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A IDW VOLTAGE ION SOURCE 

John S. Foster, Jr., and Eugene F. Martina 

Radiation Laboratory, Department of Physics, 
University of California, Berkeley, California 

. . . 

J1ll:Y 12, 1951 

Abstract 

UCRL.1369 

This report describes the investigation of a particular method of 

extracting ions from an arc. Experimental results of a low extraction 

voltage ion source are given in some detail. This source delivers 
; 

a 6 kv ion beam of 0.6 A/sq. in. at the source, and this beam has a total 

angular divergence to half intensity points of 90 to 120. The Appendix 

gives the results of a few simple experiments to show the characteristics 

of axial extraction, and considers the merits of several forms that have 

been tried by the Injector Group. 
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John S. Foster, Jr., and Eugene F. Martina 

Radiation Laboratory, Department of Physics, 
University of California, Berkeley, California 

July 12, 1951 

Introduction 

UCRL-1369 

Development of a positive ion injector for MTA brought forth several 
\. 

possible means of ion extraction and acceleration. The object of this 

development is to produce a beam of energetic positive ions (~80 kv) 

having a high current density (~O.3 amp/sq. in.) with low total angular 

divergence ("'200 ). After our pres~nt beam requ1rementsl had been reached 

some consideration was given to the other arrangements that had been sug-

gested. This report describes the investigation of a method proposed by 

Professor E. O. Lawrence, and developed in the Injector Group under Dr. 

Edward Lofgren..The prime interest is to discover the merits of this 

system relative to others, and to determine those characteristics of the 

system w~~ch could be scaled up. 

Work on ion sources in which ions were extracted along the magnetic 

field has shown that the space charge of positive ions usually sets the 

limit to the ion beam. This indicates that an accelerating grid might be 

used to obtain larger ion currents from the source aperture. Application 
\ 

of low voltage and small spacing could provide the· same extracting field 

strength as in high voltage extraction. The particular method. suggested 

by Professor Lawrence is sho~n in Fig. 1 •. Each grid has a l(/wer voltage 

1 
UC~l009~ NT! Quarterly Progress Report 
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applied to it with the result that the individual positive ion beams are 

collimated and accelerated until they acquire high energy_ In addition, 

.). the curved grids direct each beam to a common point. Since it is a low 

voltage source and drain ratios are similar for low and high voltage systems, 

the power requirements of a low voltage source are reduced accordingly • 

Experimental Work 

1. General Set-up 

A glance at Figo 1 shows that there are many ~eometrical as well as 

electrical variables 0 The general approach was to start with only one ac-

celeration grid, and after that arrangement had been investigated another 

accelerating grid would be added and so on. The system is shown schemati
t 

cally in Fig. 2 and the range of currents, voltages, and pressures is indi-

cated. MOst of the electrical equipment and the vacuum tank had been built 

for earlier work. The source as it was actually built is shown in Figo 3. 

It consists of a simplified exit and accelerating grid assembly that has 

1 been fitted to the arc chamber assembly already developed. 

20 Measurements 

Before giving the results of measurements it might be best to discuss 

briefly how the measurements were made and the corrections involved. In 

particular, we are interested in the total accelerated ion beamJ the accel-

erating grid currents, and the beam widtho 

(a) The Iltotal beam collector cup" is shown in Fig. 2. '!'bis cup is 

placed close to the accelerating grid (1 in.) so that the full beam will be 

collected before tqe beam's cross sections becomes very large. Bias voltage 

can be put on the collecting cup with respect to its s~elded box~ and a 

typical curve of the cup current reading against bias voltage is shown in 
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Fig. 4. This gives an indicatior:l of the presence of 10w energy ions made 

by the incident beam in the collector cup regiono The collector cup read-
) . 

ings are always taken at + 500 v, and hence for normal currents (700 ma), 

all secondaries prod~ced by the beam are heldo At very high currents the 

bias curves depart from the form shown in Fig. 4 and a correction must be 

made. This correction has been made to all the curves shown and represents 

a lower limit of the beam current 0 The upper limit may be 50 percent higher. 

This point will be discussed in the Appendix. 

(b) Grid current readings indicate the sum of all currents to a grid. 

In Figo I we see that the current to any grid is the sum of the incident 

proton current that has strayed from the, beam, the secondary electrons that 

are knocked out, and the electron current going toward the source which may 

be stopped by a grido 

(c) Beam Widtho Measurements are made on the beam divergence by moving 

a small cup across the beam axiso This n~ransverse cup" is located about 

18 in. from the acc61erati~ grid, and has an aperture of 3/4 in. x 3/4 in. 

A typical plot of the ion current at various cup positions is shown in Fig. 

50 The curve in Figo 6 gives the total beam passing through different dia-

meters. This curve'was obtained by integration of the solid curve -and can 

be normalized by a readihg made with the "total current cup." (1 inch from 

the source.) The response of the "traveling cupit appears to be quite linear 

wi th beam level but the magnitude could. not be relied upon be,cause of a 

large current of electons which is present and comes into the CUp 0 This 

trouble becomes quite noticeable when the beam is allowed to travel for 

some distance before being collected~ 
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.3. Parameters Studied 

( a) Source Aperture. Different areas of the exit grid were masked 

off, and·the optimum beam recorded. Fig. 7 shows that the output increases 

very linearly with the area usedo ('The beam is low in this case because 

full magnet power was not available p and low gas pressure was used in the 

sourceo) 

(b) . Size of Grid Holes. Increasing the diameters of both exit and ac-

celerating grid holes from 00 040 ino to 0 0 060 ino increases the total beam 

approximately in the ratio of diameterso The accelerating grid holes alone . , 
were. enlarged from 00 040 ino to 00 060 ino in an effort to reduce grid cur

rento Figo 8 shows that the grid current is reduced qy a factor of .3 to 

10. If, instead of enlarging the accelerating grid holes, the holes are 

tapered, then the results are quite comparable to the cas'e of large holes. 

In these experiments the beam level was changed by varying the hydrogen 

gas pressure (arc current) but the accelerating voltage was constant. It 

is believed that about half the grid current is secondary emission. 

(c) Magnetic Field. The magnetic field, as a single variable, is often 

very critical. However~ if the magnetic field is fixed at different values 

the source can be tuned up by other parameters, mair.1y the . arc current and 

the gas pressure. :Figo 9 shows optimum ions beam for different values of 

magnetic field o This indicates that the ion beam is very nearly a IT'.aximum 

over a wide range of magnetic fields o More details on the effect of mag-

netic field is given in the Appendix. 

(d) Optimum Operating Valueso, In most ion sources, the ion beam is 

limited by the extracting field. We then use tr .. is as the rnain variable, 

and see what values of other parameters must be used to obtain the optimum -' 
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beam at each acceleration grid voltage. Fig. 10 shows that the optimum 

accelerated ion beam increases with voltage, but also that the arc current 

and gas pressure must be ~ncreased as well • 

. (e) Current Drains. The high voltage drains depend on just how the ~ 

source is adjusted. In order to obtain s9me information on this point the 

source was tuned up for a given high voltage as in (d) above. Then the 

different controls were detuned by several combinations until the acceler

ated beam dropped perceptibly. The range of drain currents observed to 

the grid and high volta,ge power supply is shown by the vertical lines in 

Figo 11. The grid currents shown are for grid holes which are the same size 

as the exit holes, and can be reduced considerably as was indicated in 

Fig. 8., 

40 Multiple Grids 

The above data were obtained with one accelerating grid, and were 

roughly the same for additional grids. The main difference is in beam 

amplitude and width. 

(a) Addi tional Voltage o First a determination was made of the voltage 

required across the second accelerating gap to pull most of the beam through 

the second grido Fig. 12 shows that an additional voltage equal to that 

acquired in the first gap is sufficient~ This applies to the case of equal 

spacing in the first two gaps. 

(b) Effect of Grid Spacing. The spacing betwee~ the grIds is not 

very critical if acceleration voltages are adjustable. For instance, spac

ings of 0.020 in., 0.040 in., or 0.060 in. do not make a great deal of dif

ference. However, there is definitely a general connection between the 

spacing used in a gap and the voltage across the gap that is required to 



t. 

UCRL-1369 

-9-

produce the best beam. For holes of 0.046 in. diameter a "large" spacing 
, 

of 0.060 in. is used in the first ~, primarily because this gives a more 

parallel beam of ions through the first grid. Since the optimum beam that 

is extracted from the arc increases with extracting field, this "large" 

gap requires more voltage across it (say 7-t to 11 kv)~ The second gap 

can be large, but the best combination of beam current voltage and beam , 

width is obtained with a smaller gap of 0.020 in. - 0.040 in., and a volt

age across it of only 2=t - 4-t kv. 

(c) Grid Currents. 'The composition of each grid current is open to 

question~ However, it's variation with gap voltage gives a clear picture 

of the trend of events. Fig. 13 shows the current drain to each accel-

erating electrode for the case of two accelerating grids, when the, total 

accelerating voltage is held constant, but its distribution between the 

two gaps is variedoThe dotted curve indicates the total beam current for 

each voltage division. 

fd) Beam Width. Two accelerating grids cer,tain1y give a sharper 

beam (Fig. ;). This sharpness comes from e1ectrstatic focusing and clip

ping by the beam itself. The optics are not very good since each little 

beam has the same diameter as its lens. 

Three accelerating grids do not g~ve a SUbstantial reduction in beam 

width (Fig. 5). Both the linearly accelerating and unipotential lens sys

tems"were used. The latter permits very st~ong focusing for a given 'high 

voltage, but the indication is that this is not required. 

(e) Total Beam Currents. The variation of beam current with extrac-

tion voltage has be,en recorded (Fig. 10). Only 15 lev could be applied to 

the electrodes because of breakdown along the grid standoff insulators at 



UCRL-1369 

-10";' 

high beam levels. This means that when multiple grids are used, the voltage 

available for extraction is small (N 3 kv). For these reasons, the currents 

obtainable from one, two~ and three grid systems should be compared for a 

connnon accelerating voltage across the first gap. When compared in this 

manner, there is little difference in total beam between the three arrange

ments. 

Conclusions 

(a) Accelerated ion currents of at least 0.6 amps/sq. in. are obtained 

. at 6 kv. Values for other accelerating voltages can be obtained from Fig. 

10. This is the current denSity at a distance of I inch from the exit grid. 

Ion composition was not measured but presumably is very similar to the high' 

voltage model which give,S 50 -gO percent Hl+ • (The running conditions 

on the arcs are similar, and there is sufficient magnetic field to make the 

result of wall recombination small.) 

(b} The total beam width to the half intensity points is about 12.2°, 

9;7°, and 9.30 , for one, two and three grids respectively. Sharper beams 

are obtained with somewhat lower beam leyelso Some space charge neutrali

zation of the beam is certainly present near the accelerating grid. Pure 

Coulomb repulsion due to the positive ions alone would give about three 

times the. divergence that is observed. In addition, observations with the 

collecting cup indicate large n1X!Ilbers of electrons in the beam, sorile dis

tance from the grid~ 

(c) The main virtue of this source is that it delivers an acceptable 

ion current de~sity at low voltage. One 'ampere of positive ions is obtained 

for a total of two amperes expended by the high voltage supply at 6 kv. 

This ion beam could now be accelerated to high energy by the method indicated 
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in Figo 10 Another possible method is shown in Fig. 14. The ion beam is 

accelerated by a single large aperture lens. The divergence of the beam 

has. be~n_es~imated from results on both high and low voltage systems. 2 

(A hole is put through the center of the source so that any secondary beam 

made in the second high voltage region, collimated by the magnetic field, 
. - • ,f-

I 

will pass through the source, to be blown up and collected at low voltage 

after passing through the source.) Secondary current from the accelerating 

grid is about one-quarter of the beam current, but because the voltage is 

low, and this current is well distributed, it is easy to handle. 

(d) Four methods of extraction have been investigated by the in

jector group, and are outlined in Appendi~. (4) and illustrated in Fig. 

15R., b, c, do 

It is believed that for large ion currents () il) at a maximum volt

age of 50 - 100 kv, the "drifting arc" me~hod illustrated in Fig. 15d is 

the most promising at presento Its main features are sim.plicity, large 

beams, low gas consumption; and operation on a heavy duty cycle has been 

realized. 

The low voltage system described above is the most suitable if only 

low yoltage ions are needed. -Operating on a light duty cycle (1&100), 

with additional ac.celeration. if required, it is reasonable to expect reli

able performance if scaled up to 6-8 amperes of positive ions •. Owing to 

the large exit area, this method has a correspondingly high gas consumption 

and requires.~ large arc cross section. The operation of this source on a 

2 
Note that the grid curvature shown in Fig. I is advantageous because 
the beams are ·accelerated separately. In Fig. 14, curving the grid has 
very little value because it produces an even larger beam divergence. A 
slight curvature gives better stal:>ility on heating. 
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heavy duty cycle, or even d.c. operation has not been attempted. Power and 

mechanical requirements indicate that the arrangement proposed in Fig. 14 

may be satisfactory. At 0.6 amps/in
2 

the accelerating grid would have to 

radiate about 600 watts/sq. in. of grid area. This grid ca.n radiate from 
. . 

both surfaces, but has a transparency of about 30 percent. (This assumes 
~ -". ; '\, 

that the secondary current is equal to the incident ion current.) 
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Appendix 

Qualitative Description of Axial Sources 

Much has been written on both the theoretical and experimental aspects 

of ion sourceso3 However, since an efficient ion source seldom represents 

the ideal conditions described in gaseous discharge theory,' one is inclined 
- -.. - - '. _.. - ~ -- ;. - ~. 

, 
to be guided b.Y only the most general ideas and let the apparatus provide the 

details. ,Also~ since the' geometry and operating conditions can easily be 

changed, a procedure of cut and try is very successful. The following dis-
/ 

cussion is presented because it represents some of the general concepts 
I 

which have proved u"seful in the development of axial type sources. (Extrac

tion Parallel to the magrietic fieldo) 

Some of· these general notions are well known to experimenters on 

other sources. Frequently, however, the general feeling has not been ex

presse4 or SUbstantiated directly b.Y experimental data. 

I. The Best Region for Ion Extraction. Extraction along the mag
\ 

netic field is usually made from a region of high arc intensity. That is, 

a region where primary.electrons from the filament exist, commonly referred 

to as the arc column 0 To show that extraction from this region is most ef-

ficient, the tollo~ing experiment was performed 0 In the source described 

above, the spiral filament was replaced by a narrow strip filament (3/8 in.. 

1i1ide) 0 The source was tuned up for a maximum beam, and this beam was co1- ' 

lected in a cup 1/2 in. behind the accelerating grid. 
i 

Inside this collector. 

cup was installed a small additional collecting plate which could be moved 

3 The Characteristics of Discharges in Magnetic Field, National Nuclear 
Energy Series, Divo I, Vol. 5, McGraw-Hill Book Company. 



UCRI,..;1369 

-14= 

across the accelerated ion beamo Figo 16 shows the experimental details 

and the ion current obtainedo A curve of the Same shape but of opposite 

sign is obtained if the accelerating grid voltage is set at zero o With 

this condition~ the arc runs out,to the cup 0 Positive bias on the col-
, / 

lecting cup accounts for the negative readi~~o This indicates that the 

density of positive ions and electrons varies considerably within the' 001-

'umn and prompted another measurement using ~ broad filamento The result~ 

shown in' Figo 17~ has the same general trend within the arc columno Several 

schemes are available to correct this variationo The dotted curve shows 

the result of two attempts at wrapping tungsten wire around the central 

region of a tantalum filamento The indication is that the distribution 

could be made'qu1teuniformo A point of interest is that these distribu-

tion~ did not change their general shape with,reasonable variations in arc 

current~ arc voltage, gas pressure or magnetic field o The next paragraph 

shows why a uniform arc current density is desirable 0 

20 Adjustment of Arc Current 0 In adjusting the controls for maximum 

beam current one finds an optimum setting of the arc current 0 A clear 

picture of the general situation is obtained if we record the accelerating 

grid cun'ent as we'vary the arc currento ,)' (ATc voltage and other observ

abIes are kept constanto)~ Figo 18 shows that the.grid current rises rapidly 

in the region where the arc current exceeds its optimum settingo This indi~ 

cates that for arc currents above the optimum value p the positive ions ac-

celeratedfrom the arc surface are quite divergento We -now recall the data 

of Figo 10 which show that as the accelerating grid voltage is raised}) the 

arc current required for optimum beam increases linearlyo These facts indi-
. 

cate a nice balance between the electric field imposed by the accelerating 
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grid and the ion density in the arc (arc current). In Fig. 19 is shown 

a crude picture of the contour of the arc fS surface in the acceleration 

regi0n~ imagined for conditions of low and high arc 'currents. It is then 

clear from Figs. 18 and 19 that in a source of the type described'above 

where there are effectively many small ion sources side b.1 side, each using 

the same accelerating voltageJ) that each arc current should be the same for 

optimum total output. otherwise~ the individual beams obtained from each 

hole will be quite different. 

3. Delivery of Ions to the Extraction Point. In the paragraph abovej) 

we have discussed some of the changes that occur in the acceleration region 

due to different arc currents. We now consider the major factors influencing 

the actual ion density available to the acce1era~ing surface for a given arc 

current. 

(a) Magnetic Field. The presence of an axial magnetic field tends 

to confine ions in the arc to helical paths and hence reduces the loss of 

ions to the Wall. In this respect the situation is quite critical if the 

arc is to be sent through a thick exit grid of small holes without great 

loss of intensity. Fig. 20 shows the change in acce1erate~ beam when the 
.'> 

,magnetic field is increased. Hence we conclude from Fig. 20 that a high 

magnetic field is required" in order to bring the arc through such a grid. 

A simple. physical picture is obtained if we consider that pOSitive ions hav

ing different velocities perpendicular to the magnetic field move in helixes 

of different diameters. If this diameter is too large, the ion cannot pass 

through the small hole in. the thick eri t grid. . This picture of course neg

lects the effects of collisions, and the electric field 'which exists between. 
~ 

the arc and the walls. Nevertheless, a positive ion can acquire at least a 
I 
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transverse momentum of say 1/2 (axial momentum of electron), which would 

result in a helix diameter of 0.026 in. at 1000 gauss for 200 ev electrons. 

Since the exit holes were 0.046 in. in diameter we see the above picture 

fits the conditions qualitatively. The dotted curve in Fig. 20 is the 

result of calculations based only on the geometrica~ picture mentioned 

a'bovell using a Maxwellian distrcibutiori. of positive ions with a temperature 

of 50000 • .J '') 
f'. • f' 

Keeping in mind the balance between arc density at the accelerating 

point and the accelerating field (Fig. 19), another check can be made 

on the effect of magnetic field. At different settings of magnetic field, 

we adjust only the arc current and filament current in order to obtain an 

optimum beam. The results shown in Fig. 21 indicate that the optimum 

beam remains nearly constant while the required arc Current drops steadily _ 

with increasing magnetic field. There is also some indication of lower 

arc voltage at, low magnetic fields. (Filament adjustment is critical.) 

An effort was made to obtain quantitative data by changing the dia-, 
, 

meters and length of the holes. However, these changes affect other vari-

ables, particularly boundary fields and gas flow which would require careful 

checking~ but it is perhaps sufficient to say that with smaller holes (0.;038 
\ 

in. diameter) the arc current required for an optimum beam was well beyond 

the supply (200 a). This was also the case when the grid thickness was 

increased from 1/4 in. to 3/4 in. Using 0.060 in. holes in the grids 

instead of 0.040 il1. the curve of 'Fig. 20 flEi.ttened off at lower magnetic 

field. 

(b) Gas Pressure. The hYdrogen gas pressure also influences the arc 

density at the extraction point. If this pressure is quite high~ a con

siderable fraction of the "available" ions are made-in the holes of the 
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thick exit grido This is the situation that existed during the experiment 

recorded in Figo 90 The factors governing the minimum gas pressure re

quired to give good ion yields in axial sources are the same as ·for the 

calutrons 3 and are covered in great' detail by Bohm and Massey03 

40 ExtractiDi Methodso The primary factor influencing the choice of 

extraction method can be introduced by stating that the optimum accelerated 

.;.. ion current does not increase with the area of extracting hole, but more 

frequently as its dia.inetel'o . That is to say» if in the above source one 

increases only the diameter of, the holes in exit and accelerating grids, 

say 50 percent, and the source is again tuned up for maximum beam, the ion 

current will be 50 percent (plus or minus 10 percent) higher 0 This effect 

is observed in other axial sources where the beam is extracted from a circu~ 

1ar 9.perture,l) by another circular aperture o An approximate solution might 

be made to this prob1em~ however, the reason advanced for the more linear 

dependence is as follows o Around the edges of the accelerating region the 

electric field is high and the .corresponding current extracted per unit 

area is higho Near the central region,\) the geometry itself~ and the space 

charge of positive ions cuts down the electric field, hence the current ac

celerated per ~t area is low. In addition~ because of the low field in 

the central region~ the arc tends to bulge outwardly and the ions then leave 

in diverging paths which are not useful in most geometries o This leads to 

the concept that the useful accelerated beam is mainly from an anrrUi.lus whose 

outer radius is approximately that of the aperture; and whose effective width 

is roughly constant (for a fixed voltage and electrode spacing)o 

The problem of making better use,of the exposed surface is usually solved 

in one of two general wayso The first method ~nvolves an attempt to,expose 

as much arc surface as possible~ either by using a large assembly, of small 
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holes and grid, as above~ a long slit as in the calutron, or a slit in the 

form of an annulus (Fig. l5a, b).' Alternatively, the problem is solved by 

using larger electrode spacing, and increasing the voltage to keep the same 

electric field (Fig. 15c). The latter clearly increases the width of the 

annulus referred to above. For large areas, both general methods have high 

gas consumption. Also, for larger diameters, the gas pressure falls off more 

slowly with distance from the exit, and it is through this gas that the accel

erated ions must pass. 4 In both methods an attempt is made to use as much 

accelerating voltage as can be appliedl' and so sparking is common when the 

machine is first started up. The method indicated in Fig. 15b has been in-

vestigated only briefly, and warrants further consideration. 

Another solution to this problem that has been tried is i~icated in 

F lSd
' .'5 

ig. The acceleration electrode is removed from the exit region, an~ 

an intense arc runs out through a set of small holes in the source, into a 

region of lower magnetic field. In the reduced magnetic field, this arc di-

verges, and one now has a large arc cross section to work with, in a region 

of low pressure. (Since very high arc current densities are aVailable,6 we 

are able to compensate for the divergence.) Acceleration can now be made 

from the expanded arc surface by a grid or single aperture. 

The use of a plane grid vi thabout ninety percent transmission is very 

successful. Here one can see that for a given accelerating grid voltage, 

the expanded arc current density might be adjusted so that the arc meniscus 

is three or four grid spacings from the grid plane. In this manner the 

4 Assuming uniform gas pressure across the exit of the source, the molecular 
density along the axis falls off as tan=l z/a, where a is the radius of 
the exit grid. 

5 MTA Quarterly Report, February 16, 1951 (UCRk-1137) 

6 Ho Heard has developed reliable cathodes giving 200a/cm2
o (UC~1222) 
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accelerated ion paths will be quite parallel. The surface from which the 

ions are extracted can be made plane or curved by shaping the accelerating 

grid, or varying the arc current density at different radii by proper dis-

position of holes in the exit grid, or filament modifications. Clearly~ the 

focal properties of the ion beam are largely determined by the uniformity of 

the arc surface. ,The design is such that sparking is seldom present,but 

secondaries from the accelerating grid have proved troublesome. 

If one attempts acceleration by a single large aperture without a grid~ 

the above arguments show that the usual arc densities require a very high 

accelerating voltage and spacing in order to push the arc into a desirable 

contour. The alternative is, of course, to use a low current den~ity and 

hence a reduction in accelerated ion current, and this leads one to F:ig. l5c agrln. 

5. Effect of Source Magnetic Field on the Accelerated Ion Beam. 

Sources in which ions are extracted along the magnetic field possess some 

focusing properties which differ from those in which the beam is extracted 

at right angles to the beam. Since the ion beam is focused_in a magnetic 

field it will have angular momentum imparted to it by the field on ~oing 

to a field free region. This angular momentum prevents one from obtaining . 

a point focus of the ion bea.n:J, regardless of the arc meniscus curve. tUX'e 

(Fig. 150). The problem becomes more conspicuous when large beams are de-

sired 9 and hence larger source radii must be used. An ion~ accelerated in 

a uniform magnetic field at a radius r o' is repulsed from the axis for 

radii less than ro and attracted to the axis for radii greater than roo 

As the particle leaves the magnet the focusing force is reduced and the 

effective value of r increases. Both the correlation of magnet current 
o 

with focusing electrode potential and the results of measurements made with 

the flexible wire technique, indicate that the source magnet has all over-all 
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focusing ,effect on the beams of Fig. 150.7 

It is frequently possible to adjust the initial conditions on the ion 

so that it receives no angular momentum from the system. For example, 

if the accelerating grid in Fig. 15a is rotated slightly with respect 

to the arc exit grid, the ions could be given an average angular momentum 

that tends to compensate for that given by the magnetic field. Or, if the 

focusing is done by a bucking magnetic fj eld in Fig. 15d, instead of a 

grid, the beam starts in a very low magnetic field region, and hence the 

final angular momentum is small., For some applications the presence of 

angular momentum in the injected beam is very helpful in reducing the ion 

density just near the axis of a linear accelerator. 8 

6. Space Charge Effects in the Collector Cup. The principal error 

in determining the positive ion current that enters the collector cup is 

due to the production of secondary ions by the incident beamo These sec-
• .F 9 

ondaries are made by bombardment of metal surfaces, and also some are 

made by ionization of the gas by the beam. This gas consists of the resid-

ual gas in the vacuum tank, and a part due to "dead" protons which pick up 

. elect~ons from the metal surfaces. lO 

These secondary electrons, if allowed to leave the cup, will constitute 

la current and hence the total' cup current will no longer indicate directly 

the incident positive ion current. The schemes used to trap these second~ 

7 The highest ion beams and proton ratios are often obtained at high magnetic 
fields because otherwise the beam would be clipped by the electrodes. . 

8 . W. K. H. Panofsky, UCRL=820. 

9 The secondary current to incident current appears to be around 1:1 for 
5-15 kv for these conditions (see Figo 4). 

10 A one ampere beam of protons for one millisecond i~ equivalent in proton 
number to 80 46 co of hydrogen at a pressure of 10- • 
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aries usually involve a biased grid~ transverse magnetic field 9 or both. 11 

In the experiments described above, the total current collector cup had to 

be placed close to the sourceeSince the source requires a strong uniform 

axial magnetic field~ it was not possible to use a transverse magnetic 

field on the cup~ and only the bias system shown in Fige 4 is usedo Fige 22 

also shows the bias curves obtained for different beam levels. If these beam 

levels are set by changing either the magnetic fieldJ) arc current, or gas 

pressureJ) the same curves are obtained. 

The explanation for the flattening of the bias curves at high beam 

levels seems to be as follows. With negative bias on the cup, one expects 

secondary electrons emitted from ~ baekof the cup to be accelerated out 

of the cup~ thus adding to the indicated cup currento On the other hand, 

positive bias should repel secondary electrons. Suppose~ however, that the 

potential due to the positive ion beam within the cup is sufficient to ac-

celerate an electron to more than say 500 evo This electron will then pass 

through the grid even though it has a potential of 500 v below the cupo 

The details of when the secondaries begin to be repelled depend also on 

the grid and cup structure ~ but it is of interest to make a rough calcula-

tion of the maximum potential within the cup, due to the positive ions and 

induced charges. The curve in Fig. 23 shows a maximum potential of 12 kv 

for a long cup" with an initial gradient of 12kv/in. along ~ axiso Since 

the length of the cup used was 1/2 in. the maximum potential due to space 

charge is about 5.3 kyo (The radial field is 'Of the same order of magnitude.) 

This ~adient would accelerate a maximum secondary electron current of 

500 ma/cm2; The presence of these negative charges will lower the field 

11 A complete analysis of the various methods is being prepared by Fo 
Fairbrother. 
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near the emitting surface and-thus lower the maximum secondary currento 

The second approximation has not been calcu1atedo (A similar consideration 

ent~rs when a relatively weak transverse magnetic field is placed on the 

cup 0 In practice~ a suprising number of secondaries are found to migrate 

from the cupo) 

70 The Space Charge Eguation~ Child first formulated a relation for 

the space charge limited current I between a filament and anodeo 

V3/ 2 
V = the applied voltage 

d = the spacing 

This equation is true for all geometries but requires that the initial 

energies be zero, the current be all of one signy and that the filament 

be just hot enough to deliver electrons at the rate at which they are used o 

If in the above source we consider the arc meniscus as a positive ion fila
i, 

ment and the accelerating electrode as the anode~ none of these requirements 

are fu1fi11edo 

Chi1d t s law has been modified for an overabundance of electrons and 

also for initial ve1ocitieso 12 These corrections give approximately a 

first power law for low anode voltages o In the present casey however, we 

do not know the velocities (axial component), but in addition, we do not 

know details on the migration of positive ions to the meniscus' surfaceo 

In particular, as was d::i,.scussed above y an increase in accelerating voltage 

drives this meniscus backo Then to obtain maximum beam we increase the arc 

density and the meniscus presumably returns to about the same positiono 

12 
Irving Iangmuir andK. To Compton, Rev.'Modo Physo, April" 19310 
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Now this increase in arc density increases the density of positive ions 

migrating along in the arc column, and provides additional ions for the 

increased beam. However, the best setting of the arc current is then 

determined by both the meniscus shape and positive ion deliveryo In this 

respect, the meniscus bears little resemblance to the case of a filament, 

arid it is not supri'sing that the results are not given accurately by Child's 

law. Usually when the location of the meniscus surface is estimated, the 

calculated positive ion current agrees with experiment to within about 

50 percent. 
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