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THE TRAPPING OF CHARGED. PARTICLES 
IN AXIALLY SYMMETIUCAL SYSTEMS 

OF ELECTRIC AND MAGNETIC FIELDS 

by 

UCRL•8156 

J. D. Oow, L. Ruby, L. Smith, and J. M. WUcox 

Radiation Laboratory 
University of California 

Berkeley, California 

An electron-trapping aeometry it described which 
was acc:identally observed in the course of a PIG iou·eource 
development program. Some possible applications to the 
Sherwood prosram are discussed. The anode sheath formed 
at the central rod ol a magnetron.Uke geometry is meaoured 
and analyzed. 

1. EXPERIMENTAL OBSERVATIONS 
OF ELECTR.ON·TRAPPINQ GEOMETRY 

We should like to besin by deacribing some experimental obaer• 
vations made in :February and March of 1957, which have stimulated 
interest in the uee of combined electric and tnagnetic fi.elclo for Sher
wood purposes. ln the couroe of a development program em PIO ion 
sources, it wao diecovered that the geometry ehown ln Fig. 1 could 
serve as an ion aou!'ce capable of producing a pulted beam of 1 ampere 
of protons. In order to procluce an ampere of ion current, a current 
of the order of tens of amperes of ionizing electrons would be required. 
Since no such large currents weJ'e observed to now from the cathode 
to the anode, we were forced to conclude that some trapping mechanism 
must be operating. 

Consider a region of epa.ce containing an axially eymmetric mag· 
netic field having an axial gradient of the "z" compouent. Such a fiolcl 
combination ie shown achematically in Fig. 1. Let u& assume the elec• 
tric field in such a direction ae to accelerate a charged particle of 
given eign in the positive z direction, and ( dlBzl/d.z) > 0 ln the region 
between the electrodes. A charged particle, otarting at a aultable 
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value of r and accelerated into the region of increasing magnetic field, 
wU1 croso the radial component of the magnetic field and, therefore, 
ac:qulre a tangential component ol velocity. Tbla tangential moticm i1 
motion at right anglea to the z component of the magnetic field, and 
l'eaulto in a force tending to bend the particle trajectory around the z 
axis. 

For physically realizable axially symmetric fields, Br ie zero 
on axis, increases to a maximum value tor some value of the radius, 
and then again decrease a. Thus. partlcleo which etart too near the 
axle will '!'lOt be trappecl. U the diverging magnetic field ts that pro
duced by a pole of a permanent magnet or by a current loop, Bz wUl 
reverse sign for sufficiently large radius. The radlal force changes 
aign when 8z is reversed in sign with respect to Br. Therefore, 
there wUl be a limiting outer radius beyond which trapping is impos
sible for any value of E. For suitable field configuration, electrons 
starting their motion in a range of radial positions between theee limit• 
f.ng valuee can be trapped for a time that is very long compared with 
the period of oscUlation. 

If an electron is contained in the trapping region. it will eventually 
make an ionizing collision with a molecule of the gas. The time required 
for such a collision to occur in Hz is essentially independent of the elec• 
trou energy, since the ionization cross section for hydrogen varies in
versely a• the electron velocity over a wide range of velocity. As a 
result, the product· of the lonizati~ cross oection a f. and. the electron 
velocity v ls equal to 6 x 10·8 em /sec for electrons with energy 
from 100 volta to 2000 volta. 

At an operating pressure of 10 microns, the density of gae mol
ecules is 3. 5 x 1014" moleculea/cc. The mean time betwe.en ionization 
events for moderately fast electrons in a lO·micron pressure of Hz 
is 1iven by 

1 .;.. -8 
t1 = N a v = 5 x 1 0 a ec. 

H2 i 

Thus, in a time of -s x to·S second, we would expect an ioniza
tion event to occur. Tbe energy loss to the initial electron wUl, on the 
average, be very small compared with its kinetic energy, therefore ita 
motion will not be appreciably disturbed. The electron liberated in the 
ionicin& event is, by definition, liberated in the trapping region. It will 
take up a motion simUar to that of the first electron. 

Tho positive ion formed wUl be only slightly affected by the mag
netic field, owing to ita large maes. The ion will move to the neaative 
electrode ander the infltumce of the electric field, being deflected out
ward radially to a •Ught extent as it leaves the region of strong maanetic 
field. 
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Such a discharge wUl increaae exponeDtlally ln intensity untU 
limiting mechanlema appear, provided the trapping time for the elec• 
trona is long compared wlth the mean time between ionization evonte. 

Under the latter assumption, the number of new electrozw appear
ing per unlt Ume in the trapping region wUl be proportional to the num .. 
ber preaent at any instant, d.lvicled by the mean time between electron
production events per electron, or 

or 

A diagram of the firet apparatus arranged to explol'e the trapping 
effect il ahoWI'l ln Fig. z. and Fig. 3 ia a photoaraph of the device. 

A set of nine lndox permanent-magnet rings was placed i.n a non
magnetic ata.inleae eteel case, which was attached to a braes flanse. 
This flange served ae an end plate for a piece of 4·inch i. d. pyl'ex in· 
duetrial glass plpe. A aimUar flange on the opposite ead of the glass 
pipe served. to aupport a di1k electrode which coulcl be moved tn the 
axial direction. 

Pumping and sao -inlet pipes passed through the magnet support 
flange. A tubulatf.on mounting an ionillation-gauge tube alao passed 
through the aame flange. Pumping was accomplielled by mean a of a 
three· stage mercury df.f£usion pumping system with two stages of liquid 
uitrogen trapping interposed between the pu.:mp and the tube. 

The pressure in tho tube could be aciju.atecl to any convenient value 
above the base pressure of the ayatem, which was about l0-5 mm Hg. 

The magnet case and fiange normally were grounded through a 
resistor of 1 ohm, permitting observation of the tube current in terms 
of the voltage developed. acrosa the around.ing resistor. 

The fianae aupporting the disk electrode eerved as a high-voltage 
terminal. To thb terminal negative potential was applied by means of 
a pulse transformer aa the source of voltage. The peak voltage was 
cocttnuously adjustable !rom zero up to a maximw:ti of Z50 kv. By var
ia.tion of the primary drive network, the tranaform6r could deliver pulses 
of varioue shapes and leugtha. Typically, the pulse rise time waa cho
sen to be about 3 microaeconde, and the duration (full width at half max
imum) about 6 JLSec. 

... 4 .. 
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A considerable range of interesting phenomena resulted when the 
device deecri'bed above was placed ln operation. It wae found that upon 
applicati.01'1 of negative potential to the diak, currents of several amperes 
fiowed throuah the tube. The current proved. to be a amooth function of 
both the operating pressure and the applied high voltage. It was demon• 
strated that an appreciable fraction (- 10 to ZOfo) of the total curreflt to 
the disk conehted of ions that had been accelerated through a potential 
drop approximately equal to the applied potet1tial. A large ftux of soft 
(- 10-kv) x-ray emission waa observed to come from the device. 

The electrical characteristics of the device were found to be sub· 
stantially unchanged when a solid cylindrical magnet was substituted for 
the hollow cylindrical magnet used ln the first experiment. Although 
certain features of the dhcb.arge appeared quite dt.Uerent according to 
whether the central hole was covered at the pole surface or left open, 
it was demonatrated that the major effects observed were related to the 
combina.tl01'1 of electric and magnetic fields ln the space between the mag
net case and the negative electrode. 

The current density to the disk electrode waa measured as a function 
of radius, and a aubetantt.ally uniform current of positive iona was found 
to fall on the entire electrocle eurface. 

The above phe!lomena were observed for hydrogen pressures in 
the range from 6 to ZO x 10 • 3 mm Hg ln the device, where the mean 
free path for ionization is larse compared with the tube d{menoicma. 

When the magnet case in J'iga. Z and 3 was examined subsequent 
to the operation of the device, a heavUy bombarded (damaged) spot was 
found at lts center. The 1pot was about 3 mm in diameter. This obser
vation led to the conclueion that moat of the electrone leaving the df.o
charge were cloeely ccmflned about the a axle of the map.etic field aa 
they eacaped. 

Thh toea could eaaUy be eliminated when hollow mapete are ueed 
by merely leaving the central hole open and providing another negative 
electrode to face the oppoeite end of the magnet. 

Such a device wae constructed, and is shown schematically in 
Fig. 4. A photograph ol the tube ie shown ia Fig. 5. The electron 
densities appeared (from meaeurement of the ooft brems•trahlu.ng) to 
be considerably higher when this "double-ended." device was operated. 

U. SHDWOOD APPLICATIONS: EXPERIMENTAL 

Having arrived experimentally at an electron-trapping geometry, 
we wished to lnveetigate its Sherwood poeeibilitiea. For the trapping 
of ions, larger magnetic field• and system dimeneiorut would be needed. 
A machine uoins the largeat components readUy avaUa'ble was assembled. 



NEGAT,IVE---
H IG H VOLTAGE -----=~~====~==~~?--...: 

GAS 
I FILL 

00 

ELECTRODE 

ENCASED 
PERMANENT 

MAGNETS 

ION 
GAUGE 

OPAQUE 
METAL 
BAFFLE 

PUMPOUT 
CONNECTION 

/\ NEGATIVE 

DISK 
ELECTRODE 

METAL 
SUPPORT · 

SCREENS 
TO CONFINE 
ELECTRIC 

FIELDS 

GROUND 
ELECTRODE 

/ ' HIGH VOLTAGE 
\ ELECT RODE -:-, -~.::::::::==:==:===ff==:::rF~~---= 

Fig. 4 

SECRET 

ELECTRICAL 
CONNECTION 

c: 
(') 

·!XJ 
t"' 
I 

QO -i;1l 
0' 



UCRL-8156 

I 

' 

Fig. 5 

- 9 -



UCB.L-8156 

This machine, which became known as the Plus-One machine, ie shown 
in Fig. 6. Pertinent specifications are as follows: 

Magnet 

Directly water-cooled; 14 aectiono, 27 turns per section. Iron 
flux-return bars on the outside eoU surface. 

CoU internal radlua .c 9 em. 

CoU external radiue = 18 em. 

Width of each aec:ticm = 1. Z em and lnoulation. 

Maximum avaUable fleld at center of symmetl'y a 3000 gause (at 
100 amperee). 

Discharge Tube 

Brase central pipe (throat), with braes fiugee to hold pyrex bell 
jars. 

Throat radius a.t center o£ symmetry= 7. 5 em. 

Throat radius at flanges = 6. 25 em. 

Sell jar ra4iua = 38 em. 

Dbk electrode radius = Z6. 7 em. 

Diek electrode eepara.tion: variable. 

Vacuum System 

Mercury diffuelon pump with liquid nitrogen and refrigerated• 
6 baffle traps. Base pressure in tube on untrapped gauge - 10-

mm Hg. 

High-Voltage Suelr 
Pulse Transformer. 

Voltage range = 0 to 150 kv. 

Current ava.Uable -zo amperes maximum at 150 kv. 

Pulse length= 100 microeeconde. 

Pulse rise time c: 10 microseconds. 

The drawing in Fia. 6 shows the Plue-One device with an axial 
conductor paasing through the throat ol the diacharse tube. This 

- 10 .. 
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modification was added later. and was not present during the early op .. 
eration of the machine. The reason for introducing the central rod. wUl 
become apparent in the deocription ot the experimental phenomena. 

Ji'lua•One Es>erimente 

The initial approach to the Plus -One tt1achine phenomena was 
hlgb.l y empi:rlcal. The machine was pumped to a a good a vacuum as 
possible and high voltage was applied., with positive polarity, to the 
end electrode8; the braes mapet case was returned to gro\lD.d through 
a shunt which permitted oacUlogra.phic obeervation of tb.e current. With 
a pressure of 10-6 mm Hg, the only current observed was that due to 
the charging of the capacitance between the high-voltage electrodes and 
the case. ( Tb.ie capacitance was later measW'ed and !ound to be - 30 I'¢. ) 

When deuterium waa admitted, the current wa.a found to increase 
&\lbstantially. The discharge could be made to occur for applied voltages 
ranging from • 30 ltv up to the limit avaUable. After an initial bake-in 
period, operation wao foUAd to 'be very steady (free of breakdown). 
Cha.racterietics such as current vereua voltage, current veraua magnetic 
lielcl, etc. were very repl'oducible. 

The discharge appearance was as follows. Only a faint bluish 
glow was seen in the space between the positive electrodeo aad the 
maanet case, and much of this was probably due to the fluorescence 
of the glaeo. The throat region, however, gave a salmon-pink. glow 
which appeared to extend entirely through the throat volume &ftd ter
minate rather sharply in a curved boundary, extending about an inch 
into the apace between the magnet caee ~nd the positive disks, aad ex
tending radially somewhat farther than the limiting aperture of the throat. 

ln early experiments, it was found that the color of thil central 
glow depended on the purity of the deuteri\lm in the machine. When an 
air leak or outgassing occ\lrred., the glow changed to a bhdeh-pink ap
pearance. Such a chanae was also accompanied by a reduction in the 
neutron O\ltput of the machine. 

Neu.tron·Ou!Put Measuremente 

Neutron counting was accomplhhed by providing a large ,block of 
plastic ectntillator cloee to the machine, the scintUlator being viewed 
by four photomultiplier tubes in parallel. In order to avoid the poaai
bUity of electrical pickup or the counting of x ... raya, the scaler that 
registered the photomultiplier impulses was gated off durin& the machine 
pulae and tor about 50 microseconde thereafter. The scaler was then 
gated on for 150 microseconds. Cou.ntius depended on the atorage of 
thermal neutroca in the block of s~intUlator, resulting from the thermal
hation of fast neutrons incident on the scintUla.tor during the machine 
pulse. The actual counts observed were the capture of samrr1& rays 
resulting from 

.. lZ -
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p + n- d + 'V + Z. 2 Mev • 

The mean life oi a thermalueutron in the plastic h ""130 micro
seconds for the size of block used ( 7 in. in diameter by iO in. in length). 

With thlt method, it was possible to detect eaaUy a neutron yield 
of as little as 103 neutrone/pwee, provided- 1000 pulses were used to 
average out background lluctuationa. A typical neutron-counter sensi
tivity was 1 count for each 2 x 104 neutrons emitted by the machine. 
Typleal background was leas than 0. 01 count per gate. 

Using the method of neutron counting described, we found that 
considerable neutroa emission resulted from operation of the tube. 
The neutron output waa a function of the magnetic field, the applied 
voltage, and the pressure of deuterium in the system. 

The neutroa yield as a function of operating preeeure is shown in 
Fig. 7. lt io seen that the yield ie proportioual to the square of the pres
sure up to an ion ... gauge pressure o£ about 0. 6 micron, • where a break 
occurs and the yield begins to rise much more rapidly with presaure. 
The tube current also rises very rapidly with pressure above 0. 6 micron, 
and soon reaches the maximum value that the hv pulse transformer can 
supply. Figure 8 shows the neutron yield aa a function of the hish voltage 
applied to the tube. As the voltage is increased, the current drawn by 
the tube aloo increases. Therelore one divides the observed neutron 
yield by the tu.be current in order to present the variation of yield due 
only to changing voltage. The experimental pcbts lie close to the solid 
line, which ahows the nuclear croetJ oection for singly ionized deuterium 
molecules bombarding a thin target. 

The dependence of the neutron yield on the square of the preaeure 
ausgested that the reactions were taking place in the volume of the plasma, 
and not on tbe metal surfaces. In order to teet this assumption, a pro
ton counter capable of counting high-energy protons formed in the reaction 

d+d-t+p 

was attached, on axis, to one end of the machine. An aperture in the 
positive d.iek electrode followed by a defining tube gave collimation ·such 
that cmly the 3-Mev protons produced in the throat volume could reach 
the counter. Protons resulting from c1-d reactions anywhere on the 
surface of the magnet case were excluded from the counter by the col
limating system. The protons were allowed to pass through a 1-mU 
Al diaphragm which served as a vacuum wall, and were then counted 
in a thin layer (-. 010 in.) of plastic scintillator viewed by a photomulti
plier. 

With this apparatus, counts coincident with the high-voltage pulse 
were obtained. The identification of the pardc:Jes as protons was by 

,.. 
• Exp~rimental measures of pressure are reported in ionization-aauge 

readings. To get the true pressure these readings must be multiplied 
by about Z!. 
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means of tbeir range in Al. The counts associated with the protono 
could be eliminated by the addition of 0. 003 ln. of additional A1 absorber 
between the exit foU and the counter. 

The yield of protons per pulse agreed quantitatively with the meas .. 
ured neutron output within the accuracy to which the calibration of the 
neutron counter was known. The ratio of the proton-counter signal rate 
to the neutron .. counter signal rate was independent of variation of ma ... 
chine preseure or of operating voltage. 

From these measurements, it was deduced that the cl-d reactions 
producing the ooserved neutrons took pla-ce primarUy in the volume of 
the throat and not on the eur£acea. 

The Sherwood Oroup at Los Alamos sugaested that there was an 
eftectively conducting axial region ln Plus-One surrounded by a radial 
sheath (see Section W). 1! thie hypothesis is correct, the replacement 
of the central magnetic conduction effect by a solid metallic rod extend
ing along the axis of the machine should not up1et the 11ystero. 

A 3/S·inch stainless steel rod was installed (as previously men· 
tioned) aa shown ln Fig. 6. After the installation of this rod, comparable 
phenomena were encountered at an applied potential a f.ew kilovolts lower 
than without the rod. There was no change in the visual appearance of 
the discharge, in the magnitudes of the current observed, or in the rel· 
ative neutron output for a given applied voltage and magnetic field. 

For Plus-One with central rod, the neutron yield varies a.e the 
pressure to the power l. 27, as shown lD Fig. 9. The neutron yield 
versue magnetic field ia shown in Flg. 10. The neutron yield as a function 
of high voltage is very close to the Dz + cross section curve, as was the 
case without the central rod. 

Some data were taken with the central rod in place an<l the end 
discs removed. In tbia case the neutron yield, tube current, and x-ray 
producti011 t.ncreaaed by an order ot magnitude. The neutron yield. 
vera\ls hish voltage followed. the Dz + erose section curve, as shown 
in Fig. 11. 

Two pickup electrodes (£ins) were installed in Plus-One with discs 
only, as shown in .Fig. U, and the charge striking them wa• displayed 
on a dual-trace oscUloscope. The fins were shielded by a guard so that 
radially moving particle I could uot hit them. With the magnetic field ln 
a direction such that positive ions would strike fin A, the negative signal 
on fin A waG about 0. Z milliampere and the; negative signal on lin B was 
about 0. 3 ma., . ·. The total radial tube current was ZO ma. When 
the central rod was installed in Plus-One, the poeitive signal on fin A 
wao about 4 rna and the positive signal on fin 8 was a'bout 1 ma, while 
the radial tube current increased to 1 amp. When the direction of the 
magnetic field was reversed, the signale appearing on A and 8 were 
interchanged. These reev.lte could indicate the presence of ions in 
magnetron-like OJ."bits. 
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The fins were also ueed as rf-pickup electrodes. For Plus·One 
wlth and without the central rod the principal frequency observed was 
about 1 S to ZO megacycles. (The ion Larmor frequency io Z. 5 Me. ) 

For Pluo-One without central rod, a burst of rf bash with frequency 
of about 1 Me was o'bse1"ved to last for 5 msec after the high-voltage 
pulse. Sometimes the start of this burst would be delayed by 1 msec 
alter the end of the voltage pulse. These delayed oaciUations had an 
amplitude of one-tenth that of the 20-Mc oscillations observed during 
the high-voltage pulse. When the central rod was inserted in Plus-One, 
the delayed oscUlations were not observed. 

Plus ... Three E!!eriments 

For examining more carefully the effects occurring in the throat 
region without interference from the effects occurring near the end 
discs, a machine namod Plua-Tb.ree wa.a constructed as ohown ia Fig. 
ll. This n~achtne consists of just the central rod and the solenoidal 
magnetic field. The ma.pet is pulsed with a rise time ol. abo11t 0. 1 sec, 
ao that for a lOO·v-sec high-voltage pulse we have essentially a de n'lag
netic field. One end of the cylindrical vacuum system is terminated 
with a pyrex plate, .so that visual and photographic observations can be 
made. 

The neutron yield and tube current are plotted vs pressure ia 
Fig. 14. The neutron yield aoes a.s the preaaure to the power 1. 55. 
'When Plus-Three ie at its base presau.re of Z x 10-6 mm Hg, it stUl 
draws a current of 1. 6 ampere a. Tbia is quite different from the be
havior of Plus ·ODe without central rod, which drew almost no current 

·at low preaaure. Presumably the central sheath did not form in Plus· 
One at low pressure. 

The neuts-on yield va voltage for Plue-11!-ree is seen in .Fig. 15 
to go essentially aa the erose sectioa for Dz ion bombardment of a 
thin target. as had. been observed also tor Plus-One. The neutron yield 
and tube current as a funetion of magnetic field a11e ehown in Fig. 16. 
As the magnetic field is increased, there is an abr11pt increase in the 
neutron yielcl, whereae the tube current is relatively conetant. At the 
highest magnetic fieldo available the neutron yield seems to fall oU 
slightly. 

After the voltage pulse is applied to Plus-Three, the t\lbe-current 
trace rema.tne at zero for several microaec::onde, and then moves alu1oat 
straight up to its final value. At low•r pressures the delay in the curreat 
pulse is longer, as shown in Fig. 17. At very low preeeu.rea there is 
a variation of a few microseconds from pulse to pulse in the length of 
the delay. This delay in current pulse may correspond to the s.lmilar 
delay of about 1 fo\Sec obeervecl at much higher preaaureo in the Homo
polar machine. l 

When one looks through the pyrex end plate of Plus-Three the 
sheath surrounding the central anode rod can be observed. Outeide 
the sheath there is a dark region, and then a bright "doushnutn wlth 
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an inner diameter of 4 can at 6. S Jdlogauee. Photograph• of the clio ... 
charge at four values of the magnetic field are shown in Fig. 18, and 
the tbickneGa of the anode sheath aa a function of magnetic fleld is 
abown in .Fla. 19 • 

ttl. SHU WOOD APPLICATIONS: THEORETICAL 

Since the devices described above operate at such low pressures 
that the mean free paths foJ' most collieion processes are lcmg compared 
with the dimensions of the ayotem and at such high voltages that the ion 
Larmor radU can be luge compared with these dtmeasioos, one must 
be cautious in applytna famUiar conceptaJ such ae the dielectric constant 
o£ a plauma or the effect of torque• due to radial ~urrente. We have 
instead developed the followina rough picture ef the way in which the 
discharge develope, which l4 coneistent with the observed development 

·of the sheath and accounts for the eurreut that flows during the pulse. 

Considering now Plus-Three or the throat region of Plus-One 
with central rod, wheft the voltage ia first applied to the tu'be its radial 
dletribution ia that of a vacuum field (Curve I of Fig. 20). Any lone that 
exist are accelerated outward and reach the outer cylinder witb. very 
little deflection by the magaetlc field. Arty electrons, on the other hand, 
are restricted to excursions of a mUllmeter or lees and thus remain 
essentially at the radial position at which they were bortl, but with suf
ficient a.veraze energy to produce further ionization. The new ions also 
reach the outer wall and the electrone stUl remain behind. Aa the uega
tive apace charse f.ncl'eases, the potential le depressed untU at some 
point in radius it becomes equal to the magnetron cutoff potential for 
ions starting at thatradlus (Curve D, Fig. 20). Thia probably occurs 
.fir at at the outer radius (Curve m, Fig. ZO), at a net electron clenelty 
of the order of 109 /cc. lone created at smaller radii continue to leave, 
depl"eeeing the potential atUl further untU the ion-cutoff condition iG 
met at such a small radius that Uie newly produced electrono reach the 
inner conductor. This radlu.a, r,, is given approximately by a ma.gQetron· 
cutoff condition for particles accelerated inward: 

r•z*az [1 + Jm::~a2l 
whore a= rac.Uua of iaaer cylinder, 

V = applied voltage, 
m = electron maas, 
we = electron cyclotron frequency in the applied magnetic field. 

At this point an equUtbrlum 
1
tJS reached, wlth no further change in 

space•chaJ'ge denoity ( ... 1010 - 10 1 electrona/cc), though a cur:rent con• 
tinuee to fiow aa the energetic electrons in the sheath continue to ionise 
the neutrals in that region. It b apparently thie current of molecular 
ions, accelerated in the sheath, that produc:4!s the observed neutrons as 

,.. 
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it paaees through the gas, or plaoma, in the volume outaide the sheath. 
The sheath ie evidently oelf-stabilizing, in the aense that in the event of 
a fiuctuation in spa<:e•eharge density or applied voltaie, ions or electrons 
leave the region untU equilibrium is reestablished. 

There are some quantilative checks that can be made of this picture. 
The delay in the start of current now and its subsequent exponential rise 
are accounted for by considering the rate of ionization by electrons in 
cycloidal orbits. The total charge supplied by the external cricuit during 
the buUd.-up of the sheath is due in part to the real ion current and in 
part to the change in capacity because of the trapped apace charge. The 
more or less steady current during the remainder of the pulse is ac
counted for by the ionization rate of the sheath electrons. 

Unfortunately 1t is not so easy to guess at what ie going on tn the 
region e>.-ternal to the sheath. As can be oeen from Curve lV, Fig. ZO, 
the above argument implies a tendency to form a potential well of con
siderable depth in the outer region, which would give rise to a sort of 
plasma. oscWaticm. in which the iona, being relatively free to move across 
the magnetic field, might acquire considerable kinetic energy. However, 
in order to claim a substantial plasma in the outer region, it is necessary 
to demonstrate a mechanism for axial containment, which we have been 
unable to do for the geometry of these devices, either experimentally 
or theoretically. Indeed it h more likely that charged partiCles will 
leave the throat region, wh$re the nJagnetic field is atrongest. 1 

A significant by-product of the considerations on sheath formation 
in that the only apparent function of a hifih applied voltage is to facilitate 
breakdown o! the gas. Once the potential in the outer region ba.s dropped 
below the magnetron cutoff value, the sheath serves only to cause a 
power drain and create unwanted neutrons. 

IV. FUTURE PLANS 

We would like to establish experimentally a situation wherein a 
considerable density of ions are trapped in magnetron-like orbits in 
the volume between the outer edge of the oheath and the outer diameter 
of the vacuum system. Since the orbits of particles starting from dif· 
ferent places would be very complicated, collisions between rapidly 
:moving ions would be expected. 

A machine with mirror coils is being constructed in the hope of 
utilizing the mirror-enhancement properties pointed out by Furth. 1 
We are abo planning in a. later machine to increase the outside diameter 
of the aystem from 6 inches to 16 inches. This would considerably 
increase the magnetron. cutoff energy and s.bould make any effects caused 
by ions ln magnetron-like orbits easier to detect. 

OscUlations with a frequency of about ZO Me have been reported 
above. Careful observation of the effects on these oscillatione ol changes 
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in magnetic field, electric field, pressure, and ion mass may be u.aeiul 
for diagnostic purpolilee. We aloo pl~t.n to do more work with probes and 
pickup coils ln an effort to better understand the distributioua of potential 
and any induced magnetic fields. 
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Figure Captions 

Fig. 1. Arrangement of electric and mapetic fields. 

Fig. Z. Diagram of single-ended tube. 

Fig. 3. Photograph of single-ended tube. 

Fig. 4. Drawing of double-ended tube. 

Fig. 5. Photograph of double-ended tube. 

Fig. 6. Drawing of Plus-One. 

UCRL-8156 

J"ig. 7. Graph of neutron yield and tube current vs pressure for Plus-One. 

Fig. 8. Neutron yield vs vcltase for Plus-One. 

Fig. 9. 

Fig. 10. 

Fig. 11. 

Fig. lZ. 

Fig. 13. 

Fig. 14. 

Fig. 1 s. 

Fig. 16. 

Neutron yield va p:reseure for Plus-One with central rod. 

Neutron yield ve magnetic field for Plus ·One with central rod. 

Neutron yield vs voltage for Plus-One with rod only. 

Pick-up Electrodes installed tn Plua-One. 

Drawing of Plus-Three. 

Neutron yield and tube current vs pressure for Plus-Three. 

Neutron yield vs voltage for Plus-Three. 

Neutron yield and tube current. vs magnetic field for Plus-Three. 

Fig. 17. Time delay in start of current pulse. 

Fig. 18. Photographs of Plus·Th:ree discharge. 

Fig. 19. Sheath thickness at positive center rod vs magnetic field. 

Fig. ZO. Theoretical potential ''S radius. Upper lefto 6. 5 kilogauss; 
upper right, 5. 4 kilogauss; lower left 4. 3 kUogauee; lower right, 
3. Z kilogauss. 
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