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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
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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
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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 such a cylinder

experiences a radial force

2 2 -
dr _ . 2dF _ 2ei 441
P P

Writing the velbclty v in terms of the accelerating

potential @ and integrating twice gives

2\, %

de ami r y
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Initial conditions have been chosen sudh that at z = O,
all the particles are moving exactly parallel to the
z~ax18 and the cylinder which contains the current 1 has

a radius r,.
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The reéults of Thompson and Headrick may be ex-
tended and put into convenlent form for use in connec-
tlon with ion beams. Since the contribution of an ion
to the space-charge field 1s proportional to the square
root of its mass, 1t is appropriate to define an equiv-
alént proton current I = 17 + J21p + f315. A pure
proton beam of current I experiences the same‘Spreading
as the actual beam does which consists of the threé mass
components. | |

The last equation, expressed in terms of the equlv-
alent proton current I in pe and the potentiél 1n Mv,

becomes A
(1es 2

r ‘ 2
-—éz-y.‘ — 5.53 "‘/0 e dx

o

oV IN

This equation is plotted in Fig.'l4; and 111ustrateé the
manner in which the beam diverges due to its own space-
charge repulsion. _

It is seen by inspection of equations 44-2 and 44-3
that if the current density 1nvthe beam 1s uﬁiform
(1 propdrtional to ra), at 2z = O the density remains
uniform as the particles move along, and thq radial velo-
city is proportional to the radius r. Such a beam can,
therefore, be focused by lenées and any cross~gection will

continue to have a uniform current density. 
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A beam of initial radius r; may be focuséd by a
lens so as to have a minimum radius r, at a given dis-
tance z from the lene, the value of r, being determined
‘by the space-charge repulsion. The curve of ry as a
function of z 1is the envelope of the family of beam
trajectories of varying angle of convergence, and 1s
shown in Figs. 15 and 16.

It may easily be seen from Fig. 14 that the maxi-
mum equlivalent proton current which can be sent thfough
two irises of diameter 4 separated by a distance 1 as
limited by‘space-charge‘depends only upon the béam energy
@ and the ratio of d to 1, and is given by the formula

8 4°
I=90x/0 7t

Thus at one Mev, & maximum of 225 ua of proton 6urr‘ent.
can be sent through two holes 1 mm in diameter and 2 m
apart.

Plerce Gun

Space-charge repulsion is evidently most effective
in the first accelerating sections where the beam haal
low velocity, and particularly in the cathode lens. A
method of accelerating a beam of charged particles from
rest 1n such a way as to neutralize their mutual repul~
sion was worked out by J. R. Pierceza. The accelerating

electrodes are shaped so as to produce an axial potential
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dlistribution given by

3

8’ "zjlm] z"/s
2e

where } 1s the equivalent proton current density.‘

.Expressing the potential in volts, J in amps per cma,

¢

]

and z in cm, gives
¢= 70x /bqu"qus

It 1s to be expected that use of the Pierce Gun tech-
nique in the initial acqelerating gap produces éssen—
tially the same beam characteristics as would be obtain-
ed by using a uniform accelerating field in the absence
of space-charge repulsion.

The accelerating‘gap shown in Fig. 3 consists of
a Pierce Gun, somewhat modified in the neighborhood of
‘the exit hole. The hole in the accelerating electrode
has the effect of a negative lene as given by equation
42-1. This lens is 4/3 as strong as that of the cor-
responding electrode of the “cathode lens" déscribed
earlier, so the characteristics of the ?1érce Gun are
slightly different from those of the uniform field cath-
ode lens. This difference 18 quite small, however, and
will not be taken into account. The Plerce Gun will be

regarded as a means of overcoming the space-charge effects
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in the usual cathode lens without otherwise changing its
characteristics.

Effect of the Exit Heole

The nature of the beam as 1t enters the acceler-
ating field of the cathode lens 1is complicated'by>the
fact that ions are not emitted from a plane conducting
surface as 18 the case with electrohs, but enter the
field through a small hole in the electrode. The fring-
ing field of the accelerating potential extends into
this hole, and its transverse component imparts a lateral
velocity to the emerging lons. t

Within the discharge, the arc plasma consists of a
nearly equal number of positive and negatlve'particles.
The electrons have approximately ten electron’volts of
random energy, while the heavy particlea possesé ener-
giés of a small fraction of an elecﬁron volt. The fring-
ling,field of the exit hole repels the electrons, leaving
an excess of positive ions. If a Plerce Gun 1is used as
the first accelerating potential, 1ts-f1e1d is adjusted
8o that5spaee-chafge limlited flow exlsts at ﬁhe,exit
hole. In thls case, the fringing fleld términatea upén
the excess positive ions instead of on the inside of the
exit hole. The transverse component of the fringing
field 1s thereby reduced, so the emerging ions possess

only a small transverse veloclty.
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Thls transverse velocity may be estimated from a
measurement of the fraction of the ion current collected
By the Pierce Gun accelerating electrode. To a first
‘approximation, the lons move as though they were in a
uniform field and, therefore, travel in a parabolic path.
Starting with‘an ;pitial transverse energy E;, they
arrive at the accelerating electrode a distanéead away‘

with energy E, and at a distance r from the axis.

r .2 [E
d"%JF

The ions passing through a .080" diameter hole in the
accelerating electrode which 1s at a potential of T000
volts, and .4" from the exit hole, can have an initial
transverse energy of only 18 electron vclts.v,Since
about half the current passes through such a hoie, this
figure i1s roughly equal to the averége trahsverse_energy
of the ions.

Cholce of Ion Gun Electrode System

It would seem reasonable to use a Plerce Gun as a
~cathode lens, since it is capable of producing a well
collimated beam whose characteristics are‘fairly well
known. Before entering the accelerating column, the beam
must be made to pass through a lens which will cause the
lons to converge upon the target. Since the cathode lens

changes the apparent slze and position of the object only
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slightly, and since the accelerating column is generally
constructéd 8o as to exert very little focusing actlon,
this lens 1s largely responsible for the properties of
-the resulting image. Furthermore, the object side focal
lensth of this lens 18 nearly the same as the bbjéet
side focal lehgth-of the entire accelerating system,
slnce the accelerating column acts like a medium'whose
index of refraction varies in the axial direction only.
On the basis of this simplified viewpoint, it is a simple
matter to choose the focal length necessary to give an
image of the deslired magnification.

The Plerce Gun produces an ion beam in a field-free
space; the accelerating column consists of a nearly uni-
form field. Accordingly, the main focusing lens must
have a fleld-~free object space and an lmage spaée which
haé the same potential gradient as'does the accelerating
column. The single-aperture lens described on page 42
has this property. In this application, the object-side
potentlal gradient is zero so the objéct space l1ls real

and 1ts focal length is simply

-t .20

[3



A two-cyllinder lens might have been used for the
main focusing lens, but in that case the discontinuity
between 1ts field-free image space and the accelerating
fleld of the column would have produced a second fairly
strong lens which would complicate the problemé of con-
Stfuction andvanalysis. This arrangement is the one‘
actually used in the ion gun shown in Fig. 3. The first
focusing lens was bullt with a rather short focal length
so that a considerably enlarged image of the exit hole
was produced upon the target. When this gap'was.ahorted
out, the second focusing lens, being a single-aperture
lens of a long focal length, produced a pin-point image
upon the target.

Cholice of Focal Length of the Accelerating Column

For many purposes, it is sufficient to produce‘an
1mége no larger than about a milliméter diameter upon the
target. In this case, a magnification of unity or less
l1g all that 1s required of the lens system. Equation
41-1 shows, however, that as the magnificatiqn ie reduced,
the angle of convergence of the rays which form the image
increaées. If thls angle of convergence ié important, as
is the case 1f the beam is to be sent fhrough the slit
system of an energy analyzer, then it is necessary to make
& compromise between the size of thefimage and the angle

1 4
of convergence which may be tolerated.
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Considér, for example,,an ion source using a probe
to extract the ions from the discharge. If the probe
has & 1 mm diameter canal 5 mm long, then the ions which
‘pass through without being scattered are confined to 1lie
within a cone of .2 radian half-angle. Ions which are
scéttered wduid not be expected to fececus properily and
need not be considered. If the magnification.is'unity
with 1 kv probe Qoltage, and 1 Mv accelerating voltage,
a2 1 mm spot would be obtained with a half-angle of’con-
vergence of .006 radians, as calculated from equatioh
41-1. Most of this current would be lost in going
through an analyzer having 2 mm slits 2 m apart.

As another example, the convergence of the beam
coming from a diffusion type ion gun, as shown in Fig. 3,
will be computed. The ions whigh manage to pasé through
'thé opening in the first accelerating electréde were
‘seen to start with a transverse velocity corresponding
to about 20 electron volts. They are restricted by the
geometry near the exit hole to lie wiﬁhln & cone having
a half-angle of about one radian, so using 17Mv acceler-
ating potential and unity magnification aé before, the
half-angle of convergence of the resulting beam turns
out to be about .005 radians. A magnification of two
would permit a considerably larger fraction of the beam

current to pass through such an anslyzer.



A magnification of two is obtained when the image
distance 1s three focal lengths from the corresponding
unit plane. The unit planes are located close to the
‘aperture lens and the image distance is nearly equal to
the distance between ion sourcé and target. vAt l\Mv
acéelerating VOltége, and using & 7 kv Plerce Gun poten~
tial, the ratio of image to object focal lengﬁh 15112.
Thus, with a disﬁance of 20 feet between source and tar-
get, a 7" object dide focal length 1s needed for the
accelerating system exclusive of the Plerce Qun. The
aperture lens, therefore, must have a focal‘lenéth of
over 7", corresponding to an aperture dlameter of about
8". Such an apefture 1s inconvenlently large, go 1t is
advisable to increase the effective dlameter of the lens
by lowering the voltage appligg to the first.eléctrqde
of the accelerating dolumn. This sﬁooths 6ut'the‘poten~
‘tialygradients’and glves the effect of a larger diameter

aperture lens.



VI. FOCAL PROPERTIES OF ACCELERATING COLUMNS

Introduction

It is convenient to regard the accelerating field
.near the axis of the column as being that of a uniform
tield>modifiéd by the presence of the accelerating elec-
trodes. An 1n1t1§11y diverging beam cannot be made
convergent by & uniform electric field, so such a flelad
will have no focuaing properties. It 1s analogous to a
medium whose refractive index varies in one direction
only. A column whose electrodes consist of thin annular
discs will, therefore, have an infinite focal length,
since the discs do not disturb the uniform field. Elec=-
trodes which have a finite extenaién along the axisg will
modify the field énd thus produce & focﬁsing effect.

The electrodes of an accelerating coluan are fre-
quently made in rather complicated shapes (as in Fig. 3,
for example) in order to shield the insulators from the
beam without decreasing the electrode.Spacing to the point
where field emission would cause breakdown.  In'such
cases, the spacing 1ls generally small compared_ﬁith the
length of a sectlion, and the dlameter of an electrode‘does
not differ more than perhaps 25% from ite average diameter;
so the field along the axis of the column does not differ
significantiy from that of an ideallzed columﬁ whose elec-—

trodes are closely spaced sections of cylinders having the
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average diaﬁeter of the electrodes of the actual column.
The detalls of the construction of the electrodes give
rise to high order harmonics of the potential which damp
out rapidly as the axis is approached. The focal proper-
ties of moet acceleratling columns may, therefofe, be
deﬁermined wlth reasonable accuracy from a study of'the
trajectories of lons moving near the axis of é series of
closely spaced cylinders whose potentials 1n¢reésev‘
linearly from one cylinder to the next.

A somewhat similar problem arises in connection
with llnear accelerators whére the situation is made more
complicated by the need for phase stability in order that
the lons may be properly accelerated at each gap by the
radio frequency driving voltage. Analyses of linear
accelerator focusing such as that of Hansen and'Webster23
aré not applicable to the problem of focusing in constant
‘voltage accelerators, however, because of the prominent
role played by the phase stability requirement. Moreover,
the accelerating cylinders are generaliy consldered to be
long compared with their diameter, and the lengths in-
crease with the ion energy. |

The problem of focusing in constant voltage acceler-
ators may easily be solved in two cases. If the ratio of
the radius a to the length b of a cylinder is small, the

fleld very nearly vanishes in the center of a cylinder,
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-and the focal properties of each gap are essentially
those of the two-cylinder electrostatic lens whose char-
acteristics are well known4. The propertiés of a succes-
siqn of such lenses are obtalned by successive applica-
tion of the usual lens equations of optics. Thisimethod
of'anaiysis may be used if the ratio of radius to length
is less than % since in this case the field strength in
the centef is less than 4% of its maximum value.

If, on the other hand, the ratio of radius to length
is more than 3, the éxial field consists essentlially of
a slnugoldal fluctuation superimposed upon thé uniform
field. The second harmohic axial variation i8 6% of the
fundamental at a ratio of % and decreases very rapidly
as the ratio increases. The optical properties of short
cylinder columns will be worked oﬁt in 1aterbsecpions.

It is a familiar fact that the focal power of a two-
'cylinder electrostatic lens decreases rapidly as the
voltage ratio of the cylinders approaches unity. For
this reason, the initial accelerating gaps, where the
voltage increments are comparable to the voltage,of the
beam, cohtribute most strongly to the focal power of the
column. Nevertheless, in long columne the small contri-
butions from the high energy electrodes are appreciable
and will be taken into account. |

In short cylinder accelerating columns, a transition



region must exist between the nearly uniform accelerating
field and the field-free region which generally exists
between the lon source and the column itself. Such a
transition constitutes a strong lens and must bé taken
into accountg A discussgion of this lens has béen‘given
in Chapter V.‘pagé 50. It will, therefore, be ass&med
that the accelerating column consists of an iﬁfihite
array of coaxial cylinders, and our problem is to deter-
mine the focal properties of any n sections of the col-
umn in which the beam has a positive energy.

Focal Propertles of a Single Section

We shall conslider an infinite series of cylinders of
radius a and length b separated by a negligible gap, and
whose axes lie along the z-axis. The n—th‘cylinder is
centered at z = (n—l)b and has a potential V, :ZVQ[}¥(n-1)&
where v 1s the ratio of the gap voltage to the voltage of
the cylinder at the origin. The potential at which the
beam haé no veloclity will be taken to‘be zero.

The mctioq of & charged particle which 1s moving
nearly parallel to the axis of symmetry of an electro-

static field is governed by the paraxial ray equation

W e s S Am— A S S

where ¢ is the potential distribution along the axis of
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symmetry (zéaxis) and r is the distance of the particle
from the axis.

It is easlly seen that the axial potehtial distri-
bution is given by |

: L -] m 7 :
2 Z v Lo . amaz
¢= Vil + VE + T 'm Trmay b

- where I, 1s the zero-order Bessel Function of imaginary
argument which 1is finite on the axis. The ratio of
Io(2mma/b) to Io(4wma/b) is .06 for a/b - % and decreases
rapldly as a/b increases, so all but the first term of

the series may be drcpped without serious error. Writing
a= $I5(0)/I,(27a/b), the axial potential is given approx-

imately by
¢ V{,"'V—'-%V“ sm-i',—z-'—é}'

The sinusoidal term 1s small and may bé'regarded as
a perturbation. We write

¢-o.+ o,

| ] r‘“ * rp

where the subscript p indicates a2 small perturbation
term. The unperturbed potentlal represents the uniform
field in which the particle follows a parabolic trajec-

tory given by r,.
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ro and r§ give the position and slope respectively of

~
L]

= 0)0
- Substituting these quantities intc the paraxial eguation

the trajectory at the center of the first lens (at z

and droppling all but the zero-order and first-order terms,

we find that rp l1s determined to a first approximation by

€
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where the prime signifies differentiation with respect

to z. To find the motion at the center of the second

cylinder, we 1lntegrate twice and obtain (sinee &3 = 0)
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where rp) and rpy) are the position and slope at the

center of the second cylinder. In the integration of these

equations, terms of the form
Sinf2d2
(T )

| (oo
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are encountered. A succession of integrations by parts
ylelds rapidly convergent series in powers of V.. Using

these series, we obtain

.
] {
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Terms have been neglected which contribute énly a few
percent even when v = 1 and which decrease repidly with
V. When v 1s small, it is convenlient to expand these

expressions directly in powers of v. We find
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These expressions give the first-order perturbations to
the motion of the particle in going from z = O to z = b.
To thls must be added the unperturbed motion given by
equation 59-3.

Using these equatlons, it 1s a straightforward
matter to obtain the lens characteristics corresponding
to the sectlion of the accelerating column between the
centers of two cylinders. As a typlical example, the
object side focal lengths of the gaps of an aceelerating
column are plotted in Fig. 17 for the case that the beanm
energy at the center of the first lens (locaﬂed'at z = 0)
1s equal to the potentiél difference between gaps. Curves
are given for a/b = .5, 1.0, and 1.5 based upon the fore-
going analysis and for a/b less than .25 using the two-
cylinder lens characteristics. The focal power of a gap
is seen to be nearly independent'of'the cylinder lehgth
for long cylinders, but it decreases rapldly as,the length
becomes less than a diameter. 7

The image side focal length f4 is'greater than that
of the object side by a factor.of the square'root of the

voltage ratio.
Fl‘. = J'"V fo

The unit planes are crossed and lie close together in the
negative z direction at a distance nearly equal to the

distance of the gap from the origin. Thus,'for short
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eylinders with the n-~th cylinder centered at z = (n-1)b
and having a potential V = nV,, the image side focal
length of the n-th gap located at z = (n-3)b is

f, = (i ﬁ)laﬁ

and the object and lmage side unit planes are located
respectively at |
Z°= -nb‘

and
Z; 2 '("’z)b

Focal Properties of a Series of Sections

The focal length of the first n sectioﬁs of the
accelerating column may be determined by successivé
applications of the lens equations, but the process is
rather tedious. When the beam voltage is much greater
than the gap voltage difference, 1t is much simpler to
£reat the motion of the particles from gap to gap as
being a continuous process and to obtain a differential
equation for the trajectory. | | ,

Using equations 60-3 and 60-4 the changé in r and

r' in crossing the n-th gap is approximatély

'
rnﬂ " = XV, +’°'A"
L] 1 2 1
- = - &% ~[4- r
e o = Y r'n‘ (2 at)v '
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Since the first gap 1s nearly at zero potential, v is
approximately 1/n. Replacing rps, -rp by dr/dn, etc.,

we obtain two simultaneous differentlal equations .

It 18 to be emphasized that dr/dn reprisents the change
per section in the radial distance of the papticle, while
r' 1s the rate of change of r at the center of a cylinder.
The two are, therefore, essentially different. r' may be
eliminated to give |

dzr‘ 1 de 2
— e — —— &
dn? dn

2 2 0
2n n?

which has solutions of the form

\' r = nk k:-}f- + /(,'-‘)z+acz

The trajectories are seen to be very nearly parabolic,
as 18 to be expected. Moreover, the focal properties
of the column are such that the beam cannot produce more

than one real image as it passds down the column.



~64-

Putting in boundary conditions, the lens parameters
of the section of a column beginning with the m-th gap
located at z = mb and ending with the n-th at z = nb are

found to be

. mb
f,= =

i
- (2)"

2
2, = ~-mb -Zﬁ“ |°9%

p

foe (2)'f

o

_nb-zfz.azlog;‘y—'

N
“

These equations apply to the case of short cylindérs
(a/by%) where the beam has seversl times the gap voltage
as 1t enters the section starting at z - mb. '

| Using the lens equations for thé first few gaps
ﬁhere the above analysis ia not valid, these equations
lead to a relatively easy evaluation of the lens charac-
teristics of the entire accelerating coiumn. The results
of these calculations are shown in Fig. 17. in each case
the object side unit planes are located a few cylinder
lengths on the negative side of the origin. Since the
focal length of the column is large compared with the
distance of the unit plane from the origin, the equivalent

lens may be regarded as being situated at the origin.
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It 1s seen from these results that for short cylin-
der columns, the focal length of the column 1s generally
long enough to be neglected. For longer cylinders, the
curves presented permit a fairly accurate estimate of
the»effective‘fccal length of the accelerating colﬁmn.
Such informatién is of considerable value in the design

~of the ion gun as dlscussed in Chapter V.
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VII. CROSS-SECTION OF C12 FOR LOW ENERGY PROTONS

Stellar Energy

| It has been proposed24 that the principal source
of stellar energy in most stars 1s a series of reactlions
in which hydrogen 1s converted into helium with an evo-
lution of energy cofresponding to the mass difference of
nearly 1%. This conversion takes place in four steps,
making use of the stable isotopes of carbon and nitrogen

as catalysts:
2 3 13 3 *
C + o — N +V N - C + €

13 "
C +P——>N +yY

{

“ 15 s 15 +
N +p —> O +v O —-> N +e
/\/'54-/0——-» C‘a"'“

It was shown by Bethe2# that, according to our
present knowledge, the above process 1s the only one
which 1s consistent with the known evolution of energy
in ordinary stars and with the stellar lifetime. The
end products to the other reactions are either energeti-
cally forbidden, or occur so infrequently as to be of no
consequence. It was further shown that in the course of
a stellar lifetime, the carbon and nitrogen catalysts
go through the cycle many times so that statistical equi-

librium exists among the nucleil involved. Thelir relative
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abundances at the center of a star are, therefore, inverse-
ly proporticnal to thelr proton capture cross-sections at
energles corresponding to the central stellar temperature.
The determination of the low voltage cross-secticn of any
one of these catalyzing nuclei, together with a knowledge
of thelr abundance ratios, is thus sufficient to deter-
mine the cross-sections ¢f the other nuclei. The measure-
ment of the cross-section of even cne of the nuclei in-
volved 1s, therefore, of consilderable importancé to the
understanding of stellar dynamice.

The energy at which proton capture is most iikely in
the carbon~nitrogen cycle is determined by the maximum in
the product of the Maxwelllan veloclity distribution among
the protons, and the variation with energy of the capture
cross-section. Thls product reaches ite maximum at roughly
20kilovolts proton energy for stellar temperatures of
2 x 107 degrees. The cross-sections at this energy are
far too small to be measured in the laboratory with exist-
ing technlques, so the data obtained at higher energies
must be extrapolated to 20 kv. The equipment described in
the preceding chapters has been used to extend the measure-
ment of the cross-section of 012 down to bombarding ener-
gles as low as 100 kev, whereas previously reported data
had been taken in the neighborhood of the 453 kilovolt

resonance and above. This extension was made possible by

the large current of focused protons which could be
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obtained from the radio frequency ion source.

The Clz(p,Y’)N13 Reaction

The purpose of the experiment to be described is
to determine the absolute cross-section of the reaction
Clg(p,Y)N13 at the lowest possible bombarding energy.
This reaction has been studied by many investigators in
the energy region above 300 kev. A well defined reson-
ance exists at 453 kev<- having a proton width of 35 kev
and a gamma-ray width of .63 electron volts. The proton
width corregponds tc the measured breadth at half maxi-
mum of the resonance, while the gemma-ray width,‘which
is calculated from the cross-section at resonance, repre-
sents the likelihocd that the incident proton will te
captured. Thls information may be used in the diepersion
formula to calculate the low energy cross-section, but
the results are open to question since they involve a
considerable extrapolation from rescnance. In the first
place, the skirts of higher energy resonances may contri-
bute appreciably to the cross-section. In the second
place, the dispersion formula itself 1s not necesesarily
valld except in the nelghborhood of a resonance .

The Nl3 produced 1in this reaction has a positron
radiocactivity with a ten minute half-1ife. The recent
results of Slegbahn and Slat1526 show that the positron

spectrum has a simple Ferml distribution with a maximum



energy of 1.2 Mev. No gamma-radiation other than the
annihlilatlion radiation was found, indicating the absence
of K-capture or of any other positron groups. The half-
life appears to be 10.1 minutes as reported by Siegbahn
and Slatis. Earlier investigators quote values between
9.9 and 16.4 minutes. A lower energy positron group has
also been reported, but its presence would not affect
the cross-section measurements. |

The presence of 013 in the target does ﬁot_givé rise
to any radioactivity since the % formed by the c13(p,v)
reaction is stable. It follows that for everj proton
captﬁred by 012, there is emitted one positron which 1is
accompanied by no other activity.

Measurement of the Low Voltage Carbon Cross~Section

In order to obtain a measurable yleld at asllow an
energy as possible, a large bombardment current, together
with’a high counting efficlency in the preseﬁce’of a low
background, 1s necessary. Using the proton source des-
eribed in Chapter III, analyzed proton currehts of over
200‘pa were focused upon an areaAOf about twovsquare,
millimetére of the target.

Since the counting efficiency for gamma-rays 1s low,
the yield was determined by counting the positrons emit-
ted by the N13. Due to the high background produced by

X-rays and sparks during bombardment, it was necessary to
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measure the induced radioactivity after the beam was
turned off. The target holder shown in Flg. 7 was used
fof these measurements.

The carbon target, consisting elther of a soot
deposit or of a graphite cap, was mounted on the water-
.cooled target sphere. After the bombardment period, the
sphere was rotated 180° so as to bring the target before
the opening of a mica-window beta-ray counter sealed
into the vacuum system. With this arrangement,‘a large
solid angle was obtailned with a minimum amount of absorb-
ing material between the target and the sensitivé volume
of the counter.

The counter used was made by the Radliation Counters
Laboratory and was constructed with the sensitive volume
reduced in length relative to that of their standard
counter. This reduction was accomplished by extending
the glass sleeve surrounding the central wire to within
a half-inch of the mica window. This modification re-
duced the background counting rate by a factor of two
without appreciably altering the sensitivity of the count-
er to beta-radiation incident on the window. (See Fig. 20)

To reduce the cosmic ray intensity, the counter was
surrounded by 2" of lead on the ends and bottom, 4" on
the sides, and 43" on top. A further reduction in the

background was made by using a belt of ten anti-colncldence
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counters mounted as shown in Fig. 7. These measures
reduced the background counting rate to 5% counts per
minute.

Experimental Results

Counting rates appreclably above background were
‘measured above 100 kev. Bombarding energles were limited
to a maximum of 128 kev by the high voltage rectifier
arrangement used, and by breakdown of the accelerating
column,

The thick target yleld curve cobtained ie shown in
Fig. 18. Different runs were made with different bom-
bardment periods and proton currents. In order that all
of the results might be plotted on the same curve for
comparison, the data has been corrected to give the
values which would have been cbtained if the bombardment
had been made for an infinite length of time using 1oo‘pa
of proton current. The probable error indicated repre-
sents the statistical fluctuation due to the small num-
bers of counts recorded. The curve which is drawn through
the points has a slope given by the calculated thick tar-
get yleld obtained from an integration of thé Breit-Wigner
disperslon formula. In the neighborhocd of 100 kev, the

thick target yield is proportional to

z‘lrd’.z [

v v : SV
- + —_— -
Vil (27erc) 2 (zthc) * €
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where v 1s the velocity of the incident proton, Z is the
atomic number of the target nucleus, and®1is the fine
structure constant. This equation is derived on page 77
and assumes that the stopping cross-section of carbon

1s constant near 100 kev, and that the energy dependence
of the capture cross-section is given by the product of
5\2 and the proton width, the latter being determined
essentlially by the barrier penetration. The prqbable
error of the data is such that it is not inconsistent
with such a curve. Further measurements are in progress
to obtain more accurate yield data.

Statistical Errors

Since the counting rates to be measured are only
slightly above background, the statistical errors in-
volved are very large and care.must be taken to usé the
data 1n such a way as to obtain the greatest accuracy.
The yield data was obtained by subtracting the expected
number of counts due to the background from the number
of counts measured in a time T. If the time T were cho-
sen too short, a large error would arise from the small-
ness of the number of counts observed compared with the
random fluctuations. If, on the other hand, the counting
time were chosen too long, the statistical fluctuations
in the background would introduce an excessive error. An

optimum counting time, therefore, exists which will now
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be determined together with the associated probable

error.

We assume an average exponential decay rate given

by +
-F log 2

n,=h € 73-1

in the presence of an average background rate Eb. Tis

the half-1life of the activity and n_ is the average

o}
initial counting rate. 1If ﬁt l1s the average total num-

ber of counts observed in the time T, then n, 1s given by

° T ~;loga 73-2

The average background rate is accurately known,
but the actual number of counts due to background in the
time T 1s uncertain by an amount given by the probable
error .6745V/§;E: Similarly, the fluctuation to be ex-
pected 1n the actual number of counts observed is given

by the probable error

]
72
n T + ne ¥ -;lcga)
.67""‘5 b logl - e

The probable error of the sum or difference of two

accumulations of random counts is equal to the square
root ¢f the sum of the squares of the separate errors.

Thus, the probable error of the average number of counts



above backgrbund is

- I[sz ./Z
- n, v -
.67‘!5'[2an+ l:;‘é(l—e )]

The relative probable error is obtalned by dividing this

by the average number of counts above background

/ N
2
—— ~Flog2

m, T -7 log2
—, |- e

log 2

E = 6745

We wigh to choose T 80 as to make the relative
error a minimum. Setting the derivative equal to zero

results in the equation

x

n, e -1-2Xx
:°=a——-x x=-;-logz

The corresponding value of the minimum error is given by
72

x
lodl @ -i1-x
< 45 x
g i .67 [aﬁb'r (e~|-zx)l]_

m

The optimum cbunting time.To, expressed in helf-
lives, 1é determined by the initial decay rate divided by
the background counting rate, and is plotted in Fig. 19.
For inltiél counting rates equal to the background or
less, the minimum error is obtained if counts are recorded

for approximately two half-lives.
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The relative probable error 5: corresponding to

min
the optimum counting time is also plotted in Fig. 19 for
varlous background counting rates. Since the average
initial counting rate cannot be determined from a single
measurement, the assumption is made in determining the
error that the observed initial counting rate is approx-

imately equal to the average value.

Calculation of the Absolute Value of the Cross-Section

In order to obtain the thick target yield in disin-
tegrations per proton, a number of corrections must be
made. The initial decay rate given by equation 73-2

must be increased by a factor

[
~ L1092
|- &

to account for the fact that an equilibrium concentra-
tion of Nl3 nuclel was not attained during the finlte
bombardment time t.

A factor f will be used to represent the fraction
of the disintegration positrons which are registered by
the counting circuits. This factor takes into account
the soliad ahgle subtended by the counter, the counter
efficlency, and the fraction of the positrons which are
missed due to absorption in the mica window and to the
N13 nuclei which leave the target before disintegrating.

Because of the low counting rates involved, a resolving
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time correction is not necessary. The equilibrium decay

rate 1s, therefore, given by

log 2 I\-lt -5, T | 76-1
rf - ;Iogz -§.qu2)
o <|-' e i-e

and the thick target yleld by

76-2

.yge log 2 N, -5 T

I ++ ~Tiog2 “Elg2)
1-e i- &

where I and e are the analyzed proton current and the
electron charge respectively.

The cross-section 15 calculated from the thick tar-
get yleld by & method which makes use of the fact that
in the neighborhood of 100 kev, the stoppling cross-sec-
tion of air (and consequently that of carbon 3159) is
very nearly independent of the pfotdn energy. |

’The proton capture cross-sectlion o« for‘protons of
velocity v and energy E is proportional to the preduct

of ﬁaland the barrier penetration factor.
_zmec ) -

2 v e -
“-..,Xe or T a— 76-3

While this formula cannot be used to obtain the absolute
value of the cross-section, it may be expected to repre-
gsent the variation with energy of the crosseaeCtlon over

& limited energy range.
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The thick target yleld is given Dby

oA E v
d& n mn
- = —_——n -~ — E - —
Y_n T dx n/ ~F ‘Efv-d T Tvdv
(3

where m is the proton mass and n is the number of 012
nuclel per cc, and a and b are defined by equation 76-3.
A rapidly converging serles is obtained for this lnte-

gral by successive integrations by parts

]

~; 'Y V;
mna v X oY e X oa--- -
= - e ! 2 |8 3 772
Y (__1_.-’) n { P e b
-

Since v/b = .0531 for 100 kev protons, it is sufficient

Q.

to retain only the first two terms of the series. The
thick target yield, expressed in disintegrations per

proton, is thus given by

3 : '
Y (m:% 3 ('“f) 77-3
or |

= : TT-4

where b = 2FacZ and € is the atomic stopping power of

the carbon target. Livingston and Bethez7 give the atomic
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stopping crdss-section for air at 100 kev to be

1.51 x 1071* cn? volt. They believe that this figure
is correct to within 10%, and there appears to be no
better data avallable. The stopping cross-section of
carbon 1s smaller by a factor of approximately .96.

A value of 1. 45 x 10-14 og volt has been used in cal-

culating the carbon cross-section near 100 kev.»‘

Detérmination of the Fraction of bisintegrationa Gounted
| The factor f reﬁresenting the fraction of disinte-
grations which are observed will now be~discugsed. The
positron spectrum measured by Siegpahn and Slatisls
shows that less than 1% of the positrons have energies
below 100 kev. The mica window of the counter has &
thickness of 2 mg/cm2 which is capable of stoﬁping only
& small fraction of the poaitrons having this energy.
Absorption in the counter window may, therefore, be
neglected.
There 1s considerable evidence that a negllgible
'amount of N3 leaves the target. Roberts and»HeydenburgaS
estimateAthat the counting rate is decreased about 10% by
the loss of active nitrogen. On the other.hand,-in their
investigation of the carbon reaction above 300 kev,
Lauritsen, Lauritsen and Fowler found no evidence for any
such effect. 1In order to reduce any loss of nitrogen in

the low voltage experiments, the target sphere was water-
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cooled. Asvmay be seen from Fig. 18, the same ylelds
were obtained within experimental error for targets made
of graphite, soot, and the black deposit formed on the
brass surface of the sphere by prolonged bombardments.
This is further evidence that a negligible amount of
active nitrogén leaves the target.

The effective aperture and counter efficiency were
| examined in the experiment illustrated in Fig. 20. The
beta-particles from a Ra D source were,collihated by a
1ead.canal 80 &8 to produce a beam having a width of
about one millimeter. The alpha-particles ﬁefe.removed
by a thin aluminum foil so £hat the resultidg beam con-
slsted only of beta-particles having an energy comparable
to that of the N17 positronas. The source and collimator
could be rotated about an axis perpendicular,to’the beam
and to the axls of the counter. Thié.axis was located
3 mm from the plane of the periphery of the mica window
8o that the particles from the beam entered the counter
at the same angles as did the N13 positrons. The count-
ing rate was measﬁred as a function of the angle,of incl-
dence of the beam,tgiving the curves showﬁ in Fig. 20.‘
Three counters were measured in this fashion. The special
iow background counter used in the measure@ents of the
carbon reaction and having 13 mm of exposed central wire

was‘compared}with two standard counters having 50 mm of
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exposed wire.

The maximum counting rate is néarly the same for
each of the standard counters but is slightly less for
the special low background counter. This difference |
indicates that the active volume of the low backgréund
couhter 1s sufficiently shallow that an apprecliable

fraction of the beta-particles pass through wiﬁhoﬁt»baing
‘counted. It is also to be noted that the curve of the
low background counter rises more sharply than do those
of the standard counters, indicating that the)former
counter 1s filled with a slightly higher gas préssure.
The curve for the low background counter reaches half
sensitivity at an angle of 27° corresponding to a path
length within the counter of 7 mm. Since the‘active
length of this counter is likely to be not much greater
than the 13 mm length of exposed center wire, 1t 15 not
unreasonable that an appreciable fraction of the particles
pass through this counter without being counted. On the
other hand, particles entering along the axis of the
standard_counters are almost certain to be counted.

The curve for the low background counter represents
i1ts counting efficiency a&s a function of the angle of
incidence, the maximum of the standard counter curves
corresponding to 100% efficiency. Using this curve as a

weight function and integrating over all angles gives the
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effective aberture of the counter. A solid angle of
3.3 steradians is thus obtained corresponding to a
counting efficiency of 26%. The curves of Fig. 20, and
hence the efficiency, were found to be nearly independ-~
ent of the counter voltage within the limits of thé
plateau. |

The yield at 100 kev obtained from Fig. 18 results
in a cross-section of 1.5 x lO"34 cm2 using eduations
76-2 and 77-4, with a stopping cross-section of
1.45 x 10-1%4 cn? volt and a counting fraction of 26%.

Experimental Errors

A number of sources of error are involved, most
of which may be placed within fairly well defined.lim—
its. Certain other sources of error are belleved to be
small but are not easily estimatéd; these are all such
as}to give too small a computed crosé-section.
| -Examination of Fig. 18 shows that the yield is very
sensitivé to the proton energy; a 1% error in the vols-
age measurement ls equivalent to a 10% error 1n the
yield. 1In additidn to the voltage calibration described
on page 7, a Type K potentiometer was used.to measure
the voltage developed across a precision resistor by
the current from the 120 megohm stack of high voltage
resistors. The two methods of calibration agregd with-

in 1%. The latter, being the more accurate, was used in
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plotting the yleld curve. Both calibrations depend
upon the accuracy of the 20 megohm precision resistor
which was used as a standard to measure the 120 megohm
stack. This stack was constructed from 1% accuracy
1 megohmvwire;wound resistors and the measuremént bf
each section agreed within a few tenths-of one percent
~ of the nominal value. The voltage was continﬁouély
adjusted during each run so as to maintain a_stéady'
value. Corona currents to junctions between the sec-
tions of the 120 megohm stack were elimlinated by main-
taining large clearances between the stack and other
conductors, and by wrapping the junctions with dental
dam. It 1s belleved that errors in cross-section due
to inaccuracy in the voltage measurement amount to less
than 10%. | |

The proton current meter was callbrated and intro-
duces negligible uncertainty.

The stopping-cross-section for cgrbon may be in
error by 104 according to Livingston and Beth327.

The measurement of the fraction of counts recorded
would appear to introduce only a few percent error.

Blank runs have been made using the brass target
sphere as a target instead of carbon. It was necessary
to install a dry ice trap in the vacuum system to reduce

the deposition of carbon upon the brass. The trap
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decreased the pressure indlcated by the ion gage by a
factor of four, and bombardment periods of over ten
minutes could be used without forming a detectable car-
bon deposit. One such blank run 1s shown in Fig. 18.

The positron radiation is not believed to be accom-
panied by any other kind of radioactivity which could
cause spurious counts. The counter pulses were watched
on an oscilloscope to check on the possibility of counter
breakdown. The counter plateau was checked at frequent
intervals to make sure that the counter was-performing
properly. The negative results obtained from the blank
runs further indicate that the counters were functlioning
properly.

The guard-ring potential of the target holder was
adjusted so as to be well above the value required to
return all secondary electrons to the targép.

- Loss of nitrogen from target and oil contamination
are both believed to cause negligible error. Both of
these effects would give too small a’dross~section.

The 1% fraction of cl3 nuclei in the target may be
neglected in compariéon with the other erfors.'

The statistical errors involved are indicated in
Fig. 18, If it is assumed that the slope of the thick
target yleld curve is given correctly by equation 77-2

over the energy range explored, the cross-section at
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100 kev may be evaluated with an uncertainty of about
20% due to the statistics.

Conclusion

The cross-gection at 100 kev was calculated to be
1.5 x 10{‘34 em® but is uncertain by a factor of about
1.4. This cross-section 1is thrée times as large as that
obtained from the dlspersion formula using recent dat325
for the shape of the 453 kev resonance. This is consist-
ent with the observation that the data pointé of Fig. 18
would seem to indicate a less rapidly varying yleld than
the calculated thick target yileld curve which ié drawn

through them.
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Current cocllected through & 5/8" diameter aperture is plotted
against magnetic deflecticn current. The two small peaks are
due to fragments of mass two and three ions which were scat-
tered by residual gas after passing through the accelerator.
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o 1000 - 2000

FIELD STRENGTH-GAUSS

Fig. 11 EFFLCT OF AXIAL WMAGNLTIIC rInlD ON PhOTUN CURMLNT

A typlcal yleld curve is shown above for a dls-
charge chamber having a .040" diameter exit hole,
The details of the curve appear to depend upon
the discharge chamber geometry, the frequency,
and the uniformity of the magnetic field.



_96_

500—— ~ Total ion current collected

: through a two inch aperture
400—-

300—-

200——- Mass | (proton) current

100

'Nass 2 current

Mass 3 current

ION CURRENT-pa

10 1

| | | | | |

o 10 20 30 40 50 - 60
HYDROGEN FLOW-cc/hr

Fig. 12 VARIATION OF ION YIELD WITH HYDROGEN FLOW

Discharge chamber is pyrex, .31" diameter,
42" long inside, with a .040% diameter
exit hole. Approximately 50 watts of 450
mc/sec radio frequency power being supplied.
Axlal magnetic fleld adjusted for maximum
proton current st each measurement.
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fo and £y are the object and image side focal lengths.
The unit planes are located at z, and Z4y.
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Fig. 14 GSPACE-CHARGE SPREADING OF ION BEAMS

The curve gives the spreading due to space-charge repul-
sion of a beam of charged particles which inlitially are
moving parallel to each other in a beam of radius ry.
The effective proton current I 1s expressed in ua, and
the beam energy ¢ in Mev.
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Fig. 15 ION BEAM TRAJECTORIES UNDER INFLUENCE OF
SPACE~-CHARGE

The trajectory of ion beams having an initial radius ry

and varying degrees of convergence are shown. The

radius of the beam reaches a minimum value ro and then
diverges agaln. The envelope gives the minlmum radius
rp, wWhich an ion beam may have after traveling a dlstance
z from the place where 1t had a radius ry. The effec-

tive nrcton current 1 1ls expressed 1nwpa.and the beam
energy 2 in Mev.
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The object side focal length f, 1e plotted for-a column
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first cylinder voltage equal to the potential difference
between cylinders.
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The thick target activity data 1s plotted for various
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glven by equation 77-2. The corresponding capture
crosg~-gectlion 138 indicated at the right.



10

6,,,,-,, and T;, /T

.
~—

.0l

-103%-

/|
/

/

/|

/
/

A
To L
NN T
AN S \\
ANAN N
~ A AN —.
NN X< 0, T=2
\\\\\\ N\ L <
RN \\\ 5 N
N RN N \ ~N
N - 10
\\\\\\. N \\\ N - N
N N 20 \\\ N
N N
\W N AN SRS
50 N
N AN \\N\
N wo \\ \\ \\\
\\ \\\ \\ N ‘\\\
\\ < “NC <

/

N
™
N
BN
\\\
N
N
\\\

N L
TN AN § L
\\ \ \\; \
N S ~
\\\\ N TN
1000 \;T\ \\\\ : \\:\\\\
N \\;\ \\\::::::
NN
| N, 10
N

Flg. 19 STATISTICAIL ERRORS FROM AN EXPONENTIAL DECAY RATE

Ty 18 the counting time which gives minimum error fcr an

no exp(lt log2l]/7) of half-life »
in the presence of a background of

exponential decay rate n =

The'corresponding minimum probable err

various background count rates.

n

counts per unit time.
or £,in1s glven for
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Fig. 20 MEASUREMENT OF COUNTING BFFICILNCY

The sensitivity of mica-window beta-ray counters was
explored with a collimated veam of Ra D beta particles.
The sggcial low packground counter used in measuring
the N activity had 13 mm of exposed central wlre.
Sensitivity curves for two standard ccunters having

50 mm of exposed wire are shown for comparison.
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