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ABSTRACT

A study has been conducted to determine the focal properties of an
ion source that is typical of those used with the Bevatron. Beam-intensity
patterns have been obtained for various focusing conditions. The effects
of space-charge repulsion and lens aberration have been investigated. |
Losses through Coulomb scattering on residual gas molecules have been
observed, and a curve showing variation of these losses with variation
of energy through the focus electrode has been obtained. Pressure
throughout the accelerating column was found to be an important factor,
and losses occasioned through slight increases in the normal operating
pressure have been recorded.

All previous ion sources for the Bevatron have been designed for
presentation of a real image to the subsequent injection system. A
virtual-image source has been designed, constructed and tested on the

Bevatron.
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PREFACE

A continuing and intensive effort is being made to increase the
magnitude of the output beam of the Bevatron. Refinements in the

machine itself during the past year have resulted in a current intensity

‘approaching 1010 protons per pulse, a most significant improv.ement;

but considerably better performance than this is envisioned. Increasing
the outpﬁt and (or) improving the efficiency of the Bevatron* ion source
is one way of attaining more beam, and to this end work has been con-
ducted .during the past Srear by the writer.

This experimentation was conducted under the guidance of Dr.
B.B. Kinsey, formerly of the Chalk River Atomic Energy Project and

during the past year a visiting scientist at the University of California

Radiation Liaboratory. Frequent recourse has been made to the knowl-

edge and experience of Bruce Cork of the Bevatron staff. The writer
is particularly indebted to them for their enlightenment, assistance,
and encouragement during the course of this work.

The writer wishes to thank Professor N.L. Oleson of the U. S.

Naval Postgraduate School for his assistance in the preparation of this

paper.

This work was conducted under the auspices of the U.S. Atomic

"Energy Commission while the writer was attached to the University of

'California Radiation Laboratory.
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CHAPTER 1
INTRODUCTION

An ion source provides the flow of ions which are the bombarding
particles of an accelerator. The kinds of ions that are utilized by pres-
ent accelerators are protons ('lHI), deuterons (IHZ), and alpha parti-
cles (ZHe4), Lithiu_rn ions have been used infrequently. In some cases,
ions of tritium (1H3) or light helium (ZHe3) are desired, but these are
generally obtained by nuclear processes rather than from an ion source.

Since the Bevatron is designed for the acceleration of protons,; this

paper will be confined to ion sources that deliver protons.

The original ion source used in the Bevatron was basically the same
as that developed by Gow and Foster (1] for the Radiation Laboratory,
University of California 32-Mev proton linear accelerator. With only
minor mddifications this design, shown in Fig. 1, is still in use. The
arc chamber used in this source, shown in detail in Fig. 2, is of the
type generally known as a Penning or Phillips ion gauge [2] . Such an
arc chamber was chosen because it has one of the most sirﬁple geometri-
cal forms that will preduce a stable discharge. Aside from simplicity,
its advantages are low-pressure operation, high efficiency, no filament,
and small physical size. Axial extraction of the ions is employed be-
cause it is the simplest means of withdrawal. The three focusing elec-
trodes are placed in typical electron-gun fashion, and are referred to
throughout this paper as the probe, the focus, and the accelerating elec-
trodes.

Atomic hydrogen gas that is to be ionized in the arc chamber of the
source is obtained by passing hydrogen gas through a pailadium leak.
This atomic gas is immediately introduced into the arc chamber, where
a strong electric field is utilized to strike an arc between ancde and
cathode. An electron released from a cathode, which is made of un-
coated aluminum, is accelerated toward the anode. As vthe entire arc
chamber is centered in a coil which provides an axial magnetic field

of high intensity, radial motion of the electron is constrained by this



field. The constraint may be such that the electron is accelerated into
the anode, coasts through the field-free region within, loses energy
through collisions with the gas, and emerges from the other end with
somewhat less energy than it gained in its initial acceleration, It is
reflected by the electric field, is constrained again by the magnetic
field, re-enters the anode, and éontinues its axial oscillation. During

- its oscillation it produces several ion pairs, losing energy of the order
of 35 volts per pair, and finally it falls below ionization energy and
subsequently is taken up by the anode. Since the initial energy of the
electron is several hundred volts, it produces approximately ten ions
within the anode during its oscillations. These ions are also constrained
by the magnetic field so that their principal motion is axial. . Eventually,
they come to one end of the anode, where they are accelerated into the
corresponding cathode. Some of those accelerated into the forward
‘cathode pass through the exit hole and become useful proton beam.

. A proton of several hundred volts energy incident on the cathode
surface has a finite probability of releasing a secondary electron. Elec-
trons so released will have life cycles as described above. No good
data are available on the magnitude of the proton-to—'secondéry-eléctron-
ratio for aluminum oxide, but Gow and Foster [1] estimate that it lies
between five and ten. If more ions than this figure are produced by the
first electron, the discharge will increase in intensity until limited by |
.other mechanisms,

‘A fundamental problem within the arc chamber is that of the mean
free path for ionization. Let us call it Xi, and d the mean length of
an electron path from cathode to anode. For a single electron emitted
by the cathode the probability of ionization is approximately d/)\. ,
where d is considerably less than v)\i . If the pressure in the alrc ch:am-
ber were equal to that in the accelerator, )\i would be equal to several
hundred meters. If this were the case, the rate of ionization would be
exceedingly low. If we take d equal vto ten centimeters and ki as
200 meters, we will get approximately one ion for every 2000 electrons.
And since the exit hole in the cathode through which ions are drawn is
only 0.050 inch in‘diameter, the rate of removal of ions is generally

low. Considering probabilities of production and of extraction, we will
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get relatively few useful ions. _

To state it simply, the pressure in the injection system and through
the Bevatron must be suff1c1ent1y low to allow the accelerating ions to
travel from the source to the target without colliding w1th residual neu-
tral atoms. On the other hand, electrons emitted by the cathode must
have a high probability of colliding with atomic hydrogen étoms within
the arc chamber in order to give a high rate of ionization. '_Ifhe_se re-
quirements are met by (a). utilizing a high-speed pumping system
which permits relatively high pressure within the arc chamber, and
{b) forcing the electrons to follow complicated paths before réaching
the anode, as described above.

Pulses of current through the arc chamber are provided by a three-
kilovolt power supply that is capable of three amperes of current during
millisecond pulsés, such pulses coming twice per second. Thus pulses
of protons, mixed with ionized molecular hydrogen, are emitted from
the exit hole in the cathode with the same frequency.

The presence of ionized molecular hydrogen is, of course, undesirable.
Such ions are not acceptable for the Bevatron, which is synchronized

for the charge and mass of the proton, and they take the place of pro-

tons in the ion stream. Several investigators [3] have sought to in-

crease the output of similar sources by introducing impurities that

ionize at low voltage, such as mercury vapor. They found that these
impurities generally give a manifold increase of the beam current, but
magnetic 'analysis shows that almost all the ions arise from the impurities.
Useful current is actually decreased.

The proton-to-molecular-hydrogen ratioc can be \}aried within limits,
however, In general, higher arc currents, stronger magnetic fields,
and lower arc-chamber pressures give the more favorable ratios. Un-
der good operating conditions with the type of chambers utilized in these
experiments, 75 percent protons are cbtained, but under normal oper -
ating conditions a common figure is 60 percent protons.

The size of the exit hole in the arc chamber is necessarily a com-
promise. Although 'the number of protons emitted increases with in-

crease in aperture size, the increase realized is somewhat less than



directly proportional to the area of the aperture fA] . And a larger

hole results in higher pressure throughout the subsequent system, which

is abviously undesirable, and offers a larger obJect to the focusmg sSys-

tem, which results in a larger image spot Larger holes also compli- o
cate control of the plasma emlssmn surface, such control be1ng accom-

: pllshed through adjustment of the probe electrode voltage Wlth no probe J
voltage, the plasma surface protrudes from the e>t1t hole in tongue fash-

ion. Increasing the probe voltage causes the plasma surface to retreat

" back into the hole until, under the most favorable evmfss'ion c.ond‘itions,

the surface is perpendicular to the axis of the " source If the hole is

made too large, however, the plasma can no 1onger be forced back prop-

erly by probe Voltage, the plasma surface is not pcrpendlcular, and beam

‘ 'current decreases. The exit-hole d1ameter that has been found to be

the best compromise is 0.050 inch. '

The focusmg action of the three electrodes is shown in F1g 3 Pro-
tons emerging from the exit hole are accelerated to approx1mately 20
kilovolts by the probe electrode, decelerated to about e1ght k1lov701ts in
the focus electrode, and accelerated to 45 or 50 kilov.olts 1n the ac-
‘celerating electrode. . With these voltage settmgs, a real 1mage 1s ob-
 tained approx1mately one foot beyond the accelerat1ng electrode

The output beam from the ion source goes into a Cocl;croft-Wa‘lton-
cOlurnn;' (refe'r; to Fig. 4), which accelerates the protons to 5‘00 kilo-
volts. A turning magnet then deﬂects the beam 2.00 and sends it into
the buncher, a resonator which increases the height of the pr‘voton pulse
and decreases its width. The beam then enters the linear accelerator
to be raised to ten Mev and, finally, is turne_d 35° by an electrostatic
inflector and.injecte‘d into the Bevatron proper. |

' Each of the stages subsequent to the ion source constltutes a focus1ng
system and the combination of these systems is a compound lens of
great complexity, It is thus to be ex-pected that the maximum current
reading immediately beyond the ion source or at the end of the Cockcroft-
Walton column will not necessarily result in the highest cburrent output
for the Bevatron. Indeed, the requlrements of the Bevatron are unique, v
and the efficacy of a scurce can only be determined by trial and error

settings while it is pulsing into the Bevatron.



CHAPTER II
FOCAL PROPERTIES OF A TYPICAL ION SOURCE

The purpose of the experimentation herein described was not to im-
prove the desi'gn of the arc chamber, whose operation is described in
some detail in the previous chapter, but rather to study means of con-
trolling the beam obtained from such a chamber. The source selected
for this study is identical to the one employed in the Bevatron with the
exception of the diameter of the focusing electrodes, which are two

inches in the former and 1-1/4 inches in the latter. Variation in total

output with variation of the focusing-electrode voltages was of interest

and was investigated, but the main effort was directed toward obtaining
beam-intensity patterns that would show the focal properties of the three-

electrode system. -

1. Operating conditions.
- The pressure in the arc chamber during these experiments was

125 £ 25 microns; and the pressure at the end of the accelerating elec-

-trode was about 3 x 10_5 millimeters of mercury. . Current in the: mag-

net coils suf'rrounding the arc chamber varied from 0.5 to 1.2 amperes,

depending upon the setting needed for stable operation, and this resulted

in a magnetic field strength within the chamber varying from 500 to

1000 gauss. Voltage across the arc during a'pulse was of the order of

300 volts, with the setting of the arc pulser varying from one to two

kilovolts as required for stable operation. Arc current varied from one

to three amperes, depending upon the requirements of the experiment.

High-current ar¢s over long periods necessitate frequent replenish-
ment of the oxide layer on the aluminum cathodes. This is done by
running the arc on oxygen for a half hour or so. And, from time to time,
the aluminum cathodes are found to form compounds, believed to be car-
bides of aﬂuminum, on their emission surfaces and must be removed and
polished. Complications of this sort make settings for a stable arc some-
what variable, but in most cases results obtained were reproducible

within ten percent.



2. Measurement techniques.

The first device used for current measurements was a shielded Fara-
day cup with a 3/8-inch entrance Hole (seé'-Fig. 5). It was found that
making the cup six volts positive with respect to its shield would de-
crease current readings by as much as 15 percent. Additional positive
bias W,oqld decrease current réadings still farther, at a decreasing rate,
with 90 volts bias resulting in current readings 30 percent below the
no-bias figufeo Such a fluctuation of current 'readings showed clearly
that electron currents were playing a major role in .thevreadings, Be-
fore meaningful beam current readings can be obtained, the magnitude
of the electron currents must be known and their effect minimized.

The purpose of positive bias is to draw back "sec‘:ondary electrons
formed on the cup and pfeveht their passing out the entrance héle, being
accelerated back through the source, and causing erronecus beam-
current readings on the high side. A bias of the order of six volts posi-
tive should be sufficient to reclaim all secondaries to the cup, and the
decrease in observed current for such a bias is almost assuredly due
to this action. The further decrease in current with larger biases in-
dicates that secondaries formed on the lip of the entrance hole were be-
ing drawn to the cup and causing erroneous readings on the low side.

In order to provide a long field-free region and minimize the effect
of secondary electrons formed at the entrance hole, a device shown in
'Fig. 6 was constructed. Tests on this device showed that multitudinous
secondary electrons were formed on the inside surfaces of the shielding
cup when the cup was inclined to the beam. .So many of these electrons
came into the Faraday.cup to be recorded that negative current readings
~ were obtained fqrs all but an axial position of the cup. Clearly this was
a much poorer design than before. A |

To minimize both positive and negative errors in current readings,

a dévice_shown in Fig. 7 was developed and has been used for the bulk
of the da.ta collected. The field-free region between the two entrance
holes makes it unlikely that secondaries formed on the lip of the outer
hole will find their way to the cup. A positive bias of six volts on the
cup makes it unlikely that secondaries formed on the cup will escape

and go back through the source. Readings were found to vary less than



15 percent for the range of biases up to 90 volts.

Small permanent magnets placed around the entrance hole of this
device might further reduce errors. Thonemann [5] reports success
using a magnetic field of several hundred gauss parallel to the surface
of his targevt cup. In this strong field the secondary electrons, which

are relatively slow, are immediately sent back to the cup.

3. Beam-intensity patterns.

- The measuring device described above was mounted on the end of a
rod (see Fig. 8), which passes through a vacuum seal and provides a
means of positioning the cup within the vacuum chamber. The rod can
be pushed into the vacuum chamber until the cup lies only two inches
from the exit of the accelerating electrode, or pulled out until the cup
lies next to the vacuum-chamber wall and is 15 inches from the accel-
erating electréde. . When in the latter position, the exposed end of the -
rod moves 5.6 inches for each inch of movement of the entrance hole
on the cup shield. . Thus by plotting positions of the free end of the rod,
one obtains quite accurate knowledge of the position of the entrance hole
within the chamber. To take advantage of this magnification, all read-
ings for beam intensity patterns were made with the cup at its fully
withdrawn position. Total beam currents were obtained by integration
of the individual currents throughout the observation plane.

The patterns that are shown as Fig. 9 were obtained by leaving all
settings constant while vérying the voltage on the focus electrode. There
is seen to be a sharp focus at five kilovolts with the pattern flattening

and spreading out for voltages above and below this setting. The mini-

~mum size of the pattern is of the order of one-half inch in diameter,

and for this pattern the central peak carries a current of 0.12 milli-
ampere through an aperture 0.042 inch in diameter.

A peculiar property of these patterns is the definite ring effect that
is noticeable for focus-electrode settings of 6.2 and 7.1 kilovolts.
Similar rings afe observed with a thick lens in conventional optics, but
there they are most prominent when the oBserving plane lies outside
the focal plane of the lens. The patterns herein obtained show pro-

nounced rings only when the observing plane lies inside the focal plane



of the lens system. Similar rings were noted at other times when data
of this type were recorded. They.are even more noteworthy for the

virtual-image source, which is described in Chapter IV.

4. Probe electrode length. » .,

It was believed the distance from the probe hole to the .focu:s electrode
might be greater than necessary and that a shorter drift distance within
the probe might result in a sharper focus. To carry out this “exI—)eriment,
it was first necessary to determine whether displacement of the magnet
to the rear would adversely affect the operation of the arc chamber. It
was found that moving the magnet back one and one<eight inches decreased
the beam current by 25 percent. Runs were also made to see what
effect displacement of the magnet has on proton content of the beam.

This was done with a magnetic deflecting device which permits separate
readings of proton and molecular hydrogen currents. It was found that
magnet displacement did not significantly affect the ratio of protons to
molecular hydrogen. |

A probe 5/8 inch shorter than the usual one was cénstru’cted and
installed. The arc chamber was moved toward the pr'obe a correspond-
ing distance. The magnet, which lies flush against the back of the
source, could not be moved forward, but the effect of this variation of
field strength through the arc chamber had been discounted as noted
above. Intensity patterns for this arrangemej.ht disclosed a décidedly
poorer focusing ability for the system, with flat patterns the rule and
focus -electrode voltage of little use in sharpening them up.

Lower arc currents were used for additional patterns with the shorter
probe. The fact that the focusing ability of the system notabiy improved
with less beam current indicates that the spreading out of the beam in
""pancake'' fashion is mainly due to spacé—charge effects.

A shorter probe was decidedly detrimental; it was decided to explore
the operation of a longer one. A probe one inch longer than the custo-
mary length was installed. Intensity patterns taken with conditions
duplicating previous tests with the customary probe indicate that beam
current decreases slightly and focusing ability of the system improves

somewhat, Neither effect is pronounced enough to establish whether



the longer probe is preferable; the likelihood is that either will serve

equally well.

5.  Probe-electrode aperture size.

The size of the probe hole that lies over the érc--chamber exit hole

has customarily been about 0.1270 inch in diameter. It seemed desirable

to determine the gross effects of énlargiﬁg andvdecreasing the size  of
this hole by 50 percent. A probe with a hole of 0.1890 inch diameter
was tested first, and under optimum conditiohs beam current was down
by a factor of eighf from that realized with the normal hole. _Tésts with

a probe having a 0.0760-inch hojle were equally unrewarding, the total

' beam current in this case being down by a factor of three. These de-

creases in beam current are great enough to establish the optimum

size probe hole as in the neighboi‘hood of 0.1270 inch.

6. Probe-tip and exit-plate shapes.

The probe has customarily been machined to form a 90° cone with
its entrance hole at the apex. The exit plate is customarily a 90°
holiow cone. The probe fits concentrically into the exit plate with the
tip of th.e'bprobe spaced about 1/16 inch from the exit hole.  Gow and

Foster [[1] report that less acute cone angles cause an appreciable

 fraction of the beam to strike the probe.

Tests were made with the exit plate essentially flat and with the con-
ventional 90° probe. No noteworthy alteration in beam-current out-

put or in focal properties of the system was observed. . A probe with

a hemispherical surface on its end was developed and used with a .

hemispherically shaped exit plate of slightly larger radius. This de-

sign seemed to be as good in all respects as the others, and in addition

it gave less trouble through sparking between the probe and exit plate.



CHAPTER IIi

 LOSSES THROUGH SPACE-CHARGE REPULS;IO_N, LENS ABERRATION,
- COULOMB SCATTERING, AND RESIDUAL GAS

The desired pr\oduct of this fdcusing system is an ifnage free of
distm;tionso It is further desirable that a minimum attenuation‘ of the
béam occur while it ‘i.s being focused. A perfect image ‘maLy.be obtained
only if the extent of the object and image as well as the inclination of
the image -forming proton rays are exceedingly small., if the velocity
of the profons is uniform; and if the proton concent_fation at all points
o‘f the path is so small that the mutual repulsion of the prqtons'has
negligible effect. If these three conditions are not fulfilled geometrical
aberrations, chromatic aberration's, and space-charge defects arise,
the result of each being to decrease useful beam current. A further
ocbvious source of image imperfections is mechanical misalignment or

defective construction of the electrodes an (or) the exit aperture.

1. Space-charge repulsion.

The ability of a focusing system to obtain a sharp focus is dependent
in large measure upon the effect of space-charge repulsion on the beam.
Space-charge effects as observed for ¢harged particles have no parallel
in light rays. A strdng concentration of protons at any poinf has the
effect of reducing the potential or decreasing the speed of the individual
pfotmnsn In a beam of given crosé séction, _this concentration is in-
‘verselyiprqportic‘mal to the velocity.  Thus épace charge plays a role
primarily in low-velocity, high-current beams. VH‘ere it produces a
spreading of the beam, resembling the effect of a negative lens (see
Fig. 10). | -

Let us consider two identical charged particles traveling together
at the same speed. They exert on each other two different forces;

(1) an electrostatic repulsion

i) )

10
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and (2) a magnetic attraction, because they correspond to parallel

() ()

It may be seen that

Fa o2 (v
_F_R—‘—‘Vpoo‘c'

In the case of protons of energy 20 kilovolts, v is only 2 x 10

currents

6

meters per second, so that FA/FR is about 3 x 10'5, and we see
that FA

of the same energy.

can be neglected. This would not be the case for electrons

. For either electrons or protons the effect of mutual repulsion is
far from negligible. . For a one-milliampere beam of electrons with an

.ener‘gy of 20 kilovolts, the speed is 8.5 x 107 meters per second and

1

the charge density is 1.2 x 10 1 Coulomb per meter. On the other

hand, protons with the same energy have a much lower speed, and

their charge density would be 4.5 x 10710

Coulomb per meter.  Thus
we see that the space-charge repulsion of a proton beam is much higher

than for an electron beam of the same energy, because the charge den-

-sity is higher and the attractive force is negligible.

A complete treatment of this problem has been made by Fowler and
Gibson in "The Production of Intense Beams of Positive Ions," [6] .
Their results may be summarized as follows: Consider an initially
parallel beam a centimeters in radius; its radius due to space-charge
r'ep}xlsiop becomes 2a, 3a, 4a at distances given by 0.00188A, |
0.00280A, 0.00358A, where . .

aU3/4 .‘21/4

A= —
w7 7z

with U expressed in volts and .I» in afnperes; Z is the number of

elementary positive charges and M the molecular mass of the ions.

..Fowler and Gibson state that, for instance, for a proton beam ‘qf

11



20 kilovolts initially 0.375 centimeter in radius, the correspondmg
distances are 16.8, 24.9, and 31.9 centimeters. '

- While the above rigorous discussion may well be accurate, Field,
Spangenberg, and Helm [7] have s}tawn that positive-ion neutralization
of space charge can be attained even at low pressures by means of an
"ion trap.'" This trap (see Fig. 11) consists of suppressdr rings at the
ends of electrode tubes with a sufficient positive bias to contein positive
ions within the electrode. Under these conditions, the investigators re-
port, positive ions are unable to leave the tube, and accumulate in such
number that the electron space charge, which would ordinarily depress
the potential in the center of the tuBe, is almost exactly neutralized,
Their results show, for instance, that an electron vcurfent of 130 milli-
arﬁpe'rés, .traveling 36 centimeters with an energy of 5.7 _kiloiro‘lts at
~a pressure of 1/2 micron, suffered no spread in its diameter. Without
the ion trap the beam .s_pread to twice ‘its original diameter.

 This ion trap is edﬁally 'applica‘ble to proton currents, e‘bviously, and
the prmc1ple further raises the questmn whether the 11m1t1ng currents,
as descnbed by Fowler and Gibson [ 6] , have any meaning, for negative
ions w1thm the tubes were not taken into account. Perhaps there are
adequate numbers of negatwe ions within the focusmg electrodes of the
ion source to neutralize space charge effects of the beam and lead to
very h1gh 11m1t1ng currents, .

To study space-charge repu1s1on effects in the test source, intensity
'pe.tterne were obtained for varying beam currents with all electrode
'voltages constant. Expetlmental resutts show that smaller currents
'deﬁmtely result in a’éherper; Rattern .(sée Fig. 12). _Increa.sirig beam
current from .6,1 to 8.7 milliamperes, for instance, cut dowx_l‘the peak
current at the center of the i)attern by a factor of almost two wh?le the
diameter of the pattern increased by a factor of one-half. It is thus
apparent that, even though the spreading appears toc be less than would
be pre’dicted by the rigorous treatment, there is considerable loss
through space-charge effects in this source. No attempt was made to

' employ the “um trap” to lessen these effects.

12
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2. Lens aberration. ) )

The primary contributions to lens aberration for an electrostatic
system are from spherical aberration and chromatic aberration. The
former, soinetim'es called aperture defect, is the only geometric aber-
‘ration which causes unsharpness of the image on the optic axis (refer to
-Fig. 13). This aberration results in a circle of confusion about ever.y
_image point, which is proportional in diameter to the cube of the apér-'

ture '‘a of the imagihg pencil. In magnitude the spherical aberration
is the same over the entire image. It is caused by the fact that rays
passing through the outer parts of the lens are refracted somewhat more
'strongly in proportion tot the separation from the axis, returning to the
axis at a smaller distance from the lens than rays having a smaller in-
clina.tion to the axis. - |

Chromatic aberration results from the fact that the deflecting field
of a lens acts for a shorter period of time on a proton of greater velocity.
Fast ‘protons are thus less affected and focus at"v a greater distance from
the lens than dvo slow protons. A spread of the image along the axis is
produced by this action, as shown by Fig. 14. | ‘

- The effect of spherical aberration was investigated by obtaining in-
tensity patterns with identical operéting conditions and total beam cur-
rents for varying beam-input cross section. In the first case (see Fig.
15), the source operated in the usual fashion. In the second case, a
3/32-inch-diameter collimating hole was placed in the probe 3/4 inch
from its tip, and this collimator served to reduce the cross section of
the beam as it entered the fdcusing system. Peak current intensity at
the center of the pattern was increased by a factor of four by using the
collimator. The diameter of the pattern was half as great with the
collimator in as with it out. A large portion of the avai_lable beam is
screened out by such a collimator, however, and the >maximgm beam
current available withitin use is down by a factor of _thrveel.

These experimental results indicate that spherical aberration con-
tributes considerably to the spreading of the beam. Since aberration
effects are more pronounced at thé edges of a lens field, it might be

expected that increasing the diameter of the electrodes would improve
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the performance of the source by reducing the ’s'i)'reading: of the beam.
But increasing the diameter of lenses also reduces their focusing
‘strength, and thus the electrode diameter must be a compromise between
" these two factors. ‘ ' I

Chromatic aberration is doubtless present im‘the over-all problem, butno
means was found for 'independently’investigating its effect. Such aber-
‘ration is very likely present in the above space- char'ge'and spherical-
aberration experlments, but we assume that it does not play a promlnent

‘role in the effects attr1buted to them.

3. Coulomb scattermg‘ ‘ _ ‘

The res1dua1 gas molecules w1th1n the ion source const1tute a target
mater1al albeit quite thin, which the protons must pass through If a
proton in the beam should suffer Coulomb scattermg off one of these
res1dual molecules its loss of energy and change of dlrectlon would
almost assuredly be great enough for it to be ehmlnated from the useful

beam Thus it is not a questlon of whether thls effect causes losses, as
“ it may be in the case of space charge effects but rather of how large
such losses are. . o

Throughout the runs where beam 1nten51ty patterns were recorded
'- w1th focus - electrode voltage the only var1able, it was noted that less
total beam current was observed as. the focus voltage decreased The
effect was not obv1ous however until the v1rtual 1mage ion.source was
vtested Th1s source operates in an acceleratlon acceleratlon deceleratlon
manner the flnal or acceleratlng electrode (u51ng prev1ous termlnology)
bemg used as the varlable or "focusmg” electrode A plot of total beam
”current versus acceleratlng electrode voltage for the virtual- 1mage
source showed a much more noteworthy decrease of current with de -
__creamng voltage o o ‘ i A
» Coulomb scatterlng of charged partlcles by target mater1als is known
to vary 1n such a way that a plot of l/EZ versus log total bombardmg
current is a stra1ght 11ne where E is the energy of the bombarding
.partlcles To correlate the loss in beam current as voltage was de-
vcreased w1th losses due to Coulomb scatterlng, a plot was made with

the arguments l/E and log total beam current where ‘E is the energy
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of the accelerating electrode. This plot is shown as Fig. 16, and its
close approximation to a straight line confirms that the major contri- .
_butor to the observed losses is° Coulomb scattering.

The fatio. between total beam curre;lt.for accelerating-electrode
voltages of ten kilovolts and of five kilovolts is a factor of ten. This
clearly demonstrates that the losses incurred through long drift dis-
tances at low energy are significant. ; ‘

In the conventional source the 1osseé from Coulomb scattering are
not so pronounced as those discussed above Bec_ause_, the drift distance
at low énérgy,. i.e. the length of the focus electrode, is not great. Im-
_ profrement_in perforrﬁance of this source is probable, however, if
prevssvtb;,_lré in the focus electrode can be reduced, or voltage increased,

or both.

4. Pressure losses,

- The losses through increased pressure in the focusing system are
similar in magnitude to and inseparable from Coulomb scattering
losses. But it was of interest to observe the gross effects of pressure
increase in the system, and data were taken for the conventional and

for fhe virtual-image sources. ' v
An increase of pressure from three to six xlO'Smmmthecfn'cusmg
. system caused a decrease of beam current of 20 percent for the conven-
tional source operating at its usual settings.. A similar increase in
pressure with the virtual-image source in operation resulted in the loss
of 70 percent of the bearmm. These results confirm a fact well known,

that low pressure is of prime importance.
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CHAPTER IV
DESIGN AND TEST OF A VIRTUAL-IMAGE ION SOURCE

Experiments conducted during the autumn of 1954 showed that short-
ening the length of the Cockcroft-Walton column so as to provide a drift !
distance between the source and column of about two feet resulted in a
significant increase in beam current throughbu’t the system. . With this
new arrangement the exit hole of the arc chambeér, which is the position
of the object in the composite lens system, was situated more than three
-feet from the entrance to the Cockcroft-Walton column.  This suggested
the possibility of employing a virtual-image ion source, which would
eliminate the drift distance introduced between source and column and
optically provide a virtual image of the exit hole at the same position,
relative to the column, as thé actual exit hole had been with the con-
ventivonal source. Such.a source would permit-the physicai position of
the exit hole to be at a minimum distance, about 18 inches, from the
Cockcroft-Walton entrance. = And if it were possible to duplicate the
optical characteristics of the conventional source as seen by the Cock-
_croft-Walton, considerable gaiﬁ might be.realized as the result of elimi-
nating twovv feet of drift distance, for drift distance is, of itself, neces-

. sarily injurious. These reasons, and the fact that a virtual-image
~ source had never been tried on the Bevatron, prompted the attempt to
“achieve significant improvement in the useful output of the ion source

through use of a virtual-image focusing system. .

1. Design. ‘

The arc chamber that had been used for the previous experiments
was incorporated into the virtual-image source {see Fig. 1 ), and the
physical dimensions of the housing of the focusing electrodes were re-

tained. Thus the new source could be used interchangeably with the old.

“

The changes made to achieve virtual-image performance were in the
length and diameter of the electrodes. A three-inch diameter for the
tubes was adopted with the hope that gains from lower pressure and less ~

spherical aberration would be greater than any losses occasioned through
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weakening of the lenses. One inch was added to the length of the focus’
electrode, and the accelerating electrode was retained at its usual
length by permitting it to protrude an inch farther fro.m the end of the
source than before. The probe length was maintained, but the shape of
the probe tip and exit plate were hemispherical instead of 90° cones.
To achieve a virtual image, the electrodes are energized to provide

an acceleration-acceleration-deceleration action on the protons. Through
. approximation calculations on the focﬁsing system, it was predicted that,
with 20 kilovolts on the probe electrode and 40 kilovolts on the focus
electrode, parallel rays would be obtained for an accelerating electrode
voltage of about .12 kilovolts., At some higher voltage, something less
than 25 kilovolts, the calculations indicated that a virtual image would
be achieved about two feet behind the exit hole. With the power supplies
that were to be employed, however, adequate latitude of settings was

~available to insure optimum placement of the virtual image.

2. Test-stand data.

A series of runs was made with probe voltage set at 14 kilovolts and
focus voltage at 40 kilovolts.  Although a crossover focus was expected
with about eight kilovolts ‘on the accelerating electrode, total beam current
was so diminished by Coulomb scattering in this Iow—enérgy region that
“the sétting for best crossover was effectively masked and total beam
currents were decep‘tively low. If measurements could have been made
within the accelerating electrode rather than at a distance two feet be-
yond, more indicative patterns and higher currents would undoubtedly
have been achieved.

Settings of ten kilovolts and slightly above on the accelerating electrode
gave much higher total currents, as would be expected with less scat-
tering, and the patterns were spreading out and flattening in a manner
indicative of parallel rays, which would be expected with these settings.

No, ready means was available on the test stand for determining p031t1ons
of a virtual image, and further information on the source could only be

achieved by operating it with the Bevatron.

3. Bevatron runs.

Before new power supplies for use with the virtual-image source were
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available, a breakdown of the source in the Bevatron necessitated the
installation of the virtual source. It was operated at this time with
accelerati;)n-decelerati’on-acceleration settings, and the best results
were obtained when voltages were such as to give a real image. The
best performance available with this arrangement showed the current
at the end of the Cockcroft-Walton to be comparable with that obtained
with the usual source, but total beam out of the linear accelerator was
down by a factor or two or three. Therefore, the usual source was
replaced in the Bevatron when it was again operative.

Later tests with the virtual-image source operating in its designed
- fashion--probe voltage 18.5 kilovolts and focus voltage 48 kilovolts--
showed a definite maximum current through the Cockcroft-Walton with
“accelerating voltage at eight kilovolts, a minimum point at 13 kilovolts,
and a higher maximum with accelerating voltage at 19 kilovolts. Since
from test information a crossover was expected at about 8 kilovolts,
this indicates that the first maximum was the crossover or real-image
condition, the minimum a case where the rays were essentially parallel,
and the larger maximum the desired virtual-image operation. Maxi-
mum current through the Cockcroft-Walton with the accelerating volt-
age in the neighborhood of 19 kilovolts was nine milliamperes, which
is somewhat less than the 12 miliamperes obtained under good con-
ditions with the usual source at this position. The maximum available
.current. at the input to the linear accelerator was 2.2 miliamperes,
which compares even less favorably with the 6.0 milliamperes that
can be obtained with the us‘ual source. Current measurements at the
exit of the linear accelerator were ridiculously low, however, Whereas
the conventional source may register 300 microamperes at this point,
the virtual image source could produce only eight or ten microamperes,
a factor of 30 down. The new source was clearly not an improvement.

Reasons why the virtual-image source did not get more current
through the system are obscure, just as the focusing characteristics
of the injection system are, but indications are that the beam was too
diffuse, certainly in size and probably also in energy, for it to be

accelerated effectively on through the injection system. Smaller tubes
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or other changes might improve performance somewhat, but it is
quite likely the system prefers a real-image source to any virtual-

image source that might be designed.
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Fig. 3 Focusing Action of Three Electrodes
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Fig. 10 Spreading of Originally Parallel Proton
Beam Due to Space Charge
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