with respect to   

timein each elemen亡 Of the beam and the s亡eady－S亡a亡e model   

for beam propaga亡ion applys to each element of the beamif  

the condi亡ionTp＜＜Tbis satisfied・The completesolution  
to the wh01e of 亡he beamis gLVen aS the su皿a亡ion of the  

O S0lu亡ion 亡O eaCh element of the beam． 工n other words，the   

quasi－Steady sta亡e of the polarizationis establishedin the  

Wholeof thebeamif the conditionT ＜＜Tis satisfi色d，  
p  b  

and 亡he steady－S亡ate modelfor beam propagation can be applied  

to this beam．The time T is given from eqs．（12）－（14・）as   
p  

ph／血0，血ichreducest。u；lforに＞＞l・ScaletimesTpand  
Tb are eValuated（for亡hemain part of the beam）to be  

－1  
く 毛1nsand Tb～100ns from data of the present  u ‾  
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experiment・The condi亡ionTp＜＜Tbholdswellso that the  
modelpresentedin Section2can be applied亡O the present  

experiment．  

B・Condition of the beam thickness for the propaga亡ion  

Ilere，We Check whether our experimentaldata meet 亡he  

Criterion for the beam亡hickness w，Pi／Kく＜W＜pi／2derived  

from eqs．（18）and（19）．工n the experiment a亡 the B⊥  

Strength of up to 3kG，the beam thickness w was 4．0－4．5 cm  

at the middle（z＝0）of 亡he B⊥regionindependent of the B  

Strength．Values of K at z＝O were 2300（B⊥＝lkG），500  

（B⊥＝2kG）and140（軋＝3kG）・Theion gyroradius can be  

evaluatedfromthebeamvelocityof3・6Ⅹ108cm／s andthe  

B⊥St＝rength・Using these nu皿ericaL values，We CaneXPreSS  

the criterion as O．O16cm ＜＜W ＜18 cm（B⊥＝lkG），  

0・036cm ＜＜W ＜9 cm（軋＝2kG）and O・086cm ＜＜W＜6 cm  

（B⊥＝ 3kG）．Thus，itis clear that the beam meets the  

Criterionin 亡his range of the B⊥ Streng亡h．  

C．Condi亡ion of K：required for the beam propaga亡ion  

In the simplified modelpresen亡edin Section2，the  

requirement for the undeflected propaga亡ion of the beam  

across the magnetic field was に ＞＞1・Recen亡Iy，Peter and  
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Rostoker 33）derivedanalytica11y亡he stronger condition  

K＞＞（mi／me） l／2tobesa亡isfiedfrom亡herequiremen亡Ofthe  

longitudinalquasi－neutrality of亡he beamin the course of  

PrOPagation・The validi亡y of this condition，however，has  

never been confimed by experiment．tlere，（i）we f01low  

their 亡heory briefly．Then，（ii）we presen亡 an enpirical  

relation between the electric field strength in the beam and 

K：，Which glVeS thelower bound of K neCeSSary for 亡he   

formation of the p01arization elec亡ric field．The relation   

is compared with 亡he above theory．  

（1）Theory  

The validity of quasi－neutrality a・SSu叩tion（ni＝ne）  

is checked by s0lving for the perturba亡ionin charge density  

6n／no・FromPoisson，s equation，the space charge densityis  

related with E as                   Z  

e＝ 
Ez・  

n． － n   
l  

no  

From亡he relation E ＝V B⊥and eq．（7），this expression                           Z   

becomes  

e＝ 
n   

ui  

n． －  
l  

no  

where E canbe wTittenin the form（Appendix A）  
y  
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E＝－u。軋（u三川≡）（u。－u）／u・  y  （24）  

Usingeq・（24）andtherela亡ionK＝l・u…／n…，WeObtain  

1. uO（uo  ー u）   n． － n  
1  

n 
e  ．        l  

no  m 
e  U 2  

Whenthetemuo（uo－u）′u2isevaluatedfromeq・（12）t0  

0rder K－l，this expressionyields  

n． － n   
l  

m 
e_ ．  l  co）］・  1  

［訂rrT－（ト  
no  m 

e  

After a，Veraglng Out the spacialoscillations，We Ob亡ain  

n－n  
6n  l  

m 
i  一   l   

元「  
K K －1  no  no  

The quasi－neutrality condition6n／no＜＜lthen requires  

1／2  に＞＞（mi′me）  （25）  

（i土）Experlment  

Figure15 shows that the nⅦnber density（or equivalently  

亡he value of に）of the beamislarge enough亡O eStablish the  

fullelectric field strengthE＝＝uoB⊥by亡he polarizationin  

亡he reglOn －4．5 ＜Ⅹ＜ 4．5 cm butitis notlarge enoughin ●   

the region x＞ 4．5 cm．Therefore，We Can determine the  

condition of K necessary for the formation of the polarization 
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elec亡ric field byinves亡iga亡ing the relation of t：he normalized  

electric field strengthE／もoB⊥WithK・This relation，for  

example，in the case of B⊥＝lkGis derived as follows：  

The distribution of E／uoB⊥On亡he xaxisis calculated from  

the distribution of亡he electric field streng亡h E on the x  

axis shownin Fig．15，the profile of B⊥ On the x axis for  

8 B⊥＝lkGanduo＝3・6Ⅹ10cm／s・Thedielectriccons亡an亡  

Kis expressedin terms of theion current densityJi・ uO  
and鱒⊥ aS  

m．J 
． コ＿1  

E’euB⊥  
oo  

K ＝1＋  （26）  

We can 亡herefore ob亡ain the distribution of K On the x axis，   

using eq．（26），from profiles ofJ・and乳」On亡he x axis l  

8 軋＝LkG）anduo＝3・6Ⅹ10cm′s・Correspondencebetween  

these distribu畠ons of E／uoB⊥and K a亡every xyields  

directly the relation ofE／正0耳⊥Wi亡hK at B⊥＝lkG・The  
Same prOCedureis also 亡aken at B⊥＝2kG・The results are  

ShoⅥlin Fig．22with closed circles（B⊥＝lkG）and open  

Circles（軋L＝ 2kG）．  

The value of K Changes over a range20－2000・工n the  

rangelOO三に三2000・E／正oB⊥is almostuni亡yindependent of  

に，While E／GoB⊥reduces fromunity to O・2in the range  

20三K＜100．As a result，the condi亡ion of K required for  

the formation of the polarization electric field is found to 

be K ＞100，Whichis also consisten亡Wi亡h the theoretical  

predictionK＞＞（mi／me） l／2＝43forprotons・工nFig・l左，  
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the electric field streng亡h Ein the beam was shom to  

Satisfy the theore亡icalrela亡ionE＝uoB⊥a亡亡he B⊥Strength  

Of up to 3kG．This resuLtis also reasonable from the above  

COnClusion because亡he value of K WaS alwayslarger than140  

in this range of亡he B⊥Streng亡h・  

D・Short circuit of亡he polarization electric field by meanS  

Of a me亡alpla亡e  

工t was concludedin Section4．C．（i）that the short   

Circuit of 亡he polarization elec亡ric field occured only when  

the beam wasin con亡act with the metalplate．A qualitative   

interpretation for t：his conclusionis presented below．  

The short circui亡Of the polarization electric fieldis  

CauSed by亡he electron flow along B⊥fieldlines from the  

negative chargelayerinto the positive chargelayer through   

the metalplate． Fi．rs亡，1e亡us suppose tha亡 the metalplate  

isloca亡ed far from the beam．The x componen亡 Of the  

POlarization elec亡ric field，E accelerates electronsin the X  

negative charge layer toward the metal plate along BL field 

lines．When the elec亡ronsleave 亡he negative chargelayer  

in this situation，the positive chargelef亡behind will  

produce a spa－Ce－Charge field muchlarger than E and pull X  

the electrons back before they reach the metalpla亡e■ Even  

if the electrons reached the甲etalplate，they could not flow  

into the positive charge layer because a strong electric 
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field（much stronger亡han E on t＝he metalplate）would be X  

necessary亡O eXtraC亡 the elec亡rOnS from the metalplate by  

f土eld em土ssion．  

Next，1e亡us suppose亡hat the beamisin con亡act wi亡h  

the metalplate・工n亡his case，a Part Of beamionsis  

expected to bombard the surface of 亡he metalplate and  

PrOduce elect＝rOnS On亡he metalplat＝e by secondary emission  

ins亡ead of field emission，aS discussedlater．When 亡he   

electronsin the negative chargelayer are accelerated to the  

Tne亡alplate，the secondary electrons on the me亡alplat＝e Will  

flowinto 亡he positive chargelayerin 亡he same ma・nner．The   

beam as a whole remains space－Charge－neutral，SO that the   

electrons can easily fLow from the negative chargelayer   

into the positive chargelayer．  

A possibility tha亡 SeCOndary emission byion bombardmen亡   

is 亡he mechanism for 亡he product：ion of neutralizing electrons   

On the metalplate，is examined below．The secondary  

electronyieldYis expressedby the equation 36）  

Y（0）＝Yo SeC（0），  （27）  

血ere Yois the yield at nornalincidence and ois the  

inciden亡 angle．For a 70keVion（proton）incident on the  

flat surface of s亡ainless steel（SUS304），the yieldYois  

＝ 5．The angLe 8is considered to be of the order of  

90o －40wもere4ois 亡he half divergence angle of the beam・  

When these values are subs亡i亡uted to eq．（27），We Obtain  

Yだ102・Therefore，え10－2Nions（N：thetotaln血berof  
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ionsin the beam）have亡O bombard亡he metalplate to produce  

SeCOndary electrons sufficient for the space－Charge  

neutralization，Whilei亡is found from calcula亡ion 亡hat  

ぇ5Ⅹ10－2Nionsareincidentontheme亡alpla亡e血enthe  
metalplateis placedin the reglOn Xミ2・5cm・  

E・Effects of a metalpla亡e on the beam propagation  

Characteristic behaviors of the beam observed when the   

POlarizat＝ion electric fieldis shor亡－Circuited are presented  

in Fig・17 and are sumarized亡0亡he following亡hree points：  

l） The net current densityis nearly equal亡○亡heion  

Current density，thatis，the curren亡neutrality of the  

beam 土s broken．   

2）The peak value of亡heion current density amoun亡S tO   
2 

10A／cm，Whichis abou亡twice as TnuCh as4．5A／cm 
2  

0bserved when B⊥＝ 2kG and no metaL pla亡eis placed．   

3） The shif亡 Of the current peak 亡O y＝ 3－4 cm agrees with  

y＝ 4．6 cm calculated from single－Particle orbits of  

beam ions．   

tIere，亡he shift y was calculated from the f01lowing simplified  

model：血ユionbeamw土地aveloc土tyof3・6Ⅹ108cm／s  

undergoes only the Lorentz force over a distancel＝12 cm  

from z＝ －6 cm to z＝ 6 cm（l：亡he widt：h of亡he me亡alplate）．   

The streng亡h of B⊥is trea亡ed as constan亡in this reglOn・  

Then，yis expressed as  
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y＝Pl－（p－ 12）1／2  
（28）  

仙en pi＝18cm at B⊥＝2kGis subs亡i亡uted to eq・（28），We  

obtain y＝ 4．6 cm．  

Observationl）shows that motions of the elec亡rons   

across B⊥ areimpossible without the aid of the polarization  

eLectric field・Gyroradiiof the electrons（～10－2cm）  

are mch smaller than those of 亡heions（崇18 cm）in亡he  

magne亡ic field（2 kG），SO tha亡 亡he electrons are tied to  

B⊥fieldlines at the entrance to 亡he short－Circuit reglOn  

and s亡OP，While theions penetra亡e furtherin亡O the magne亡ic  

field，Subjected to deflections by the Lorentz force．  

One of the reasons for observation 2）is that the   

expansion of the beam along B⊥fieldlines and the resultant   

decreasein 亡heion curren亡 density are prevented by the  

Short circuit of the polarization elec亡ric field・The o亡her  

reasonis that as 亡heion space chargeis a・1mos亡 COTnPleteLy  

neu亡ralized by elec亡rons（from the metalpLate），blowup of  

the beam caused by s亡rong space－Charge fieldsis prevented・  

When亡he space－Charge neutralization of the beamis  

accomplished，Observation3）is reasonable since the kinetic  

u  

e  

preSSure m・n  
l  

less than 亡h  

亡hat theundeflected propagation of the beam across the  

magnetic field due to the diamagnetic effect is unlikely. 
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CONCLUS工ON  

The propagation of theintense neu亡ralizedion beam   

as alow－beta，large－gyrOradius plasma s亡ream across the   

magnetic field was studied experimen亡ally under conditions   

bo亡h without and with亡he me亡alpla亡ein the ma詳1etic field．   

The space－Charge－neu亡ralized and current－neutralized beam   

Of pro亡OnS WaS PrOduced by the reflex triode andin］eCted   

in亡O the 亡ransverse magne亡ic field B⊥ Of up 亡0 3kG． The  

beamhas the following parameters：t＝he average velocity uo  

of3．6Ⅹ108cm／s，thevelocityspreadofO．9Ⅹ108cm／s，  

theioncurren亡densityof18A／cm2and亡he durationof  

200－300ns．1亡WaS Observed that the beam propagated across  

亡he magne亡ic field wi亡hout deflection．Main resul亡S derived   

from the present study are as foILows：  

l）Thepolarizationelectric fieldEwas observedin the  
y  

beam，Which agreed with亡he theoreticalrelation   

E ＝－uoB⊥for the beamwith the velocity spread・The     y  
mechanism of亡he cross－field propagation was，therefore，  

う・Jト   iden亡ified to be 亡he E x B drif亡 due 亡O the polarization  

elec亡ric f土eld E 
．                  y  

2） When 亡he s亡rength of the magnetic field varied spacially  

in the beam，亡he polarization electric field satisfied   

亡he relation E ＝－uoB⊥locallyin accordancevith the                 y  

SPaCialvariationin the magnetic field strength・  

3） The condition of the dielec亡ric constan亡に for the  

foma亡ion of the polarization electric field E ＝－uoB⊥                                              y  
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was derived from亡he presen亡 experiment to be K ＞100・  

This condition was consistent with the theoretical   

pre弘c血nK＞＞（m土′me） 1／2＝43・  

4） The polariza亡ion electric field was short－Circui亡ed by  

the me亡all⊃la亡e only when亡he plate was placedin 亡he ▲  

magne亡ic field so as 亡O COmein con亡act with the bean；  

亡hen，the beam was deflec亡ed according 亡O  

Single－Par亡icle orbits of bea皿ions under the Loren亡Z  

force．  

As a resul亡，亡he presen亡 Study has proved that亡he  

in亡ense neutralizedion beam as alow－beta，1arge－gyrOradius  

plasma s亡ream propaga亡es across the magne亡ic field by meanS  

。f the E X富drift due亡O the poLarization electric field づ－  

when the condi亡ion K ＞100is sa亡isfied．  
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A‡）PEND工Ⅹ A  

A s亡eady－State mOdelfor 亡he beam propagation  

by Sinelnikov and Rutkevich  

工n亡he steady state，differentiation with respect to  

time can be transformedinto differentiation with respect   

to z：  

d  
＝u 正＝・ 古■  

Then，亡he modelequations（3）and（キ）are writ亡en as  

m  
d U ほⅤ土 e′【．【、． ＝孟土（Ey＋uiB⊥）＋岩v（ve－Ⅴ土），                                      1  （Al）  

m  

． 1  
孟（Ez一ViB⊥）＋㌔v（ue－u土），  1  

d  ui召言u土＝  （A2）  

d u 
e言古e  一芸e（Ey＋ueB⊥）－ V（ve－Vi），  （A3）  

d  

ue石ue  一孟（Ez－VeB⊥ト V（ue－u土）・  
e  

（Aキ）   

From eqs．（5）and（6），i亡 follows that  

（n土u土）＝0，  

謡（neue）＝0，  
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and even亡ually  

（A5）  n・u・＝n u ＝nouo・  1 1     e e   

We assune that the beamis so dense as 亡O remain  

quasi－neutral（ni＝ne＝n）in亡he magne亡ic field・This  
assunption comes from the following consideration：Let us  

COnSider forces acting onions and elec亡rons of the beamin  

the direction of the beam propagation（亡he z direction）．  

The Lorentz force FMaCtS SO aS tO SeParateions and  

electrons to each o亡her in the z direc亡ion and to break the   

quasi－neutrality of the beam because of thelarge difference  

ia gyroradius between ions and electrons. The charge 

SeParation ofions and elec亡rons now causes an electric  

force FE＝qEz which acts so as to restore the  

quasi－neutrality of the beam・Forces FMandFEhave maximum  
2 

valuesofquo軋andqnopi／已0∫reSPeCtively・Thera亡ioof  
FM tO FEis then expressed as   

FM  
銘・  

弓＝ 

Therefore，if亡heinitialdensityno of the beamislarge  

enough亡O be K＞＞l，the electric force FEWillovercome the  

Lorentz force FMand亡he quasi－neu亡rality of亡hebeamwill  
be re亡ained．This considerationis very rough and亡he  

validity of the quasi－neu亡rality assumption must be checked  

more exactly．（The validity of this asst皿Ptionis discussed  

in Section5．C．） Cohbined with the continuity of theion  
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and electron curren亡S eXPreSSed by eq・（A5），this assumption   

y土elds  

e ㌔＝u＝：1u＝uo（no／n）・   

Equations（Al）－（A6）can be expressedin tems of亡he  

rela亡ive velocity v＝ Ⅴ．－ V and u as                           l e  

（A6）  

u霊＋vv＝皇E …eu，       me y  

du  
u古言 ＝一口iV，   

（A7）  

（A8）  

Where亡erms of order me／mi＜＜lare omitted・Note that Ez  
is missedin eqs．（A7）and（A8）because of eq．（A6）．The  

亡ransverse polarization field E is takenin the form  
y  

enouo  
Eou  

一 6y＝－   

Eo  
（A9）  6y，   

血ere6y＝yi－ye・Equa亡ion（A8）isintegra亡edwi亡h the  

aid of 亡he rela亡ion  

Ⅴ＝6y＝u古6y，  

and we have  

uo － u  

占y  （AlO）   

From eqs・（A7）－（A10），We Obtain the following set of  
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equa亡10nS：  

2
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＋
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du  
茄ニー n・竺        1uJ  （A12）  

2 whereue＝（eno′meEo） 1／2istheelec亡ronplasmafrequency・  

Equa亡ions（All）and（A12）canbe solved for∈＝l－u／uo＜＜l・  

The results are  

∈＝［1」（cosYZ・ inYZ）exp）】， （A13）  

Yu★2 ′2 －，  （A14）  

血ere山大＝（にne吋 1／2土sequal亡O山 王orK＞＞1・工亡£sfound e  

from eq・（A13）that the assuJnP亡ionぢ ＜＜lis validif亡he  

COnd土亡土on K ＞＞1is sa亡土sf土ed．From eqs．（A13）and（A14），  

We Can derive the beam velocity u，the relative displacement  

占yandthepolariza亡土onelect山王ieldEy亡00rderK－1・  
Tbe resul亡S forl土n土亡1ng cases ofl）0 ＜ v ＜＜ 2u★，2）v ＝ 2山★  

and3）v ＞＞ 2LD＊ are given below and are alsoillus亡ra亡edin   

Figs．Al，A2 and A3，reSPeCtively．  

1）0 ＜ V ＜＜ 2山★  

u＝uo【ト吉【トexp瑞）cos骨】，  （A15）   
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6y＝［1－eXp←COS，  

E＝－uoB⊥【トexp←和c。S脅 y   
1  

x【l一言eXP←鞋）cos骨，  

（A16）  

（A17）  

Equations（A15）－（A17）have the form of damped oscillations．  

Forz＞＞2uo′い＞phK －1／2，WeOb亡ain  

u＝u。（1－），  （A18）  

P土  

6y＝－㌃，  （A19）  

E ＝－uoB⊥・  y  
（A20）  

2）v ＝ 2〔J★  

（A21）  tL＝＝1ユ0【1一吉【ト（1・乾）exp←肯］］，  

6y＝筈【ト（1＋乾）exp瑞）う，  （A22）  

E＝－uo写⊥【1－（1＋鞋）exp仁乾）〕 y   

X【1・吉（1＋乾）exp瑞 
）］・   （A23）  

Oscillatory behaviors of u，6y and E are not seenin  
y  

eqs・（A21）q（A23）because of亡he damping of oscillations due  
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to effective c011isions betweenions and electrons． For  

z＞＞2uo′v＝PhK －1／2 
・eqS・（A21ト（A23）reduce亡O  

eqs．（A18）－（A20），reSpeC亡ively・  

3）v ＞＞ 2日J★  

u・＝ニ・uo【ト吉【トexp←苛‖，  

占y＝笠【1－eXp←苛】，  

（A24）  

（A25）  

Ey＝－uoB⊥【1－eXp←苛‖ト譲Ⅹp←苛］・ 
（A26）  

Equations（A24）－（A26）also reduce to eqs．（A18）－（A20），  

respectivelyin亡heshorterdistancez～phK －1／2＞＞uo／V  

because of the s亡rong damplng．  
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AP‡）END工Ⅹ B  

Characteristics of 亡he reflex 亡riode  

Bl・The mechanism ofion beam productionin the reflex  

亡丁土ode  

We describe the operation of the reflex t：riode as the  

SOurCe Ofin亡ense neu亡ralizedion beams・Suppose that an  

anode made of a thin，Plas亡ic foiland a ca亡hode at ground  

POtentialare faced to each other・工mediately af亡er the  

application of a positive high vol亡age to the anode wi亡h  

respect 亡O the ca亡hode，eLectrons are emitted from亡he   

Ca亡hode by field eTnission and are acceLerated toward the  

anode. Most of electrons pass through the anode and proceed 

to the opposi亡e side・Electrons豆hich passed亡hrough the  

anode are then decelera亡ed due to 亡heir own space－Charge and  

are reflected back t：OWard the anode． This location in   

VaCuunWhere electrons are reflected is called a virtual   

Cathode beca・uSe the potentiala亡亡he turning poin亡Of  

electrons becomes equalto that at the cathode．Thus，  

electrons repeat multiple reflec亡ions between the cathode  

and the virtualcathode through亡he anode untilthey are  

finally absorbedin 亡he anodelosing t＝heir kinetic energy・  

During亡hese motions of electrons，a dense plasmais formed  

On the anode．（We refer 亡0 亡his plasma as an anode plasma．）   

工onsin the anode plasma are then accelerated to bo亡h sides  
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and formion beams・The mechanism of亡he anode plasTna  

fomation has never beenidentified． Surface flashover of   

亡he anode due to a tangentialcoTnPOnent Of the elec亡ric  

field・however，has been proposed to be most probable．The  

efficiency ofionbeamproduc亡ionli／（＝i＋Ie）under亡he  

existence of mul亡iple reflec亡ions of electronsis roughly  

Calcula亡ed as  

1／2  
（mi／me）  －1 

］，  【1＋   （Bl）  2Tl＋1  

Where nis 亡he nuhber of transit through the anode by a  

Single electron・Since theion beamis extracted onlyin  

the virtuaトca亡hode side，the practicalefficiency becomes  

a half of eq．（Bl）．Equation（Bl）shows tha亡 the efficiency   

increases withincreasing n． 工n the presen亡 experimen亡，亡he   

anode vol亡age of 70 kV and the Mylar anode wi亡h the亡hickness  

Of 4 t皿give Tlだ 3．Therefore，亡he efficiency expec亡ed from   

eq．（Bl）is 7％．On 亡he o亡her hand，亡he efficiency derived  

from the experimentis about 4％．The orlgln Of this  

disagreemen亡by a factor of2is no亡 Clear・tt Should be，  

however，亡akenin亡O aCCOunt that the physical皿Odelfor  

eq．（Bl）assl皿eS n ＞＞1i皿Plicitly but this conditionis not  

Satisfiedin the presen亡 experiment．  

Theion beam emergLng from亡he triode captures electrons  

at the virtualca亡hode and becomes space－Charge－neutraland   

curren亡一neutral． This enables for the beam亡O prOPagatein  
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free space wi亡hout spreading ou亡 due 亡O the space－Charge  

repulsion among beamions・Mechanisms of the space－Charge  

neutralization and the curren亡neutraliza亡ion are not fully  
Bl，B2）  

underst00d亡hough they have been studied by many au亡hors．  

工n theinitialphase before the anode plasmais formed，  

the diode currentis carried by only the electron flow md  

in generalis very smalldue to the space－Chargelimitin  

亡he axialdirection．This phaseis called a highimpedance  

phase・The space charge of elec亡rons also produces a radial  

electric field which causes outward drifts of electrons and  

increases theirloss to 亡he anOde support．＝n 亡he actual   

OPeration of the reflex亡riode，an aXialmagne亡ic field B  

is applied亡O the triode to suppress 亡he drif亡S Of electrons．   

After a dense plasmais formed on the anode，亡he space  

charge of electrons is completely neutralized by ions 

emitted from the plasma．The diode currentis then carried  

by 亡heion and electron flows andincreases rapidly・This  

Phase accompanied by the emission ofionsis called anion  

flow mode・工n the period of theion flow mode，the diode  

Current PrOduces an azimu亡hal皿agnetic field B80f the二  

COnSiderable strength，Which distorts orbi亡S Of reflexing  

elec亡rons in 亡he radial direction． This leads to the loss   

Of electrons 亡O the anode support and as a result，tO the  

reductionin the efficiency ofion beam production・The  

axiaL magne亡ic fieldBz plays again a role of elininating  

the effect of the B8fieldif the B fieldis strong enough Z  

亡O be Bz＞＞B8・  
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B2・Fomation of the anode plasma  

Time－reSOlved pictures of theligh亡from the anode  

plasma were taken by means of a framing camera to investigate 

亡he forma亡ion and the time ev0lution of亡he anode plasma・  

Obtained pictures were related with waveforms of the anode  

VOltage and亡he diode current．Figure Bl（a）shows framing  

Pictures taken from the side of the reflex triode．The  

field of view of the camerais shoⅦnin Fig．Bl（b）．The  

亡iming of each framing pictureisindicated wi亡h・figures  

【1］－［8〕on the waveform of the anode voltagein Fig．Bl（c）．  

The formation of the anode plasmainitiates at亡he end of  

t：he first pla亡eau of 亡he anode voltage（namely，at the end  

Of the highimpedance phase）as shownin the pic亡ure［l］．  

The anode plasma covers all over the surface of the anode 

in50－100ns（pictures［2］and【3］）．工n亡his period，the  

anOde v01tage drops 亡O the second pla亡eau of100kV（ion  

flow皿Ode）－where the emission of beamions occurs・The  

dropin亡he anode voltageis attributed to a serial  

inductance L of theMarx generator and the triode circuit）  

● which causes aninductive drop L工of abou亡100kV when亡he  

diode currentincreases rapidly・Theion flow mode teminates  

in200－250ns，aCCOmPanied by the decayin the anode voltage  

亡O ZerO．The cause of the temination of theion flow mode  

is the short circuit be亡Ween the anode and the cathode pLn  

by t＝he anode plasma expanding toward the cathode as shoⅦnin  

pictures【7］and【8］・The expansion of亡he anodeplasTnais  
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notuniform wi亡hin the diame亡er of the anode butitis marked  

in front of亡he ca亡hode pln Where the expanSion velocity of  

亡he plasmais evaluated亡Obe2．5Ⅹ106cm／s from the  

Pic亡uresin Fig・Bl（a）・A qurious phenomenon whichis no亡  

interpre亡ed ye亡is a high－frequency vibra亡ion of the ca亡hode  

Pin appearingin pictures【4・］－【6］．The vibration of the  

Cathode pln aPPearS Onlyin the period while亡he production  

and the acceleration of beam ions occur. Tne frequency of 

Vibration can be es亡ima亡ed 亡O be more than 50 MHz．   

Figure B2（a）shows framing pictures 亡aken frotn the front of  

the triode．Figure B2（b）and（c）indica亡es the fieLd of  

View of the camera and the亡iTning of each framing picture  

respectively，aSin Fig．Bl．A亡 first，亡he plasmais  

PrOducedin the fom of a spot on t＝he anodeJuStin fron亡Of ●   

the cathode pin（the pic亡ure［2］）．The plasma then expands  

in the radialdirection and finally covers 亡he whole surface   

of the anode in a 亡ime less thanlOO ns．  

Next，We remOVed the ca亡hode plnin order亡Oinvestigate  

the effect of亡he cathode pln On the fomation of the anode  

plasma・Framing pictures of theanOde plasma were亡aken fro血  

亡he front of the triode．The result for a typICalshotis  

shoⅥlin Fig・B3・In亡his case，亡he st＝ar亡Of the plasma  

formationis delayed comparedwith the case with the cathode  

pin・The delay timeis not fixedbut varies shot by shot  

within aboutlOO ns．The dura亡ion of the highimpedance  

phaseisincreased as much・Furthermore，the plasmais  

produced shot by sho亡a亡irregularlocations on the anodein  
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front of 亡he edge of t：he ca亡hode（the picture［3］）．P00r  

reproducibilities of亡he anode v01tage and the beam current：  

Observedunder t＝he condi亡ion of no cathode pln are  

a亡t＝ribu亡able to 亡hese temporaland spacialirregulari亡iesin  

亡he fcrTnation of the anode plasma．  

B3・Effects of an axialmagne亡ic field B on the operation                                                  Z  

of 亡he reflex triode  

The streng亡h of the axialmagnetic field B affects on Z  

the anode vol亡age，亡he diode current＝ and the beam curren亡．  

Figure B∠一 Shows waveforns of the anode v01tageand亡he diode  

curren亡 for different values of B． The beam current which Z  

is detec亡ed a亡 37 cm downstream from the anode（z ＝ －13 cm）  

on the z axis is shown as a function of the strength of B 
Z  

in Fig・B5・馳enno Bzis applied，theanOde vol亡age of  

180－230kVlasts for互00nsin the highimpedance T）hase and  

Subsequentlyit drops to zero without staylngin t＝heion  

flow tnode（Fig．B4（a））．Then，the beam currentis not  

de亡ected（Fig・B5）・As the strangth of Bzincreases・the  

duration of the highimpedance phase and the anode voltage  

in this phase decrease．The second plateau reglOnin the   

anode voLtage，亡hatis，theion flow mode appears at  

Bz＝4kG；then，the diode current rises rapidly at the  

beginning of亡heion flow mode（Fig・モ沌（c））・The beam  

current detected at B ＝ 4 kG amoun亡S tO about five times as Z  

much as tha亡at Bz＝2kG（Fig・B5）・A亡the Bz field of  
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more亡han4kG・WaVeforms of the anode voltage and the diode  

Curren亡are not changed from those a亡B ＝4kG（Fig．B4（c）， Z  
（d）and（e））；however，t＝he beam currentincreases gradually  

Withincreasing Bz（Fig・B5）・  
These results derived from Figs・B4and B5can be  

interpreted as follows：工n the caseofBz＝0・mOS亡Of  

electrons emitted from the ca亡hode diverse due to their om   

SPaCe－Chargein the radialdirectionand arelost to 亡he  

anode support■ Theloss of electroTIS makes the prompt  

formation of the anode plasma difficult and results in the 

longer duration of the high impedance phase. The azimuthal 

皿agnetic field Bo producedby the diode current＝at亡he  

radius r of the cathodeis glVen by           C  

リ0 工  

Bo＝煮丁     2T r             C  

For our亡ypICalcase of工＝10kAand rc＝1・25cn・ Bo  
becomesl・6kG・When the Bz fieldis weaker than the Bo  

field ofl・6kG，itis anticIPated that亡he B8field glVeS  

serious disturbances on one－dimensionalreflexing mo亡ions of   

elec亡rons and decreases the number of electron transit  

throughthe anode．As a resul亡，this causes the collapse of  

theion flow mode andleads to the poor efficiency of the  

ion beamproduction▲ When the Bz fieldis sufficien亡Iy  

stronger than亡he B8fieldofl・6kG，On亡he otherhand・  

亡he one－dimensionality of the elec亡ron mo亡ionis assured by  

the B field and the B8field does no亡have an appreciable       Z  
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effect on 亡he characteristics of the reflex triode． The  

experimentalresult shownin Fig・B5，thatis，the rapid  

increasein the beam curren亡 be亡Ween B ＝ 2 kG and B ＝ 4kG ZZ  
is reasonable from the above consideration．  

tn suⅡ皿ary，Framing pic亡ures of thelight from the anode  

Plasma are we11correlated with waveforTnS Of the anode  

V01tage and亡he diode current and gLVe SOmeinforma亡ions on  

the 亡ime evolution of the anode plasma．A pln Set On the  

Ca亡hode plays a role of triggering 亡he discharge and allows  

亡he prompt and reproducible fomation of the anode plasma・  

The axialmagnetic field B whichis sufficien亡Iy s亡ronger Z  

thanthe azimuthalmagnetic fieldBo producedby the diode  

current，muS亡be applied to the triode亡O aSSure the  

efficien亡PrOduction of theion beam・  
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F工GURE CAPTlONS  

Fig・1A simplified modelof the cross－field propaga亡ion of  

anintenseneutralizedionbeam．  

Fig・2 Plots ofu／uo，6y／piandEy／uoB⊥fromeqs・（10）－（12）  
versusdistancez／（piPe） l／2intothemagneticfield・  

The value of Kis chosen to100（solidline）and  

200（dashedline）．   

Fig．3 Schema亡ic diagram of the experimentalapparatus；  

（a）Marx generator，（b）anode，（c）ca亡hode，  

（d）aperture，（e）voltage monitor，（f）charge  

C01lector，（g）a pair of Langmuir probes，（h）B  
Z  

COils，（i）B⊥ COils and（j）Pyrex tube．   

Fig．4 Profiles of the strength of transverse magnetic  

fleld B⊥．  

Fig．5 Schematic of Langmuir probe for the measuremen亡 Of  

the p0larization elec亡ric field．   

Fig．6 Schematic of charge collector．  

Fig．7 TypICalosci1lograms of anode voltage V and diode  

Current 工．   

Fig．8 Radialprofiles ofion current density observed at  

Z ＝ O for B⊥＝ 0．   

Fig．9 Velocity distribution funCtion of beamions（protons）．  

Fig・10 Radialprofiles ofion current density observed at  

Z＝ O fo工・B⊥＝ 2kG・  

Fig・ll Radialprofiles ofion current densi亡y observed at  

Z＝6 cm for B⊥＝ 2kG・  
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Fig・12 Physicalprocess of the expansion of the beam along  

B⊥ f土eldl土nes．   

Fig．13 TypICaloscillograms of electric field E in the beam                                               ■  
y  

（［l］B⊥＝0，［2】B⊥＝L kG，［3］B⊥＝2kG and  

【4］B⊥＝lkGin the opposite direction）andion  

Cu工■ren亡．   

Fig・14 Electric field strength E as a funCtion of B⊥  

Strength・The s01idline represents the theoretical  

relationE＝uoB⊥・Eachpoin亡COrreSPOnds亡O the  

result of a single shot．Circles（亡riangles）ar  

da亡a points for B⊥in亡he＋（－）Ⅹ direction．   

Fig．15 Dis亡ribu亡ion of elec亡ric field strength E on 亡he x  

axis for B⊥＝lkG（closed circles）and B⊥＝ 2kG  

（open circles）・Solidlines are fromE＝uoB⊥・  

Fig．16 Electric field strength E as a function of B⊥  

strengthin the case with a metalplate at x＝2・5 cm・  

Circles（triangles）are da亡a points for B⊥in  

the＋（－）Ⅹdirection．  

Fig．17 Profiles ofion curren亡（○）and ne亡Curren亡（▲）  

densi亡ies along the y axis observed at z＝6 cmin  

the case wi亡h a metalT）1a亡e at x＝ 2．5 cm．The ．L  

S亡reng亡h of草⊥is 2kG・  

Fig・18 Profile ofion curren亡density along the y axis  

observed at z＝ 6 cmin the case with a metalplate  

a亡Ⅹ＝10 cm．The strength of B⊥is 2kG・  

Fig・19 Electric field strengthE as a funCtion of position  

x of亡he metalt，late obtained at z＝O for B⊥＝lkG                                                                                               J」  
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（closed plo亡S）and B⊥＝2kG（open plo亡S）．  

Circles（triangles）are data points for B⊥in  

亡he＋ 〈－）Ⅹd土rection．  

Fig・20 Arrangemen亡Of亡he probes and the me亡alpla亡e for  

亡he experiment describedin Sec亡ion互．C．（ii）．  

Fig・21Axialdis亡ribu亡ion of elec亡ric field s亡reng亡h E  

near 亡he en亡rance 亡O the short－Circuit reglOn．  

Each closed（open）circle corresponds 亡O the resul亡  

Fig・22 Rela亡ion be亡Ween nOrmalized electric field strength  

E／uo勘」and K・Closed（open）circles are obtained  

froⅦ・data at B⊥＝lkG（軋＝2kG）．  

0f a single sho亡a亡B⊥＝lkG（軋＝2kG）．  

Fig・AIPlo亡S Of u／uo，  

dlstance vz／uo  

Chosen v／2山女 ＝  

Fig・A2 Plo亡S Of u／uo，  

d土s亡an⊂e VZ／uo  

アig・A3 Plo亡S Of u／uo，  

d土s亡孤Ce Vz／uo  

6y／piandEy／uo寧⊥aS af皿Ct土onof  
in 亡he case of v ＜＜ 2山大． We bave   

O．L and K＝ ＝100 as an exanTPle．  

占y／p土andEy／uoB⊥aS af皿Ctimof  
土n 亡he ca畠e of v ＝ 2山女（K ＝100）．  

占y葎iandEy／uoB⊥aS af皿Ctlonof  
ln 亡be case of v ＞＞ 2山賀（K ＝100）こ  

Fig，Bl（a）Framing pictures of theligh亡Cfrom the anode  

plas皿a tak巳n fro皿亡be side of亡be reflext工iode・  

（b）The field of view of fra皿ing canera・  

（c）Correspondence of each framing pic亡ure to  

wave王orms of anode vol亡age V and diode curTent 工．  

Fig．B2（a）Framing pic亡ures of亡helight from the anode  

plasma taken from亡beたont of t五e reflex亡正ode・  

（b）The field ofviewof franing ca皿era・  
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（c）Correspondence of each framing picture to  

VaVeforms of anode voltage V and diode curren亡工・  

Fig・B3 Framing pictures of thelight froⅦ・the anode plasna  

taken from 亡he front of the reflex triodein 亡he  

CaSe Withou亡 a ca亡hode pln．  

Fig．B4 WaveforTnS Of anode voltage V and diode curren亡工  

for the different s亡reng亡h of axialmagnetic field  

Bz・  

Fig・B5 工on current detec亡ed at z＝－13 cm as a func亡ion of  

the streng亡h of axialmagnetic field B．                                                           Z  
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