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ABSTRACT

A high frequency ion source was developed for
use 1h constant voltage accelerators. Analyzed
proton.beams of several hundred microamperes were
produced in a 130 kv accelerating system designed
to simulate the initial sections of a high #oltage
accelerator.

The focusing properties of constant volﬁage
accelerating systems aré dlscussed, including the
effecte of space-charge in the initial acceler-
ating electrodes. The focal properties of multi-
cylinder accelerating columns are calculated.

The high intensity proton beam produced by
the ion source and 130 kv accelerator was used to
investigate the cla(p,"/)Nl3 reaction, which is of
importance in the understanding of stellar phenom-
ena. A cross-gection of 1.5 x 10”34 cm? wag meas-

ured at bombarding energles of 100 kev.
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I. INTRODUCTION

The Production of Proton Beams

Electrostatic accelerators are used extensively
at present in the lnvestigation of nuclear reactions
at energies up to about five million electron volts,
using protons or deuterons as bombarding particles.
While magnetic resonance devices such as cyclotrons
are able to produce more intense beams than have been
attained with constant voltage accelerators, the emerg-
ing particles are nelther well collimated nor mono-~
energetic, and are accompanied by an intense radiation
background. On the other hand, electrostatic acceler-
ators and transformer-condenser cutfits generally pro-
duce beams less than a few millimeters in diameter,
with roughly a kilovolt of energy spread, and with a
background comparable to that of cosmic rays. The use-
ful beam current, however, i1s often limited to a few
microamperes which is inadequate for the study of many
reactions. QGreater intensity would simplify consider-
ably many investigations, and would permit more effective
use of the measuring equipment.

This paper describes some work which has been done
on the problem of lncreasing the useful beam current of

constant voltage accelerators. A new ion source was



developed in experimental investigations using & low-
voltage accelerator which simulated, as far as possible,
the conditlons encountered in high-voltage equipment.
-The optical properties of the accelerating system are
discussed in order that an lon beam having the desired
characterisﬁice might be produced. Since hydrogen and
deuterium behave similarly, the discussion wiil be
generally restricted to the production of proton beanms,

- Components of the Constant Voltage Accelerator

We are concerned with three parts of the scceler-
ator which may be studied separately: the 1§n éource,
the ion gun, and the accelerating column. (See Fig. 1)

The lon source generates the lons at energles of a
few electron volts in the neighborhood of a small exit
hole whose function 18 to reduce the flow of hydrogen,
and to define a small area which wiil be imaged upon the
target by the accelerating system. As the ions emerge
from the opening, they are accelerated and focused by
the initial electrodes, the "ion gun", into a beam of
about fifty kilovolts energy. This lon gun is responsible
for mosﬁ of the characteristics of the resulting bean.
The subsequent accelerating electrodes serve tc raise the
energy of the lons to the desired bombarding energy, but

usually produce very little focusing effect.



Requirements of the Accelerating System

The beam, in passing down the column, must not pro-
duce conditions which lead to electrical bfeakdown. The
-gas pressure in the accelerating column can be easily
maintained at a value below the sparking pressure of
approximately 10~% millimeters of mercury. It 1s be~

11evedl’2’3

that breakdown 1s the result of excesslve
electrode bombardment by stray ions which produces.sac-
ondary electrons and releases adsorbed 5&895; These
secondaries, 1n turn, produce more stray lons and this
cumulative proceass results in a discharge. The.stray
ions which initiate this ﬁrocess arise largely from col-
lisions of focused ions with residual gas molscules. On
the basis of thls mechanism, it followe that higher pro-
ton currents may be tolerated if the gas pressure is
reduced, or i1f the beam current,not'due tco protons, 1is
reduced.

The gas pressure in the column 1s mdinly determined
by the rate of gas flow into the coludn and by its pump-
ing speed. The gas flow into the column may be substan-
tlally reduced if a differential pumping érrangement is
provided between the exlt hole in the ion source and the
first electrode of the ion gun. This gas flow is again
reduced 1if the efficiency of the source is made as high
as possible. This efficiency, defined as the ratio of
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the number of protons focused upon the target to hydro-

gen molecules consumed by the ion scurce per unit time,

is ususally of the order of 102, At this efficliency, a

100 microampere proton beam corresponds to & gas flow'of
84 cc per hour of hydrogen at atmospheric pressure.

The beam consists essentially of three kinds of
lonas: protons, singly charged hydrogen moledulés, and
molecules to which a proton has been added. The mass
two and mass three components are less frequently used,'
and are detrimental in that they constitute an undesir-
able load upon the high voltage generator and contribute
to the formatlon of stray ions as well as space-charge
spreading of the beam.

In addition to delivering a coplous supply of pro-
tons, accompanied by & relatively small flow of‘hydrogen
and mass two and three ions, 1t is éesential that the
ion source have a long life. Simpliclity of construction
and operation 1s also highly desirable.

The accelerating system may be régarded as a com-
pound lens system whose function is to produée a nearly
parallel ion beam of small diameter which images the
exit hole at a polnt on, or near, the target. The focal
length of the equivalent single lens determines the size
of the image and the convergence of the rays which form

1t. The properties of a wide variety of electrostatic



lenses are now known4f5

80 that the ion gun may be de-
gigned to prodﬁce the desired beam characteristics. 1In
addition to 1its lens action, the gun serves as an aper-
“ture étOp to remove widely diverging ions which would
strike the accelerating electrodes, or which ﬁould not
‘focus well because of the sberrations of the lenses.

Space-charge éffects.complicaté the picturezbut.may
be accounted for in many'éases. In general, the effects
are negligible except in the gun; where the.béam has low
energy, and 1in cases where the beam must pass through a
long drift tube before reaching the target.

High voltage accelerating columns of réasonable
length are necessarily constructed of alternate layers
of 1nsulator and conductor; Since the column must have
a high pumping speed, the accelerating electrodes are
generally short and have a large inside diametef. The
resulting accelerating field 1s very nearly uniform, and
even the initlal accelerating gaps of the column produce
very llittle focusing action, as will be shown in Chapter
VI.

There are many considerations involved in producing
intense beams of high energy protons. It is hoped that
the following discussion will serve to clarify the prob-
lem and to indlcate progress which has been made in

certain phases of 1it.



II. EQUIPMENT

Accelerating Column

In order that the results of this investigation
might most readlly be used in the new electrostatic
accelerator-under_construction at the California Insti-
tute, the acceleraﬁing column used for the ion source
investigation was constructed largely of components of
the new accelerator. This column is shown in Figs. 2
and 3. There are four accelerating gaps, of which the
first three will be regarded as constituting the ion
gun, while the fourth corresponds to the flrst gap 1in
the accelerating column proper.

The column is assembled as a unit and is attached
to the vacuum manifold in a horizontal position by four
poercelain rods. Corona rings surround the column to
reduce sparking which would otherwipe limit the voltage.
A photograph of the completely assembled column mounted
in position is shown in Fig. 4. Figure 5 shows a plan
view of thé essential components of the entire system.

Vacuum System

The main vacuum is provided by an 8", two-stage,
0ll diffusion pump which attaine a pressure of 2 x 10"'5
mm Hg as measured by the lon gage when there is no

hydrogen flow. A 2" oil pump is used to remove hydrogen
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from the first gap of the ion gun. Thie pump is at
ground potential and is connected to the column by a
section of glass tublng.

A pirani gage, mounted in the fore-pump side of

‘the 2" oil pump, 1s used to measure the rate of flow of

hydrogen. Closing a valve between the fore-pump and

the 2" pump causes the pressure on the fore-pump side
of the latter to rise at a measurable rate until its
pumping action ceases. Knowledge of the rate of rige
of pressure and the volume into which the hydrogen 1is
compresaed perﬁits a reasonable eaﬁimate of the rate
of hydrogen flow.

Voltage Supply

A high voltage X-ray tube power supply capable of
delivering 2 current of several milliesmperes at a volt-
age of 115 kv produces most of the acceleratingzpotential.
The voltage 1s measured by a resistor stack consisting
of 100 one megohm wire-wound resistors in series with a
20 megohm resistor. These resistors wers compared with
a 20 megohm preclision resistor and all were found to
agree with their nominal values within a few tentha of
one per cent. The current was measured by a Simpson
meter callbrated at intervals by a Rawson Type 501 milli-
ammeter which, in turn, was calibrated by Mr. J. N.

Harrie of the Calibration Laboratory. The Simpson meter



was found to retain its calibration quite accurately.
It is belleved that the voltage measurements are ac-
curate to within one per cent.

The ripple from the high voltage supply was checked
on an oscilloscope at voltages up to 50 kv using a block-
ing condenser. Extrapolation to 115 kv indicates that
at thls voltage the ripple is approximately 2'kv'peak—
to-~-peak.

Jon Source Supplies

A large aluminum box, mounted on insulators, houses
a 115 volt, 60 cycle generator and the power paéks re-~
quired to run the ion source. The generator is turned
through a belt drive by a 1 hp motor. |
- The ion source consists of an electrodeless radio
frequency discharge in a strong magnetic field. . Four
8025A high frequency triodes,mounted in a cavity resona-
tor, supply 60 watts at 450 mc/sec. An electromagnet,
driven by a low voltage rectifier, produces a magnetic
rield of up to 2500 gauss inside the discharge chamber.

The voltage across the first acceleratiﬂg gap 1s
obtained from a 15 kv rectifier whose output is arranged
so that it adds to the main accelerating voltage, thus
producing a total accelerating potential of 130 kv. The

first accelerating electrode serves as an aperture stop

to prevent stray ions from being sent down the column.



The current collected by this electrode is never over
2 ma, but is more than can be handled by corona gaps
which are adequate for the control of the other elec-
trodgs.

The usual palladium thimble and nichrome heater
arrangement is used to control the flow of hydrogen
through the ion source.

Ion'current Measurement

Magnetic analysis is employed to separéte the
various beam components. The component to be measured
is deflected through an 18° angle and is coliected by
a Faraday cage placed 16" beyond the magnet. A typical
analysls curve 1s shown in Fig. 6. The heights of the

mass two and three peaks are proportional to the number
of charges in the beam, and must be multiplied by two
and three respectively to represent the abun@ance of
half-energy and one-third energy protons in the beam.
The guard ring of the Faraday cage is well shielded from
the beam and its voltage was adjusted so as to be well
above the value required to return all secondary elec-
troqs. The calibration of the current meter was checked
with the meter mounted in place.

The current collector, shown in Fig. 7, was designed
Lo serve as a target holder for the study of low voltage

proton reactions with 012 and Nl#. The targets are
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supported on a water-cooled esphere which may be rotated
180° in order that the positron radiocactivity resulting
from the bombardment may be measured by a mlca window

beta-ray counter.
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III. ION SOURCE

.f Ion Source Developmsnt

Early ion sourcesé’7 employed a cold cathode; high
voltage (40 kv) hydrogen discharge to create the ions
which escaped from the discharge chamber through an
opening, or canal, in the cathode. (See Fig. 8a) The
canal reduced the gas flow and helped direct the ions
down the accelerating tube. Beam currents produced in
thls manner were rather small and the high energy ions
from the dischérge rapldly eroded the canal. Moreover,
the ione emerged from the canal with a large distribu-
tion in energy which made them difficult to focus, and
prohibited thelr use 1in high resclution nuclear investi-
gations.

Crane, Lauritsen, and Soltan@ describe an ion source
in which electrons from a hot cathode are accelerated by
an anode at a potential of 1000 volts and produce ioni-
zation in hydrogen &t & pressure of 10”2 mm Hg. A probe
which contalns the canal is malntained at a negative
potentlal of 2500 volts to draw the ions out of the dis-
charge.

Since 19339, low voltage are discharge sources have
been extensively developed and are in general use today

in a varliety of forms, as lllustrated in Fig. 8b. Each
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form employs an arc discharge at a pressure of a few
tenths of & millimeter of mercury in the neighborhood
of a small hole through which the lons escape. In one

1,2,10 " the arc passes through a glass or metal

- form
capillary, a few millimeters in diameter, which is per-
pendicular to the axie of the accelerator, the exit hole
belng in the side of the capillary. 1In another form,

11’12, the anode ie surrounded

known as the Zinn source
by a constricting nozzle which, in turn, is'within a
ring-shaped cathode, all three being coaxial with the
accelerator. Both modifications have been used frequent-
ly with a negative probe immediately beyond the exit

hole 1in an effort to lncrease the‘yield. It was the
author's experience.that. in the case of & Zinn source,
greater ylelds were obtained by removing the probe and
letting the ions diffuse out of-the'exit ho;e and into

an accelerating field. Similar results have been re-
portedls2 for capillary arc sources.

In a third type of low voltage arc source, developed
et Carnegle Institution of WaehingtonlB, the dlscharge is
not constricted but, instead, a negative probe is inserted
into the discharge chamber to extract the ions.

Low voltage arc sources generally do not produce a
very large fraction of mass one ions (protons), and high

currents are obtained only with & severse reduction in
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cathode 1ife. The use of a probe introduces an energy
spread among the ions equal to the probe voltage.

Some lon sources recently developed yleld high
“proton fractions and operate at relatively low pressufes.
These sources, shown in Fig. 8¢, make use of én akial
mégnetic fiéid td‘restrict the motions of the charged
particles of the discharge. o

In 1940, Finkelsteinl% described an 103 source in
which electrons oscillate between the cathode and the
exit hole, being constrained to the axis of the system
by a magnetic field. In their oscillations, thé elec~
trons travel a considerable distance before being col-
lected. Accordingly, & moderate emission of eleétrons
by the cathode, in the presence of low pressufe hydrogen,
maintains a large current flow of oscillating eiectrons
which strongly ionizes the hydrogen; Since the hydrogen
vpressure is only about .01 mm Hg, the exit hole may be
made a few millimeters in dlameter without excessive gas
flow, and considerable ion current maj be obtained. This
source was used successfully by Von Ardennels, who ob-
talned a 1 Mev beam containing So)ua of pfotons. Gas
consumption is very low, amounting to as little as 100 Ho
molecules per proton. A similar arrangemen£ 1s being
developed at Imperial College in Britainls, where a dis-

charge is maintained between two cold cathodes in 8
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magnetic fleld by a ring anode between them. The
Finkelstelh gource has a somewhat limited cathode 1life,
and the British source uses a rather high énode voltage
which introduces a spread 1in ilon energy. Both employ a
large exit hole which tends to produce a large foéusad
lmage upon the target.

High frequency electrodeless dlischarges have been
used recently as ion sources. The absence of elecﬁrodes
would indicate long life, and the high frequéncy field
would contribute negligible energy to the ions formed
in the discharge. Moreqver, one might hope ﬁo éttain
strong discharges at relatively low pressures because
the ions and electrons in the discharge travel through a
large distance in their osclllatory motion before collid-
ing wlth the walls of the vessel. |

High frequency sources developed in Britain16917
use up to 100 watte of 60 to 180 mc/sec power dissipated
in pyrex vessele of about 200 cc volume. A negative
probe, linserted into the discharge at'a potential of one
or two kilovolts with respect toc the plasma, causes the
plasma to recede from 1it. “The roughly spherical boundary
thus formed tends to focus the ions upon the exit hole in
the probe. An axial magnetic field greatly augments the
ion yleld. It is found that the proton current passes

through a maximum at a certain magnetic field strength,



40 gauss for 60 mc/sec excitation frequency, and 130
gauss for 180 mec/sec R.F. The pressure in the discharge
is very low (.01 mm Hg), sc that even with the 3 mm exit
holes employed the gas flow is only about 10 cc per hour.
The high voltage probe probably introduces a consider-
able energy.spread among the ions, and also gives them
a large transverse velocity which'complicates~thé focus-
ing problem. _ |

The simlilarity of the Finkelstein source and the
British radio frequency sources 1is ﬁorth pointing out.
In each case, the ionlzation is caused by partiéles
osclllating along a magnetic field in a gas pressure of
.0l mm Hg. The exit hole is several millimeters in
diameter resulting in a gas flow of about 10 cc/hr.
Total beam currents in low voltage set-ups run és high
as a milliampere, of which about half isg due tb protons.

It 18 very difficult to compare the merits of the
variocus kinds of sources which have been described. All
of them are capable of producing ion éurrents of a milli-
ampere wlth reasonable proton fractions in low voltage
installations. In high voltage accelerators, however,
the beam current ls limited to a small fraction of this
value by breakdown of the accelerating column. It cannot
be emphasized too strongly, therefore, that an ion source

1s not toc be Judged simply upon the proton current which
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it can deliver to a collector. The ions muet emerge
from the source with reasonably small transverse veloc-
ities if they are to be focused s0 as not to atrike the
accelerating electrodes. This restriction, as well as
the need of a monoenergetlc beam, arguss against the use
of a probe to extract the ions from the discharge. More-
over, it will be shown in Chapter V that if an analyzer
is to be used to select lons of a certaln energy from
the beam, the exit hole of the source must 5e small if
a reasonable fraction of the beam 1s to pass through the
analyzer slite. Thus a high current density at the hole
1s 2 desirable feature. In addition, the operating life
of the source, its efficiency (protons per H2 molecule),
and the fraction of the lons which are protons must be
conaidered.

Development of a New High Frequency Ion Source

In order to become familiar with the performance
of ion sources, a Zinn source was constructed similar to
the one which was being used in the 1.4 Mev electro-
statlc accelerator in the Kellog Radlation Laboratory.
According to the upual ﬁractice, it was first assembled
with a probe just beyond the exit hole to "suck™ the
lons out of the discharge and start them down the accel-~
erating cclumn. A typlcal performance curve is shown in

Fig. 9. 1In general, the focused beam current was divided
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about evenly between the three types of ions. The high-
est proton current ever meagured with this sﬁurce wasg
7/pa.

, It 1s significant that the unresolved current which
could be focused through a 4" hole was less than half
'tﬁe total béam'curfent which was collected through a 2"
aperture. This very considerable amount of étray ion
current can be associated with the use of a probe. Pre-
sumably, those ions which manage to pass through the
probe canal, but are not scattered, can be sharply fo-
cused; while those wbich are scattered in the éanal with-
out being neutralized acquire too much transverse velocity
to be focused, and appear as stray ions. Although the
probe may perform its function of extracting a 1arge num-
ber of ions from the arc, only a small fraction of these
cdntribute to the useful current, aﬁd as much appears as
stray ion current.

The probe was eliminated and a new lon gun was con-
structed so that the ions diffusing through the exit hole
would be acceleréted and focused upon the target. Essen-
tially the same focused ion currents weré obtained with
this arrangement, except that the stray ions were reduced
to the point where the total current was only about 10%
greater than that focused through the %" aperture.

It was felt that efforts to develop a better lon
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source should be directed towards dissipating &a large
amount of power in a small volume. In this way, a high
degree of dissociation into atomic hydrogen might be
expected, fesulting in high efficieney and an increased
fraction of mass one ions. Such a performance has been
reported with direct current discharges, but always

with rapid deterioration of the cathode. A high fre-
quency electrodeless discharge appeared to be well suited
to the purpose, and offered the advantage of simplicity
of construction.

The first radio frequency socurce (Fig. ioi) conslsted
of & quartz capillary, 1% mm in diameter and 4 mm long
inslde, connected across the open end of & quarter-wave
coaxial line fed by a 300 mc/sec oscillator having an
avallable output power of 15 watts. Hydrogen flowed into
one end of the caplllary from the center conductor and
passed out through an exit hole of 1/32" diameter at the
other end. An electromagnet supplied an axial magnetic
field which, 1t was hoped, would have a beneficial effect
upon the discharge by limiting the tranaveraé motions of
the charged particles. Unfortunately, it proved impos~
sible to strike an arc, presumably as & result of &£xces-
eive recomblination opportunities due to the large ratio
of surface to volume of the chamber.

In the next attempt, the capillary was changed to a
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quartz cylinder 8 mm in diameter and 12 mm long. (Fig. 10ODb)
This time it was possible to strike the arc provided the
magnetlic fleld was applied. An 80/pa beam was obtalned,
-containing 12% protons. The magnetic field was quite
effectlve in increasing both the ion current and the pro-
ton fraction, as had been hoped. After a half-hour of
operation, a deposit of metal of sufficlent thickness to
short out the discharge was sputtered upon the inside of
the quartz cylinder.

In order to avoid sputtering from the metal surfaces
at the ends of the cylinder, a third source, shown in
Fig. 10c, was built 1in which the discharge chamber con-
sisted of a barrel-shaped quartz bottle with & 1/32" hole
in each 1id for the flow of hydrogen and ions. A fuse-
wire gasket at each end provided the vacuum seal. This
source yielded an unresolved ion current of_45/ua contain-
ing 33% protons.

A number of other discharge chambers were tried, all
having roughly the same volume as the last two just men-
tioned,.but using different types of construction: alu-
minum ends, all metal chambers, etc. It was concluded
from such tests that the presence of exposed metal in the
discharge chamber greatly reduces the proton fraction in
the beam. This result had been expected as it is well

known that recombinatlon coefficients for atomic hydrogen
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are generally higher for metals than for insulators.
This result is in agreement with the findings of the
British investigatorsl®6,17, who find it necessary to go
to extreme measures to exclude metals from the arec |
plasma.
| Using the barrel-shaped construction of Fig. 10c,

further experiments were conducted to 1mprove'the per-
formance. Water vapor, illuminating gas, and alcohol
were added to the hydrogen in an effort to iﬁcrease the
proton fraction, but always with negative results. A
new osclllator, capable‘of higher power and freéuency
(20 watts at 500 mc/séc), was constructed and increased
yields resulted: 20, 17, and 13‘pa for the massvone,
two and three components respectively. ‘

Continuing in this direction, a 70 watt, 450 me/sec
oscillator was.built and the R. F. plumbing_system’was
improved so that most of the available power could be
delivered to the discharge chamber. The proton yleld
was quadrupled by thls change, typlcai figures being 80,
40, and‘lojua for the three beam components.v

The ion currents were still further increased by
using a pyrex discharge chamber and enlarging the exit
hole from .032" diameter to .042", and the hole in the
first accelerating electrode from .08" to .12". Proton

currents of over 300 ,.xa were obtalined followlng these
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modifications.

A dozen different barrel-shaped discharge chambers
have been used in an attempt to determine the proper con-
struction. Some of the conclusions must be considered
as preliminary, since a large number of variables are in-

voived and many of these have not been fully investigatead.

Effect of Changlng Osclllator Frequency and Power |

It seems reasonable to expect that the length of
the discharge chamber should be made greater.than the
amplitudes of osclillation of the electrons due to the
radio frequency field.. This amplitude is proportional to
the field strength dlvided by the square of the frequency.
(See page 27) 1If the ampliﬁude of oscillation is too
large, a considerable fraction of the power input is lost
by bombardment of the ends of the discharge chamber. The
power whlch may be dissipated in the discharge for a
given amplitude of osclllation increases very rapidly with
frequency because the energy of each electron lncreases
as the square of the frequency, and because the more in-
tense discharge results in a larger number of electrons
belng present. |

Under certaln clircumstances, it is observed that the
ion yileld increases very slowly with the available oscil-
lator power above & certain power level. This saturation

effect was first observed at 300 mec. Using a discharge
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chamber .5" long and .33" in diameter, it was found that
increasing the oscillator output beyond—five or ten
watts resulted in very little more ion current. Satura-
tion was reached at about thirty watta at 450 mc/sec,
using a chamber .27" in diameter and .4" long. This
effect was not present when larger chambers were used at
this same frequency. |

Effect of Changing Diameter of Discharge Chamber

The magnetic fileld required to produce maximum ion
current decreases as the dlameter of the chagber is in-
creased. With a diametér of .27", & field of ébout 2000
gauss is required; a .4" dlameter chamber functions best
at about 800 gauss. It will be seen that the ions in
the diacharge can hardly have energies as high as one
electron volt, so their helical paths in the magnetlc
field have diameters small compared to that of the dis-
charge chamber. This indicates that one function of the
magnetic field is to bend the paths of the protons in
the discharge enough to reduce the nuﬁber of collisions
whigh they make with the walls of the discharge chamber,
thus reducing recombinatlon. |

Effect of Axlial Magnetic Fleld

In the absence of a magnetic field, the discharge
1s rather faint, and a pale pinkish-blue in color. The

fleld greatly lintensifies the discharge and changes its



23

color to a bright red. This is to be contrasted to the
cold watery-blue color of the D.C. discharge observed in
the Zinn source. it ls believed that the red color of
the discharge is due to the atomic hydrogen (H«) indi-
cating a large degree of dissoclation. | ;

If the effect of the axlial magnetic field were only
to reduce the number of collisions With the walls of the
chamber, the lon yleld would be expected to ;ncfease mono=-
tonically with field strength. 8Such is not the case,
however, as may be seen from a typical curve ahpwn in
Fig. 11. 1In general, tﬁere are numerous maxima'and'min-
ima in the yield, with one or two main maxima near one
or two thousend gauss. It 1s quite likely that this unex-
pected behavior is associated with a radial,cbmponent of
the magnetic fleld, as will be discussed in chaﬁter IV.

| It 1s frequently observed that the discharge has a
bright central core when a strong magnetic field 1s ap-
plied. The center conductor of the quarﬁerfwﬁve line,
which applies the R. F. voltage to the discharge chamber,
is made of iron so as to increase the magnetic field,
and contains a hole through which the hydfogen flows.
The central core appears to be most pronounced when this
inlet hole 1s of large diameter, indicating‘that the core
1s due to an inhomogeneous magnetic field. Ion yields

seem to be independent of the exlistence of this core.
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Susceptance of the Discharge

A rough idea of the radio frequency susceptance of
the discharge may be obtained by noting the shift in posi-
tion of the tuning plunger required to tune the quarter-
wave line to resonance after the discharge starts. If
the susceptance were due only to free charges in the pres-
ence of thé radio frequency field, the discharge should

appear inductive, corresponding to a dielectric constant

K less than unlity as given by the equationl8
_ N el
K=I1-4m—" (e.B.u.)

where there are N charged particles of charge e and
mass m per unit volume in the presence of the field of
angular frequency .

It 1s obeerved that, in the absence of an axial
magnetic field, the dlscharge appears to have an induc-
tive susceptance of about .0002 mhos, corresponding to
an electron density of 2 x 109 electrons per cc. At the
same time, there are 106 times ag many gas ﬁoleoules
presgent, and yet proton efficlenciea of 10-3 protong per
hydrogeh molecule are measured. 8Since the net charge in
the chamber must vanish, there must be one negative
charge for each proton, and it follows that only about
0.14 of the negative particles in the discharge can be

free electrons. It would thus appear that when the
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magnetic fleld 1s removed, the discharge is sufficiently
feeble that the electrons become attached’to neutral
particles and, therefore, do not contribute appreciably
to the susceptance.

Under normal operating conditions, when the magnetic
-fleld 1s applied and the discharge is a bright red, a
capacltive susceptance of about .00l mhos is observed.
This effect was entirely unexpected and ieg probably due
to a small radial component of the magnetic field, as
wlll be indicated in Chapter IV.

Effect of Rate of Hydrogen Flow

The R. F. discharge may be maintained over a very

.wide range of hydrogen flow rates. At flows of less than
2 ce/hr, with a .04" exit hole, the discharge is very
feint and is extinguished by application of the magnetic
field. Between 2 and 15 c¢c/hr, the discharge is intensi-
fied by the field and the ion current is mostly due to
molecular hydfogen. (See Fig. 12) Above 15 cc/hr, the
discharge is much more intense and thé ion beam consists
largely of protons. The equipment was not able to handle
hydrogen flows greater than about 70 cc/hr without spark-
ing troubles.

General Observations

Cleanliness of the discharge chamber appears to be

essentlal for proper operation of the source. It is
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frequently observed that a newly assembled chamber will
not function properly for an hour or two. The yleld
gradually increases by as much as a factor of two until
‘normal output is attained.

The ion output appears to increase in proportion
'tortherarea'ef the exit hole, as might be expected. The
diameter of this hole is limited by the gas flow which
can be toierated; In a high voltage accelerator, é
rather small hole might be necessary in ordér to évbid
breakdown of the column.

No evidence of deterioration of the ian‘sohrce has
been observed after moré than ten hours of 6peratioh. A
_slight discoloration on the inside of the-chamber is
sometimes noted, but 1t appears not to be harmful.

It has been common practice to cool the aischarge
chamber with an air blast. This précedure,may not be
'necessary, especlally if a quartz chamber is used; The
-lon sources used in this investigation were_built 80 as
to be easlly changed. 1In a more permanent installation
it might be well to use a quartz discharge chamber en-
closed in the vacuum envelope. ‘Quartz appeaTS»to be -
slightly inferior to pyrex in regard to the ion currents
which may be obtained, but it possesses much better mech-

anlcal properties.
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IV. ANALYSIS OF THE RADIO FREQUENCY DISCHARGE

» General Conslderations

An understanding of the diecharge mechanism would
'be of considerable value in the further development of
the ion soﬁrde. While some aspects of the problem are
not fully underst&od, it is, nevertheless, possible-to
establish the general nature of the phenomenon.

Under normal dperating conditions where meximum
proton current is obtained, the source requires a hydro-
gen flow of ro;ghly 40 cé/hr for a .040" diameter exit
hole. 1In the absence of a discharge, a pressure of
.1 mm Hg in the chamber i1s calculated from the Knudsen
equatlons of gas flow. It wlill be shown that the dia?
charge heats the gas up to a temperature of no more than
a few thousand degrees Centigrade so that the dénsity is
decreased by a factor of five or less. This’indicatee
a mean free path of somewhat less then a centimeter for
hydrogen and several centimeters for the electrons. It
follows that collisions with the walls are as frequent
as collisione between particles in the dischargé. |

It is easily seen that a particle of specific chérge
e/m in an alternating field of strength’E and angular

frequency w executes an oscillation of half-amplitude

eE

m w?

X =
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and attains a maximum energy

- The field strengths involved are estimated to be of the
order of 300 volts/cm. With a 450 mc/sec excitation
'ffequency, £he electrons have half-amplitudes of .7 mm
and energies of 10 electron volts. Protons énd’othsr
heavy ions are hardly affected by the field; they move
less than a micron and receive about .005 electron volts
from the field. It would thus appear that energy is
contributed to the discharge through the agencﬁ of the
electrons which heat up the rest of the gas and cause
dissdciation and ionlzation by their relatively high
energles.

There appears to be no mechanlsm whereby the elec~
tfons can delliver more than a smali fractlon of thelr
| average energy to the heavy particles of the discharge.
Thé number of electrons present in the discharge is
falrly well known from the.sueceptancé measurements.
Fronm th;s data, it can be calculated that the heavy par-
ticles collide with the walls of_the chaﬁber hundreds
of times’as often as they do with electrons, so they
receive very little energy by direct collisions with
electrons.

It 1s quite likely that electrons are collected on
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the ends of the discharge chamber, thereby producling
static flélds which attract(thé less moblle heavy lons
of the discharge. The flelds may be strong enough to
‘give the ions several electron volts of energy which |
they could pass on to other particles by collisions.
Since most of‘the'heavy particles are not ionized, theilr
average energy must be considerably less than.oné elec-~
tron velt. _ |

It is observed that the discharge exhibits a deep
red color indicating a high degree of dissoclation into
atomic hydrogen. The high proton ylelds obtained fur-
ther indicate that most of the gas exlsts in the atomic
state. This might seem to be surprising, since colli-
slions with the walls of the chamber are so frequent.
However, measurements by W. V. Smithlg show thaﬁ with
pyrex vessels, only one wall collision in lQ4 or 105
results in recombination. Since a molecule encounters
an electron once in every few hundred wall collisions,
the high degree of dissociation may bé accounted for if
a reasonable fraction of the electrons are sufficiently
energetlic to dissociate the hydrogen.r This is evidently
the case, since the binding energy of the hydrogen mole-
cule 1s oniy 4.4 electron volts and the electrons were
seen to osclllate with more than twice this energy.

Smith's measurements also showed that recombination is
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ten times more frequent on qﬁartz than on pyrex, and that
nearly every collision with platinum results in recombin-
ation. This confirms the observation.that'pyrex dis-

.charge chambers were somewhat superior to quartz, and that

metals were definitely to be avoided.

Mbtion‘bf Charged Particlegs in a Magnetic Field

| It is of interest to consider the motions of charged
particles‘acted upon by an alternating force in‘thé pres-
ence of a magnetic field. The mean free paﬁhs of the
particles in the R. F. lon source discharge,are long
enough that a large number of osecillations afe'performed
between collisions, and; therefore, it is sufficient to
conslider the motion of & single particle. Four effects
are observed which apparently cannot be accounted for by
a uniform axlal magnetic field. At low rates‘of gas
flow, the discharge is completeiy extinguished by a small
‘magnetic fieid. At higher rates of flow, the discharge
is enhanced by a moderate field, but both the brightness
of the discharge and its ion yield are found to decrease
again as the fileld is 1ncreaséd beyond aboutVQOOO gauss,
as showﬁ’by Fig. 11. The third characteristic is the
bright central cdlumn observed in the discharge under
‘certaln conditions. Finally, it 1s found that the suscep-
tance of the diécharge, which 1s inductive 1n,thevabsence

of a magnetic field, becomes capacltive when the magnetic
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field 1s applied.

The following discussion considers the motion of
a charged particle in the presence of an axlally symmé-
>tric magnetic fleld having a émall radial component. |
The analysls indlcates that the radial compcneht ﬁrobw
ably accounts for the above characteristics, but does
not yleld quantitative results. |

Consider a particle having specific chgnge‘e/m in
the presence of an alternating electric field of strength
E directed along the z-axis (axis of symmetry)fand having
an angular frequency «w . Let the axial componeht of the
magnetic field be B, = By (l+ax2z) where « is a small
quantlty indicating the non-uniformity of the fiéld,
Since the divergence of the field vanishes, there nust
exist a radial component By = -$Boaxr. We shall investl~
gaie the nature of small oscillabioﬁs about a point in
the 2z = O plane at a distance r, from the axis. At that
point we take a set of rectangular coordinates with the
x-axle ln the radlal direction and the y-axis in the
azimuthal direction. The magnetic fleld has components

in this system given approximately by

B, = -%8(n+x)
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Using a dot to indicate a time derivative, the equations

of motion are given in Gaussian units by

mi = 2|ByGew) § 83V

my = £ [_ 8, ému)-&i(umj

3
N:
ol

[—%Boky+-§3")'/(f°+x)] + Ee cos wt

It 1s convenient to introduce the cyclotfon fre-
quency « o = eB,/mc, and the amplitude of oscillatién
A = eE/mcu2 which the particle would have in the absence
of the radial field. These equations may be solved
using a perturbation method by expanding in pbwera of

the small quantity o« :

+NX‘ +* 0L X, +----

Y * Yo vay talye--cc

+ xll to-=-
Z = Z°+R-Z| s

Successlve approximations tc the motion of the particle
are obtained in the usual fashion by substituting these
expressions into the equations of motion, and collecting

terms involving the same powers of a«. Ve obtain:
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Zero-order approximation

N
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Second~order approximation

X, = < y.' +cw )'12’ -y + “—’-‘,\/ i + < Y,z
2 €72 ¢e I, S5 cyoz‘ 2 o =i z Lt e
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The zero-order solution consists of axial osciila—
tions of amplitude A superimposed upon cirecular motions

in the x~y plane having arbitrary radius R and the

cyclotron frequencyc,:



X, = Rcos(wetos)'
= -R Sin(wcfi-S)

2 ‘= ~Acos wt = - ef cos wt
o mwz

A ﬁerm corresponding to a constant wveloclty 1n the
z-direction has been dropped since it would nbt appear
to be essential to the discussion.

The electrons in the discharge are likely to have
transverse veloclties comparable to thelr oscillation
velocities, 80 woR 18 roughly equal to wA. In the usual
operating field of 1500 gauss, the cyclotron frequency
is 4200 me/sec, or ten times the applied freQuency, 80
the electrons execute helix-like orbits having diameters
one-tenth the length of the helix. '

The velocities of oscillation of protons in the
‘discharge are conslderably less than thelr thermal veloc-
ities, and the applied frequency is 200 times thelr
cyclotron frequency. The correspondiﬁg orbits are, there-
fore, almost unaffected by the R. F. fleld, énd it appears
that the magnetlic field affecte the heavyiions only inas-
much as it reduces the number of collisions which they
make with the sides of the discharge chamber. The subse-
quent discussion, therefore, will be restricted to the

orbits of the electrons in the dlscharge.
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The first-order solutions are obtalned 1ln a
straightfdrward manner. The axial motion conslsts of
an oscillation at cyeclotron frequency and a secular
‘term representing a constant acceleration in the direé~

tion of weaker magnetic field intensity.

‘_,z 2,2 .
“R? + B cos (et +8)

Z, = - 7

This acceleration term may contain the explanation for
the fact that the magnetic fleld will extinguliah the
discharge at low rates of hydrogen flow. Atxhigher
pressures, charges may build up within the discharge
chamber in such a way as to neutralize this term.

The transverse motions are more involved but turn
out to be of the form |

A w RA (Terms (.n w and )

X, = == cos wt + _
! * * 2 (lu:-wl)(q w: -wz)

2 @ - cos(wt +85) cos(wts )

‘It is evident that a resonance effect takes place when
w zwg even in the absence of transverse velocities.
The degree of non-uniformity of the field does not affect
the frequency of this resonance, although thé effect
would be absent in a uniform magnetic fieid. The reso--
nance simply becomes more pronounced as the non-uniform-
ity is increased.

The resonance phenomenon provides an explanation for

the change in sign of the susceptance of the-discharge as



the megnetic fleld is increased. The effect 1s analo-
gous to dispersion in dielectries where the dielectric
constant 1s first}greater than unity and then less as
"the frequency 1s increased through & resonance region;

| “The 39qcnd§order sclutions show a reaonahce ét half
‘the cyclotron’freQuency, and an azimuthal precession
linear in the time, which do not depend upon ihe’presence
of a zero-order transverse veloclty. ngher order approx-
imations might be expected to show further resonances at
multiples or sub-multiples of the cyclotron frequency,
thereby affording a possible explanation for thé compli-
cated nature of the yield as a function of the magnetlc
field strength. The secular terms which ejeét the elec~-
trons from the discharge probably account for the decrease
in yield as the magnetic fleld 1s increased beybnd‘the
resonance region. |

In the region of the gas inlet hole in the lron
center conductor of the R. F. coaxlal line, the magnetic
field 1s gquite lnhomogeneous. With a.large 1nlet hole,
this lnhomogenulty extends into the discharge chamber an
appreciable distance, and may possibly acécunt for the
bright central core sometimes observed in the discharge.
The foregoing analysis indicates that some of the

characteristics of the dlscharge may be accounted for by

the presence of a small radial magnetic fileld component.



It 1s quite likely that the performance of the ion source
might be considerably improved by a proper modiflcation

of the magnetic fleld. The field of the lon source dea-
cribed in this paper has been measured and wae found ﬁo

be about 25% stronger at the inlet end of the discharge
chamber, but no systematic experiments have been conducted
as yet to determine the effect of varying the'inhomoge-

nulty of this field.
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V. ION GUN DESIGN

General Discussgion

It has been general practice in the past to design

the initial accélerating electrode system largely by

trial and error. The optical properties of numerous

electrostatic lenses have been worked out and, using this

knowledge, 1t 1s possible to design ion guns whose oper-

ation is known with reasonable accuracy.

The ion gun should be constructed so as to satisfy,

as well as possible, the following conditions:

a)

b).

The use of a probe to suck the ione out of the dis-
charge is to be 5voided, as 1t 1s a source of stray
lons, and because 1t introduces an energy spread into
the beam.

The electrodes should be designed, where poésible, 80

that they represent lenses whose focal properties are

‘kKnown.

The focal length of the composite ion gun should be
chosen according to the conditions to be met by the
resultihg beam. A short focus ion gun system will
produce a large image of the exit hole formed by
nearly parallel rays. Gopvérsely,'a lower magnifica-
tion results in a sharp spot formed by more sharply
éonvergent rays. This factor is of 1mportance if

the beam is to be sent through an analyiing system
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to remo#e ions whose energy differs appreclably
from the desired value.

d) 1If differential pumping 18 to be used to reduce the
gas pressure in the column, the first accelergting
electrode should have an opening only slightly larger
than the beam dlameter, located a small fraction of
a mean free path from the exit hole. Avpﬁmping speed
of 10 liter/éec for hydrogen (2 liter/sec for air)
will handle 2 gas flow of 50 cc/ﬁr at a pressure of
10~ mm Hg, corresponding to a mean free‘path of
12 cm. This first accelerating gap should be made
short to reduce the pumping speed requirements.

e) Thekfirst electrode should also be the aperture stop
of the lens system so that 1t 1ntercepts'v1rtuélly
all of the stray ions which would otherwise be col-
lected by the electrodes of thevaccelerating column.

f) Because of the rather large éurrent collected by the
first electrode, its voltage must be controlled by a
variable power Supply. For practical reasons, this
voltage should not exceed about 20 kv. |

Opticeg of Electrostatic Lens Systems

In the absence of space-charge-effects, a very close
analogy may be drawn between light optics and charged
particle optics. A summary of the essential features of

electrostatic lens systems will follow; the‘underlying



| theory may be found in Zworykin's book? on electron optics.
The ﬁrajectories of charged particles in an elec-
trostatic field are the same as those of light rays in a
‘medium whose refractive index varlies as the square root
of the electrostatic potential @, where ¢ vanishes at a
point where the particles are at rest. The formulse of
geometrical optics may be used simply by replécing the
index of refraction by Q%. Thus, the magnificatioh m of

a lens system 18

__fd &
METra T At

where fo and f4 are the object and image side focal
lengths, and do and d; are the distances of object and
image from the principal planes.

It 1e to be understood that the lens equations apply
to field-free object and image spaces at pdtentialé do
and ¢4 respectlvely. In the event that one side of the
lens 18 not a constant potential region, the characteris-~
tiecs of the lens are determined in terms of an imaginary
field-free space having the potential of a convenient
reference point. |

The focal lengths of a lens are related to the

potentials by the expression

E-(3)
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The angles of divergence ©, and ©4 of the limltlng
rays whichyleava the object and which form the limage,

satisfy the equation
4.

2
6; = ng—:(%) 4,1"11

Neglecting rélativistic effects, the focalvprcpér-
ties of an electrostatic lens are determined by the
geometry and potential ratios of the conductors, and are
independent of the absolute values of these potentials
and of the specific charge of the particles. ' Accordingly,
the different kinds of particles in the ion beam cannot
be separated by electrostatic means, nor by space-charge
effects.

A further characteristic of electrostatic lenses
ariées from the fact that the electric fields a&tisfy
Laplace's equation. If a lens 1s such that the rajs
cross the axis of.symmetry no more than once, and if real
field-free object and image spaces exlst, then the lens
always’exerts & positive focusing action. Negative lenses
can only arise as combinations of suqh simple lenses, or
when an acceleratins field exists on one,of both sides of
the lens.

The Two-Cylinder Accelerating Lens

Perhaps the most commonly used accelerating lens

consists of two cylinders at potentials @, énd #; spaced
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a small distance apart. The focal properties of such a
lens are shown in Fig. 13 as glven by Goddard“. It is
to be noted that the princilpal planes are crossed and
‘are both on the objeect side.

The Single-Aperture Lens

Two uniform accelerating flelds of different

strengths, separated by a conducting sheet with a hole

of diameter D in the center, constitute an example of

a lens not bounded by field-free 6bject and image épaces.
The presence of thé hole causes the rays to be deflected
in passing through, so that the parabolic trajeétories
do not jJoin smoothly. If imaginary field-free spaces
having the potentlal @5 of the sheet are assumed, the

focal length of the aperture lens is given by

-F=f,=_“'_¢§_‘.+.2_‘_)' . 42-1
Tt -4 T

where the prime indlcates a derivative along the axis of
gymmetry. This formula is fairly accurate if the radius
of the hole is less than the ratio of #g to @} or #).

The Cathode Lens

The name is a carry-over from electron optics and
appllies to the electrodes used to acceierate the particles
from a surface which they leave with nearly zero velocity.
A commonly used cathode lens qonsiats of a uniform accel-

erating fleld between the plane cathode or anode surface,
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and a screeh a distance d away having a small hole to
admlt the beam. Referred to a fleld-free space on the
image side of the screen, the object appears to be 2/3
its actual size and to be a distance 4d/3 behind the |
screen (d/3 behind the cathode or anode surface).

Space-Charge Effects

The mutual repulsion bhetween the‘particlés.Of the
beam must sometimes be taken-into account in calculating
the performance of the accelerating system. In electron-
optical systems where high resolution is required, only
a 8light amount of space-charge spreading can bé toler-
ated. The effects are ﬁct 80 serious in electrostatic
accelerators since it is only required that the image of
the exit hole be not blurred out to more than about‘
twice its area.

It will be shown that a source em1tt1ng4a constant
current density ln a radial direction within a cone of
half-angle © about the beam axis, and with no current
outside the cone, may be imaged to a sharp disc of uni-
form intensity. The size of this disc may bé calculated
and yields a lower limit to the diameter of the beam
which may be obtained at the target.

The equations of motion of a beam of charged par-
ticles have been worked out by Thompson and Headrick2l,

They consider an axlally symmetric beam of particles
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having specific charge e/m all directed along the z-axis
with the sgame velocity v in an otherwise field-free
space. It 1ls assumed that the radial velocity is much
‘less than the axlal velocity v, and that particles which
initlally are closer to the axis than others rémain so
a8 they move élong. Under all practical circumstances
connected with electrostatic atcelerator beamé, the
charge dlstribution within a cylinder of radius}r>which
carries a current 1 may be considered to be contlnuous,
so that a partlcle on the surface of suc