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ABSTBALCT

Ball currents hwve been measured in the Linear Hall accelerstor
&t pressures from 15 to ¥ microns of mercury in ergon at currents
from 10 to 40 smps at voltages from 100 to 600 volts and st magnetic
fiaid strvengths from 12.5 %o 550 gauss. Hall curremt et constext
axial currant shows en incrense to & seximm and & mbsequent dscroase
with incressing magnetic field strength. A tentative theory besed on
the incresss of iom elip with incressing mignetic fleld atrength is
proposed and sgrewmment wvith expariment is showm.
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SOME CONSIDERATIONS OF AN AXIAL ARC
IN A RADIAL MAGNETIC FIELD



INTRODUCTION

When a current passes through & magnetic fiesld there is a Lorents
force on the moving charges. This force is, in the case of the elecw
trons, ~evaB. If s confucting bar is placed perpendicular to & mage
netic field snd a current is pessing through the bar, the lorentz force
o the electrons will result in a potentisl occurring &cross ths bar
in a direction psrpendicular to both the megnetic field snd the cure
rent. This effect is known es the Nsll effect ani the potential ie
called the Hall potantial. If the bar were to be replaced with e
conducting cylinder in & redisl magnetic field such that the fleld is
everyvhare perpendicular to the cylinder, the Loremtz force would result
in s current in the acimathal &irection. This current, vhich is known
as the Ball currest, vill be perpendicular to both the magnetic field

As the Fall curremt is perpendicular to the magnetic field, a
Lorentz force will also m on the electrons in the Hall current and
this force will be gpposed to the original electron motion. R. V. Bess
of langley Bassarch Canter, Bstionsl Asroneutice and Spece Administree
tion, proposed in 1959 to use the Hall current for plasme acceleration
(ref. 1). "he device investigated at thet time consisted of a redial
arc in a magnetic field with both axial and redial camponents. The
Ball current was supplied Dy the radisl current and axial field compos
nent. The sccalersting force was supplied by the Hall current and

2



raftial fiald. The ions vere sccelaratad through spece cherge inters
action with the electivns.

Move recently a device has dean proposed (ref, 2) which consists
of an axial arce in e radial megnetic field. It is conceptuelly idene
tical with the cylinder discussed above. Howsver, in the case of an
arc, ion as well as electrom motion must bk considered. $The ion Hall
curvent apd the slectron Eall current will be in oppoaite directions.
Conditions in the arc can b obtained so that the ions, vhich are
heavier than the electrons, are only slightly effected by the magnetic
fiald. mzmmWammmammmnw
curvimt.

In en arc without a magnetic field, the electric field imposes
WMW&&!@@QMWWMi@-;W,mu
no total furce on the plssms. In the linear Ball sccelerstor, the
electric figld force on the electrons is opposed by the magnetic fleld
viile the ions ere precticelly uneffected by the megnetic field. There
1s, thus, an unbalanced force in the direction of ilon motion and the
plasns 1s eccelersted in this direstion (ref. 3).

Several iovestigstors have studied the Linsar Ball Accelerators
However, their msssurements have been concerned mostly with the variae
tion of electric field with megnetic field (. 4, 5, 6, sd 7) and the
veristion of force with various parsmeters (ref. 8). A fev iovestigators
have reported some measurements of Hall currents (refs. 5 and 9); hovever,
there have been no gystenstic studies of the veriation of Hall cwrrents
with the varicus parmmsters.



Since the Ball current is the basic mechanism of the lineer Hall
sccnlarator, & systematic stuldy of the Hall current is necesssry to
understand the operation of the deviee.

In this paper, both Hall current end arc voliage neasurements are
presented sb 15, 30, snd 50 nicrons of mercury in argon for erc voltsges
mmmmm&,mwmimwwmaaw
magnetic field strength fyvom 12.5 4o 550 gauss., Messurementis were
taken of Ball curvent end arc woltags v arce curremt for various
magnetic field strangths. This datavas then cross plotted to give
the more mesningful vearistion of Ball current and arc voltage with
magoetic field streogth for various arc currents.

e anta showe @t at any axiel curremt, the Hall current
intrenses €0 o maximm and subsequently decresses as the magnetic field
strength is continually increased. A theory is proposed to axplain
the varistion of Hall cwrrent with megnetic field. This theory is
bosed on the incresse of the ion slip term vhich results in an increase
of lom rotation and thus a decresss in Hell current with increasing

wegnetic figld.



DEVELOPMENT OF BEQUATIONS

The relationship between current density and &lectric field
strength is given by Olms law
~b -3
J = 0B
In the case of a discharge in a magnetic field ¢ is 8 tensor
gquantity. In equation (1), (ref. 10) Omm's lev is written with o
expendsd in terms of u,, the conductivity in the mbsence of a meg-
netic field, the two functions @®,v, and ®;7; and the megnetic
flux demeity B. As cemter of mses ccordinetes are used, E' must
-d b 2NN .
be employed vhere E' = E+ v X B,

-
=

| (‘”a"e)a + (l *(m "3)11-1)2

nﬁo' bag
2, (1 + 2o 70,7 ) B

B
2 ‘ ,
~‘f§3-i (B' < B) + L?fﬂ) +‘fﬂf2§aﬁ Qe+ aﬁeveﬁ&ifi)} @B E
(2)

@, and ®; are the cyclotron frequencies of the electrons and ions,
@y = eB/u,e, ©; = 6B/mjs Te ®nd 7; are the mesn time between cola
1ision of the particles, or the reciprocals of the collision frequency.
T™us @r is the ratio of the rotation frequency in the magnetic field
to the collision frequency of the particle. As collisions have the
effect of randomiszing particle motion, ®v is a mpagure of the affect



of the magnetic field on perticle motion. For high @t the particla
motion is strongly influenced by the magnetic field snd for low @
the psrticle motion is weakly influenced by the magnetie field.

In the presemt cage B, Eg, vy, By, and Bp are all taken as

zero, Noting they &8 g, = w8 end for simplicity dsfining s function

Y
RyTe

.3;:*%963‘%””9/(1‘*@) (2}
-Jeznae(%lumx)/(l*"e) (3)

Mims ), 15 used, since the axlal Loremtz force is - JgB,. Three

W such that W = » The expressions for J,  snd J,

are then

other expressions can be found for Jg by eliminating E/, v, 8od 1,
from the ebove equations. |

- Jo = & (ix - nee v,) (4)

4

- 3o = nge Fm W i, (5)

.jgg@.wvg/@%iwx) (6)

Eguation (2) can be solved for E; ylelding

'ml*fij Y.
Ex W n,e .ﬁa' ()

These equations are similar to those developed in referemce 6, except
for the figure two in the tem 1 + me"e‘”i"i' This is a numerical



factor which depends upon the gas being considered. In the experie
ment jg, J,» B end arc voltage were memsured. In the interpre-
tation of results the varistion of Jjg with B is explained on the
basis of the varistion of W with B.



APPARATUS

A schamstic of the eppearetus is given in figure 1. The elece
trodes are 7.5 cm I.D. inserts within wmtarcooled holders. In the
present experimsmt, the inserts are copper at the anode and aluminum
at the cethode, but these may be eesily replaced by any other materisl.
The edges of the electrodes and the glass are protected from the
discherge by doron nitride insulstors; these insulators leave 2.54 cm
of the electrodes exposed to the discharge. The center glass is
T.3 cm I.D. The discharge length is 22.86 om long. On either side
of the discharge the electrode holders are comnected to gisss crosses.
Mene crosses contein Hastings thermocouple vacuum gsuges. The enode
cross is comected to the gas input,and the cathode cress leads to the
vacuun systenm. The cathode cross also contains a cantilever support
for s Bakelite rod, which in turn supports an iron bar in the center
of the discharge. The iron bar is centered undser the solenoid and is
22.9 cm long, the bar is 3.16 cm 0.D. and has a 1.27 cm hole through
the center. Thie hole contalns a teflon rod vhich 1s screwed to a
boron mitride insulator at the asnoGe end and to the Bekelite rod at
the cathode end. The iron bar is covered by a 3 om pyrex tube. This
cantilever arrangement was designed so that the saccelerstor can be
mated with sany type of preicmizer at the anode without changing the
configuration or interfering with the flow from the predonizer. The
magnet soclencd is 2.8 cm long and its center is 10.16 cm from the amode
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sl 12.7 cm from the cathode. The k50 turn coil is povarsd by a e
volt batiery bank; the current is comtrolled by meens of s verisble
resisters A seerch coil is mounted }-1/2 cm from the cemter of the
megnet on the cathode side. This is & 100«turn coil snd it is connected
to a ballistic galvanometer. %The arc power supply is & TOO0«wvolt
1500 «azpere motor generator set and 1s comnected to tha electrodes
through & 10.37 ol ballest resistor. Figure 2 is a dlagram of the
megoetic field configuretion for en everege redial flux density of
100 gmuss. A repid inereese of sxial field strength seecurs above
0 gsues due to saturstion of the fron bar. The pumping system cone
sists of & cold trap, s ll«inch diffusion pwp and & stokes vacuum
PR

The investigations reported here are a study of the besic meche
anisme of the discharge. The pumping system for the precent experie
mémts 18 not edequate to remove the mess flow Que to high ion current.
As a consequence, during opmtion,. there is a pressure rise &t the
pump entrance snd e pressure Arop at the gas inlet:. This results in
e flow of neutral particles from cathode to anode. The ions are thus
accelerated through the neutrsl gas. A nev vecuum systam (three
35-inch diffusion pumps) is now under construction.
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As the solenold is st thechthia&args,WW
megnetic field reverses direction from the ancde to the cathode side
of the discharge. ‘Mxia will alsoc reverse the direction of the Hall
current and of any gae rotation as these ave functions of ¥ x B
However, the axial fam will remain in the same direction since these
mﬁmctionnof(:xg),xg. hus, the reversing megouetic field has
the adventage of tending to destroy any gas rotation vhich may build
up on one side of the magnet. The ges will enter the cathode side of
the diacharge with sny rotation that hes built up om the smode side,
the rotating force will then be reversed and the averags rotation on
the cathode side should bs close to zero.

The discharge for these experiments was opersted with no
preionizer. Thus, all ionmisation waa supplied by the electric field.
Starting ionization wes supplied by a Tesla coll, h;tthumtumed
0ff before any messurements were teken. Voltage and curremnt were
monitored on standard meters end also recorded on a Consolidsted
Electric Company oscillogrsph. Pressure was monitored on two Hastings
WQ gauges and elso recorded on the oseillograph. Hall cure
rent wvas measured by means of & 100~turn search coil (ref. 3) and
Pallistic galvanometer. VWhen the discherge was turned off, the colw
lapsing magnetic field of the Hall current induced en E.M.F. in the
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search coil. The total chargs induced in tha sesxrch coil circult is
porportional to the originel current and to the ballistic galvancmeter
deflisction. %The ballistic galvonometer was calibrsted by placing

two 80-turn coils in piace of the Ball current. These colls were
5.3 cm in dlemeter snd 7 om in length., 'The ballistic galvenometer
wes calibrated by using verious curvenmts in the coils. The direction
of current was reversed in the two coils to represent the Hall cure
reutt. When the current was turned off, the reading on the galvanow
meter wag taken. The calibration wes retaken st several magnetic
fie1d stremgths in order to check if any ssturation of the iron bex
wvas affecting the readings. A slight drop in reading noted et 550 gauss
was within reading error. HNowever, this drop and the increased axial
field at 5350 gauss may explain the sharp dropoff of Hall current noted
at 550 gause in the data. The ballistic galvancmeter was calibrated
in ampered.

The radisl léngth between the iron core and the outer glass wes
1.75 tme« The langth of the Hall current region was estimated as
10,16 cm., Thus the Hall current cross sectional aree was 17.78 square
cm. %The axial currenmt cross sectionel eres vas 30.59 square cm. The
Hall current was consequantly multiplied by 10%/17.78 to give smperes
per cquare meter, the corresponding miltiplier for the axial current
was 10%/30.55. The arc voltage ves multiplied by %.37 to give volts
per neter. Magnetic field wes calibrated ve magnet current by e geuss
meter. Mognet current was set with a standard smeter.

In operating the dlscherge, prescure wes set using a variable
lesk; the voltage scross the electrodes and the magnetic field were
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preset. The discharge was started with the Tesla coll end when voltege
and cwrrent oscillations (ss odeerved on the meters) had dsmped out,
the oscillograph was started and the switch controlling the ballistic
galvancmeter was depressed. The discharge was then tuwrned off and
the remding on the bmllistic galvanometer was taken. Ideally, 1t
would be desirsble to operate the discherge at constant current for
various magnetic field stremgths. Rowever, as the power supply ves
not current controlled, it vas difficult and time consuming to adjust
the current during eech run. At each magnetic field strength the
discharge wes started at & series of volteges so that a series of
currents could be obtaimed. After preliminary deta reduction, more
date were teken in reglons of interest. In order to extend the range
of currents st high megnetic field strengths, it was sometimes necese
amm-mmaammmmmtmmmmm.
Data were takem at 15, 30, and 40 microns end those data are presented
in the fom of arc voltege in volts per meter end Hall current in
amperes per square meter plotted ve arc current in smperes per square
meter for varicus msgnetic field strengths.

The date was then croes plottad to give arc voltage and Hall
current vs magnetic field strength for various arc currents. These
curves are presented in figures 3 through 6.

Several messurements which are desirsble for s more complete
snalyeis ere nov being undertsken. A progrem hes been started to
measure local voltage drop with floating probes and to meke some mosse
urements of ilon density and alectron temperature vith lengmuir end
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double prodes. The flosting prode ervors should cancel if the prvbes
are sufficiently close together so thet the plasme conditions are the
psume at both locations. However, the megnetic field will influemce w
electron temperature and jon density messurements to soms extent

{vef. 11). The sense of varistion of these parameters should be
neapureble st any constent magnetic field strength, tut there is some
question in comparing measurements taken mt different magnetic field
strengths. Attempts will also be made in the future to measure velocs
ities and forces in the accelerator..

A few erude measurements of oscillstions in the discharge have
been mede vith & sizple metal plate capacitively coupled to the dise
eh&gethmughthgglus._ However, no survey of this parameter has
been taken as yot.



INTERPRETATION OF RESULTE

The most striking result found is the increase to & maximm and
subsequent decrease of Hall cwrent with increese of magnetic field st
constant axial current. The incremse of the Hall current with increasing
axisl current at constant magnetic field is expected and the form of the ”
erc voltage versus axial current curves at constant magnetic field has
mMpmﬂmuymwma(mmsh The shape of the curves of arc voltage
versus magnetic field strength observed here are different frdm those
norsmlly reported (refs. 4, 5, 6, 7), but this nay be due to the
inherent errors in measuring taul arc voltage rather than local electric
field, or 1t may be due to our particular opersting conditions.

The complete equation for Jg (eq. (4)) imcluding the motion of
1ions and peutral psrticles but excluding any turbulent effecte is:

=do = = (3x = meevy)
The inclusion of 2w,¥eey;7Ty in the term

W= 1+ AweTeliT]
eTe
gives the influence Of ion slip. The ion slip term will incresse W
and therefore, decrease J; at comstent J,. Repeating equation (7)
for Bj
14 W 4B v, B

e "W




The effect of ion slip on 3; is seen to be more coaumplicated.
Considering the term

1eW - ReTe 1+ TeDyT
] -%443«- I+ﬁe'ree&71+ ?;r@ﬂ_& (8)

for W<<1, an incresse in @yvy will decrease E! (through increase
in ion current) while for W >> 1 an increase in wmgri will increese
k;. For constant Iy the increase then subsequent decrease of «Jj is
due eitber to varistions of W, v, or n, with B. At the particular
operaeting conditions considered here, nee¢ 1s probably small and vy
the center of mass velocity is, as pointed out in the spparatus section,
linmdted by the pumping system. It seems for the present case, that the
effect of ngevy, can be neglected.

A sizple explanstion of the variation of Hell current with magmetic
field at constant J, can be besed on the veristion of W with magnetic
field. The following assumptions were made, firstly, that ngev, was
negligible compared to Jy, and secondly, thet v, and v; were
constant for Ix congtant. This second assumption is besed on the
copdition that 7, and 7y are not explicit funetions of E; or B.
The calculated values of i,%;%?_ and a-!%g'- in the literature usuelly
depend on equality of elesctron and ion temperatures (ref. 8). Our
low pressure operation does not Justify tm; sasunption.

If, for J, constant, v, aend 7; are aiso constant W will be &

function of B only as seen in the following equation:

1 e
Wa ﬁ+ % 4B (9)
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%-~§$?+%71 (10)

and
ﬁ”giﬁ (12)

Hence W will bave s mintimss value at
3pg 7B my 7B = 1 ar, AngTemyry = 1 (12)

At this minimm value

2 ,
Vuin = e (13)
and
i" “eTe |y = Wy

In order to generste some theoretical curves for J. versus B
equation (4) is rewritten in the form

Jx
V= I (1)

For a particulsr experimental curve a calculation was made of the
| J
mtntmw value of W, i.e., "‘nin":g";"”" The values of qgTe
end w7y wvere then celculated for this cese using equations (13) and
(14).
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These values were then divided by the magoetic field strength at
the meximm J, poimt. The resultent values of -Sgi and —led
ware used with equation (10) to calculate W as a funetion of B,
Pypical plots of 1/W and (1 ¢+ W2) /W versus B are given in figure 7.
Bquation (7) was used to caleulated values of nyeRl versus B. The
sheath voltage was sssumed $0 be egual to the experimental voltage at
B=0 and it vas also essumed that n, vas constant for comstant Jj,.
A value of n, was chogsen 8o that the highest point of the experimentel
and theoretical E; versus B ocwves would metch and the ascumed shesth
voltege vas added to the theoretical curves s0 that the bottom points
wvould also match. Thus, only the shape of these curves e¢an be coampared.
The method of calculsting the Wyin, Of course, forces the experimental
and theoretical Hall current curves to match at «J; max. In figure 8§,
experimeatal and theoretical curves of J, versus B are campared for
Jx = 3930, 5240, and 9170 amperes per square meter; st Jy = 3930 mperes
‘per square meter, Wpyp = 0.2, B = 0,015 weber per aquare msier,
@pTe/B = 668, 371/B = 3.32; et Jy = 5240, Wy, = 0.1158, B = 0.013,
@pTe/B = 172, @7y /B = 2.9; st Jy = 9170, ¥pqp = 0.127%, B = 0,125,
weTe/B = 1256, my1¢/B, = 2.55. In figure 9 the theorstical and experi-
memtal curves of R} versus B are compared for J, = 5240 et 30 microns
mercury 247 volts per meter heve been sdded to the theoxretical curves to
represent sheath vq:f.ta.@, ‘and for proper curve matching n, was
adjusted to be 2.67 x 100 particles per meter>. This corresponds to a
reasonable percent ionization. The Hall current curves match quite well
and seen off by only & slight rotation. This nay be due to the error
involved in neglecting n,evy when calculating Wpine The E;: curve
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does not meteh s well except at the high magnetic field strengths vhere
the gemeral curvature is the same.

In matehing theory with experdments, it should be noted that the
values for B, in figures 5 snd 6 are based on aversging the voltege
drop over the length of the apperatus. A camplete survey is, however,
neceasary to obtain a detailed account of the contribution in sheath
drop with varying megnetic field. The electric fileld appearing in the
equations is given by x; = R, - v,B vbere Ex is the measured quantity.
The effect of rotetion can reduce -jg/J, but 1t sppears unlikely that
1% would be & strong effect, as v, the average plasma rotational
velocity vill be lov compared to ~-Jg/nee.

Investigabors studying eimilar devices, although operating at
copditions differing from the present case, heve found E versus B
curves in vhich E wvaries first es B® then as B as the B field
is increased. BSome have explained this effect on the basis of turbulent
Bohm diffusion (refs. 4, 5, 6). However, a recent publication (ref. 12)
notes that the inclusion of iom mobiom in the theory reduces the effect
of turbulence, Others have expleined the effect on the basis of
n./B becoming comstant at Migh B (ref. 7). These theories will be
discussed further in reference 13. It sppears that under the operating
conditions reported in this thesis, the simple theory involving the
variation of W with B is sdequate to explain the experimental
results. Additional messurements as suggested in the section emtitled
"Operation of Discharge snd Messurements” ere necespary before this
theory can be substantiated.
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