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device, an app!:'l.ratus cons:istir...g of a coo.x:te.l electrode system lr.1.th neutrel 

gas injection in the middle plane tr»a:t is .:immersed in a longitud:t.nCi.l l1Jag• 

netic :f'iel.d. 'J:l.ue diocussiol'l of these C.}.~rir'..ents leads to the conclusion 

4 3 101 ions/~u • Sinca such a pla~~ ia ve~ff de~irable for ~jection 

!~"TR'ODUCT10H 

Durine; t4e last six years 1 C011sldexabl6 ef'forts ha:.'e been made to 

i.."lcreaoG the ion ene:re-"Y in rotat1ng.;.;pJ.a~ dc-vices .. 1 :r'l&:is letl, :tn this 

I.aborato::.··:r, to the construction and 0:p0:rntioj,1 o:? the Rcmopolar i! ®-.rice. 

t-;e :n..-..ve ·,:,~en able to produce in this a.pp3.ratue a deuterium plaema rl'ith 

14 15 a kinetic ion teurperature in the keV l~~e nt densities of lO to 10 

size of the co.r;ec:i.tor OO.nks available to U.S• Although these energies are 

considernr.J.y lowe-r than ·the enc.rt;Y o:r 'cf!...e ions otJI-...a:tned from a Marshall 

gun, 3 th~ energr o:r the iona produced in a. rota.ting ... plD.srr~ de-vicG is 

transverse energy and therefore r.aore desim'blel} 'for' moat e:q;er-l.ments, like 

., 
i 

injection into a mirror geometry.. Since the XJlasma !Jl'oduced by Hcmopolar V 
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SeGms e.l.SO to be Ver:f clean an4 tb& Jbnopol.at" V gecmetr.y requires ~ 

.JD1nor ~1f'1ce.tions to obtain a deviea that can 'tlG opnoated as a gun, 'WO 

wUJ. o:parate 1n the near tuture such a "BcmOpolar Ow". Eefol'e ve 41s­

cums the deaign of this cle'oice, ve v1U review in the tirat lJQ.l:"t of thio 

papar the ·c~ristica ot RomQJ:IOlar V and the plasma produced by 1t. · 
' 

In this discussion ve 4o not go into expal"imoUtai cletaUa but put thG 

·.emphasis on thO ba.sio ideas that l.eo.ct'1 together 'ldth the exparimental 

, ' results,; to the Bbove-ment1oned conclusions about t~ ltcmop)l.a:t V plasma. 

,·, 

H01·i-?POLA.R v 
A d1ngram represontinS the llori.iOpOlar V device '1s given 1n Pis• 1. 

To produce e plasma in this apparatWJ the foUCJ\fins S$qusnce ot events 

takes pl.a.c:a: After a base pressure of less tha:l 2 x .lD·7 mm ng has been 

·. : · obta1nad and the two l.~ calQ.Citors have been cbarged up to typicaUy 

: · 30 kV 1 the magnetic tield coUa are ell$rg1zed. ~ the ~tic t1eld 
. . 
; · baa 1 1n a. bout 6 msec 1 rtsen to a value of about. 25 kG in thO m:14pl.ane 1 

. · a fast aotins, 'Valve releaaes. typ1cal.l1' 50 loll D2 t.n:a the oenter electrode 

in the m1dpls.na. About 100 '-LBeC later; a discharge takea placte. Since· 

one expaato that tha created plasma ia rotating with a rotational or· drift 

velocity v • E/P>1 wbicb in goneral ae;pands on r .. 

The simplest~ to verit,y eXPerimEmtal.l:r the .rotat1Cm. . of the. plasma 

is to perfom ·a crOwbar expariment by closing the tvo sv1tchea );'6X'allel 

to the l-J,lF capacitors. Volio.ge and Cu.nent tracea, ahotrl.rag both the 

initial discharge current and the cl'OW'bu current, 01"e reproduced in Fig. 2. 

It shoul.d bela noted that the current· is roUehl$ tvo orders ot magnitude 
. . 

snnll eJt than in a M.uoshall. 8Wl• ·The 4ecreaoe ot tha ~ta«e i.umad1ate4' 
' . . '-. 
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the 1n1t1al c11scharge and BhoUld not be contused with tba fol.l.owing drop 

of the voltage to zero because of the application of the orovba.r. ·The 

very small current atte:r the 1ni t:tal. cUscba.rge w1 th praati~ the tull 

1n1t1e.l. voltage still across the device, and particular~ the tact that 

tha crowbar current and the initial 41echarge current tl.ov 1n opposite 

directions, indicate tbat tba plasma is indeed :rotating. 'l'his can 'be seen 
I . 

more quantitatively 'b¥ calculating the angular manentum impu'ted to the . . 

plasma by the current }nasing between the two electrodes= I£ we assume 

azimuthal symmetry and intl'Oduce the current density t . .' the \Ulif'om axial 

the plasma is in ver:~ good approximation g1 van 'b:f 

l • J;! X (_! X !) •21rr 4r 4$ dt• 
P ·has o~ a z comp:ment P 1 g1 ven by -

P • E J -'r ~21tr dz dt r clr. 

It va introduce the total charge Q that tasses tbroush the device an4 the 
I 

· · radii r1 and r2 ot the inner and 9\iter electrode, ve obtain, after the 

integrations have been oe.ft"ied out 1n the 1nd1c:ated order, 

2 a 
r2 • .rl 

P•Ql3• • (1) 
2 

Experimen~ 1 t ta found that tha che.rgea passing through the device 

durizlg the initial discharge and the application ot the crowbar are 

approximate~ equal bi size 'tnlt have opposite signs 1 as cal'l be seen tram 

Fig. 2. Quantitative evaluation ot such experiments vith the bell' of 

BQ.• (1) )'iel4 the result _tbat typic~ 8cYf, ot the angular momentum 
... 
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crovbarring. Since the unrecoverable angul.ar mamentuu of the Larmor JnOt1on 

is usually much less than 1.0% of the total angular JnaDCmtum1 this 1nd1eates 

tba.t about 2Q% of the initial angul.ar momentum is lost to the 'Wl.la. 

Since, as w wUl. ·see farther below in deta111 the current in the. · 

Bomopolar V deVice is nearly entir\lly ca.rrled ey,the ions, one voul.d 

expect to fincl a. large fraction of the applied voltage across a. thin . . 
anode sheath, thus l.eading to ver;r small X"'t:::.tional velocities in the 

main pln.sma body •. !ro o'btain an upper llmit ot the shsath volta,se1 we · 

derive now e.n expression. for the drift•velocity d1str1'but1on in the deviCEih. 

To do so we assume tho.t no a1gn1t:tcant radial angular inamentum exch.a.nge 

tsltes place 4ttr1ng and immadintely after the main discha.rge. This seems 

to ba. a rea.GOl'la'ble assumption, s1naa the ion-ion· collision tilnG is very 

long compu-ed v1th the 4isclla.rge t1ma. ·1'hen, the angul.ar momentum ot the 

·pl.alll!la within a. thin cil.indar shell equa.J.o the angular ~ntum deposited 

there "by the cu:rront. Aacordins to thG derivation ot Eq. (l), the latter 

quantity is elven 'bT· 

(2) 

(3a) 

In Eq. (3a) the drift velocity v 1s ascUl.Tled to be· Ol'l4r a tunct1on of r, 
0 •• 

'because v = E/B o.nd ~1c tield ·l.ines can be assumed to be equi;ppten- · 

. t~s 'baca.us~ ot the hish. conductivity ot the plasma along ~tic field 
. . 

lines.' 1be clena1ty' p is ot course a function ot 'both ~and z beca~ of 
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tha neutral gas injection into thG evacuated dev1~. If we introduce tho 

quantity s thrOugh 

· g(r) • 27rr J p(r1 z)dz1 (4) 

Eq. (3a) can be Nlr.ritten as 
\ 

dP = vg r dr. (3b) 

From Eqs. (2) and (;b) it follows that v "' ~/g. Re)ail.acing v by E/"21· we. 

. ·obtain, for the elaotric field E and the vol ta.ge V across the device 

(5) 

(6) 

It should be noted that this equation ca.n be used to defi~ tb« hyd.ro-

4 . . \ 
magnetic ca~i ty of the rotat1ng-:pl.asma. device. 

We considcn- Eq. ( 6) now at the time ittmlediately after the main die­

charge. At. that tims va know Q and :a nnd turthe:rmore the total. maaa M 

of the :plasma, Which, according ·to EQ.• (4)1 can ~ expl'essed a.a 

r 
~ . 

M Ill. J s(:r)dr. 
1"1 . " 

A simple ca.lcul.a.tion shoWs tha.t for a. fixed value· of M the intagr.ll 
' 2 .. 

in Eq. (6) cannot 'bQ smaller .tha.n (r2 • r1) /M. (This mna.lleet 'Value is 

ll 
1 

·obtained for g(r) • 4onst, Vh1ch lea.ds1 a.ccoi-ding to Eq• .(5),- to ·a uniform 
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electric :f'ield.) Using this, va can therefore write 

(7) 

If a sheath exista, the voltage drop across it therefore cannot be larger 

than the difference 'between the actual voltage a.croas the device and· the -
. I . 

right side of inequality (7}• Exparimentall.y' ve :found that this difference 

amounts to not more than about 2o% of the voltage ac:ross the device. Thia 

leads to the conclusion tba.t if' an anode sheath exints at all, it is cer• 

tainly not a dominating effect. This ia not too surprising in view of' a 

theoretical study' of the stability ot an electron sheath. 5 Applying this 

theory to our experiment, we can expect the anode sheath to be unstable 

if the denaity at the anode ia so high that the plasma frequency exceeds 

the electron cyclotron f'requency, a condition which· .is a.hm.ys satisfied 

in our experiments. These considerations allow us to. conclude that the 

drift velocities in thi.s device are ot the order v a:~ V/ll(r2 - r 1 ), whent 

1, 
'! 

V is the voltage across the device cu"'tor the initial discharge. For our 

experiments this leads to velocities o:f' the order } x 105 m/sec, eorraepond• 

ing to ion energies in the' keV range. These ion energies are about 100 

times as large as the ion energies achieved in previous devices. We eon• 

tribute this to the neutral gas injection, allowiJJg creation of' a plasma 

that is not in contact with the insulators. 

If the aim of an expariment is the creation of a hot plasma, dri:f't 

energieo are not too significant 'b'.r themaelves, since they represent the 

energy of organized motion. 'l'he importance ot the drift energy 1ri our 

experiment becomes clear '.ihen we realize that the ions are produced in 
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crossed electric a.r.d magnetic :fields and should therefol"El! have tha same 

amount of ene;.;gy .in La.rmor motion. 

To aee this., 11e consider for simplicity the creation of' ions in 

~lane geomet~; with mutually ~rpendicular uniform electric and magnetic 

fields. · vJhan an a. tom, assumed to be at reet before ionization, becomes 
f. 

ionized, it ~:ill mow on a cycloid. The significance of this motion is, 

ho1-1ever, much easier to understand if we go into a coord1na.te cyotern that 
. I 2 moves with "'che velocitlr E x B B 'With r~spect t.o the la.bora.toey system. 

...._ -
In this system the electric field is zero and an a.tor.'l n:oves, before ioniza­

tion, 'Wi"ch a velocity .. ! lf ·~/132 • Upon :1on1za.ticn1 it will move ltTith the 

velocity I~ x yr}~ I = E/D on e. Larmor circle, and the electron "''1.11 move 

on its La.l"""..aor circle with. the same treloc:l.ty. From this consideration we 

ctm dra.'t-1 the follovilng conclusions: (s.) A1.reraged over time, neither the 

ions nor the electrons have net lllClllentum;, i.e., we are in t[l..e dri?t frame. 

(b) Eoth ions and electrons are, on the average, displa.ced by their LS.rmor 

radius fl"'m their original position. T'c.is dis:placement constitutes a 

cun·ent, and since the ions have a. much larger tanner ra.d1UG than the 

electrons.; the. current is mainly car:d~d 'by the ions. (c) Contaminants · 

Will have, after ionization, a Larmer radius still larger than the Larmor 

radius of the deuterons. This ul.t:l.ma.tely ca...'l lead to a loss of the con• 

te.minsmts to the walls and therefore a. very clean plasma. (d) If; as in 

our e.A'J.)ariments, t:P..e ions .are produced over a time long comps.red t-Tith their 

Larmer period, there exists no phase <:orrele.t:l.on between their La.mor 

motions, i.e., the Larmor motione are automatioally ~"ldomized and the 
,. . 

La.mor energy can be used to define a kinetic temperature. 

It sho·llld bS- :noted· that aU changes of the electric field after 

1oni:~ation of an a.tam do not change .its tamar energy provided these 

f 
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changes are slow compared <tdth the Larmer period. Since this holds true 

" for all changes of the ap:plied elcc·tric field in our experiment,· includ-

ing the application of the crowbar.; each ion can be expected to ha.ve a. 

Larillor velocity eq~ to the value of E/B at the time of ionization, 

modified only by ion-ion and ion-electron collisions. 

Al.though it is conceivable in principle that during the main dis-

charge ionization. occurs predominantly in regions of temporarily low 

electric fields,; this is not very likely. Since the energy of the ions 

in organized rotation ia in the keV range,; 'He can exp;ct the kinetic 

temperature to be of the same order of magnitude. To veriftJ this ex:peri-

menta.lly we measured the total neutron production with a. Lii scintillator :
1 
I 

and found that the neutron production increased wi~h the'applied voltage 

as ex:pected. Although preliminary measure..~n~s vith e. plastic .scintilla.tor· 

gave the result that neutrons e.re still prod.uced after· the volta.ge a.cross · 

the device had been :removed by crmiba.rring-1 toose mea.su:re-.nents are not yet 

good enough to determine the decay time of the plasma. 

To malre more direct velocity mea.sure!ll.ents we used tv70 neutral detec• 

tors in a time-of-flight arra..f'.gemGnt so that we could dete:nnir.e the 

velocity with which energetic charge-exeha.nge neutrals lett th.~ device. 

Since the mlkoown density distribution determines the electric field 

distribution [Eq. ( 5)] e.nd therefore the. v-elocity of the ions at the 

outer electroda,- these measurements do not allow us to determ:1.ne tthether 

6 the maximum ion velocity at the outer electrode is E(r2)/B or 2E(r2)/:E. 

The measured velocities ·were1 h0i·rever1 of the expected order of nw.gnitude 1 

namely 2E(r2)/:B it the gas density ia a~sumed to be rs.dial.ly unifom 

(g « r). One aspact ot the neutral particle ·measurements does support 

'·,· 
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the concept of a high kinetic ion teJ:l'll)era.ture in an indirect way: 'l'he 

flux of neutrals decreaced by seve:t .. o.l o1"iiers of magnitude to an :ii:nmea.sur• 

ably loi., ·value shortly before tr...e rr..ain disc!:JEtrge cv.rrent went to zero1 

indicating trot the :plasma v.as ca-apletely ionized at that time. The 

virtual disappea.J.~nce of deuterium and impurity lines in the visible at 

the same time confirmed this conclusion~ Since the electron tenperature 

has to be ver>J lovr or1g1nall.y1 t.here bas to be a h.Gat.:lng mechanism to 

roicc. the electron temr:;erature. Assuming em ion temperature in the keV 

rar.~Be, the energy trruis:f'er from ~che ions to the electrons :ts sufficiently 

fast to give an electron tsm:pera.t'lll"'' of' 50 eV in a 'bout 1 ~-tooc 1 thus 

.fitting the experimental :findings very 't-tell. 

Although there is obviously much :mor-J d1agnoGtic w--orl-:. to do Jco obtain 

· a more complete knowledge of the plaSillll produced 'by the Homopolar V deV"lCe, ' 

lre feel that the reported results are encouraging enough to 'build a gun 

based on the same principles. 

l!OHOPO!..AR G\JN I 

From the discueoion of the Raruopolar V device it is evid.~nt that 

only minor modifications of that dedg11 are necessary to obtain a. plasma 

gun that has ve1--y desirable properties for at least some experiments.. In 

the following 11a discuss our Homopolar Gun I and basic COrl.Siderations con• 

cerning the design and operation of such a device e 

A schematic representation of Homo:polar Gun I is given in Fig. 3· 

The center electrode extends into the device from only one end to allow 

a.n unobat:ructed ejection of the lllaSiila at the othG!r end. The mirror coil 

at the ejection end of the device has 'be<;m retained.. This allows pre• 

,•. 

~··. 
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l1m1nary expariments 1n the Homopolar V modo to determine whether tbs 

asymmetric center electrode requires also some other modifications. One 

ad~it1~n to the design shown 1n Fig • .:; that we expect to be necessary is 

e. short extension of the central. electrode beyond the ga.G ];IOrls to avoid 

e. direct e.x1a.l acceleration of' charged particles by the axial. component 
r 

of the electric field at the end of the electrode. 

'When Homopol.D.r Gun I is o_perated' as an injection device, the mirror 

at thG ejection end V1ll of course be disconnected to allOW' the pl.a.sna.. to. 

leave the gun. we· intend to study the plasma Pl'O)';>arties at first and may 

. use that plamns\ later to perform same exparjmsnts 1 such e.s ad.ia.ba.tic com-

pression studies. 

The g1.m Will ot course be operated in the same way the Homopol&r V 

device is operated. We therefore expect to see a main discharge tha.t is 

equivalent to the main discharge in Hamopolar V. ~d1a.tely foUowirlg 

this discba.rga.~~ we wUl ap:ply the external crowbar. 1'here are 't.'"t-TO reasons 

tor this procedure: (a} For most expariments it wUl 'be pl"eferable to 

~L 
I 

I 

have a nonrotating plasma ~nstead of a rotating plasma. (b) In our expert• 

menta vith Homopolar v we found that (depending on the magnetic field. 
' J;h.f. 

configuration) between 5 ~ 20 ~sac after tha main d1sclmrgevfast ca:pa¢1• 

tors discharge suddenly through the device. This ninternal crowbar" is 

accoznpmi.ed by the release of large amounts of gas from the electrodes 

of the davie~. AlthoUS}l it would be desirable to· fu1.J.y \Wdarsta.nd this 

behaVior, ve :f'eel'that it 1G much more 1nJ:portant that w can prevent this 

. . 
As 1n Bomopolar V1 va intend to work vith suffic1ent4' high densities 

to prevent the formation of the anode sheath• ~1a also 1nten4 to avoid, 

.,• .. 
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at least s.t first; excessive mo.gnetic field distortions because ot een• . 

tr1fugal forces and kinetic temperature. If we a.llow a. magnetic field ·- · 

distortion of not more than l~ and w.nt to fulfill the instability. con• 

dit1ons of the anode sheath, ve ha.va to se.t1sf'y the inequalities 

I 

where n is the density 1n c:m·3; B the ma.gnetic field in Wb m·2 (10 kG) 1 

and. T the kinetic ion temperature in keV. 

It should be pointed out that these conditione should not be con• 

sidel'lad as very "hard" conditions •. Tbs condition tor ·the instability ot :1. 

the anode Gheath 1s a sufficient condition for instabilitY; but 1t is not 

known whether it is also a necessary condition for ohea.th instability. 

This· condition and the one re£rulting f'rom the consideration 'of magnetic 

field distortion simply deseribe a regime of parameters for vhich we can 

expsat .with near certainty a satisfactory parfo:rmance of tba gun. At the 
I 

same ti.mG one has of course e.lso to make sure that tba La:rmo:r radii of . 

'r 
I 

the ions ore not too large ,a traetion ot the apa.c1ng between the electrodes. 

For most experiments 1t will ba deairabl-e to transi"er the })l.a.sme. 

fl"Olll tho v-alve region to tha experimental :rog1on in a time sborter tban. 

tha 1on•1on collision time, vhich is of the order of 50 J4SEtC tor· a. 

·deuterium ple.Grtn w.1th l keV kinetic 'telnparature at a density of 1015 am·). 

Although the azimuthal ~ic field associated ~tb the discharge cur­

rent 'Will 1m:rart; sa.me e.xial momentum to the plasma., this in general wUl. 

not be nee.rl.y' enough to obtain the dGsired transfer t1ma. · We therefore· · 

plan to ba.ve e. mirror field· ~hind tha valve ·region with ·the val~ :rosiem 

·,-
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itself located at the mirror elopo. rle intend to ma.ke the magnetic field 

1n the val. va region about lO% higher than in the long drift region, thus 

transforming 10$ of the transverse energy into axial energy. With a 

deuterium plAsma. having a· tranavarse Lamor energy of the ions in the keV 

range, this shouid give axial.. velocities of the order of' 105 m/ooc, which 

vill be f'e.st enough to obtain reasonable transfer tilrles for most ax;peri-

ments. Another alternative 't-."¢uld oo to use?: an 1n1t1a.J.ly uniform magrJet1c 

field and then to pulse on a tranofer coil at the proper time and location 

to provide an additional fast-rising mirror field. 

To minimize the influx of contwninants from the outer 'Wall a.l'ter the 

crovbar has been a.pplied1 we plan to reduce later the diameter of tha 

outer electrode in the veJ.vo region by about 2rl/o so that the plasma bas 

no contact with the walls after it has left the valve region. 

' ;I 

)~ I 
One coul' also imagine ths use of plasma electrodes; homrver1 it voul..d. 

be premature t¢ discuss these Mure projects 1n detail before it has been 

shO~.zn experimenta.l.l.y that the Homo;pola.r' Gun vorka as expected and l:'equiraa 
\ 

improvements of that nature. 

We voul.d. like to tba.nk Dr. Harold ?. Furth a.."ld Dr. Wult n. Kunkel 

for many helpful. discussions dur:i.ng the entire history' of this prog:ra.m1 

Messrs. Robert W .. La.ylrt.m and G. Donald Paxson for their help 1n the 

eX];ler1ments and l4esars. Lo~s A, Eiag1 and Robert F. Bolsinger for tba 

mechanical dasisn, construction and JnBintenanoe of the ~la.r V ®vice. 
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1. o • .A. Anderson, w. R· Bs.."rer, A. Bratel'lclll, R- P. Furth, J. Ise.; Jr. 1 

w. B. Kunkel, a.nd J. 1·1· Stor.a~ in Proceedi2gs of tl1e Second United 

N:tt.ions Int~l"l'lational Conference on "che Peaceful. Uses of Atomic 
, 

Encrcy, 195~ (U11ited Nations, Geneva, 1958) ,2g,.. P• 155; K· Boyer;; 

J. E· Hil.tfimel, c. L. Longmire, D ... Nagle, F. L .. Ribe, and w .. 13. 

Rieaenfeld, in Proceedings of tr~ Second United I~t1ons International 

conference on the Peaceful Uses of Atomic Ene~gy, ,1958 (United Nations, 

Geneva,. 1958) ~, P• 319.; D .. A. :Baker and J. E. Eu.1IDel1 F.a,ye. Fluids 

!_, 1549 (1961.). 

3· J. Vathel"1 this issue •. 

4. o. A. Anderson, w. R. Eaker, A. Bra.tena.hl, 1{. P. Furth," Wld w. B • 

.KUnkel, J. Appl. Pbys. 22, 188 (1959)· 

5· o. nuneman, li~tl.ll'"G 165, J+74 (1950). 

6. We ta.\e the velocities at the outer electrode because thcit mean free 

path of charge-exchange neutrals is short com;pa.recl Vith· the electrodct 

spacing tor the densities used 1n our exJ)erimento. 

Fig. l Bomo:polar V device. 

Fig. 2 Voltage and cu:rrent traces. 
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