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ABSTRACT .
xporimernts are raviewed that were psrfommed with the Homopoler V
device, an apparatus consisting of a 12l electrode system with nsutral
7

gas injection in the middle plane that is immersed in a loagltudinzl mage

netic field.

that the Homopolar V device produces a Jsuberdum plosma with

temperaturs in the kilo-electron-volt rane

10%* Ten®

ions/

The discussion of these experiments leads to the conclumon

& &inetie

st & density of the ordey of

Since such & plasmy is very decirable for injection

purposes, the baslc consideration concerning the desig;n_anﬂ operation of

a modified Humopolaxr V device,

the Tomopolar Gun I, are discussed.

INTRODUCTION

During the last six years, considerabls efforts have been made to

increass the ion energy in rotating-plusma &Qv:‘acesai

Ieboratory,

We bave vren able $o produce in this apmra

¢ kinetic ion temperature in ¢

2 5
hid [
an™?,

&

with these limitations

ize of thae capecitor hanks

considerably lower than ‘the enaryy of

gm,i %

¢he energy of the ions produced in

This led, in this

to the construction and operation of the Homopolar V oﬁace.

tus 8 dewteriun pleana with -
the keV range ot densities of 10°° to 1000
sat not by fuad:marrtal processes bub Ly the
available to us. Although ﬁhaﬂe energies e
the ionz ovbtained from a Marsghall

a rotating-plasm device is

troansversce enersy end therefore more desirable for mosh experiments, like

. injection into e 'ni“ror gecmﬂtry‘

N

Since 'thé' plasma produced by Homopolar V
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secms also to da very clean and the Bomopolar \'4 geomfry requires only
‘minor modifications to cbtain a device that can de oparated as a gun, wo

. will opemﬂe in the near future such & "Bomopolar Gun®. Defore we dise l
cuﬁa fhe design of this device, we will review in the £irst part of this
paper the characteristics of Homopolar V and the plassa produced by 1t.
In this lecussion we do not go into expeﬂmnbd detatls but put the :

| emphaste on the baste 1dens that lead, together with the a@:perimental

results, t0 the above-mentioned conclusions about the Bomopolar V Placna.
| | . BOMOPOLAR V | R
A diagrem represonting the Homopolar V device is given in Pigs le

" To produce & plasma in this epparatus the following sequence of avents .

| takes place: After a ‘base pressure of less than 2 x 10“7 ma Bz has been
|7 obtained and the two LeyF capacitors have been ehargea up to typieally
| * 30 kV, the magnetic ﬁeld} 99113 axre onorgized. When the magnetic fiela
bas, in about 6 msec, risen to a value of about 25 K0 1in the midplana,
. a. fast &ctinq valve reléaéesl ‘typicauy 50 pul b2 from the tentor electrode
in the miGplans. About 100 Qaéc later, & dlscharge takes place. Since
' in this discharge a radial current pasees in o longitulinal mignetic field,
 one expects that the created plasma 18 rotating vith a rotational or Arift
velocity v = E/B, which in general depends on
The simplestway to verif}' axperimentauy the rmtion Of the plaama
is to porforn a crwbar exparimant Yy closing the two switchas parallsl
to the l-uF capacitors. Voltnge e-nd cwrront tmces, showing both the
nitial discharge currex;t and the erowbar current, are reproducea in Fig. 2.
It should bo noted that tho curmnt ie mze.hiy tvo oxders of magnitude
smalley than in & Marshall gutts m decrease of tho \rblta.ge maiately
after the initial discharge 19 e; contimtion of the ringing ca\med 'oy

¥
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the plasma 18 in very good approximation given bty - o

©oradil xy and ¥y of the inner and outer electrode, wa obtain, after the
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the initial discharge and should not be confused with the following drop
of the voltage to zero because of the application of the arowbar. The

very swall current after the initisl fischarge with practically the full

initial voltage still across the device, and particularly the fact thét _
the orowbar current and the initial discharge cwrrent flow in opposite
directions, indicata that the plaema 1s indeed rotating. This can be seen
move quantitatively by caleulating the angular momentun imparted to the B
plaama by the cuxrrent passing between the two electrodes: If we ésame
azimuthal symsetry and introduce the current density J, the uniform axial
magnetic field B and the coordinates r and z of a volume element with
respact to the caxiter of the device, the angular momentum P imparted to

gnfgx(axg)oenrdrdzéh

E'has only a 2 comyonenf P, given by

P-BfJ 21 dz at r dr,
If we introduce the total charge Q that passes through the device and the
integrations have been carried out in the indicated onder, '

x‘2,-}.2

Pao QB ¢ . ‘ (1)

2
Experimentally it 4s found that the c¢harges passing through the device
during the initial discharge and the application of the crowbar are
approximately equal in 'size but have opposite signs, as can be seen from
Figs 2. Quantitative evaluation of such experiments with the help of
Eqs (1) yield the result that fypice;m 80% of the angulay noDentun
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imparted to the plasma during the initial discharge can be recovered by
crovbarring. Since the unrecoverable angular momentum of the Larmoxr moticml
4s usually much less than 10% of the total angular momentum, this indicates
that about 207 of the initial angular momentum is Lost to the walls.

Since, as we will sge fax;ther balow in detail; the eurrent' in the
Bomopolar V device is nearly éntirely carried Yy.the ions, om would
expact to £ind a large fraction of the applied vol‘;agé acxross & thin
~ anode sheath, thus leading to very small sotational velocities-"in the
- main plasma body. To obtain an upper limit of the sheath voltage, we |
derive now en expression for the drift-velocity distribution in the device..
| To do so we assune that no significant _mdia.l angular momentun exchange

: i X
’ ) Lo
~ takes place during and immedintely after the main discharge. This ssems

to be a reasonabla assumption, since the ioneion collision time is very v

long compared with the discharge tima. Then, the engular momembwm of the
plasma within & thin ¢ylinder shell equals the angular momentun deposited
there by the currents According to the derivation of Eqw (1), the latter

&

quantity 1s given by
 whereas the former quantity can be expressed as
ar ﬁLv(r) r o(x, z) avrrdr dz. - (3a)

In Eq¢ (3a) the drift .v.elocityl v 15 ascuned to be only a function of i',

 bacause v = E/B a.nd maé;netic 'field-linea can b as_ma& t0 be equipoten~ -

tials because of the high condustivity of the plasua along magnetic field
lines. ' The density p is 6r'.c§\u'sqla'fm¢uan of both * and z bocause of
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the neutral gas injection into the evacuated device. If we imtroduce the

quantity g through : |
- glr) = Qnrfp(r, z)az, ' . - ®
Eq. (3a) can be rewritten as o S :
. ' . | N . : ] ’,
- . - AP w vg 2 dv. : _ (3v) '
. : ' « f ) o — 4
From Egs. (2) and {3b) it follows that v » QB/g. Replacing v by E/B, ve
obtain, for the electric field E and the voltage V across the device o
2, : ‘ o
L= Q8 /g, . (5) :

r, ;
a5 dr
v - » f | T‘)‘s * & o A

It should be noted that this equation can be used to define the hydro-
\

| megnetic cap@cityh of the rotating-plasma device.
Ve consider Eq. (6) nov at the time immediately after the main dise

charge. AY that time we know Q end B and furthermore the total mass M

of the plasma, which, according to Eqs {4), can ba expressed as ‘
2o ’ .

M "-f g(r)&r.

A simple caleculation shows that for a fixed value of M the integral

in Eq. (6) cannot be smaller then (r2 -4x'1)2/M‘ (This emallectvalue is
obtained for g(r) = const, which lends; according to Eqe (5), toa unt form
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electric field.) Using this, we can therefore write

S-SR .

2 , S
2
V>9—§-(r2-:fl) . » ‘ | (7)

If'n sheath exists, the voltsge drop across it f;herefore cannot be larger ' ;
than the difference “etween the actual voltage agmss‘the device and'tﬁe o | i
right side of inequality (7). Experimentally we found that this difference 2
amounts to not more than about 20% of the voltage across the device. This
leads to the ﬁonc;usion that 1if an anode sheath exists at all, it 4s éer-’
tainly not a dominating effect. This ia not too surprising in view of a
theoretical study of the stability o’i“’ an electron sheath.5 _ Applying this 1
theory to our experiment, wa can expect the anode sheath t6 bz unstable _\i." '
if the density at the anode is so high that the plasma fraguency exeeeds ‘
 the electron cyclotron frequency, a condition which . ig always satisfied
in our experiments. These considerations allow us to conclude that the
 drift velocities in this davice are of the order v e v_,/n(re' - 1)’ where
V 15 tho voliage scross the device after the initial discharge. For owr
experiments this leads to velocities of the order 2 x 105 m,/sec, corresponde-
ing ¢0 ion energies in' the keV range. These lon ensrgles are about 100
times as Ié.rgev as the lon energies achieved in previous devices. We cone
- tribute this to the neutral gas injection, allowing creation of a plasma
that 1is not in contact with the insulators.

If the aim of an experiment is the creation of a hot plasma, drift
energies are not too sighiﬁcant by themselves, since they represent the
energy of organized motion. The importance of the drift energy in our

experiment beccames clear wben we realize that the ions are produced in
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crossed electric and magnetic fields é.nd should therefore have the same
amount of energy in Larmor motion. .

To see this, vwe consider for simplicity the creation of ions in.
plane geometry with mutually perpendiculsr uniform electric and magnetic o
~ fields. "¥When an é.tom, ascuned to be at rest 't;efore ionization, bscomes

ionized, it will move on & ¢ycloid. The signifiéance of this motion 1s,
however, much easier to understand if we go into a coordinaté system that

moves with ‘che. velocity Ex E/ 332 with respect Lo the laboratory system. L
In this system the electric field is zero and an atom zoves ; before ionizé.-
tion, with & velocity «B x’ ;3/}32'. Upon ionizaticn, it will move with the
velocity |E x ’IyB?I = E/B on & larmor circle, and the electron will move ,.
on its larmor circle éith' the same velocity. From this consideration ve
can draw the following comelusions: (a)} Averaged over time, nelther the
ions nor the slecctrons have net momentum; i.e., we ére in the drift frame
(b) Doth ions and electrons.are, on the average, displaced by their Larmor
ragius from ‘fl::heir original position. ~ Tuis displacement constitutes & |

current, end since the ions have e much larger Larmor radius than the

electrons; the,cui‘rexxt is mainly caxaied By the ions. ' {¢) Contaminants
will nave, after ionizatlon, é.' Lermor radius still larger than the Larzor

radius of the deuteronme. This ultimately can lead to & loss of the cone

teminsute to the valls and therefors a very clean plasma. (&) If, as in
our experiments, the ions are produced over & time long compared with 'théir
Larnor period, there exists no phéée correlation between theiyr Larmor
'mo‘cions, i.e., the Larmor métions are avtomatically randomized and ﬁh@
Larwor ensrgy can be uée& to defin'é a kinetic 'tempemture. _

It should be noted that all changes of 'the electric fisld after

fonization of an atom do not change its Larmor enexgy provided these o
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changes are slow compared wifh ths Leymor period. 8ince this holds true
for all changes of the applied electric field in our experiment, includ-
ing the application of thé erowbar, each ion can be Iexpgcted to have a
m}dor velocity equal to the value of E/B at the time of ionizatilon, |
modified only by ion-ion and ioneelectron collicions. |

Although it 1s conceivable in principle éhaﬁ during the main dis- -
charpge {onization occurs predcaninantly in regions of temporarily low
'elec’cric fieids; this is not very likely. Sincebthe energy of the ions '-
in organized rotation is in the keV range, ve can expect the kinetic

temperature to be of the same order of magnitude. To verify this experie

mentally we measured the total neutron producticon with & Lil sceintillator 'y
- and found that the neudron production increased with the 'aﬁplied volﬁage : )
a5 expected. Although preliminary measum;nen‘qs. with & plastic scintillator:
‘gave the resuit that neutrons e.ré st1ll produced after the voltage across

the device had been removed by crowbarring, these measurements are not yet ‘

good enough to determine the decay time of the placuwa.

To make more direct velocity measuremsnts 'em used two neutral detsce
tors in & time-of-flight arrangement so th&tzi we could determine the
velocity with whicix energatic charge-exchange neutrals left the device.
Bince the unknown density distribution determines the electric field
distribution ‘[Eci- (5)] end therefore the velocity of éhe ions at the
cuter elaectrode, these measurements do not allow us to determine whether
the maximmn lon veloeity at the outer electrode is E(ra)/B or 2E(r2) /E..6
The measured velocities were,; however, of.the expacted order of megnitwde,
- namely 2.’;«3(:'2)/3 if the gas density is aésmed to be m&ially uniform

{g = r)s One a.specﬁ of the neutral perticle measurements does éupport |
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the concept of & high kinetic ion temperaturevin an indirect way: The
fiux of neutrals decreased by several oxders of magnitude to an immeasur-
ably low valus shortly before the meln discharge current went to zero,
indicating that the plasma was campletelyvionize& 8t that time. The
virtual disappearsnce of deuterivm and impurity lines in the visible at
. the same time confirmed this conclusion. Sinée the electron temperature
has to be very lovw originslly, thore has to be a heabing mechahism %o
raipe the electron temperature. Asswuning an ion temperature in the keV
range, ﬁhe'energy'transfer frcm the ions %o the elecﬁrena is sufficiently
fast t0 mive an electron temperature of 50 eV in about 1 ussc; thus |
fitting the experimental findings very well. | ' ~ :x
Although there is obvicusly‘much mora diagnostic work to do to obtain;
" a more complete knowledge ofvthevpiasmé produced by the Homopolar V device,”‘
we feel that the reported results are encouraging encugh to build a gun

based on the same principless

HOMDPOLAR GUN I

From the discussion of the Homopolar V davice it is evident tﬁat
only minor medifications of that decign sre necessary to obtain a plasma
gun that has very aesiréble properties for at least scme experiments. im
the following ve &iscussvour Homopoler Gun I and basic ccnaid@raﬁions cone
cerning tbs\&esign and operaﬁion of such a davice. |

A schematic represehtation of Homopolar Cun I is given in Pig. 3.
The center electrode extends into ths device from only one end to allovw
an unobstructed ejection of thé‘plasma at the other end. The mirror coil

at the ¢jection end of the device has been :@tained. This allows DPrew
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liminary experiments in the Homopolar V mode to determine whether ths

asymmetric center electrode requirzs also some other modifications. Onev

addition to the design ghown in Pigs 3 that we expect to te necessary is

& short extension of the central electrodra beyond the gas ports to avoid .
& diract axial acceleration of charged particles by the axial component
of the electric ficld at the end of the electrode.

When Homopolear Gun I 1s operated as an injection devi;xe, the mirror
at the ejection end will of coursc be discommected to allow the plasma to
leave the gun. We intend to study the plasma properties at first and may
use that plasma later to perform some experiments, such es adiabatic cone-
pression studies. | | o

The gun will of course be operated in the same vay fha Homopolar V | o ';

| dovice 1s operated. We therefore expsct to ee¢ & maln discharge that is _’ '. ':' ,;
equivalent to the main discharge in Homopolsr Ve Immediately following
this discharge, we will apply the external c¢rowbar. There are tvwo reas;ma C .
for this procedure: (a) For most ’experiménﬁs it will be preferable to " B ) [
have & nonrotating plasma instead of a rotating plasma. (b) In our experis . '/
ments with Bomopolar V we found that (deponding on the magmetic fleld 7,;- ,/ j_
configuration) fbe%ween 5 and 20 usec after the main dischnrg\e@f%st capacie~ s‘
tors discharge suddenly through the device. This "internal crowbar” is o o
accompanied by the relesse of large amoum;s of gas from the electrodes " y
of the device. Although it would be desirable to fully understand this
behaﬁor, ve feel that it 1s much morxe myortant that we can prevent this

- unwanted discharge by crbwbarring sarly enough.

Ag in Hompolar V, wa intend to work vith sufficiently high densit:lea :

to prevent the fomation of the anode sheath. We aleo intend to avold, |
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at least at first, excessive mognetic field distortions because of cene -
trifugal forces and kinetic temperatwre. If we allow a magnetic field
distortion of not more than 10% and want to fulfill the instability cone
ditions of the anode sheath, we have to satisfy the inequalities

‘n 25 x 2080

Ky K e
1

10%3

‘e

. vhers n 4s the density in cm's, B the magnetic field in Wb m"a

(20 1),

and T the kinetic ion temperature in keV. '
It should be pointed out that these conditions should not be cone

sidered as very "hard" conditions. The condition for the instability of )

. I3
1

the anode sheath iz a sufficient condition for rins'bability, ut 1t is not

. known whether it 4s also a necessary condition for sheath instability. o

This condition and _‘«‘;he ona resulting' from the consiferation ’:<_>f‘ magnetic

° f1eld dlstortion simply decorids a regime of parameters for which we can

expect with near certainty & satisfactory performance of the gun. At the L

same time one has of course also to make sure that the Lawmor radii of .
the ione are not too large & fraction of the spacing between the electrodes. |
For most abcx;eriéents it will be desirable to tranefer tha plasma
from the valve region to the experimental region in & time shorter than
tﬁe ion-ion coliision time, which is of the order of 50 umé fLoxr & ‘

“deuteriun plaema with 1 keV kinetic teuperature at a density of J.‘OI‘5 cm"z'.

" Although the szimuthal magnetic fiold associated with the dlscharge cur-
vernt will impart some axial momentum t;.o- fche plagma, this m'geneml will
not be nsarly enough to obtein the destred transfer tims.  We therefors
plan t0 have & mirror fiel4 behind the valve Fegion vith'the valve region

R
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) 1tsolf located at the mirror slope. We intend to make the magnetic field
in the valve region about 10% higher than in the long drift region, thus
transforming 107 of the transverse energy into axial energy. ¥%ith e
deuterium plaexa he.ving a transverse Larmor cnergy of the ions in the keV
range, this should give a::ial‘velocities' of the order of 10° n/sec, .which
vill be fast enough to obtain reasonable tmns\zfei' tines for most axperie
ments. Ancther alternmative would be 10 use an initially wiform magnetic
field and then to puisa on a transier coil at the proper time and location
to provide an additional fasterising mirror fisid.

To minimize the influx of comteminants fyrom the ocuter wall after the

crowbar has been applied, wa plan to yeducse later the dlameter of thas Y

outer electrode in the valve region by about 20% so that tho plasma has
10 contact with the walls after it has left the valve region.

One cou:‘!.tlw imagine the use of plasma electrodes; however, it would
 be premature to discuss these future projects in detail before it has been
| ghown experim;entally that the Komopolq.r Cun works as a:épectea and requires

improvements of that nature.
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